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Abstract: Acid red 14 (AR14) is a widely used azo dye that belongs to a major family of
commercial dyes employed extensively in the textile industry. The present study aimed
to investigate the photocatalytic discoloration of AR14 using a visible-light-responsive
catalyst. The composite catalyst was synthesized by integrating thermally modified MIL-
101 (M-MIL) integrated into bismuth oxide. Thermal modification of MIL-101 produced
octahedral x-Fe,Oj3 particles with a size of 1-2 pm, which were incorporated into bismuth
oxyiodide (BiOI) featuring a nanosheet structure. BiOI@M-MIL composite exhibited an
enhanced photocatalytic activity. The bandgap energy, Eg, of BiOI was reduced from 1.95 eV
to 1.73 eV in the composite. Photocatalytic reactions were performed under visible-light
irradiation using a 5 W cold LED lamp. The AR14 discoloration tests demonstrated that
BiOI@M-MIL was 1.81-fold more efficient compared to pristine BiOl. Key parameters
affecting AR14 discoloration —such as catalyst dosage, pH, dye concentration, and contact
time, were investigated. The composite achieved almost a complete dye removal efficiency
of 94.26% under experimental conditions. Radical trapping tests highlighted the crucial
role of superoxide radicals, O, ,in the dye discoloration process. BiOlI@M-MIL takes
advantage of simultaneous adsorption and photocatalysis with the highest adsorption
capacity of 45.32 mg g~ ! and 32.2 mg g~ !, based on Sips and Langmuir models, respectively.
The catalyst also showed good reusability and ~14% loss in removal efficiency after five
consecutive cycles. In conclusion, the BiOI@M-MIL composite demonstrates excellent
photocatalytic performance, combining low energy consumption with material stability,
making it a promising candidate for AR14 discoloration.

Keywords: photocatalysis; acid red 14 (AR14); Nano composite; bismuth-based catalysts;
metal organic framework
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1. Introduction

The textile industry is a significant contributor to global water and environmental
pollution [1-3]. Azo dyes pose a particular challenge due to their complex structures and
resistance to conventional wastewater treatment methods [4-7]. Acid Red 14 (AR14) is
an extensively used azo dye that presents a remarkable environmental threat [8]. The
persistence of AR14 arises from the complex aromatic structures and strong chromophores
within AR14 molecules, rendering them resistant to biodegradation and posing potential
environmental threats. Its presence in water bodies disrupts aquatic ecosystems by reducing
light penetration, hindering photosynthesis, and potentially exhibiting toxic effects on
organisms [9-11].

Developing efficient and sustainable methods for degrading azo dyes like AR14 is
essential for mitigating textile wastewater pollution. Photocatalysis has emerged as a
promising approach due to its ability to utilize light irradiation to activate catalysts and
generate reactive species, including hydroxyl radicals (OH’) and superoxide radicals (O, ™),
to degrade pollutants [12]. These radicals effectively split the complex structures of organic
pollutants, leading to their mineralization into harmless components [13,14].

Metal-organic frameworks (MOFs), a class of highly porous materials with tunable
structures, large surface area, defined pore architectures, and the ability to incorporate
various metal centers, have attracted considerable interest as photocatalysts for efficient
dye degradation [15-18]. However, a major limitation of pristine MOFs in photocatalysis
is the high recombination rate of photogenerated electron hole pairs. This recombination
reduces the efficiency of radical generation, hindering the degradation process [19]. To
improve the photocatalytic performance of MOFs, the incorporation of a semiconductor
with a suitable band gap for visible light absorption has been offered [20].

Of bismuth-based catalysts, bismuth oxyiodide (BiOlI) demonstrates excellent light
harvesting properties and efficient charge separation [21-23]. However, like other pure
semiconductors, BiOI suffers from inherent drawbacks, including low surface area, lack
of surface-active sites, and rapid recombination rates for the electron holes [24-26]. The
integration of MOFs with BiOI proposes a synergistic approach to overcome the limitations
of each material [27,28]. MOFs provide a large surface area for dye adsorption and improve
light absorption, while BiOl promotes efficient charge separation and generation of reactive
species [27,29]. Since the MOF matrix can suppress the recombination of electron hole
pairs in BiOl, the generation of reactive species enhances pollutant degradation. The
favorable contact between BiOI and the MOF framework facilitates efficient charge transfer,
minimizing recombination and enhancing photocatalytic activity [30].

Several researchers have investigated MOF-BiOI composites for the photocatalytic
degradation of various organic pollutants. For instance, Islam et al. [30] synthesized BiOI
nanoparticles decorated on MIL-88B(Fe) and demonstrated its efficient degradation of
colorless phenol and ciprofloxacin (CIP) under visible light irradiation. Liang et al. [31]
fabricated a ternary heterojunction BiOI@UIO-66(NH,)@g-C3N4 photocatalyst to degrade
Rhodamine B and Tetracycline (TC). Similarly, Dai et al. [32] reported the development
of a MIL-125-NH,@BiOI composite exhibiting superior photocatalytic activity for the
degradation of Cr (VI) and TC. Khasevani et al. [33] prepared binary and ternary composites
of BiOI with NH,-MIL-101(Fe) as photocatalysts for the removal of CIP from water sources.

Here, we developed a sustainable catalyst by integrating MOF with BiOlI to efficiently
abate AR14 under visible light irradiation. The materials were fully characterized, and the
adsorptive and catalytic performance of pristine BiOl was compared to that of the novel
composite. Dye discoloration under visible light irradiation was investigated as a function
of irradiation time, catalyst dose, pH, and dye concentration. Kinetic study and radical
trapping tests were performed to analyze the mechanisms involved in the dye removal.
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Also, the reusability of material was assessed by application of BiOI@M-MIL in consecutive
use-reuse cycles. Therefore, this work attempts the integration of MIL-101 derived «-Fe;O3
to BiOlI to develop BiOI@M-MIL for the first time. This is a novel synthesis approach
resulting in a material that outperforms pristine BiOlI catalytic performance. Owing to
the demands for developing sustainable materials outlined in the literature [34] the new
composite performance perfectly aligns with the eco-friendly principles.

2. Results and Discussion
2.1. Characterization of Materials

The crystalline structure and phase components of BiOI, M-MIL, and BiOl@M-MIL
were analyzed using X-ray diffraction (XRD) patterns that are presented in Figure 1. In the
XRD pattern of M-MIL, the diffraction peaks at 26 = 24.1, 33.1, 35.6, 40.8, 49.5, 54.1, 57.5,
62.4, and 64° are agreed with (012), (104), (110), (113), (024), (116), (018), (214), and (300)
crystalline planes [35]. XRD pattern of BiIOI@M-MIL includes extra peaks related to (100),
(200), (110), (210), (011), (111), (211), (400), (020), (411), (211), and (022) crystalline planes
of BiOlI [36]. Moreover, the peaks at 26 = 29.7 and 37.4° prove the synthesis of BiOIl on a
BiOI@M-MIL substrate successfully.
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Figure 1. The X-ray diffraction (XRD) and FTIR spectra of patterns for MIL-101, M-MIL, and BiOl@M-MIL.

Surface functional groups of M-MIL and BiOI@M-MIL were identified by furrier
transform infrared (FTIR) spectrometry. Figure 1 also shows FTIR spectra of MIL-101,
BiOI@M-MIL, and BiOI@M-MIL between 400-4000 cm ! wavenumbers. As shown in the
figure, a vibration band within the 3400-3700 cm ! range is agreed to the stretching mode
of hydroxyl groups (<OH). In the FTIR spectrum of BiOI@M-MIL, the chemical bands at
235.9 and 2840 cm ! are related to asymmetric and symmetric stretching vibrations of
C-H, respectively. The chemical band at 1661.1 cm~! is due to the vibration of the C=0O
band. The chemical bands at 1391.34 and 1598.8 cm ™! are attributed to symmetric and
asymmetric vibrations of carboxylic groups (COO"), respectively. The bands at 749.86,
1017.8, and 1157.23 cm ™! are associated with the bending vibrations of C-H. The band that
appeared at 1502.68 cm ™! corresponds to C=C vibrations in the benzene rings [37]. The
band at 554.25 cm ! indicates the stretching vibration of Fe-O, while the bands at 553.2
and 477.48 cm ™! represent the stretching vibration of Fe-O within —Fe,O3 [37]. The weak
bands at 1393.89 and 1550.93 cm ™! can be attributed to BiOI@M-MIL in —-Fe,O3. In the
FTIR spectrum of BiOI@M-MIL photocatalyst, not only the chemical bands of BiOlI@M-MIL
are observed clearly, but also a band at 510 cm~! appears owning to bending vibrations of
BiOI [36].
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The optical properties of BiOl and BiOI@M-MIL were investigated using the diffuse
reflectance spectroscopy (DRS) technique. Figure 2 demonstrates the light absorbance
of BiOl and BiOI@M-MIL. The light absorbance of BiOI@M-MIL is higher than that of
BiOl, which approves of increased absorption of visible light. The band gaps of BiOI
and BiOI@M-MIL were calculated using the Kubelka—-Munk model. The Kubelka—-Munk
equation as a function of destruction coefficient («) and reflectance (R) is defined as follows:
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Figure 2. The diffuse reflectance spectroscopy and energy band gap graph for BiOI and BiOI@M-MIL.

The following equation is used for measuring band gap energy (Ey):
(ahv)" = A(hv — Eg) )

where hv, A, and E; are energy, ratio constant, and band gap energy, respectively. 7 is
considered as 2 or % for direct or indirect semiconductors, respectively. As shown in
Figure 2, Epg of BiOl and BiOI@M-MIL was calculated at 1.95 and 1.73 eV, respectively. This
value was lower than that of BiOI semiconductor. This means that the electrons transport
rapidly, and the pollutants degrade quickly [38].
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The morphology of MIL-101, M-MIL, BiOl, and BiOI@M-MIL photocatalysts using
SEM images are presented in Figure 3a—d. Considering SEM images, M-MIL has an
octahedral structure with a rough surface and distinct edges with a size of 1-2 pm, while
BiOlI possesses a sheet-like structure. Also, BIOI@M-MIL is composed of sheet structures
with diameters of about 100-300 nm.

i 1 !
SEM HV: 10.0 kV { SEM HV: 10.0 kV WO: 587 mm I 11l 1 I

View field: 2.28 pm Det: InBeam 500 nm View field: 22.3 pm Det: InBeam 5um
SEM MAG: 60.8 kx | Date{midy) 11127721 SEM MAG: 6.21 kx | Date(m/dy): 10112722
T, |

SEMHV 100KV |  WO:405mm |, W | MIRA3 TESCAN i
View i

View field: 4.62 pm Det: SE 1pm

Figure 3. The SEM images of (a) M-MIL, (b) BiO], (c) MIL-101, and (d) BiOI@M-MIL.

2.2. Screening Study

Screening tests were conducted to demonstrate that the integration of modified MIL
into BiOl structure produces binary BiOI@M-MIL with enhanced adsorption and photocat-
alytic performance compared to pristine BiOl. Figure 4 compares the AR14 discoloration by
the prepared materials, i.e., BiOIl, MMIL, and BiOI@M-MIL. As seen, BiOI@M-MIL shows
significant photocatalytic performance compared to pristine BiOl. After 75 min irradiation
time, the dye discoloration for BiOI@M-MIL was 95.4%, which was 1.81 times more than
52.7 for BiOl. M-MIL exhibits significant dye removal efficiency, particularly during the
initial mixing time. However, this performance diminishes over time, indicating that the
dye is primarily adsorbed by M-MIL initially but subsequently desorbs. Figure 4 also
shows the photolysis of the AR14, which is negligible (<1%) over 75 min of irradiation time.
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Figure 4. The discoloration performance of M-MIL, BiOI, and BiOI@M-MIL for AR14.

2.3. Parametric Study

AR14 discoloration was examined over a pH range of 4-10, with other parameters set
as follows: nanocomposite dose at 0.5 g L~!, AR14 concentration at 25 mg L~!, and pho-
toreaction time of 60 min. As illustrated in Figure 5, dye discoloration through adsorption
and photocatalysis was most effective in an acidic environment. The removal efficiency
significantly increased from 91.9% to 95.1% as the pH was raised from 4 to 6. However,
further increasing the pH from 6 to 10 caused a notable decrease in discoloration efficiency,
dropping to approximately 63%. Consequently, subsequent experiments to investigate the
role of other operating variables were conducted at the optimal pH of 6.
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Figure 5. The effect of operating variables on AR14 removal by BiOI@M-MIL.
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In this study, the effect of AR14 dye concentration on pollutant discoloration efficiency
was surveyed. As shown in Figure 5, with a reduction of AR14 concentration from 50 to
6.25 mg L1, the efficiency decreased from about 99.4% to about 61.5%, which shows the
material has excellent performance in pollutant discoloration, particularly at low concen-
trations. The role of increased dye concentration in suppressing the photocatalysis and
adsorption performance is well documented in earlier works. Increasing AR14 concentra-
tion could hinder the light penetration that is essential to radical formation by BiOlI@M-MIL.
Moreover, the accumulated dye molecules on the surface could interfere with the catalytic
performance. According to adsorption theory, the pollutant uptake occurred at specific and
limited sorption sites. Consequently, at elevated concentrations, the process is controlled
by the limiting free sorption sites of BiOI@M-MIL.

The study indicated that the rate of degradation decreases with initial RhB concentra-
tion, which is attributed to the blanket effect developed by the coverage of catalyst active
sites [39]. Prasad Sapkota et al. reported 97.33% photodegradation of methylene blue using
ZnO-single-walled carbon nanotube composites in 2 h under the visible light spectrum [40].
Similar findings were reported on simultaneous photo/sonocatalytic reduction of AR14 by
Fe;04@Si0, /PAEDTC@MIL-101. In a study, the magnetic Fe;0,@Si0, /PAEDTC@MIL-101
was used for the degradation of AR14 with the maximum removal efficiencies of 100%
at 50 mg/L initial concentration of AR14, pH of 5, and 0.5 g/L catalyst mass [41]. The
quenching of active sites and the limitation of radical formation have also been reported as
mechanisms reducing the photocatalytic degradation of recalcitrant perfluorooctanoic acid
(PFOA) by BiOCl/Zn-Al hydrotalcite under UV irradiation [42].

Figure 5 illustrates the effect of BIOI@M-MIL dosage on AR14 discoloration efficiency.
A dosage range of 0.3-1.0 g L~! was selected based on preliminary optimization exper-
iments to ensure effective discoloration within a reasonable timeframe. Under constant
conditions (dye concentration of 25 mg L1, pH 6, and reaction time of 60 min), the dis-
coloration efficiency significantly increased from 53.5% to approximately 98.4% as the
nanocomposite dosage was raised from 0.3to 1.0 g L1, In addition, the discoloration
efficiency exceeded 70% for all photocatalyst dosages above 0.5 g L.

Higher absorption of the dye molecules and the production of more active radicals
increased the dye removal at elevated dosages of BiOI@M-MIL. However, earlier studies
have indicated a reduction in process efficiency due to the development of solution turbidity
at higher masses, whereas BiOI@M-MIL did not show similar behavior. This could be
attributed to the composite taking advantage of its synergistic and catalytic activity [43,44].

The effect of irradiation time on the dye discoloration was evaluated in the 15-75 min.
As presented in Figure 5, by increasing the irradiation time, the efficiency increased signifi-
cantly from 61.3% to 98.1%. This observation can be attributed to the production of more
active radicals in the discoloration of AR14 dye over time. Also, by increasing the irradiation
time from 45 to 75 min, the discoloration efficiency reached an almost complete removal.

2.4. Photocatalyst Performance in the Real Sample

The catalytic performance of BiOI@M-MIL in real wastewater in the presence of co-
current ions was evaluated to understand the potential application of the composite. A
sample is taken from the effluent of a secondary sedimentation tank that treats municipal
wastewater. After bringing to the lab, the samples were centrifuged to produce a clear
solution, spiked with 25 mg L~! AR14 dye, and the pH adjusted to 6. The solution was
then treated with a BIOI@M-MIL dosage of 0.5 g L™! for 90 min irradiation time. The
discoloration efficiency of AR14 was reduced to 49.3% for real wastewater compared to
the full discoloration for control. The interference of co-current compounds in the real
matrix led to a reduction in overall reaction performance. Additionally, the accumulation
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of intermediate compounds on the photocatalyst surface can hinder its activity by blocking
active sites [45,46].

2.5. Durability of BiOI@M-MIL

It is significant to study the photocatalytic activity of BiOI@M-MIL in successive use-
reuse cycles to examine its stability and reusability. Hence, the reusability of BiOI@M-MIL
was tested under optimized conditions. The results of composite efficiency against AR
14 in five cycles are shown in Figure 6. As seen, the discoloration efficiency decreased by
13.8% after five cycles, demonstrating the high recyclability of BiOI@M-MIL.

100

80

60

40

Discoloration (%)

20

0-

Cycle

Figure 6. The performance of BiIOI@M-MIL for AR14 discoloration in consecutive use-reuse cycles.

2.6. Photocatalytic Discoloration Kinetics

Kinetic studies are important in photocatalytic reactions to determine how the process
advances over time. The photocatalytic discoloration of AR14 in different initial dye
concentrations of 50, 25, and 12.5 mg L1 was studied in the optimal condition obtained in
parametric studies.

The relationship between AR14 concentration and photoreaction time was introduced
as a rate constant. To access rate constants of AR14 discoloration, dye removal was eval-
uated over time and as a function of concentration. Table 1 shows the parameters of
pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models, including kapp
and R? values. When the initial concentration ranged from 50 to 12.5 mg L™}, the constant
rate increased slightly from 0.002 to 0.002 min~! in pseudo-first-order and from 0.01 to
0.02 L mg~! min~! in pseudo-second-order models. The data presented in the table indi-
cate that the R? values for the pseudo-second-order kinetic model are consistently higher
compared to those for the pseudo-first-order model. This suggests that the discoloration
kinetics of AR14 dye is likely controlled by chemisorption.

Table 1. Pseudo-first and pseudo-second-order kinetics parameters for AR14 dye discoloration by
BiOl@M-MIL.

Dye Concentration Kapp R? Kapp R?
(mg L) (min—1) (PFO) (L mg~1min-1) (PSO)

50.0 0.002 0.94 0.01 0.98

25.0 0.002 091 0.01 0.98

12.5 0.002 0.94 0.02 0.99
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2.7. Radical Trapping Experiments

The scavenger experiments were conducted to obtain the most active species in the
discoloration of AR14 dye. KI, IPA, AgNO3, and BQ were used to assess the role of active
species such as holes, hydroxyl radicals, electrons, and O,~ in AR14 discoloration [47]. As
seen in Figure 7, the discoloration efficiency of BiOI@M-MIL was decreased from 94% to
76, 88, 90, and 91% by adding BQ, IPA, AgNOs3, and KI, respectively. A significant loss
after adding BQ indicated that the superoxide radicals, plays an important role in the
photocatalytic process.

100

Discoloration (%)
N ) (0]
T T 7

N
T

o
|

Figure 7. The performance of BiOI@M-MIL for AR14 discoloration in the presence of radical scavengers.

2.8. Adsorption Study

In catalysis, adsorption plays a synergistic role that can significantly enhance the
overall efficiency of the process. Adsorption not only increases the AR14 concentration on
the catalyst surface but also increases their availability for subsequent catalytic degradation.
Herein, dye adsorption onto BiOI@M-MIL was investigated after equilibrium was achieved.
The isotherm models were fitted, and the results are presented in Figure 8. Isotherm
parameters and the related correlation coefficients are presented in Table 2. As observed,
the Sips model exhibits the best correlation with the experimental data. This model is
an empirical equation that combines the theoretical Langmuir and empirical Freundlich
models to provide a suitable description of adsorption on heterogeneous surfaces [48].
Based on this observation, the adsorption of AR14 likely occurs in multiple layers on
the heterogenous structure composed of BiOI and modified MIL. The highest adsorption
capacities of BIOI@M-MIL were determined to be 45.32 mg g ! and 32.2 mg g~ ! according
to the Sips and Langmuir models, respectively.

Table 2. Non-linear isotherm models [49] fitted on equilibrium data for AR14 removal by BiOI@M-MIL.

Model Linear Form Parameter Value
9 max 32.2
(mg/g)
~ _ QK(Ce Kp
Langmuir Qe = oK C. (L/mg) 0.35
R? 0.98
R2; 0.98

RSS 7.69
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Model Linear Form Parameter Value
K
11.3
mg/g(L/mg)l/n
. 1 n 3.4
Freundlich Qe = Kfce/rl R2 0.99
R§ 4 0.99
RSS 4.00
kit
4.99
(L/mg)
) B 6.00
Temkin Qe = % In(A1Ce) R2 0.99
R? adi 0.99
RSS 0.7
kgp (L g*l) 24.01
agp (mg L~1)~PRP 141
. KrpCe b 0.81
Redlich-Peterson e = H_lgl?cg I?zP 0.99
2
R2 4 0.99
RSS 04
qms (mg g_l) 45.32
Ks (L mg~1yms 0.28
. _ qp KCe® m, 0.57
Sips 9de = THK.C™ RZ 0.99
2
R% g 0.99
RSS 0.27
35
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D90 *  Experimental ge
g’ ] Fraundlich
; 15 - Langmuir
o | Temkin
—— Sips
10 1 ——RP
5 .
0+—A——7——

0 5 10 15 20 25 30 35
Ce (mgl/L)

Figure 8. Non-linear isotherm models fitted on equilibrium data for AR14 removal by BiOI@M-MIL.

2.9. Comparison of Photocatalytic Performance by BiOI-Based Photocatalysts

The comparison of various BiOl-based photocatalysts” performance for discoloration
of azo dyes is presented in Table 3. As seen, BIOI@M-MIL could be suggested as a promising
catalyst not only for its good removal efficiency but also for its photo reactivity under a low-
energy light source that complies with sustainable principles [50]. Also, the discoloration
efficiency of BiOI@M-MIL photocatalyst was enhanced compared to commercial photocat-
alysts such as P25 or commercial TiO,. For instance, the degradation of AR14 dye using
amino-functionalized CeO, (ceria) was as high as (95.6%) in only 1 h of irradiation due to
an improvement of the photodegradation rate [51]. In the present study, the efficiency of
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AR14 using BiOI@M-MIL was about 94% after 1 h irradiation, while only 15% of AR14 was
degraded over P25, indicating the industrial potential of BiIOI@M-MIL photocatalyst.

Table 3. Comparison of photocatalytic performance of BiOl-based structures.

Dose Concentration Irradiation . o

Photocatalyst gL ) (mg L) Pollutant Time (min) Light Source n% Reference

BiOBr/BiOI 04 15 RhB 40 >420 nm 100 [52]

BiOBr/BiOI 0.4 40 Tetracycline 50 >420 nm 83 [52]

. . xenon lamp

Fe/Zn-BiOI 0.4 10 Tetracycline 60 (380-900 nm) 83 [53]
SnO,_,/BiOI - - Tetracycline 60 LED lamp 80 [54]
BiOl@M-MIL 0.5 25 AR14 75 LED lamp 100 Our work

3. Experimental
3.1. Chemicals, Materials Synthesis Protocols, and Characterization Instruments

The materials used for the synthesis of MIL-101, BiOI, and the composite, as well as
the synthesis protocols, are presented in the Supplementary Materials. The supporting
documents also listed the instruments used for material characterization and the module of
LED light irradiation. Figure 9 shows the schematic diagram for materials preparation and
experimental study for dye removal.

{ Fe3+ ]
\+ nj>| q>®ﬁ>
Metal 7 Linker MIL-101 (Fe) Calcination M-MIL

BiOI@M-MIL BiOI

Figure 9. The schematic flow diagram of materials preparation and experimental study.

3.2. Photocatalytic Experiments

The photocatalytic activity of the prepared BiOI-modified MIL-101 (M-MIL) and
BiOI@M-MIL was conducted by discoloration of AR14 under visible light irradiation
at room temperature. In a typical process, the photocatalyst powder was poured into
solutions of AR14 with a certain initial concentration. The surface of the suspension was
2 cm away from the LED lamp. 5 mL of the suspension was sampled and separated by
centrifugation after the desired irradiation time. The concentration of AR14 was obtained
by measuring the absorbance in the maximum absorption wavelength of AR14 at 515 nm.
The discoloration efficiency (DE%) was calculated by the following equation:

E (%) — (COC;C*) % 100 3
0
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where Cy and C; are the concentrations at the initial and time ¢, respectively.

One factor-at-a-time approach experiment was conducted to study the effects of pH
(4-10), reaction time (15-75 min), dye concentration (6.25-50.00 mg L~!), and nanocompos-
ite dosage (0.3-1.0 g L™1).

3.3. Kinetic Studies

Kinetic studies are important in photocatalytic reactions to determine how the process
advances over time. In this study, the primary focus was to monitor the discoloration of
the parent dye molecule using its characteristic absorbance peak. While this approach
provides valuable kinetic information, we acknowledge that discoloration intermediates or
products may also exhibit absorbance in the same or nearby regions of the spectrum. To
address this concern, we conducted a detailed analysis of the UV-Vis spectra throughout
the discoloration process. The evolution of the spectra indicates that the characteristic
absorbance peak of the parent dye decreases without the appearance of significant new
peaks, suggesting that the intermediates formed either do not absorb significantly in the
monitored region or are present in negligible concentrations. The photocatalytic discol-
oration of AR14 in different initial dye concentrations of 50, 25, and 12.5 mg L1 was
studied in the optimal condition obtained in parametric studies. Two common kinetic
models of pseudo-first (Equation (4)) and pseudo-second orders (Equation (5)) were fit on
experimental data [55].

Ce
lna = 7kllpp X t (4)
1 1

where kqpp is the rate constant for the pseudo-first (min ') and the pseudo-second (L mg !
min~1) orders reactions. Cg and C;, are the concentration of AR14 dye at the initial (t = 0)
and the concentration at the time of £, respectively. In this study, the discoloration of the
dye was investigated by pseudo-first-order or pseudo-second-order kinetic models. This
assumption is based on experimental conditions, where the concentration of the dye is much
lower than that of the photocatalyst dosage. Under these conditions, the concentrations of
the latter species are effectively constant throughout the reaction, allowing the reaction rate
to depend primarily on the dye concentration.

3.4. Reusability Experiments

The reusability of BIOI@M-MIL for the discoloration of AR14 under LED light irradia-
tion was evaluated in five cycles at optimal conditions. After each cycle, the photocatalyst
was centrifuged and washed toughly with deionized water and one time with ethanol
and dried at 80 °C. The material is then used for the next photocatalysis cycle. The effi-
ciency of AR14 removal after each cycle =was measured to assess the performance of the
exhausted material.

3.5. Mechanism of AR14 Discoloration

The main species involved in the photocatalytic discoloration of dye was identified
using radical scavengers. Scavengers including KI (trapper for h*), IPA (trapper for ‘OH),
AgNO; (trapper for e™), and BQ (trapper for O, ) were used to distinguish active species
in the process. 2 mmol L~ of scavengers was separately introduced into the reaction vessel
containing AR14 dye. A sample without a scavenger was considered as a control. Finally,
the effect of each scavenger on the AR14 removal was determined to determine the radical
that mostly controls the discoloration performance.



Catalysts 2025, 15, 26 13 of 16

3.6. Adsorption Equilibrium Study

To understand the adsorptive behavior of BiOI@M-MIL for AR14, a series of ex-
periments were conducted in the absence of light irradiation. After the adsorption was
completed within 60 min, the equilibrium data were analyzed using different non-linear
isotherm models to elucidate the adsorption capacities and characteristics.

4. Conclusions

Herein, we have developed a promising binary catalyst made up of modified MIL-101
and BiOIL The materials were fully characterized for structural and optical properties.
x-Fe,O3 derived MIL has a uniform octahedral structure of 1-2 um, which was integrated
with one-dimensional bismuth oxyiodide (BiOl). BiOI@M-MIL exhibited superior photocat-
alytic performance compared to pristine semiconductor BiOl. These exceptional properties
were demonstrated through optical characterization and experimental studies. A model
azo dye Acid red 14 (AR14) was used for the experimental setting. The catalyst was simply
activated by a visible-light LED lamp with a power output of 5 W that provides a low-cost
and sustainable source of energy. The effect of catalyst dose, pH, dye concentration, and
contact time was investigated on AR 14 discoloration. Almost a complete AR 14 removal
was achieved when operating variables were adjusted at their optimal levels. Dye adsorp-
tion tests indicated that they take advantage of synergistic adsorption and photocatalytic
activities. Radical trapping analysis demonstrated the crucial role of O, in the discoloration
of AR14. A good reusability for the catalyst was observed after five consecutive cycles of
use-reuse.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal15010026 /s1, Chemicals and reagents; Synthesis of MIL-101
and M-MIL; Synthesis of BiOI@ M-MIL; Characterization; Module of LED light irradiation. See
Refs [56,57].
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