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Abstract: Water pollution, having organic dyes, has lethal impacts on aquatic life and public health.
To eliminate or degrade dyes, a metal-organic framework (MOF) based BiCoO3; semiconductor is
considered a potential photocatalyst for the degradation of dyes. In this study, the MOF-5-based
BiCoO3; (MOF-5/BiCo0O3) composite was successfully synthesized using a one-pot hydrothermal
process. Different analytical techniques were used to characterize MOF-5/BiCoO3 composite and
pure MOF-5 samples. When compared to pure MOF-5, the experimental and characterization
analysis showed that the MOF-5/BiCoO3; composite has better photocatalytic activity (99.6%) for
the degradation of Congo-red (CR) dye due to the formation of heterostructure between MOF-5 and
BiCoO3, which improve the separation of charge carriers. Meanwhile, the introduction of BiCoOs3
with MOF-5 changes the surface morphology of MOF-5/BiCoO3; composite, increasing the surface
area for CR adsorption and thus improving photocatalytic efficiency. Based on radical trapping
experiments, the superoxide and hydroxyl radicals are dominant species in the CR degradation
process. The reusability results demonstrate that MOF-5/BiCoO3 composite can be used effectively
for up to five cycles, which makes the process more economical. Hence, MOF-5/BiCoO3 composite
offers a promising approach to developing a highly effective, stable, efficient, economical, and
sustainable photocatalyst for the dissociation of organic pollutants from wastewater streams.

Keywords: textile wastewater; MOF-5; BiCoO3 semiconductor; Congo-red dye; photocatalysis

1. Introduction

Water pollution, generated mainly by industrial, domestic, and agricultural activities,
becomes a major environmental issue [1-3]. In particular, the textile industry releases a
large volume of wastewater, containing auxiliary substances and organic dyes, into water
bodies [4,5], which leads the aquatic environment to pollution and aquatic diseases [6,7].
To tackle this wastewater, photocatalysis, an advanced oxidation process, is widely used
to eliminate or degrade the organic dyes from textile wastewater [8,9]. Semiconductor
photocatalysts have received a lot of interest in the last two decades because of their ability
to use solar energy to reduce the growing environmental degradation [10].

Many semiconductor photocatalysts such as TiO,, ZnO, Fe;O3, CuO, and BiVO4 have
been employed to treat organic pollutants from wastewater [9,11-13]. Among them, TiO,, as
a first-generation semiconductor photocatalyst, has piqued the interest of many researchers
because of its good photocatalytic efficiency, nontoxicity, stability, low cost, and ease of
preparation [14]. However, the utilization of TiO, photocatalysts is restricted in wastewater
treatment application for reasons including: its low porosity, low specific surface area, poor
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adsorption capability, difficult recovery, wider band gap defects, fast recombination of
charge carriers, and only utilize ultraviolet (UV) light from sunlight [15-18]. Therefore,
developing a semiconductor that has a slower recombination of charge carriers, lower
band gap, and better light absorption under UV-visible region is necessary to replace
TiO, photocatalyst.

Recently, metal-organic frameworks (MOFs), developed as functionalized metal-
organic hybrid materials, are considered promising materials due to their applications in
the adsorption of pollutants and photocatalysis [19,20]. MOFs (i.e., MOE-5) offer higher
specific surface area, a well-organized porous structure, better hydrothermal stability, and
tunable organic metal clusters or organic linkers characteristics [15,21]. However, MOF-5
has limited adsorption capacity, fast electron-hole recombination process, wide energy
band gap (3.88 eV), and poor light absorption under the visible light region, which limits
its application in wastewater treatment [19,22]. To overcome the MOFs related barriers,
MOFEF-5 can be integrated with the aid of rare metal ions and/or semiconductors to modify
MOFs as an efficient heterogeneous semiconductor, as it can act as a carrier transmission
route due to its open metal sites, unsaturated metal cores, and catalytically active organic
linkers [21]. MOEF-based semiconductors can promote the generation and separation of pho-
toexcited charge carriers along with a high capability to uptake solar energy and enhanced
photocatalytic activity to degrade the organic dyes [23].

In this context, multiferroics materials (i.e., Bi,WQOg, BiFeO3, and BiCoOj3) have been used in
multiple applications such as catalysis, photocatalysis, and electrochemistry [22,24-26]. BiCoO3
provides significant properties including tetragonal structure, spontaneous polarization,
smaller band gap (2.2 eV), and good response in the UV-visible light region, which improves
its photocatalytic performance as compared to TiO, photocatalyst [27]. Depending on these
factors, the use of BiCoO3 as a semiconductor with MOFs is a substantial piece of work.
Pristine MOF-5, Zn,O-based MOF, offers physical and chemical advantages (as mentioned
above) for the synthesis of MOF-5-based BiCoOj3 heterogeneous photocatalysts, [17,28].
Hence, modified MOFs (MOF-5-based BiCoQO3) can be used as an efficient, effective, and
stable heterogeneous photocatalyst, which can provide better intrinsic properties such as
higher surface area, higher adsorption capacity, higher separation of charge carriers, and
good response in visible light absorption than pure MOFs. According to the literature,
no study has been reported on the modification of MOE-5 with the loading of BiCoOj3
semiconductors for the removal of organic dyes.

The focus of this study was to synthesize an efficient and effective MOF-5-based
semiconductor for the photocatalytic degradation of organic dyes from simulated textile
wastewater. For this purpose, MOF-5 material was modified with the loading of BiCoOj3
semiconductor. The as-prepared samples of MOEF-5 (as control) and MOF-5/BiCoOs3
composite were characterized to evaluate their intrinsic properties such as crystallinity,
specific surface area, morphology, functional groups, and recombination of charge carriers.
The as-prepared samples were utilized to investigate their photocatalytic performance for
the degradation of Congo-red dye. The MOF-5/BiCoO3 composite was used to investigate
the role of radicals and reusability of the sample for the degradation of dye molecules.

2. Materials and Methods
2.1. Chemicals and Reagents

The precursors used in this experiment are: zinc acetate dihydrate (Zn(CH3COO),-2H,0)
as zinc precursor, terephthalic acid (C¢H4(COyH);) as organic ligand, triethylamine
(N(CH,CHz3)3)) as a capping agent, N, N-dimethylformamide (C3H;NO, DMF) as a solvent,
cobalt nitrate (Co(NOs3);-9H,0), bismuth nitrate (Bi(NOj3)3-5H,0), polyethylene glycol
(PEG-2000), potassium hydroxide (KOH), and nitric acid (HNO3). These chemicals were
procured from Merck (Germany) to prepare MOF-5 and MOEF-5/BiCoO3 composite. The
model dye i.e., Congo-red (C3;HppNgNapyOgS;) was purchased from Sigma Aldrich for the
photocatalytic degradation experiment. Triethanolamine (TEOA), isopropanol (IPA), and
benzoquinone (BQ) agents are utilized in radical trapping experiments. Ultrapure water,
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produced by the water purification unit (Adrona SIA-B30, Riga, Lativa), was utilized to
prepare all solutions during experiments.

2.2. Synthesis of MOF-5

The MOF-5 sample was prepared by solvothermal approach. Firstly, the organic
solution was formed by the addition of 5.065 g terephthalic acid (30.5 mmol) as an organic
linker and 8.5 mL of triethylamine as a capping agent in 400 mL of DMF solvent. Secondly,
the 16.99 g (77.4 mmol) of zinc acetate dihydrate was added in a separate beaker, having
500 mL of DMEF. This zinc metal solution was poured dropwise into the previous organic
solution under 15 min time interval [29]. After combining both solutions, the mixture was
stirred vigorously for 2 h to obtain white precipitates of MOF-5. The entire procedure was
performed at ambient temperature with no additional heating. The precipitates of MOF-5
were separated using centrifugation, prior to washing three times using DMFE. The obtained
MOFE-5 particles were dispersed again in 250 mL of DMF overnight. After that, particles
were separated again by centrifugation process. The falcon tubes having whitish particles
were placed in a drying oven at 60 °C for 24 h to obtain dry particles. Then, dried MOEF-5
particles were collected in a closed vial until further use in the synthesis of modified MOF-5
material using BiCoOs.

2.3. Preparation of MOF-5/BiCoO3 Composite

The hydrothermal method was used to load BiCoO3 nanoparticles on MOF-5 sub-
strate, as it provides high purity, controllable morphology, and well-ordered particle size
distribution during the preparation method. To make the MOF-5/BiCoO3 composite,
cobalt nitrate and bismuth nitrate were mixed in ultrapure water in a 1:1 molar ratio. The
1 mL nitric acid (68 wt.%) and 2 g polyethylene glycol (PEG-2000) were mixed with the
previous mixture under constant agitation at ambient conditions. To adjust the pH of the
solution to neutral, KOH (1 M) solution was applied dropwise into the mixture as slowly
as possible until the solution neutralized. The prepared solution was divided into two
parts, one part was shifted directly into a Teflon-lined stainless autoclave to be placed
in a heating oven for 24 h at 180 °C [30]. Afterward, 300 mg of the as-prepared MOF-5
sample was dispersed in the second part of the previous solution. For the preparation of
the modified MOF-5/BiCoOj3; composite, the solution of MOF-5 and BiCoOj3; was shifted
to a 50 mL Teflon-lined stainless autoclave, and then the closed autoclave was placed in
an oven to heat the mixture at 180 °C for 24 h, as shown in Figure 1. After cooling, the
MOE-5/BiCoQj3 precipitates were separated using centrifugation (9000 rpm, 5 min). The
as-prepared MOEF-5/BiCoO3; composite was rinsed with ultrapure water to remove any
impurities or unreacted precursors. Finally, the as-prepared MOF-5/BiCoO3; composite
was heated in an oven at 80 °C for 14 h to obtain dried MOEF-5/BiCoO3; powder.

‘ (Bi(NO,);.5H,0)  Co(NO,),.9H,0

Zinc acetate + DMF

+ =

Mixing © oy
MOF-5 MOF-5+ BiCoO, MOF-5/BiCoO; heated  Modified MOF-5/BiCoO;
at 180 °C for 24 h Composite

Terephthalic acid +
Triethylamine +DMF
solution

Figure 1. Synthesis route of modified MOF-5/BiCoO3 composite.

2.4. Characterization of Samples

The pure MOF-5 and modified MOF-5-based BiCoOj3 photocatalysts were character-
ized to investigate their intrinsic properties using different instrumental techniques. X-ray
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diffraction (XRD) was carried out using an X-pert powder diffractogram instrument in the
angular range of 20 = 10-70° with Cu Ko radiation and the scan speed of 1° min~!, which
identified the crystallinity of samples. The Brunauer-Emmett-Teller (BET, Micromeritics,
Norcross, GA, USA) analyzer was used to determine the surface area and pore size of
samples. Scanning electron microscopy (SEM, TESCAN Vega LMU) was carried out to
study the microstructure and morphology of as-prepared samples. The functional groups
of MOF-5 and MOF-5/BiCoOj3 samples were identified using Fourier transform infrared
(FTIR, Perkin Elmer/Spectrum II) spectrometer using ATR disc mode in the range of
500-4000 cm ! wavenumber. The photoluminescence (PL) spectroscopy was carried out in
the range of 200-900 nm to observe the recombination process of electron-hole pairs.

2.5. Photocatalytic Degradation Experiment

The photocatalytic degradation performance of samples was investigated in a batch
mode using MOF-5 and MOF-5/BiCoO3; composite. The aqueous solution of Congo-red
(CR) dye was prepared and used as simulated textile wastewater without the addition
of any chemical further. The stock solution of CR (1000 ppm) was prepared using 0.1 g
of CR in 100 mL distilled water prior to the desire dilution (25 ppm). In photocatalytic
degradation experiments, the 10 mg amount of photocatalyst was added to the photoreactor
of 50 mL CR solution (having pH = 6 and 25 mg L~! concentration). The suspension was
stirred at 400 rpm for a specified contact time (30 min) under dark conditions for the
achieving of adsorption/desorption equilibrium. For photocatalysis, the CR solution
having photocatalyst is irradiated using a Xenon lamp (300 W), keeping the distance up
to 5.5 cm between the source of light and photoreactor for the best illumination effect.
Afterward, the 5 mL solution of CR was collected using a syringe and then centrifuged to
separate the supernatant and photocatalyst during a 0-90 min time interval. The absorbance
of CR solution was determined at 498 nm wavelength using a UV-Visible spectrometer
(Bio base, Jinan, China) [5]. The remaining concentration of CR was measured using
calibration curve (Y = 0.0773X + 0.008, R? = 0.998). Then, the photocatalytic degradation (%)
was determined using Equation (1), whereas C, (mg L) and C; (mg L™!) are the initial
dye concentration and concentration at a predetermined time interval.

. . Co B Ct
Photocatalytic degradation (%) = —c X 100 (1)
(o]

The COD removal (%) was also measured to ensure the mineralization of CR dye. The
initial and final values of COD were determined before and after photocatalytic degradation
of CR dye using MOE-5, BiCoOj3, and MOEFE-5/BiC0oO3. Then, Equation (2) was used to
determine COD removal (%). All experiments of photocatalytic degradation and COD test
were performed in duplicates during this study.

CODinitial — CODﬁnal
CODinitial

COD removal (%) = x 100 ()

2.6. Role of Radical Trapping Scavengers

In the photocatalysis experiment, different radical scavengers were used to investigate
their roles in the photocatalytic degradation process. Before the adsorption-desorption
equilibrium stage, the active trapping agents such as BQ (5 mg), IPA (0.4 mL), and TEOA
(0.1 mL) were poured into the solution under the same experimental conditions to trap the
radicals of superoxide, hydroxyl, and holes, respectively.

2.7. Recycling of Photocatalyst

The recycling test was also performed for up to five cycles to observe the consistency
of the sample in the photocatalytic degradation process. In this context, the photocatalyst
was re-collected after the photocatalytic degradation of CR dye. Then, the photocatalyst
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was washed three times with ultrapure water, prior to drying at 60 °C in an oven for 12 h.
The dried samples were stored in closed vials until further use in the experiment.

3. Results and Discussion
3.1. Evaluation of Crystallinity, Morphological, Functional Groups, Specific Surface-Area, and
Optical Properties of Prepared Samples

The XRD analysis of pristine MOF-5 and MOF-5/BiCoO3 composite were investigated
in the range of 26 = 5 to 70° to observe the crystallinity. The XRD patterns of simulated and
as-prepared samples are represented in Figure 2a—c. XRD pattern of MOF-5 revealed that
the main peaks of the diffractogram appeared at 20 =9.7°, 13.7°, and 15.4° corresponding
to (220), (400), and (420) crystal planes, which confirm the formation of MOF-5 and aligned
with a simulated one, see Figure 2a [31,32]. In addition, the small peaks of ZnO also
appeared in the MOF-5 sample at 31.7°, 34.6°, 36.1°, and 47.5°, which are associated with
the ZnO crystal planes of (100), (002), (101), and (102) [22,33]. The ZnO nanoparticles are
trapped during the synthesis of MOF-5, as reported in the literature [31]. In simulated
BiCoOj spectra, the crystal planes of 220, 010, 222, 021, 400, 411, and 611appeared at the
peaks of 24.8°,27.8°, 30.4°, 33.2°, 35.1°, 36.4°, and 56.1°, which indicate the presence of Bi
and Co oxides in nanoparticles [34], as given in Figure 2b. In MOF-based BiCoOj3, most of
these peaks of MOF-5 are disappeared due to the addition of BiCoO3 nanoparticles during
the synthesis of the MOF-5/BiCoO3; composite. The crystal planes of 220, 021, 411, and 611
for BiCoOj3 appeared at 24.8°, 33.2°, 36.4°, and 56.1° along with MOEF-5 crystal planes (100,
002, and 101), which indicates that BiCoO3 nanoparticles are well loaded on the surface of
MOF-5 during the preparation of composite [27], as shown in Figure 2c.

C) |
JLJ MOF-5/BiCo0O,

MOF-5

Intensity (arb. units)

e
5 10 15 20 25 30 35 40 45 50 55 60 65 70
2-theta (degree)

Figure 2. XRD of simulated MOF-5 (a); simulated BiCoOj (b); and as-synthesized MOF-5 and
MOF-5/BiCoQO3 (c).

The prepared photocatalysts are examined using SEM-EDX analysis to study the mor-
phology of samples. The SEM images of MOF-5, BiCoOj3, and MOF-5/BiCoO3; composite
are presented in Figure 3a—c. A large number of MOF-5 layers are formed during the
synthesis process, which indicates that MOF-5 crystals are attached to the sheet-like mor-
phology. On the other hand, the SEM image of BiCoOj revealed the aggregated particles
with microscopic crystallinities on the sheet-like structure [34]. On the introduction of
BiCoOj3 nanoparticles on the surface of the MOF-5 sheet, the layers of MOF-5 are fully
intercalated with BiCoOs nanoparticles. In addition, the EDX analysis of the prepared
samples was carried out to ensure the loading of BiCoO3 on MOF-5. The results of EDX
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indicate that the bismuth, cobalt, and oxygen element along with zinc are present on the
surface of the MOF-5/BiCoO3; composite, as seen in Figure 3d.

SEM HV: 10.0 kW 99 1 1 VEGAI TESCAN]  SEMHV: 10.0 kv WD: 5.92 mm ul VEGAZ TESCAN
SEM MAG: 10.0 kx SE SEM MAG: 10.0 kx. Det: SE 2 pm
BE: 5.00 " 07 IRCEM CUI LAHORE B 5.00 Date(midiyl: 0710821 IRCHM CUI LAHORE

Atomic%

C (o) Co Zn Bi

5691 2771 = 15.28

9.43 3343 2906 = 28.08

19.51  39.17  13.20 11.09 17.03

SEM HV: 10.0 K wossemm | 1 VEGA3 TESCAN
SEM MAG: 10.0 kx Dat: SE 2 pm
BE 5.00 Date(midy): 0770821 IRCEM CUILAHORE

Figure 3. SEM morphology of MOEF-5 (a); BiCoOj3 (b); MOF-5/BiCoO3 composite (c); and EDX of
prepared samples (d).

The functional groups on the surface of MOF-5, BiCoO3, and MOF-5/BiCoO3 compos-
ite were determined using Fourier transform infrared spectroscopy. The FTIR absorption
spectra of MOF-5, BiCoO3, and MOF-5/BiCoQO3 composite are recorded in the range of
5004000 cm !, as shown in Figure 4. In MOF-5 spectra, the peak at 665 cm ™! appeared
due to the formation of a tetrahedral coordinated Zn4O cluster. The prominent peak at
825 cm~! along with the peak from 1504 to 1507 cm ™! is associated with C-H stretching
vibrations of aromatic rings, while the aliphatic asymmetric stretching of the C-H band
appears at 2932 cm~! [35]. The functional group of C=C stretching prominently appeared
at 1580-1590 cm ! [36]. The peak at 1661 cm~! corresponds to the N-H vibrations due to
the addition of the TEA capping agent during MOF-5 synthesis. The less intensified peak
of O-H stretching vibrations is recorded in the range of 3200-3500 cm ! [33]. In the BiCoO;
spectrum, the band peak of Bi-O-Co can be observed at 571 cm 1. The stretching vibration
of the Co-O band in the Co3O4 phase appears at 825 cm~!. The band peak appears at
1067 cm ! corresponding to the Co-O-Co vibrations [25]. However, most of these peaks
are disappeared or suppressed in the composite (MOF-5/BiCoO3) spectra, which might be
due to the formation of new heterojunctions between Bi-O-Zn and/or Co-O-Zn during the
loading of semiconductor BiCoO3 on MOF-5 surface. These new heterojunctions can be
useful for the transfer of photoexcited electron-hole pairs.
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Figure 4. FTIR patterns of MOF-5, BiCoO3 and MOEF-5/BiCoO3 composite.

The BET-specific surface area, pore size, and pore volume of MOF-5 and MOF-
5/BiCoQ3 are represented in Figure 5. The highest specific surface area is observed up to
1062.44 m? g’1 for MOEF-5/BiCoO3; than pure MOF-5 (979.52 m? g’l). The surface area of
MOFE-5/BiCoO3; composite might be increased due to the introduction of semiconductor
nanoparticles on MOF-5. Similarly, the surface area of MOF-5, with the addition of TEA as a
capping agent during synthesis, is reported up to 1283.16 m? g~ ! in the literature [35]. The
pore volume and pore size are also higher for MOF-5/BiCoO3; composite than pure MOE-5,
as given in Figure 5. The higher surface area of MOF-5/BiCoQO3 composite provides more
active sites for the adsorption of CR dye molecules on the surface of the photocatalyst.

1200
1 MOF-S H 1062.44
I MOF-5/BiCo0,
1000
= 800
c
: -
o
S 600 |
§, i
/)]
c 400 -
(]
-t
£
200 ]
578 9.88 29.31 32.43
0 I
Pore size (nm) Pore volume (cm3 g'1) Surface area (mz 9-1)

Figure 5. BET analysis of MOF-5 and MOEF-5/BiCoO3 composite.

Photoluminescence (PL) spectra are widely used to investigate the separation and/or
transmission of charge carriers (e~ /h* pairs) toward semiconductor materials [9]. The



Sustainability 2022, 14, 12885

8of 13

PL spectroscopy of MOF-5 and MOEF-5/BiCoQO3 composite is carried out at the excitation
wavelength of 579 nm. PL emission spectra of as-prepared samples are presented in Figure 6.
It can be seen that the intensity of PL emission is higher for the MOF-5 sample, which
indicates the fast recombination of charge carriers. Meanwhile, the PL emission is decreased
significantly in the synthesis of MOF-5/BiCoO3; composite as compared to pristine MOF-5.
A significant decline in emissions for MOF-5/BiCoO3 showed that the charge carriers are
slowly recombined due to the formation of a new heterogeneous junction, as they can help
out to improve the photocatalytic performance of modified MOF-5/BiCoQOs3.

—— MOF-5/BiCo0,
n
=
<
3
g
=
8
>
=
(/]
c
D
et
E
-l
o
500 600 700 800 900

Wavelength (nm)
Figure 6. Photoluminescence (PL) spectra MOF-5 and MOF-5/BiCoO3 composite.

3.2. Photocatalytic Degradation Performance and COD Removal

The photocatalytic performance of MOE-5 and MOEF-5/BiCoOj3 photocatalysts was
investigated for the degradation of CR dye molecules from simulated textile wastewater.
The adsorptive-photocatalytic behavior of as-prepared samples was observed under dark
(30 min) and UV-visible light (60 min) conditions. Initially, the adsorption-desorption
equilibrium was achieved for prepared samples under dark conditions, which showed
that. MOF-5/BiCoO3; composite has a fast adsorption rate of up to 41.1% as compared to
pristine MOF-5 (32.7%) and BiCoOj3 (9.8%). Afterward, the photocatalytic performance
for the degradation of CR was significantly enhanced up to 90 min using MOF-5/BiCoOs3
composite under UV-light irradiation, as shown in Figure 7a. The highest photocatalytic
degradation (%) was achieved up to 99.6% using MOF-5/BiCoQO3 composite as compared
to pristine MOF-5 (61.3%) and BiCoOs (47.3%). The formation of heterojunction within
composite enhances the photocatalytic degradation of CR dye due to better light absorption,
electron transmission, and suppression of charge carrier recombination (as discussed in
Section 3.1). The results showed that the MOF-5/BiCoO3; composite could act as an
efficient and effective material to eliminate or degrade the CR dye molecules from the
textile wastewater effluents, as shown in Figure 7b. In comparison to prepared samples,
TiO, nanoparticles have been used as photocatalysts and achieved CR dye degradation
up to 98% [37] and 70 % [38]. The mineralization of CR was verified by a COD test
using photocatalysts. The COD removal (%) was measured using initial and final COD
values. The results demonstrate that the highest COD removal (%) was determined up to
98.6% using MOF-5/BiCoQO3 as compared to 56.8% for MOF-5 and 48.1% for BiCoOj (see
Figure 7c), which ensures that CR is properly degraded into smaller products as mentioned
in Figure 7.
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Figure 7. Adsorptive-photocatalytic degradation (%) (a); simulated textile wastewater before and
after experiment using MOF-5/BiCoO3 (b); and COD removal (%) of MOF-5, BiCoO3, and MOF-
5/BiCoO3; composite (c).

3.3. Photocatalytic Reaction Mechanism

In MOEF-5/ BiCoOs3 composite, the formation of heterogeneous structure between MOEF-
5 and BiCoOj3 nanoparticles enables it to absorb visible light radiations, which enhanced its
photocatalytic degradation performance. During the photocatalytic process, the photons
of light are absorbed by the electrons, present in the valence band of MOF-5, and then
excited to the conduction band of MOF-5. Due to this fact, the holes are created in the
corresponding valence band of MOEF-5, as given in Equation (3). In MOF-5/ BiCoOs3
composite, BiCoO3 provides the lower band positions of conduction (CB) and valence
band (VB) as compared to MOEF-5, and the face-to-face contact with MOF-5 formed a
two-dimensional heterojunction structure [22]. The photoexcited electrons and holes of
MOF-5 are transferred to the lower conduction band (Equation (4)) and lower valence
band of BiCoO3 (Equation (5)), respectively, through the interfaces between MOEF-5 and
BiCoO3 nanoparticles, which reduces the recombination of charge carriers (electron-holes
pair) of MOF-5 (Equation (6)). In order to determine the heterojunction type between
MOF-5 and BiCoOj3, the energy for CB and VB of BiCoOj are calculated up to 0.7 eV and
2.9 eV, respectively, according to the literature [39]. Whereas, the CB and VB of MOF-5 are
reported up to —0.58 and 3.28 eV, respectively [40]. According to the calculated (BiCoOj3)
and literature values (MOF-5), the Type-I heterojunction is formed between MOF-5 and
BiCoOj3 during the synthesis of MOF-5/BiCoO3 composite.

The transferred photoexcited electrons in the conduction band of BiCoOj react with
oxygen to reduce it to superoxide radicals (Equation (7)) and holes had a strong oxidizing
ability to convert hydroxyl ions or water molecules into hydroxyl radicals (Equations (8)
and (9)). The superoxide radicals also can convert water molecules into hydrogen peroxide,
which is reduced into hydroxyl radicals, as shown in Equation (10). The reactive species of
superoxide (O3 ) and hydroxyl (OH®) radicals react with CR dye molecules and degrade
into smaller molecular products such as CO,, H,O, NH;*. NO3~ and S0, 2, as seen
in Equations (11) and (12). However, the possible route or mechanism of photocatalytic
degradation of CR using MOF-5/BiCoO3 composite is represented in Figure 8.

MOF — 5/BiCoOj3 + hv — MOF — 5(ecy) /BiCoO3 + MOF — 5(h{;) /BiCoO;  (3)

MOF — 5(ecg) /BiCoO3 — MOF — 5/BiCoOs (ecp) (4)
MOF — 5(hy7) /BiCoO3 — MOF — 5/BiCoOj3 (h{) ©)
MOF — 5(ecg) + MOF — 5(h{y) — MOF —5(e” —h™") (6)
BiCoO3(ecy) + O — O5~ @)

BiCoOs (hy7z) + OH™ — OH*® ®)

BiCoOj3 (hyg) + HO — OH® + H" 9

O3~ + H,O — H,0, + OH™ — Hy0, + e~ — OH® + OH ™ (10)
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O} +CR — CO; + Hy0 + Degradation products (11)
OH® +CR — CO; + H,0 + Degradation products (12)

Reduction Process

0, U SO

\Photocatalytic Degradation

CB i
€ €€ 07 ey \ o €0,
<[BiCoO; v S0
27 eV Products
h™ o b . Photocatalytic Degradation

vB OH
HZO/OH'J

Oxidation Process

MOF-5/BiCoO;
Figure 8. Photocatalytic mechanism of MOF-5/BiCoO3 composite under light irradiation.

3.4. Radical Trapping and Reusability Experiment

The role of radicals in photocatalytic degradation of CR dye is evaluated by the
use of radical scavengers. Three different scavengers are used to trap the radicals of
superoxide, hydroxyl, and holes by the addition of BQ, IPA, and TEOA, respectively.
The experimental results showed that photocatalytic degradation (%) of MOF-5/BiCoOs3
composite is significantly decreased by the addition of radical scavengers, as shown in
Figure 9a. The photocatalytic performance is decreased from 99.5% to 50.9% with BQ
scavengers, which depicts that the superoxide (O3™) radicals are the dominant radical
species in the CR degradation process. In the addition of IPA, the CR photocatalytic
degradation (%) is decreased up to 65.3%, as it can be observed that the trapping of
OH?* radicals also has a significant impact to decrease the photocatalytic performance
of MOF-5/BiCoO3 composite. Meanwhile, the CR degradation is slightly decreased on
the introduction of TEOA, which demonstrate that holes are least reactive specie in the
photocatalytic degradation process.

The as-prepared samples are recycled for up to five cycles to evaluate their reusabil-
ity in the photocatalytic degradation process. The photocatalytic performance of MOF-
5/BiCo0O; composite slightly declined with the recycling test, as shown in Figure 9b. The
decline in performance is observed due to the unloading of nanoparticles during the wash-
ing process. However, more than 70% photocatalytic degradation of CR is achieved up to
the fifth cycle, which confirmed that MOF-5/BiCoO3 composite can be used as an efficient
and economical to degrade CR dye molecules from textile wastewater effluents.

a)m0 || —=—Blank b)m_ et Il MOF-5/BiCoO,
+ 94.71
—e—TEOA (h’) :\; 89.45
9 804 ——|PA (OH") = 80 82.27
< . S ™
2 —v—BQ(0,) 5 71.53
2 3
£ 60 = 604
g g
° °
£ L
2 40 . - S 40
b1 Under Dark ] Under Light Irradiation E
o
8 : g
2 20 £ 204
= 2
o
0
(I] 1Io zlu 3lo 410 5|u slo 7|o glo glo Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Time (min) Recycling Test

Figure 9. Role of radicals (a) and Reusability of MOF-5/BiCoO3 composite in photocatalytic degrada-
tion process (b).
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4. Conclusions

In this study, the MOF-5-based BiCoO3; composite was synthesized using one pot
hydrothermal process. The as-prepared samples were characterized to evaluate their
intrinsic properties such as crystallinity, surface area, morphology, functional groups at
surface sites, and recombination of charge carriers using different analytical techniques.
The photocatalytic degradation rate of CR was achieved up to 99.6% using MOF-5/BiCoO3
composite as compared to MOF-5 (61.3%) and BiCoOj3 (47.3%). The COD removal (%)
was determined at about 98.6% using MOF-5/BiCoO3; composite, which confirms the
mineralization of CR into smaller products such as CO,, H,O, NO3;~, NH4*, and SO, 2.
During the photocatalytic process, the main reactive species such as O~ and OH® radicals
are more dominant in the degradation of CR molecules. The MOF-5/BiCoO3 composite is
a highly stable, effective, efficient, and economical photocatalyst, as it can be used for up to
five cycles and achieve more than 70% photocatalytic degradation of CR. Hence, the results
suggest that the synthesis of MOF-5/BiCoO3; composite offers an enlightened approach to
designing highly effective, efficient, and economical heterostructure photocatalysts for the
treatment of organic dyes from textile wastewater.
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MOF  Metal Organic Framework
CR Congo red
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TEOA  Triethanolamine (TEOA),
IPA Isopropanol (IPA)

COD  Chemical Oxygen Demand
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