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Abstract: Type I semiconductor heterojunction BiOI/ HKUST-1 composites were prepared through a
solvothermal method, with optimisation of the molar ratio and solvothermal reaction temperature.
Comprehensive characterisation was conducted to assess the physical and chemical properties of
the prepared materials. These composites were then evaluated for their ability to activate persulfate
(PMS) and degrade high concentrations of azo dye orange II (AO7) under visible light conditions.
The influence of various parameters, including catalyst dosage, PMS dosage, and initial AO7 con-
centration, were investigated. The AO7 degradation followed a pseudo-second order kinetic, and
under visible light irradiation for 60 min, a degradation efficiency of 94.9% was achieved using a
BiOI/HKUST-1 dosage of 0.2 g/L, a PMS concentration of 0.5 mmol/L, and an AO7 concentration of
200 mg/L. The degradation process involved a synergistic action of various active species, with O, ~,
10,, and h* playing a pivotal role. Both BiOI and HKUST-1 could be excited by visible light, leading
to the generation of photogenerated electron-hole pairs (¢e~-h"); BiOI can efficiently scavenge the
generated e, enhancing the separation rate of e~ -h* and subsequently improving the degradation
efficiency of AO7. These findings highlight the excellent photocatalytic properties of BiOI/HKUST-1,
making it a promising candidate for catalysing PMS to enhance the degradation of azo dyes in
environmental waters.
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1. Introduction

Dyestuff is a common organic substance in textile, dyeing, and other industries. Dye
wastewater is a huge hazard to humans and the environment and is difficult to biode-
grade [1,2]. In recent years, advanced oxidation processes have been considered as one of
the powerful technologies to overcome the shortcomings of conventional techniques for
the treatment of dye wastewater [3]. Specifically, the breakage of -O-O- in the persulfate
structure generates the strongly oxidising -S5O~ (EO(.SO4_) =3.10V, EO(.OH) =2.70V) [4],
which exhibits a stronger redox potential and a longer half-life compared to H,O; [5,6]
In the photocatalytic persulfate technology, the photocatalyst absorbs visible light energy
to migrate the electron-hole pairs within it, which can react with the oxides in the system
solution to form free radicals and directly with the pollutants. Moreover, free radicals
and non-free radicals act simultaneously to degrade organic pollutants, which will sig-
nificantly improve the efficiency of pollutant degradation. The establishment of a visible
photocatalytic persulfate system to degrade dye wastewater is a green and effective means
of addressing high-concentration wastewater treatment.

HKUST-1 is constructed from Cu?* with the electron-providing organic ligand ho-
mophthalic tricarboxylic acid (BTC) [7] and exhibits an octahedral structure that can be
synthesised under mild conditions. HKUST-1 has a tunable pore size and a specific surface
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area, a highly ordered crystalline porous network [8], and excellent chemical stability [9].
Williams et al. (1999) first synthesised HKUST-1, which has received much attention in the
fields of gas storage, catalysis, and photovoltaics [10]. However, the poor separation and
transfer ability of photogenerated carriers makes HKUST-1 inefficient in photocatalytic
processes [11]. In recent years, the construction of heterojunction photocatalysts by combin-
ing two or more photocatalysts with suitable energy band structures has become one of
the effective methods to regulate the transfer path and separation of photogenerated carri-
ers [12]. For example, Sheikhsamany et al. prepared BaTig g5Zrg1503/MOF-199 (HKUST-1)
nanocomposites with a one-pot method, and the 30% composite material showed 90.24%
degradation efficiency of tetracycline [13]. Wu et al. prepared NCFOH/HKUST composites
for degradation of active orange 5 (RO5) by directly depositing and growing HKUST on
nanoscale copper ferrite (NCFOH) [14]. RO5 degraded more than 98% in 80 min [14]. The
new bismuth-based photocatalyst BiOI material is a p-type semiconductor with a band
gap width of 1.8 eV [15], a unique graphite-like layered structure [16], and a good visible
light response. However, BiOI alone still suffers from insufficient degradation efficiency
strength and electron-hole pair compounding [17]. Photocatalysis can significantly improve
the treatment efficiency and degradation rate of wastewater and has the characteristics of
green and no secondary pollution in wastewater treatment, while higher light absorption
in the visible range, higher carrier separation ability, and suitable band gap will be the
desirable characteristics for sustainability. BiOI and HKUST-1 have matching band gap
energies, and the formation of heterojunctions between them can overcome their own
defects, enhancing stability and accelerating photogenerated electron-hole pair transfer.
The modulation of the crystal structure and micromorphology of semiconductors is also a
key influence in increasing the visible light absorption range and effective photogenerated
carrier separation [18].

In this work, type I BiOI/HKUST-1 heterojunction photocatalysts were prepared
from a solvothermal method and characterised by different tests for their morphological
properties, crystal structures, specific surface areas, and chemical valence states. The mor-
phological properties of the photocatalysts were optimised by adjusting the temperatures
and molar ratios in a solvothermal method. At the same time, the photocatalysts were
introduced into an advanced oxidation system to catalyse persulfate to efficiently degrade
high-concentration dye wastewater. The degradation efficiency of six systems for AO7
and the effects of catalyst concentration, pollutant concentration, and persulfate (PMS)
concentration on the degradation systems were investigated, and kinetic fitting was carried
out. The optimal degradation parameters of AO7 were determined. The degradation mech-
anism in BiOI/HKUST-1 heterojunction visible photocatalytic peroxynitrite degradation of
AQ7 was investigated through free radical burst experiments and UV-visible spectrograms.

2. Materials and Methods
2.1. Major Reagents

Bismuth dinitrate pentahydrate (Bi(NOj3)3-5H,0O), potassium iodide (KI), ethylene
glycol (CoHgO,, EG), and acetic acid (CH3COOH) were purchased from Sinopharm
Chemical Reagent Co.,Ltd. (Shanghai, China), Potassium peroxymonosulfate (KHSOs,
42~46%), L-Histidine (C4HgN305,), and p-benzoquinone (C4H4O,, BQ) were bought from
Shanghai McLean Biochemical Technology Co. (Shanghai, China), Anhydrous ethanol
(CoHgO, EtOH), sodium bicarbonate (NaHCQj3), sodium chloride (NaCl), sodium sulfate
(NaySOy), and tert-butanol (C4H;9O, TBA) were purchased from Silong Science Co. (Shan-
tou, China), Sodium carbonate (Na;CO3), orange II (C14H11N2NaO4S, AO7), and sodium
nitrate (NaNOs3) were provided by Ron’s Reagents Ltd. (Shanghai, China). All the above
reagents are analytically pure.

2.2. Preparation of HKUST-1

Metal-organic skeleton material HKUST-1 was prepared with a solvothermal method.
Cu(NO3)2-3H0 (1.499 g) and BTC (0.84 g) were weighed to achieve n(Cu?*):n(BTC) = 3:2.
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The above solvents were dissolved in a mixed solution composed of 20 mL of H,O, 20 mL
of EtOH, and 20 mL of EG. After stirring for 30 min, the solution was fully mixed and
transferred to a 100 mL PTFE-lined reaction kettle kept in a muffle furnace at 120 °C for
6 h. After the system was cooled to room temperature, it was washed three times with
deionised water and anhydrous ethanol separately and dried in an oven at 60 °C for 12 h
to obtain blue HKUST-1.

2.3. Preparation of BiOI/HKUST-1 Heterojunction

The BiOI/HKUST-1 photocatalytic composite was synthesised with a solvothermal
method using ethylene glycol as a solvent. Bi(NO3)3-5H,0 (0.485 g) was dispersed into a
mixed solution consisting of 20 mL of EG and 5 mL of acetic acid, noted as solution A. A
certain mass of HKUST-1 (0.198, 0.329, 0.461, and 0.659 g) and 0.166 g of KI were dissolved
in 25 mL of EG, stirred well, and recorded as solution B. Solution A was continuously
dripped into solution B to form a green mixture. The mixed solution was transferred to
a 100 mL PTFE-lined autoclave and reacted in a muffle furnace at different temperatures
for 6 h before being allowed to cool naturally to room temperature. The solution was then
washed three times with deionised water and anhydrous ethanol separately to remove
residual chemicals. Finally, the composites were dried in an oven at 60 °C for 12 h to
obtain the BiOI/HKUST-1 photocatalytic composite. Based on different molar ratios of
BiOI to HKUST-1 [n(BiOI):n(HKUST-1) = 0.3, 0.5, 0.7, and 1.0] and different solvent heat
temperatures (100, 120, and 160 °C), the products were named BH-0.3-120, BH-0.5-120,
BH-0.7-120, BH-1.0-120, BH-0.7-100, and BH-0.7-160.

2.4. Degradation Experiments

A certain amount of a powdered catalyst was dispersed into 100 mL of a 200 mg/L
AOQ7 solution. The reaction system was first darkened for 30 min at room temperature
(25 °C) to reach adsorption—desorption equilibrium, and then a certain amount of PMS was
added. The degradation reaction was carried out under irradiation with a 350 W xenon
lamp (A > 420 nm) for a total duration of 60 min. Water samples were taken at a 10 min
interval and filtered through a 0.45 pm membrane. Then, 2 mL of ethanol was added to
quench the residual free radicals and the AO7 concentration was measured with a UV-Vis
spectrophotometer.

2.5. Analysis Methods

The characteristic peak of AO7 occurs at 484 nm and its concentration can be detected
using a UV-Vis spectrophotometer. The AO7 degradation efficiency was calculated accord-
ing to Equation (1). A pseudo-secondary kinetic model (Equation (2) was also used to fit the
kinetics to the catalytic degradation system data and to visually reflect the differentiation
in the degradation capacity of different systems for AO7.

Degradation rate (%) = (Co — C)/Cp x 100% 1

1/C —1/Cp =Kkgpst (2)

where Cj and C are the pollutant concentrations initially and at a given moment, respec-
tively, mg/L; Kyps is the pseudo-secondary kinetic constant, min~!; and t is the reaction
time, min.

3. Results and Discussion
3.1. Characterisation of the Catalysts
3.1.1. Scanning Electron Microscopy (SEM) and X-ray Energy Spectrometry (EDS)
The morphology of powdered BiOl, HKUST-1, and BH with different molar ratios and
different solvent heat temperatures was observed under SEM (Figure 1a-h).
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Figure 1. The SEM images of (a) BH-0.3-120, (b) BH-0.5-120, (c) BH-0.7-120, (d) BH-1.0-120, (e) BH-
0.7-100, (f) BH-0.7-160, (g) HKUST-1, and (h) BiOI; the EDS images of BH-0.7-120 (i), XRD pattern of
BH samples prepared at different molar ratios (j), and reaction temperatures (k).

The individual BiOI presents a regularly shaped 3D spherical structure with a surface
composed of numerous light and thin nanosheets (Figure 1h). The pure HKUST-1 shown
in Figure 1g is a positive octahedral structure with a smooth surface. As the ratio of
n(BiOI):n(HKUST-1) increases, BH switches from a spherical to columnar structure, and the
morphology of BH-0.3-120 shows a smooth, rounded spherical shape, at which point the
BiOlI takes up a larger proportion and shows a BiOl-like morphology. The morphology of
BH-0.5-120 shows BiOlI partially bound to HKUST-1. When the n(BiOI):n(HKUST-1) ratio
reaches 0.7, BiOl is completely bound to HKUST-1, showing a broken columnar structure.
The morphology of BH-1.0-120 shows a needle-like structure with two small ends and a
large middle part. The solvent heat temperatures also affect the properties and morphology
of the materials as-prepared. At a controlled reaction heat temperature of 100 °C, BH-0.7-
100 shows three shapes (spherical, octahedral, and columnar), indicating that the lower
temperature did not cause the crystallisation of the composite. The morphology of BH-0.7-
120 is columnar and that of BH-0.7-160 is smooth and elongated needle-like. The BH-0.7-120
EDS plot in Figure 1i shows the characteristic peaks of Cu, O, I, and Bi, with no other
impurity peaks, indicating that the BH-0.7-120 composite has been successfully bonded.

3.1.2. X-ray Diffraction (XRD)

XRD reveals the crystal structures of the materials prepared at different ratios and
temperatures (Figure 1j,k).

The characteristic diffraction peaks of BiOI occur at 20 = 9.658, 29.645, 31.657, 45.666,
and 55.150° ascribed to the (001), (102), (110), (104), and (212) crystal planes, respectively.
The main diffraction peaks of HKUST-1 occur at 20 = 5.7, 9.5, 11.6, 13.5, 17.5, 25.9, and 29.3°
and belong to the (200), (220), (222), (400), (511), (731), and (751) crystal planes, respectively.
For the BiOI/HKUST-1 composite, all diffraction peaks belong to BiOI and HKUST-1 [19].
The characteristic peaks are sharp and flat, and no new peaks appear, indicating that the
composites as-prepared are free from other impurities. As the molar ratio of BiOI/HKUST-1
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rose, the characteristic peaks of HKUST-1 increased in intensity (26 = 11.6, 17.5°) and the
characteristic peaks of BiOl decreased in intensity (20 = 29.65, 31.66°). As the reaction
temperature of the BiOI/HKUST-1 composites rose, the peaks were sharper and flatter,
indicating that the crystallisation of the products was more complete.

3.1.3. Ultraviolet-Visible Diffuse Reflectance Spectroscopy (UV-Vis)

Based on the results of UV-Vis diffuse reflectance spectroscopy, the light absorption
capacity and the forbidden band width of HKUST-1 and its composites BH-0.3-120, BH-
0.5-120, BH-0.7-120, BH-1.0-120, BH-0.7-100, and BH-0.7-160 were analysed. The forbidden
band width (Eg) of all samples was deduced from Equations (3) and (4) proposed by Tauc
etal. [20]:

hv =hc/A =1240/A 3)

ohv = A(hv — Eg)'/" )

where &, h, v, A, ¢, and A are the optical absorption coefficient, Planck’s constant, optical
frequency, wavelength (nm), wave speed, and absorbance, respectively, and the value of n
depends on the mode of leap in the semiconductor (1 = 1 for direct leap semiconductors,
n =1/2 for indirect leap semiconductors) [21].

As shown in Figure 2a—c, The absorption wavelength of HKUST-1 at 233-320 nm is due
to the strong absorption of the BTC ligand of HKUST-1 in the near-UV region and the ligand
metal charge transfer between the carboxylate and copper atoms [22]. The absorption edge
of HKUST-1 is located at 478 nm due to the d-d jump in the Cu?* centre [23], which has a
low absorption utilisation of visible light. Compared to HKUST-1, all composites show a
significant red shift in the absorption edge, enhancing the intensity of light absorption in
478-588 nm. The wider absorption edge of the BH-0.3-120 material compared to BH-0.5-120,
BH-0.7-120, and BH-1.0-120 is due to the higher content of BiOI, which may correspond
to the narrow band gap and large absorption range of BiOl. The forbidden band width
of the material can be deduced from the tangent line in the curve of (ahv)!/2 versus hv,
which is approximately 2.43 eV for HKUST-1 and 1.80 eV for BiOI according to previous
studies. The band gaps of the composites all lie between the band gaps of the individual
materials, suggesting that some interaction between the BiOI and HKUST-1 components
and some mixing states between the interfaces occurred as well as the possible formation
of heterojunctions, and that these mixing states altered the Eg of the composites [12].
The forbidden band widths of BH-0.3-120, BH-0.5-120, BH-0.7-120, and BH-1.0-120 are
2.09, 2.05, 2.19, and 2.22 eV, respectively. The narrowing of the forbidden band width of
the composites demonstrates that BiOI alters the electronic properties of HKUST-1 and
broadens the photoresponse range of photocatalysis. To further investigate the energy band
positions of individual components in the heterojunction to study the photodegradation
mechanism of the photocatalytic system, the conduction and valence band values of BiOIl
and HKUST-1 were calculated using Mulliken’s electronegativity theory equations:

Evp = x — Ee + 0.5, (5)

Ecp =Evp — Eg (6)

where x is the geometric mean of the electronegativity of the constituent atoms in the
semiconductor, Ee is the energy of the free electron (~4.5 eV vs. NHE), Ecp is the conduction
band potential energy of the catalyst, and Eyp is the valence band potential energy of the
catalyst. Half the value of the sum of the first ionisation energy (Ei) and the electron
affinity (Ea) of its constituent elements is used to estimate the electronegativity of each
semiconductor [24]. The calculation results and related data are shown in Table 1. These
data suggest that BiOI and HKSUT have suitable energy band potentials to construct
heterojunction structures. A possible type I heterojunction charge transfer mechanism is
proposed to elucidate the excellent photocatalytic performance of the binary BiOI/HKSUT-
1 photocatalyst. The CB and VB edges of BiOI are wrapped by the energy gap of HKUST-1.
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HKUST-1 shows the typical structural features of a type I heterojunction [25]. When the
light energy > the band gap energy of the catalyst, both BiOIl and HKUST-1 will be excited
by visible light, producing photogenerated electrons on the CB and photogenerated holes
on the VB. Moreover, the accumulated photogenerated holes on the VB of BiOI and HKSUT-
1 react with H,O molecules and OH™, since the VB potentials of BiOI (+2.34 eV vs. NHE)
and HKUST-1 (+2.61 eV vs. NHE) are much higher than those required for -OH formation
(-OH/H,0 = +1.99¢V vs. NHE, -OH/OH™ = +2.40 eV vs. NHE), which is the same as the
results of the radical trapping experiments.
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Figure 2. Ultraviolet-visible diffuse reflection spectra of BH samples at different molar ratios (a,b) and
reaction temperatures (c); nitrogen adsorption—desorption isotherms with different catalysts (d);
photocurrent response (e) and electrochemical impedance spectra (f) of different catalysts.

Table 1. Summary of Eyp and Ecp data for calculating composite composition.

Catalyst X Eg Evs Ecp
BiOI 5.94 eV [26] 1.8eV 2.34 eV 0.54 eV
HKUST-1 5.89 eV [27] 243 eV 2.61 eV 0.18 eV
BH-0.7-120 - 2.19eV - -

3.1.4. Brunauer, Emmett, and Teller (BET) Analysis

The specific surface area, pore volume, and pore size distribution of BiOI, HKUST-1,
and BH-0.7-120 catalysts were quantified using a BET analyser according to a nitrogen
cryosorption method and the results are summarised in Table 2. The specific surface areas
of BiOI and HKUST-1 are 54.02 and 886.15 m?-g !, respectively. Due to the small specific
surface area of BiOl, the addition of BiOI changed the specific surface area of the composite
to 120.74 m2-g~!, which may be due to the reduction of the specific surface area as a result
of the formation of heterojunctions between the two. The adsorption—desorption isotherms
and pore size distributions are shown in Figure 2d. The adsorption-desorption isotherms
of the materials as-prepared all exhibit type IV with H3 hysteresis loops, indicating the
mesoporous structure of the catalysts. The significantly larger specific surface area of
the BH heterojunction compared to BiOl indicates that more active sites are provided for
the reaction, resulting in good photocatalytic efficiency. Moreover, the narrow pore size
distribution (5-30 nm) further validates the mesoporous structure.
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Table 2. BET test results of different catalysts.

Specific Surface Area Pore Volume
Catalyst (mZ-g1) (cm3-g 1) Aperture (nm)
BiOI 54.0186 0.205676 11.9720
HKUST-1 886.1539 0.548439 6.6487
BH-0.7-120 120.7391 0.102911 6.8250

3.1.5. Photocurrent Response and Electrochemical Impedance Spectroscopy (EIS)

Photochemical tests were carried out to reveal the separation efficiency of photo-
induced charge carriers for assessing the photocatalytic enhancement mechanism. The
photocurrent response and electrochemical impedance spectra of BiOI, HKUST-1, and
BH-0.7-120 are shown in Figure 2e f.

As shown in Figure 2ef, all three photocatalysts produced a photocurrent response
during the same switching cycle of visible light irradiation (A > 400 nm), with BiOI having
the lowest photocurrent density. These results may be related to the faster compounding
of its internal photogenerated electron-hole pairs. The BH-0.7-120 heterojunction has the
highest photocurrent density, indicating that under visible light irradiation, BH-0.7-120 has
a higher photocurrent density. The other two materials possess a higher concentration of
photogenerated carriers and a better charge transfer capability.

According to the literature [28], the radius of the arc is proportional to the charge
transfer resistance and inversely proportional to the photogenerated current intensity.
Therefore, the smaller radius of the arc of the material reflects the lower interfacial resistance
and the more efficient separation of charge carriers. As shown in Figure 2e, BH-0.7-120
exhibits the smallest radius of the arc, indicating that its formation of a heterojunction results
in increased charge separation and effective suppression of electron-hole pair compounding,
which are in line with the results of the photocurrent test.

3.1.6. X-ray Photoelectron Spectroscopy (XPS)

The surface elemental composition and binding energy (Bes) of the BH-0.7-120 were
analysed using XPS. The full scan spectrum of BH-0.7-120 and the fine spectra of Bi, I, Cu,
O, and C are shown in Figure 3.

According to the full spectrum of Figure 3f, Bi 4f5, Bi 47, C 1s, O 1s,13d3, 1 3d5, Cu
2p1, and Cu 2p3 were detected at 159.19, 164.56, 284.93, 531.37, 619.57, 630.89, 933.90, and
953.11 eV, respectively, indicating the coexistence of C, O, Bi, I, and Cu elements.

In the fine spectrum of Bi in Figure 3a, there are two significant peaks at 159.52 and
164.82 eV belonging to Bi 4f7/2, and Bi 4f5/2, respectively, indicating that the predominant
valence state present on the surface of BH-0.7-120 is Bi** [14]. The high-resolution spectrum
of 1 3d is shown in Figure 3b, where the two peaks belong to 1 3d3/2 and I 3d5/2, respec-
tively, with the peaks at 619.10 and 630.53 eV attributed to I™ and the peaks at 620.47 and
631.92 eV close to the binding energy of I°~ and I, [29]. For the Ols spectrum in Figure 3e,
the peak at 529.93 eV is the Bi-O [30] in the [BipO,] structure of BiOl, and the peaks at 531.19
and 532.33 eV correspond to the I-O and the O-H adsorbed on the surface, respectively.
The peaks at 284.8, 286.32, and 288.69 eV in Figure 3d correspond to C-C/C-H, C-O, and
O-C=0, respectively [31]. There are six peaks in the fine spectrum of Cu2p in Figure 3c; the
peaks at 940.88 and 944.45 eV are satellite peaks of Cu?*, the peaks at 933.59 and 953.35 eV
are associated with Cu(I), and the peaks at 935.20 and 955.48 eV are associated with Cu(Il),
usually due to the inevitable oxidation of Cu(I) to Cu(Il) [32].
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Figure 3. XPS characterisation of BH-0.7-120. (a) Bi 4f, (b) I 3d, (c) Cu 2P, (d) C 1s, (e) O 1s and (f) full
spectrum of BH-0.7-120.

3.2. Photocatalytic Oxidation Performance of the BH/PMS/Light System for Degradation of AO7

The effects of six systems (BH-0.7-120, BH-0.7-120/light, BH-0.7-120/PMS, BiOI/PMS/light,
HKUST-1/PMS/light, BH-0.7-120/PMS/light) on AO7 degradation were evaluated (Figure 4).
Degradation experiments were carried out under visible light irradiation (A > 420 nm) at initial
conditions of BH-0.7-120 concentration of 0.2 g/L, PMS concentration of 0.5 mmol/L, and AO7
concentration of 200 mg/L.
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Figure 4. Effects of different systems on AO7 degradation (a) and kinetic fitting of degradation
process (b). (Degradation experiments were carried out under visible light irradiation (A > 420 nm)
at initial conditions BH-0.7-120 concentration of 0.2 g/L, PMS concentration of 0.5 mmol/L, and AO7
concentration of 200 mg/L.)

The results showed the BH-0.7-120 photocatalyst can reach adsorption—desorption
equilibrium within 30 min under dark conditions, and the adsorption rate of AO7 was
only 9.4%, indicating that the adsorption efficiency of BH-0.7-120 on AO7 was weak. The
degradation of AO7 by the BH-07-120/light and HKUST-1/PMS/light systems was almost
zero. The possible reason was that a photocatalyst without oxidants generally degrades
only low concentrations of pollutants and the HKUST-1 has a weak ability to activate
PMS, so both systems did not degrade AO7 well. The AO7 degradation rates of the
BiOI/PMS/light, BH-0.7-120/PMS, and BH-0.7-120/PMS/light systems were 52.5%, 85.2%,
and 94.9%, respectively. The kinetic fitting for the degradation of AO7 by different systems
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was performed as shown in Table 3. The degradation efficiency of AO7 by different systems
conformed to the pseudo-secondary kinetic model and the degradation rate constants
were 0.0119, 0.0591, and 0.2 min !, respectively. The degradation rate constants of the
BH-0.7-120/PMS/light system for AO7 were 18 and 3.6 times higher than those of the other
systems, respectively, indicating that the formation of heterojunctions greatly improved the
photocatalytic performance of BH-0.7-120 compared with BiOI and HKUST-1.

Table 3. Degradation kinetic parameters of AO7 in BH/PMS/light system.

Pseudo-First Order Kinetic Pseudo-Second Order Kinetic
Catalytic System - - - -
Rate Equation Kops/min R? Rate Equation Kops/min R?
BH-0.7-120/PMS Ln(Cy/C) =0.0315x + 0.2071 0.0315 0.9428 1/C —1/Cy =0.0591x — 0.0933 0.0591 0.9959
BiOI/PMS/light In(Cy/C) = 0.0122x + 0.0887 0.0122 0.9461 1/C —1/Cy =0.0119x + 0.0415 0.0119 0.9801
BH-0.7- _ _
120/PMS/light In(Cy/C) = 0.054x + 0.0692 0.054 0.9621 1/C —1/Cy=0.2x — 0.6617 0.2 0.9627

3.3. Effect of Different Factors on AO7 Degradation
3.3.1. Effect of Catalysts with Different Molar Ratios and Solvothermal Temperatures on
AQO7 Degradation

The modulation in the morphology and properties of the material by different molar
ratios and different solvothermal reaction temperatures is an important factor in the prepa-
ration of good catalysts and significantly impacts the degradation properties. Figure 5a,b
demonstrates the degradation rate of AO7 with time at different molar ratios and different
solvothermal reaction temperatures of BiOl/HKUST-1.

Catalysts with different molar ratios have different morphology and differ in AO7
degradation performance. When the concentrations of BH, PMS, and AO7 were 0.2 g/L,
0.5 mmol/L, and 200 mg/L, respectively, the effects of different molar ratios of BH on
AQ?7 degradation are shown in Figure 5a. All the composites showed better degrada-
tion performance than BiOl and HKUST-1 alone. With the increase in the molar ratio of
BiOI/HKUST-1, the AO7 degradation rate firstly increased and then decreased. When
the molar ratio rose from 0.3 to 0.7, the AO7 degradation rate increased from 77.9% to
94.9% in 60 min. When the molar ratio reached 1.0, the AO7 degradation rate decreased
again to 80.4%, which had a negative impact on the photocatalytic performance. This
may be due to the decline in the number of the exposed photocatalytic active sites as the
specific surface area of the composite decreases. A BH molar ratio of 0.7 was chosen for the
subsequent experiments.

When the concentrations of BH, PMS and AO7 were 0.2 g/L, 0.5 mmol/L, and
200 mg/L, respectively, the influence of the BH catalyst prepared at different reaction
temperatures on AO7 degradation was explored (Figure 5b). The effect of different solution
thermal reaction temperatures on AO7 degradation efficiency also showed an increase
and then decrease with the temperature rise. The AO7 degradation rates were 63.6%,
94.9%, and 84.0% when the preparation temperature of BH was regulated to 100, 120,
and 160 °C, respectively. Solvothermal reaction temperatures can regulate the chemical
composition, crystallinity, and morphology of catalysts [33]. The basic features of crystal
growth kinetics indicate that a too-low temperature results in slower molecular collisions
and incomplete reactions, while a too-high temperature is not conducive to crystal growth.
At a critical temperature, the crystalline quality is good, the morphology is regular, and the
reaction is complete [34]. Therefore, BH-0.7-120 with a molar ratio of 0.7 and a solvothermal
temperature of 120 °C was chosen as the best photocatalyst for subsequent experiments.



Water 2024, 16, 1805

10 of 16

(b)
—=— BH-0.3-120 10f —=— BH-0.7-100
—e— BH-0.5-120 —e— BH-0.7-120
—4— BH-0.7-120 —4— BH-0.7-160
—¥— BH-1.0-120 08
c o6
Q
)
o4t ""'\'§""~r—»§,,,,
xi”””é 02} N\ % \\% {
y SN . .
. : 00— . . . . . :
20 50 50 0 10 20 30 40 50 60
T/min A
2 1@ -
—=—0.1g/LBH-0.7-120 21w 0.0g/L k=0.0098min .
—e— 0.2¢/LBH-0.7-120 ® 0.2g/L k=0.2146min" /
—4—0.3g/LBH-0.7-120 10F 4 03gL k=0.1268min" -//
—v—0.5¢g/LBH-0.7-120 v 0.5g/L k=0.0340min™! e
sk
% o
—. = 6
4|2
s
+—3— ¥ 2
T3 0
L 1 1 1 1 1 1 1
40 50 60 0 10 20 30 40 50 60
T/min
10 —=— 0.2mmol/LPMS D 2 0 2mmot, k=0.0591min’ //A
—¢— 0.5mmol/LPMS L ® 0.5mmolL k=0.2146min" A/
—4— 0.7mmol/LPMS A 0.7mmol/L k=0.3057min"!
08 —v— 1.0mmol/LPMS 2} v LommolL k=0.0196min"  * / .
S
0k
-5 s
506 + — & 9 5t
o ©
: o
04f
—3 a
02 2
i - 0
00 . L 2 L
40 50 60 0 10 20 30 40 50 60
T/min
25
10 —=— [50mg/LAO7 (h)
e 200mg/LAO7 = 150mg/L k=0.4027min’
— 4 250mg/LAOT 0f  ® 200mgL k=02146min"
0.8 —¥—300mg/LAO7 A 250mg/L k=0.0759min’!
v 300mg/L k=0.0241min’!
15t
s 06 S
S o
Q10
04L -
sk
02
0
00 .
0 10 20 30 40 50 60 n
. 0 10 20 30 40 50 60
T/min
T/min

Figure 5. Effect of catalyst with different molar ratio (a) and solvothermal temperature (b) on
degradation of AO7; effect of different catalyst dosages on degradation of AO7 (c) and kinetic
fitting of degradation process (d); effect of different concentrations of PMS on degradation of AO7
(e) and kinetic fitting of degradation process (f); effect of different pollutant concentrations on AO7
degradation (g) and kinetic fitting of degradation process (h).

3.3.2. Effect of BH-0.7-120 Catalyst Dosing on AO7 Degradation

The catalyst dosage is a key factor affecting the degradation of AO7. The effect of
the system on AO7 degradation was investigated for BH-0.7-120 catalyst dosage (0.1, 0.2,
0.3, and 0.5 g/L), PMS concentration of 0.5 mmol/L, and AO7 concentration of 200 mg/L
(Figure 5c¢,d).

As shown in Figure 5c,d, when the amount of the BH-0.7-120 catalyst increased
from 0.1 to 0.2 g/L, the AO7 degradation rate rapidly rose from 48.1% to 94.9%, and the
degradation rate constant increased from 0.0098 to 0.2146 min~!, which is because the
increase of catalyst amount can increase the number of active sites. When the catalyst
dosage continued to increase, the AO7 degradation rate gradually decreased and dropped
to 75.4% at a dosage of 0.5 g/L, and the degradation rate constant decreased to 0.034 min~!.
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Excessive catalyst may result in high solution turbidity, which hinders light penetration
and leads to light scattering and diffusion, thus reducing light utilisation and electron
photogeneration, inhibiting degradation efficiency. Therefore, the optimum dosage of
BH-0.7-120is 0.2 g/L.

3.3.3. Effect of PMS Concentration on AO7 Degradation

The effect of PMS concentration (0.1, 0.5, 0.7, and 1.0 mmol/L) on the AO7 degradation
rate was studied under the reaction conditions of 0.2 g/L BH-0.7-120 and 200 mg/L AO7
(Figure 5e,f).

The AO7 degradation rate first rose and then decreased with the increase of PMS
dosage. When the PMS concentration increased from 0.2 to 0.5 mmol/L, the AO7 degrada-
tion rate increased from 42.3% to 94.9% and the degradation rate constant increased from
0.0591 to 0.2146 min~!. An elevated level of PMS oxidant in the system produced sufficient
active products for AO7 degradation. When the PMS dosage was further increased to
0.7 mmol/L, the AO7 degradation rate of 96.2% did not improve significantly due to the
fact that a fixed amount of catalyst can only provide a certain number of activation sites.
When the PMS concentration was further increased to 1 mmol/L, the AO7 degradation rate
dropped rapidly to 67.8%. This is where the -SO4~ generated from the decomposition of
PMS reacts with excessive PMS to form SO42~ and therefore the degradation rate is limited.
In the subsequent experiment, 0.5 mmol/L was selected as the optimum oxidant dosage.

3.3.4. Effect of Pollutant Concentration on AO7 Degradation

Figure 5g,h shows the effect of pollutant concentrations (150, 200, 250, and 300 mg/L)
on AO7 degradation at a BH-0.7-120 concentration of 0.2 g/L and a PMS concentration of
0.5 mmol/L.

There is a negative linear correlation between pollutant concentration and degradation
efficiency. That is, an increase in pollutant concentration decreases the AO7 degrada-
tion rate. The AO7 degradation rates were 95.7%, 94.9%, 87.9%, and 75.1% at pollutant
concentrations of 150, 200, 250, and 300 mg/L, respectively, and the degradation rate con-
stants were 0.4027, 0.2146, 0.0759, and 0.0241 min—1, respectively. It was indicated that the
BH-0.7-120/PMS/light system maintained good degradation rates at higher pollutant con-
centrations. The increased concentration of the orange-red-coloured contaminant solution
impedes light transmission, while at high concentrations, there is increased competition
for active sites between the intermediates and the contaminant molecules [35], both of
which lead to a decrease in AO7 degradation rates. In subsequent experiments, an AO7
concentration of 200 mg/L was used.

3.4. Mechanistic Analysis
3.4.1. Free Radical Bursts

There are active substances in the process of AO7 degradation by activated persulfate
in the BH-0.7-120/PMS/light system. To investigate the mechanism of AO7 degradation
in the BH-0.7-120/PMS/light system, different free radical bursters were used to identify
the reactive species in the reaction system. Ethanol contains o-H in its structure and
has a reaction rate of 1.8-2.8 x 10° M~'s~! with -OH and 1.6-6.2 x 107 M~'s~! with
-504~. Hence, ethanol has high reactivity with both -OH and -SO4~ [36] and is a good
bursting agent for -OH and -SO,~. Tert-butanol has reaction rates of 3.8-7.6 x 108 and
4.0-9.1 x 10> M~1s~! with -OH, and -:SO,~, respectively, and can act as a bursting agent
for -OH [37]. As reported in recent years, during the activation of PMS, the highly reactive
non-radical substance 'O, is also produced, and L-histidine can rapidly inhibit the activity
of 1O, and act as a bursting agent for 'O,. KI was used as a bursting agent for h* and
also to capture -SO4~ and -OH on the catalyst surface, while p-benzoquinone was used
as a bursting agent for -O, . A certain amount of a bursting agent was added at different
n (bursting agent):n (PMS) ratios before the experiment, and the bursting reaction was
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carried out at a catalyst concentration of 0.2 g/L, a PMS concentration of 0.5 mmol/L, and
an AQO7 concentration of 200 mg/L. The results are shown in Figure 6a.
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Figure 6. (a) Effects of different quenchers on degradation of catalytic system; (b) UV-Vis spectrum
changes in the degradation of AO7 by BH-0.7-120/PMS/light system. (Degradation experiments were
carried out under visible light irradiation (A > 420 nm) at initial conditions BH-0.7-120 concentration
of 0.2 g/L, PMS concentration of 0.5 mmol/L, and AO7 concentration of 200 mg/L.)

Clearly, the AO7 degradation was inhibited to some extent after the addition of the
burster compared to the system without the addition of the burster. When ethanol and tert-
butanol were added, the AO7 degradation was reduced to 58.5% and 77.3%, respectively,
indicating that -SO4~ or -OH in the system played a role in the AO7 degradation but
did not completely inhibit the reaction. It was suggested that -SO4~ or -OH was not the
dominant role in the degradation process. The degradation rate was reduced to 37.5% after
the addition of p-benzoquinone. The reaction was almost completely inhibited after the
addition of L-histidine and the degradation rate of the system was only 9.1%. These results
indicate that -O,~ and 'O, in the system played an important role. The inhibition of the
reaction was also obvious when KI was added to the system, indicating that the role of h*
in the degradation system cannot be ignored, and the activation sites mainly existed on the
surface of the catalyst.

3.4.2. UV-Vis Spectrogram

To study the AO7 degradation process by the BH-0.7-120/PMS/light system, the
supernatant of AO7 solution after passing through a 0.45 um filter membrane at a 10 min
interval was taken and put into the UV-Vis spectrophotometer for testing in 200-800 nm.
The results are shown in Figure 6b.

The molecular structure of AO7 includes a -N=N- bond, a benzene ring, and a naph-
thalene ring structure. As shown in Figure 6b, there are three more obvious characteristic
peaks at 230, 484, and 310 nm [38], which represent the benzene ring structure, an azo
structure, and a naphthalene ring structure of AO7, respectively. The characteristic peak
representing -N=N- decreased rapidly within 10 min and gradually levelled off, indicating
the destruction of the colour-emitting -N=N- of AO7. The intensity of the characteristic peak
at 310 nm decreased with time, representing the opening of the naphthalene ring. A new
characteristic peak appeared at 260 nm. The intensity of the characteristic peak was max-
imised at 10 min and then gradually decreased, probably resulting in new intermediates
from the destruction of the structure of AO7, which then continuously decomposed into
small molecules. In conclusion, the BH-0.7-120 photocatalyst has a good PMS activation
effect and high degradation efficiency for AO7.
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3.4.3. Degradation Mechanism Analysis

Based on the above experimental results, the AO7 degradation mechanism of the
BH-0.7-120/PMS/light system was analysed (Figure 7). The binary BiOI/HKUST-1 hetero-
junction has the distinctive features of a type I heterojunction. At light irradiation energy
above the band gap energy of the photocatalyst, both are excited to produce photogener-
ated electron-hole pairs (e~-h*). According to the values of Eyp and Ecg, HKUST-1 has a
higher CB potential and a lower VB potential than BiOl, so the photogenerated electrons
and holes in BiOI cannot be transferred to HKUST-1 [39]. Upon excitation of BiOI and
HKUST-1 by visible light energy at a certain intensity, e~ on VB leaps to CB and leaves h*
on VB, while BiOI can also rapidly accept the free electrons generated in HKUST-1, thus
accelerating the separation of electron-hole pairs. h™ in VB of HKUST-1 migrates to VB
of BiO]l, and the remaining h* on VB of HKUST-1 and h* in VB of BiOI react with H,O
and OH™ in the solution to form -OH, as shown in Equation (7). This is due to the fact
that the VB potentials of both BiOI and HKUST-1 are higher than those required for -OH
formation [E(:OH/H,0) = 1.99 eV, E((OH/OH™) = 2.40 eV]. The CB potential of BiOl is
higher than that of the conversion of O, to -O,~, and O, can be reduced to -O,~, as shown
in Equation (8). Meanwhile, h* in the VB of BiOI can directly oxidise AO7. In addition, e
on the CB of BiOI breaks the -O-O- of perovskite to produce -50,~, thus accelerating the
transfer rate of charge carriers from HKUST-1 to BiOI [25], extending the lifetime of charge
carriers and reducing the complexation of electron-hole pairs. The redox potential of -SO4~
is higher than that of -OH, so -SO4~ can oxidise HyO to form -OH, as shown in Equations (9)
and (10). PMS can also autolyse slowly to produce 'O,, while the resulting -O,~ can react
with h* to form H,O, and 1O, [40], as shown in Equations (11) and (12). In summary, the
significant improvement in the AO7 degradation efficiency of the BH-0.7-120/PMS/light
system was attributed to the synergistic effect of the photocatalyst and PMS.

H,QIO0H:

h* +H,0/OH™ —-OH ?)

e + 0,0y (8)

e +HSO5; —-SO4~ + OH™ 9)

SO,~ + H,O—H"* +S0,%> + -OH (10)
HSO5 ™ + SO52~—HSO, ™~ + 5042~ + 10, (11)
2.0, +2H" -H,0, + 'O, (12)
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Figure 7. Degradation mechanism diagram.
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4. Conclusions

A novel BiOI/HKUST-1 heterojunction was prepared from a solvothermal method. The
physicochemical properties of BiOl/HKUST-1 were optimised by adjusting the solvothermal
reaction temperature and molar ratio and were characterised using SEM, EDS, XRD, XPS,
BET, UV-vis DRS, and electrochemical analysis. When the molar ratio increased from 0.3 to
0.7, BiOI/HKUST-1 bound completely and showed a fractured columnar structure. The best
crystallisation was exhibited at a reaction temperature of 120 °C. BH-0.7-120 contains Cu, O, I,
and Bi elements, with characteristic peaks for both BiOl and HKUST-1 and no other impurities,
and has a forbidden band width of 2.19 eV and a specific surface area of 120.74 m?-g 1, exhibiting
the highest photocurrent density and lowest interfacial resistance. This heterojunction was used
for catalytic persulfate and the BH/PMS/light system was constructed to treat AO7 wastewater.
At the catalyst, where the BH-0.7-120, PMS, and AO7 concentrations were 0.2 g/L, 0.5 mmol/L,
and 200 mg/L, respectively, the reaction system can achieve an AO7 degradation efficiency of
94.9%. The five active substances, -S04, -OH, -O,~, 1O,, and h*, in the degradation system
act on the AO7 molecules to synergistically improve the AO7 degradation efficiency. The high
efficiency of the combination of visible light and chemical means broadens the scope of future
use in the field of water treatment, making greater use of renewable resources.
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