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ARTICLE INFO ABSTRACT

Keywords: In this study, a variety of ZnO-based heterojunctions with disparate wt.% doping of WO3 and BiOI
Methyl orange have been prepared for the photodestruction of methyl orange (MO) dye in aqueous solution. The
Photocatalysts

composites were analysed by scanning electron microscopy, energy-dispersive X-ray spectros-
copy, X-ray diffraction, optical studies, and nitrogen adsorption-desorption isotherms. The SEM
images revealed non-uniform surfaces of the ZnO-BiOI based composites while mostly nodular
morphology was observed for all three samples of ZnO-WOs3. As the WO3 loading increased, more
clustering was detected. The analysed samples exhibited characteristic peaks representative of the
triclinic phase of WO3 and the hexagonal wurtzite structure of ZnO, while the diffractogram
observed from the materials displayed distinct peaks corresponding to the crystalline phases of
both BiOI and ZnO in their pure forms. Further evidence of the samples’ characteristics includes
the presence of distinct crystalline patterns without any impurity peaks, a red shift in the ab-
sorption spectra of the heterostructure, the detection of only the reference elements, and mostly
Type IV isotherm adsorption. This study identified the ZnO-[10%]BiOI and ZnO-[10%]WOs3
heterojunctions as the best performing photocatalysts, as MO was completely destroyed in 120
and 90 min, respectively. Thus, confirming 10% wt. as the optimal doping concentration for the
best photo-activity in this study. The impact of varying process parameters demonstrates that at
an elevated photocatalyst mass of 40 mg, both heterojunctions effectively degraded MO. The
photodegradation efficiency of MO was more pronounced in strong acidic conditions (pH 2) when
compared to high alkaline conditions (pH 11) for the ZnO-[10%]BiOI heterostructure. However, a
decrease in performance was observed for both strong acidic and high alkaline pH values when
the ZnO-[10%]WO3 heterostructure was applied. The kinetic analysis of the photodegradation
study reveals that all the photodegradation experiments can be represented by the pseudo-first-
order kinetic model. The findings from this investigation propose that the ZnO-[10%]BiOI het-
erojunction photocatalyst holds significant potential for the effective treatment of dye-
contaminated wastewater.

ZnO-Based heterojunction
Reaction kinetics
Waste treatment

1. Introduction

The textile industry is an essential consumer-focused industry. However, this sector is one of the highest contributors to global
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pollution in addition to its high consumption of fuels and chemicals [1]. Textile industries contribute significantly to water pollution
worldwide through the discharge of wastewater containing dyes. Due to inefficiencies in the dye-making process, a considerable
amount of dyes are lost. Approximately 2-20% of these lost dyes are directly released into various environmental components as
aqueous effluents [2,3]. The wastewater originating from printing and dye industries is distinguished by a high concentration of
complex pollutants, high levels of Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand (COD), and exhibits poor
biodegradability [4]. In addition, the wastewater depletes the aesthetic quality of water and severely affects aquatic flora and fauna
[5]. Some dyes have been classified as carcinogenic, toxic and may cause mutations [6,7]. It is pertinent to employ treatment strategies
targeted towards environmental sustainability.

Some treatment methods currently being applied include; physical methods (reverse osmosis, membrane filtration, coagulation),
chemical methods (oxidation ion exchange, reduction), and biological methods (aerobic, anaerobic) [8]. Although successful in some
cases, the physical and chemical methods lead to problems associated with sludge generation and disposal, and high electricity and
operations costs [2]. The biological treatment process is time-consuming and further complicated by toxic and persistent pollutants
resistant to degradation, resulting in unpleasant odours [9].

Over the past few decades, advanced oxidation processes (AOPs) have emerged as promising alternatives to conventional methods
for destroying organic pollutants [10,11]. These AOPs have exhibited significant advancements, leading to enhanced efficiency in the
degradation of various organic pollutants. A key characteristic of advanced oxidation processes (AOPs) is the production of highly
reactive hydroxyl radicals, which possess superior oxidative power compared to ozone and hydrogen peroxide. This feature has
facilitated the accelerated degradation of organic pollutants [12,13]. Consequently, AOPs have gained prominence and have become
preferred alternatives over traditional water treatment methods, due to their remarkable success in effectively degrading organic
pollutants [14]. Among the various AOP methods, photocatalysis and its various adaptations have emerged as the most promising
technique for industrial applications [13]. Semiconductor oxides, particularly ZnO and its nanocomposites, have been extensively
investigated and widely employed as catalysts in photocatalysis.

Due to several key attributes, ZnO has garnered significant attention as a promising material for photocatalysis. These include its
non-toxic nature, broad band structure, spectral overlap with solar emission (around 5%), high catalytic activity, cost effectiveness,
low toxicity, biological and chemical stability, and ease of application in ambient and harsh environmental conditions [15]. However,
problems such as charge carrier recombination, narrow response range to the ultraviolet-visible spectrum, inadequate utilisation
efficiency of visible light, susceptibility to dissolution in acidic pH environments, and degradation due to photo-corrosion during
extended illumination in aqueous solutions restrict its extensive application. To address these challenges, researchers have explored
the modification of ZnO by doping it with additional elements or coupling it with other semiconductors [16]. Modification of ZnO has
been reported to mitigate interfacial charge recombination, enhance the presence of surface oxygen vacancies, narrow the bandgap,
improve structural stability, and enhance charge carrier separation kinetics [11,17-19]. Additionally, they contribute to enhanced
light absorption efficiency beyond the ultraviolet (UV) range, thanks to the phenomenon of localized surface plasmon resonance.

Tungsten trioxide (WOs3), selected as the semiconductor for etching into ZnO, stands out as an n-type semiconductor due to its
favourable physical and chemical properties. Its notable attributes include a relatively small bandgap (ranging from 2.4 to 2.8eV), in
contrast to ZnO’s wider bandgap (ranging from 3.2 to 3.37eV). This specific feature empowers WOs to capture visible light effectively,
positioning it as a prime contender for practical photocatalysis applications. In addition, given the classification of BiOI as a p-type
semiconductor and its capacity to absorb visible light, BiOI demonstrates a fitting compatibility to establish a p-n heterojunction with
ZnO, which exhibits absorption capabilities within the ultraviolet (UV) range. Combining BiOI and ZnO can harness a synergistic
effect, thereby presenting a potent avenue for enhancing photocatalytic performance.

In this study, we propose the development of an inexpensive, rapid, and straightforward approach for the degradation of methyl
orange (MO) in water. This will be achieved through the configuration/design of photocatalysts that combine ZnO with either WO3 or
BiOl. This project aims to address the recombination issues commonly observed in ZnO and enhance its efficiency by employing a
strategy of etching with two low band gap semiconductors. Due to their low band gaps, the ternary and transition metal oxides (BiOI
and WOg, respectively) were chosen for this study. These low band gaps enable more efficient utilisation of a broader range of the solar
spectrum. Furthermore, the conduction and valence band orientations of BiOI and WOs differ from that of ZnO, which is crucial for
achieving more effective separation of photoinduced electron-hole pairs, and promoting efficient photodegradation processes. The
efficiency of the most efficient heterostructure in this study has been compared to that of other prepared heterostructures in the
destruction of MO, from literature. The findings from this research suggest that these novel synthesized heterojunctions can be helpful
for dye wastewater elimination and, thus, of importance to the textile industry.

2. Materials and methods
2.1. Chemicals and materials

The starting materials for the synthesis of ZnO-BiOI and ZnO-WOs heterostructures include; Potassium iodide (KI), bismuth nitrate
pentahydrate (Bi(NOs3)3-5H20), ammonium metatungstate ((NH4)6H2W12040)), and oxalic acid. They were obtained from Sigma-
Aldrich. The ZnO precursor, zinc acetate dihydrate (Zn(CH3COO)2-2H20) and ethanol were acquired from Associated Chemical En-
terprises (ACE). The School of Chemistry at the University of the Witwatersrand supplied the methyl orange dye for this project. A
Millipore system was used as a source of purified deionized water during sample preparation. As all the solvents and chemicals used in
this project were of the analytical reagent grade, they were used as supplied without additional purification.
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2.2. Preparation of heterojunction photocatalysts

Prior to the fabrication of the heterostructures, ZnO was initially synthesized with zinc acetate dihydrate via the sol-gel method. A
mixture of ZAD-water was emptied into a reactor on a reflux apparatus set up placed in a water bath. The mixture was allowed to reflux
for 30 min at 60 °C under continuous stirring. The gradual introduction of oxalic acid (previously dissolved in alcohol) into the solution
resulted in the formation of gels. The reflux was then continued for 60 min at 50 °C. Once the refluxing was complete, the xerogel was
cooled to ambient temperature and oven-dried overnight at 80 °C. After drying, the sample was collected and calcined at 500 °C in a
furnace to obtain ZnO nanoparticles.

The ZnO-WO3 based heterojunctions were produced by dispersing pristine ZnO in purified water and continuously stirring for 30
min. Ammonium hydroxide was utilised to maintain a pH of 6.5 in the mixture. The WOj3 starting material [NH4)6H2W12040] was
added to the pristine ZnO-water mixture as stirring continued for another 15 h. The precipitate obtained after the reaction was filtered
and washed many times with water and then alcohol. The product allowed to dry was subsequently ground and left to air-dry. The
Zn0O-WOs based heterojunction was obtained after calcination at 500 °C for 3 h.

The ZnO-BiOI based heterojunctions were fabricated by suspending pristine ZnO in water before adding Bi(NO3)3.5H20, which had
been previously dissolved in alcohol. The resulting mixture of ZnO-Bi(NO3)3.5H20 was stirred continuously as KI, previously dissolved
in deionized water was gradually introduced into the mixed liquor. The stirring which continued for another 3 h, was stopped, and the
suspension was subsequently centrifuged and allowed to dry in air for 18 h. After collecting the dried product, they were ground,
resulting in ZnO-[X]BiOI heterojunction.

2.3. Heterostructures characterization and analytic methods

Surface morphologies and elemental analysis of the prepared composites were determined using a Carl Zeiss Sigma FE-SEM and
Oxford X-act EDS. Optical studies and photodestruction evaluation were conducted using a UV 1800 Shimadzu UV-Vis Spectropho-
tometer, while X-ray diffraction measurements were performed using the Bruker D2 XRD instrument. Textural properties were
determined using the Micrometrics TriStar 3000 instrument. The Debye-Scherrer relation was applied to calculate the mean crystallite
sizes of the composites from the diffraction peaks, while the band gap was calculated via Tauc’s plots derived via the UV-Vis spectra.
During the preparation of the heterojunctions, the separation of suspended particles in liquids was achieved with a Hettich ROTOFIX
Benchtop Centrifuge. An AM 1.5G 100 mW/cm? light source was utilised for this study.

2.4. Photocatalytic performance measurements

The photocatalytic performance evaluation of the heterostructure photocatalysts was assessed in the photodestruction of methyl
orange (MO) under simulated solar radiation. In a typical experiment, 50 ml of 10 ppm methyl orange in deionized water was prepared
and placed in a 150 ml beaker on a stirrer plate directly under the light source, and the initial concentration was noted. After allowing
the pollutant and photocatalyst (20 mg) to equilibrate for 30 min in the dark, the suspensions were magnetically stirred to ensure
proper dispersion of the photocatalysts, and the pH was adjusted using HCl and NH4OH. The photocatalytic activities of each catalyst
were then evaluated using an AM 1.5G 100 mW/cm? solar radiation simulator, with the suspensions being stirred throughout the
experiments. At predetermined intervals, a syringe was used to extract samples from the mixture, which were then filtered using a 0.22
pm membrane filter to remove photocatalyst particles. The filtered samples were analysed using a Shimadzu 1800 spectrophotometer
to assess their destruction efficiencies.
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Fig. 1. X-ray diffraction spectra of (a) ZnO-BiOI (X) based heterostructures (b) ZnO-WO3 (X) based heterostructures.
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3. Results and discussion
3.1. Heterostructures characterization

Fig. 1a displays the X-ray diffraction spectra for the 3 ZnO-BiOI based heterojunctions. The heterostructure with 5 % wt. BiOI did
not show any peaks of BiOI. This has been ascribed to instrument detection limit and small BiOI doping on the surface of ZnO. The
peaks of BiOI can be identified within the ZnO lattice at 10% and 20% doping. The BiOI peak can be identified at 29° and corresponds
to the 102-diffraction plane. This peak became more intense at an enhanced doping of 20%, thus, indicating the enhanced doping of
BiOI and absolute dispersal in the ZnO lattice. The diffractogram observed from the materials displayed distinct peaks corresponding to
the crystalline phases of both BiOI and ZnO in their pure forms. No impurity peaks were detected, thus stipulating an excellent
preparation method and sample purity.

The diffraction spectra of the 3 ZnO-WOs3 based heterojunctions are shown in Fig. 1b. The analysed samples exhibited characteristic
peaks representative of the triclinic phase of WO3 and the hexagonal wurtzite structure of ZnO. For the composites containing 5 and
10% WOs doping, no supplementary peaks were detected besides those corresponding to the ZnO crystalline structure. The absence of
additional peaks can be ascribed to the instrument’s limit of detection and effective dispersion of WO3 on the ZnO surface. The 20%
WO3 doped sample displayed strong peaks observed at 23.0°, 24.4°, 28.0°, and 34.0°, corresponding to the crystal planes 001, 110,
200, and 201 of triclinic WOg, respectively. These peaks, along with the distinctive peaks of hexagonal ZnO, indicate the complete
integration of WO3 within the lattice of ZnO and sample homogeneity.

The Debye-Scherer relation shown in Equation (1) was applied to determine the mean crystallite sizes of the prepared semi-
conductor heterojunctions:

D=K][(A/ (B cos O)] )

The X-ray diffraction (XRD) measurements were conducted using a wavelength of 1.54056 nm (A), with 6 representing the Bragg
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Fig. 2. SEM images of (a) ZnO-[5%]BiOI (b) ZnO-[10%]BiOI (c) ZnO-[20%]BiOI (d) ZnO-[5%]WO3 (e) ZnO-[10%]WO3 (f) ZnO-[20%]WOs3.
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diffraction angle of the XRD peak and f indicating the measured broadening of the diffraction line peak at an angle 26, measured in
radians, and corresponding to half of its maximum intensity.

Among the tested samples, the composite with a 5% loading of BiOI exhibited the smallest mean crystallite size, measuring 16.4
nm. In contrast, the samples with 10% and 20% BiOI loadings had larger average crystallite sizes of 31 nm and 45 nm, respectively. As
the BiOI loading in the ZnO composite increased, the average crystallite size showed a corresponding increase. This suggests the
possibility of the tetragonal BiOI penetrating the hexagonal wurtzite crystal structure of ZnO, which could influence the collapse of
crystal growth. The tetragonal BiOI within the ZnO material accounts for the smaller crystallite size observed in the ZnO-[5%]BiOI
sample compared to the other samples. Conversely, the enhanced crystallite sizes observed in the other materials can be attributed to
the interaction between the two materials. The composite containing 5% wt. loading of WO3 exhibited a mean crystallite size of 35.4
nm, whereas the sample with 10% WO3 wt. doping exhibited a mean crystallite size of 49 nm. In the case of the sample with 20% wt.
doping of WOg, the evaluated mean crystallite size was 31 nm.

An FE-SEM was used to investigate the morphologies of heterostructures (Fig. 2a—f). The SEM images revealed non-uniform sur-
faces of the ZnO-BiOI based composites (5%, 10%, 20%). As the loading of BiOI increased, penetration of rods and rectangular plates
was observed, particularly at 10% doping (Fig. 2b), which unveiled the existence of amorphous agglomerates with irregular shapes and
the identification of plate-like structures. The sample containing 20% BiOI doping (Fig. 2¢) demonstrated a higher degree of
agglomeration, leading to a sponge-like morphology characterized by the presence of pores. This agglomeration is likely a result of
increased interconnection and wrapping between ZnO and BiOI aggregates. Thus, the morphology was found to depend significantly
on the BiOI loading. The SEM images revealed that the WO3 loadings on the ZnO nanoparticles resulted in agglomeration, displaying a
lack of specific and consistent morphological patterns (Fig. 2d-f). Mostly nodular morphology was observed for all three samples, and
as the WO3 loading increased, more clustering was detected. The observed phenomenon can be ascribed to the synthesis technique and
initial materials, potentially leading to densely packed clusters of small grains with interconnections. Notably, the sample with a 20%
weight loading of WO3 displayed the most pronounced level of clustering. Supplementary Information la-f presents the energy
dispersive X-ray spectra of the composites, demonstrating the occurrence of solely the reference elements alongside the expected
stoichiometric ratios.

The absorption properties of the composites were analysed with a UV-vis spectrophotometer. The spectra were captured at room
temperature within the 200-900 nm wavelength range. To measure the bandgaps of the composites, Tauc’s plots were applied along
with the Kubelka-Munk relation (Equation (2)). The linear section of the plot depicting (ahv)? versus photon energy was extrapolated
to determine the bandgaps, demonstrated in the equation below:

ahv:A(hvag)" (2)

By extrapolating the linear region on a plot of (ahv)? against hv, the band gap values can be determined. In this equation, & represents
the absorption coefficient, A is a constant, h is Planck’s constant, v denotes the photon frequency, Eg denotes the band gap energy, and
n takes the value of 1/2 or 2 depending on whether the transition is direct or indirect, respectively.

Supplementary Information 2 a-f displays the composites’ absorption spectra and Tauc’s plots. The absorbance measurements of
Zn0O-[5%]BiOI, ZnO-[10%]BiOI, Zn0-[20%]BiOI, ZnO-[5%]WO3, ZnO-[10%]WOs3, and ZnO-[20%]WO3 were recorded at wave-
lengths of 376 nm, 378 nm, 380 nm, 376 nm, 377 nm, and 380 nm, respectively. The BiOI absorption tail was detected beyond 600 nm,
similar to the findings of Qu et al. (2020) [20]. All heterostructures showed a slight red shift, and the ZnO-(X)BiOI heterostructures
displayed a band gap narrowing trend with an increase in BiOI loading relative to the pristine ZnO band gap (3.37 eV). The band gap
narrowed from 3.37 eV to 3.08 eV with the introduction of BiOI at 5% loading and further to 3.0 eV at 10% loading. Among the
different BiOI loadings, the sample with the highest loading of 20% demonstrated the most prominent narrowing of the band gap,
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estimated to be 2.20 eV. A corresponding red shift in the absorption spectra of the materials accompanied this narrowing. In the
ZnO-[5%]WOs heterojunction, a reduction of the band gap was detected compared to the established band gap of pristine ZnO. The
estimated band gap for this composite was 2.56 eV. However, with a 10% WO3 wt. doping, the band gap increased to 3.16 eV. The
observed increase in the band gap of the ZnO-[10%]WOs3 composite, which can be ascribed to the emergence of energy level defects
within the forbidden band, explains the additional band gap reduction seen in the ZnO-[20%]WOs3 composite. The ZnO-[20%]WO3
composite exhibited the smallest band gap among the samples, with a value of 2.17 eV. The study by Adhikari et al. (2015) also
reported similar findings [21].

The surface area of the synthesized photocatalysts was determined by analysing the nitrogen adsorption-desorption isotherm and
obtaining the Barret-Joyner-Halender (BJH) pore distribution curves. The results were then compared with the classification standards
provided by the International Union of Pure and Applied Chemistry (IUPAC).

The specific surface areas of the different composites were measured as follows: ZnO-[5%]BiOI - 7.31 mz/g, ZnO-[10%]BiOI -
19.79 m?/g, ZnO-[20%]BiOI - 7.30 m%/g, ZnO-[5%]WO; - 7.84 m%/g, ZnO-[10%]WOs - 5.69 m?/g, and ZnO-[20%]WOs - 5.57 m?/g.

The Nj adsorption-desorption isotherms (Fig. 3a) demonstrated that all the prepared heterojunctions possessed a mesoporous
structure, exhibiting Type IV isotherms. Most of the isotherms showed no hysteresis, except for ZnO-[20%]BiOI and ZnO-[20%]WO3,
which displayed Type Hyj hysteresis. Analysis of the Barret-Joyner-Halender (BJH) pore size distribution curves revealed a combi-
nation of mesopores and macropores in the composites. Specifically, ZnO-[5%]BiOI and ZnO-[10%]BiOI exhibited a higher proportion
of macropores compared to mesopores in the analysed samples, as depicted in Fig. 3b. The surface area measurements indicated an
increase upon the formation of heterojunctions. However, these increases did not exhibit a consistent pattern.

3.2. Photocatalytic investigation

The efficacy of the synthesized heterostructures was assessed through the photodestruction of methyl orange, measuring their
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photocatalytic performance (MO). The destruction plots and efficiencies are displayed in Fig. 4a and b, respectively. It can be deduced
that the ZnO-[10%]WOs3 and ZnO-[10%]BiOI samples completely destroyed MO in 90 and 120 min, respectively. The samples with 5 %
wt. loading of WO3 and BiOI into ZnO exhibited varying efficiencies in the photocatalytic removal of MO, as ZnO-[5%]WO3 destroyed
MO in 120 min, while the ZnO-[5%]BiOI heterostructure only achieved approximately 25% removal efficiency even after 180 min of
reaction time. A trend change was observed in the ZnO-[20%]WO3 and ZnO-[20%]BiOI heterostructures, as their MO removal effi-
ciencies were observed at approximately 5% and 100%, respectively, in a total reaction time of 180 min. The poor photocatalytic
performance of the ZnO-[20%]WO3; and ZnO-[5%]BiOl heterostructures are attributed to excessive doping and under doping,
respectively. The excess WO ions affected the light penetration depth into the ZnO structure as it surpassed the space charge region
and caused rapid recombination of the charge carriers [22]. It is essential to identify the optimal loading of WO3 into ZnO for excellent
photocatalytic activity, as excess W will create recombination centers which will inhibit photocatalytic performance [23]. A
pseudo-first-order kinetic model best expresses the photodegradation kinetics (Fig. 4c). Table 1 presents the apparent first-order re-
action kinetics as indicated by the integral linear transform In(C,/C) plotted against time. The heterostructures’ apparent reaction rate
constants (k) and t;» values are also presented. From the table, it can be observed that it takes approximately 13 min for the MO
concentration to be halved to the initial concentration when ZnO-[10%]WOs is applied, while it takes approximately 17 min when
Zn0-[10%]BiOl is applied. A 10 % wt. optimal doping concentration is adopted in this study, and the two heterostructures (ZnO-[10%]
BiOI and ZnO-[10%]WO3) were additionally utilised to determine the impact of some operational conditions in the photodestruction
process.

3.3. Effect of catalyst dose

The amount of photocatalyst used in the reaction can significantly affect the efficiency and cost of the treatment [24]. The influence
of catalyst weight was ascertained by varying the masses of the two heterojunction photocatalysts between 2.5 and 40 mg and sub-
sequently applied in the photodestruction process. From the photodestruction plots shown in Fig. 5a-d, it is evident that the
destruction efficiency showed a downward trend with the decrease in the dosage of photocatalyst as 67% and 59% destruction effi-
ciencies were observed in 180 min when 2.5 mg of ZnO-[10%]WO3 and ZnO-[10%]BiOI were applied, respectively. At an increased
catalyst dose of 40 mg, a 100% degradation was achieved in 90 min and 120 min when ZnO-[10%]WOs3 and ZnO-[10%]BiOI were
applied, respectively. This improved efficiency is ascribed to many reaction sites available to adsorb dye molecules and absorb incident
photons from solar radiation. Inappropriate or small quantities of a photocatalyst cause the production of fewer reaction sites on the
heterojunction’s surface, leading to a reduced photocatalytic performance [25]. The study by Kader et al. (2022) observed a similar
outcome.

3.4. Effect of pH

The impact of pH on the photodestruction of MO was ascertained at pH levels of 2, 5, 7, 9 and 11, as shown in Fig. 6a-d. The catalyst
weight applied was 20 mg, while the dye concentration was 10 ppm. The results in Fig. 6a—d shows that the best photocatalytic activity
for the ZnO-[10%]BiOI heterojunction was observed at pH 7 as MO was eliminated entirely in 120 min. However, excellent photo-
catalytic activity was also observed at pH 2 and 9 as MO was completely destroyed within a reaction time of 180 min. At pH 5, an 83%
degradation efficiency was observed, while the lowest activity of 13% was observed at pH 11. The decline in photocatalytic perfor-
mance is ascribed to the presence of negative surface charges on the heterojunction. These negative charges reduce the adsorption of
MO onto the surface of the ZnO-[10%]BiOI heterostructure. The negatively charged heterojunction intensifies the electrostatic
repulsion with the MO anions, further inhibiting their interaction and adsorption on the heterostructure’s surface [26].

The optimum performance was observed at pH 7 when ZnO-[10%]WOj3 heterojunction was applied. An excellent photocatalytic
performance was also observed at pH 9, as MO was destroyed entirely within a reaction time of 120 min. At pH values of 2, 5 and 11,
47%, 76.5% and 22% degradation efficiencies were observed in 180 min when ZnO-[10%]WOs3; was applied. Generally, the best
photocatalytic activities for the destruction of MO were observed at a neutral pH when both heterostructures were applied. The work
by Nguyen et al. (2018) and Adeel et al. (2021) observed a similar trend [26,27].

3.5. Effect of MO concentration

To study the effect of methyl orange concentration on the photodestruction process, the initial MO concentration was varied at 5,

Table 1

Photocatalytic degradation of MO and corresponding pseudo-first order reaction kinetic model parameters.
Heterojunction photocatalyst Destruction efficiency (%) Time (mins) R? K (min 1) t /2 (min)
ZnO-[5%]WO3 100 120 0.942 0.0481 14.4
ZnO-[5%]BiOI 25 180 0.996 0.0017 407.7
ZnO-[10%]WO3 100 90 0.953 0.0521 13.3
Zn0-[10%]BiOI 100 120 0.880 0.0400 17.3
ZnO-[20%]WO3 5 180 0.909 0.0005 1386.3
Zn0-[20%]BiOI 100 180 0.829 0.013 53.3
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Fig. 5. (a) Photodegradation plot for effect of heterojunction mass using ZnO-[10%]WO3 (b) Degradation efficiency plot for effect of heterojunction
mass using ZnO-[10%]WO3 (c) Photodegradation plot for effect of heterojunction mass using ZnO-[10%]BiOI (d) Degradation efficiency plot for
effect of heterojunction mass using ZnO-[10%]BiOl.

10, 20 and 40 ppm values (Fig. 7a—d). From the destruction plots shown in Fig. 7a, the ZnO-[10%]WO3 heterojunction destroyed MO at
5, 10 and 20 ppm, corresponding to 60, 90 and 120 min of reaction time, respectively. An inhibited photocatalytic activity was
identified at 40 ppm as only approximately 35% degradation efficiency was observed (Fig. 7b). This shows that destruction efficiency
decreased with increasing MO concentration. This is ascribed to the depletion of the photogenerated radicals on the heterojunction
surface. The reaction centers on the heterojunction’s surface, which are responsible for the degradation process, became overwhelmed
by the higher concentration of dye molecules [17].

Additionally, the decrease in removal efficiency can be linked to the optical density elevation of the various methyl orange con-
centrations. As the dye concentration increases, the density of the MO solution also increases. This higher density of the dye solution
results in reduced penetration of light into the solution, which, in turn, inhibits the photodegradation efficiency [24]. The ZnO-[10%]
BiOI heterojunction was observed to completely eliminate MO at concentration values of 5, 10 and 20 ppm and correspond to reaction
times of 120, 120 and 150 min, respectively. At an elevated MO concentration of 40 ppm, an 82% destruction efficiency was observed.
Generally, the ZnO-[10%]BiOI heterojunction performed slightly better than the ZnO-[10%]WOs3 heterojunction at most contaminant
concentration levels in this study.

3.6. Suggested photodestruction process

The photodestruction mechanism of MO by the heterojunction photocatalysts is shown in Fig. 8. During adsorption-desorption
equilibration, MO molecules adsorb on the catalyst’s surface [28]. When light is incident on the composite material, it generates
electron-hole pairs through photoexcitation. The photoexcited electrons are then transferred from the valence band (VB) of BiOI to the
conduction band (CB) of ZnO, leaving holes in the VB of BiOL. This electron transfer occurs because the CB of BiOI is more negatively
charged (lower energy) compared to the CB of ZnO. Similarly, the VB of ZnO is more positively charged (higher energy) than the VB of
BiOI [17]. Repositioning of Fermi levels and the consequent charge migration yield numerous advantageous outcomes. Firstly, the
charge migration property of the ZnO-BiOI composite is improved. Separating the charge carriers reduces the likelihood of
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Fig. 6. (a) Photodegradation plot for effect of pH using ZnO-[10%]WO3 (b) Degradation efficiency plot for effect of pH using ZnO-[10%]WO3 (c)
Photodegradation plot for effect of pH using ZnO-[10%]BiOI (d) Degradation efficiency plot for effect of pH using ZnO-[10%]BiOl.

recombination, where the electron and hole recombine and lose their energy as heat [29]. This leads to a higher efficiency of charge
carrier utilisation. Secondly, the improved separation of charge carriers enhances the photo-efficiency of the composite material.
Photocatalysis uses light energy to drive chemical reactions, and efficient charge migration is crucial for promoting the desired re-
actions. With the electrons in the CB of ZnO and the holes in the VB of BiOI, they can engage in separate redox reactions and promote
the desired photocatalytic reactions more effectively.

Table 2 shows the photodestruction performance of some photocatalysts and heterojunctions from previously reported studies. It
can be deduced that the two heterojunctions prepared in this study have excellent photocatalytic activity and can be applied to treat
dye wastewater. The rate constant of the ZnO-[10%]WOj3 is approximately 2-fold higher than that of TiO5 P25.

4. Conclusion

This study focused on the development, characterization, and subsequent utilisation of various ZnO-WO3-BiOI based hetero-
junctions in the treatment of methyl orange (MO). The ZnO-[10%]WOs3 and ZnO-[10%]BiOI were identified as the best performing
heterojunctions in this study, as MO was eliminated in 90 and 120 min, respectively. The two best performing heterojunctions were
additionally utilised to ascertain the impact of some operational conditions, such as pH, MO concentration, photocatalyst weight.
Results obtained show that the degradation efficiency decreased with decreasing photocatalyst dose as 67% and 59% destruction
efficiencies were observed in 180 min when 2.5 mg of ZnO-[10%]WO3 and ZnO-[10%]BiOI were applied, respectively. The optimal
performance for the ZnO-[10%]BiOI heterojunction was observed at a pH of 7 as MO was completely eliminated in 120 min. However,
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effect MO concentration using ZnO-[10%]BiOI.

excellent photocatalytic activity was also observed at pH 2 and 9 as MO was completely destroyed within a reaction time of 180 min. At
pH values of 2, 5 and 11, degradation efficiencies of 47%, 76.5% and 22% were observed, respectively, in 180 min, when ZnO-[10%]
WOj3 was applied. An inhibited photocatalytic activity was identified at 40 ppm as only approximately 35% degradation efficiency was
observed. This shows that degradation efficiency decreased with increasing MO concentration. This is ascribed to a depletion in the
quantities of photogenerated radicals on the heterostructure surface. A pseudo-first-order kinetic model best expresses the photo-
degradation kinetics of the photodestruction of MO. It shows that the application of ZnO-[10%]WOs leads to a halving of the measured
MO concentration to its initial level in approximately 13 min, while it takes approximately 17 min when ZnO-[10%]BiOI was
employed.

10



D.C. Ashiegbu and H.J. Potgieter Heliyon 9 (2023) 20674

Solar radiation o

BiOl
enhancement
ZnoO ZnO- [10%]BiOl
E_=337e
bg" 3-37 eV Epg= 3.30 eV
MO
Reation
products
Fig. 8. Influence of BiOI doping and suggested charge transfer process.
Table 2
Photocatalytic performance comparison of various photocatalysts for methyl orange degradation.

Catalyst MO concentration (ppm) Removal efficiency (%) R? (k) min~! Reference
TiO,-Carbon NPs 20 98 - 0.014 [28]
ZnO/graphene oxide 10 97.7 0.997 0.025 [26]

10% Co-ZnO 100 93 0.95 0.014 [27]
Co:La:TiO, nanocomposite 25 98.9 0.998 0.015 [30]
Ag/Mo03/TiO, 10 75.8 0.981 0.004 [24]

TiO, P25 10 75 0.985 0.028 [31]
TiOg-zeolite + Hy02 10 76.9 0.973 0.015 [32]
MoS,/Co304 (20%) 20 95.6 - 0.020 [33]
CuCo,04 5 85 [3]
ZnO-[10%]WO3 10 100 0.953 0.052 This study
Zn0O-[10%]BiOI 10 100 0.880 0.040 This study
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