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A B S T R A C T   

The AgBr and WO3 nanoparticles (NPs) were synthesized and coupled, and the coupled AgBr-WO3 
binary catalyst, as well as the individual AgBr and WO3 NPs, were then characterized by XRD, 
FTIR, DRS, and SEM-EDX. XRD results showed the formation of orthorhombic WO3 cubic AgBr 
crystals. The crystallite sizes of 45, 28, and 45 nm were estimated by the Scherrer formula for the 
as-prepared AgBr, WO3, and AgBr-WO3 catalysts, respectively. The DRS study estimated band gap 
energies using both absorption edge wavelengths and the Kubelka-Munk model. The band gap 
energies of 2.72, 3.06, and 2.92 eV were obtained for the direct electronic transitions of AgBr, 
WO3, and AgBr-WO3. The ECB (potential position) of AgBr and WO3 were estimated to be 0.01 and 
0.52 V, while their EVB values were 2.60 and 3.55 V, respectively. Typical FTIR absorption bands 
of W‒OH, the W‒O‒W, and AgBr bonds have appeared at 1637 cm− 1, 823 (and 766) cm− 1, and 
1384 cm− 1, respectively. The pHpzc of 4 was estimated for the individual and coupled catalysts. 
In studying the photocatalytic activity of the catalysts in the photodegradation of metronidazole 
(MNZ) a boosted activity was achieved for the coupled system. This increased activity depends on 
the maximum AgBr:WO3 mole ratio in a 1:3 mol ratio. Grinding time applied to prepare the 
coupled catalyst has also varied the photocatalytic activity.   

1. Introduction 

Exploring environmental pollution has resulted in novel strategies for removing various pollutants from aquatic environments in 
recent years [1–6]. The pharmaceutical industries, hospitals, and domestic sites discharge the effluents containing various pharma-
ceutics, such as antibiotics, into surface and ground waters with low biodegradability. This needs to introduce novel techniques/ca-
talysts to remove these pollutants from wastewater [7–14]. 

Generally, the accumulated MTZ in animals, fish farm water, and effluents resulted from meat industries, and due to its non-
biodegradability and high water solubility features, its accumulation in the aquatic environment is high. Remained MNZ in surface 
waters and wastewater ranges from 1 to 10 ng/L. In contrast, it has proven its low concentrations have toxic effects on aquatic or-
ganisms like algae and daphnids. The MNZ Genotoxic effects of MTZ have been proven on Oreochromis niloticus and for other organs of 
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fish. Some adverse effects of MNZ on beneficial bacteria in biological filtrate have been confirmed. Anaerobic bacteria convert nitrate 
to nitrous gas as the last step of the nitrogen cycle in biological filtration in aquaria. This step can be prevented in the presence of MNZ, 
resulting in nitrate accumulation, causing infection, some physiological stresses, inducing the immune system and damaging tissue in 
aquatic organisms, incomplete blood O2 transport, and renal insufficiency. Thus, before this process, MNZ should be removed from the 
solution. An increased corticotrophin-releasing factor, cortisol, and ACTH secretions would result in acute stress conditions. In 
contrast, the activation of the cell population of the central immune system increases the release of cytokines, chemokines, growth 
factors, arachidonic acid, and reactive oxygen species (ROSs) like nitrite oxide. Thus, a critical issue is its elimination from the water 
system because of its high toxicity (toxic effects on aquatic and terrestrial organisms), potential mutagenicity, and carcinogenetic (as 
an animal carcinogen) features [15–17]. 

The semiconducting-based photocatalytic degradation has been well-known effective removal technique for various organic pol-
lutants based on inducing the photoexcited electrons in the conduction band (CB) and the leaved holes in the valence band (VB) under 
the UV or visible lights’ illumination of the semiconductor used [18–27]. The e− /h+ pairs induced can directly reduce or oxidize 
molecules of pollutants and begin their degradation reaction. Indirectly, photoinduced electrons produce the dissolved oxygen to form 
superoxide radicals. The holes can oxidize water molecules to form hydroxyl radicals as powerful agents for degrading organic 
molecules as pollutants [28–34]. 

To have an efficient heterogeneous photodegradation, a sufficient charge carriers (e− /h+) separation would be achieved because 
the recombination of the photogenerated e− /h+ pairs can significantly decrease the overall photodegradation efficiency [35–41]. 
Various strategies have been suggested to decrease e/h recombination like metal/nonmetal doping, supported semiconductors, 
coupled semiconductors systems, and nano-dimension catalysts, etc. [42–59]. 

An important effective photosensitive material that is extensively used in photography and photocatalysis technologies is silver 
halides AgX (X = Cl, Br, I). The generation of high amounts of e− /h + pairs under visible illumination of AgBr converts it into a 
potential visible light photocatalyst [60]. However, its practical applications have been limited due to the photodecomposition of pure 
AgBr. A common way to diminish this drawback is by supporting AgX species on some substrates, like SiO2 [61], zeolites [62], Fe3O4 
[62], Bi2WO6 [63,64], etc. These composites display high e− /h+ separation and, thus, high photocatalytic activity with relatively 
enhanced optical stability [63]. This boosted effect can also be related to forming a heterojunction structure between AgX and sub-
strate [65]. The band gap energy of WO3 is around 3.03 eV [66] and AgBr around 2.59 eV [67]. WO3 has a lower (more positive) 
conduction band (0.52 eV) than that of AgBr (0.01), while a lower (more positive) VB potential position (3.55 eV) than that of AgBr 
(2.60 eV) [68]. These matched potential positions make it suitable to construct AgBr/WO3 composite/heterojunction structure with 
good e− /h+ pairs’ separation ability [69]. 

Detailed photodegradation results and mechanisms are illustrated in this work’s first part after briefly characterizing this binary 
catalyst [70]. In the present work, the mechanically AgBr/WO3 coupled catalyst, a visible-light-driven photocatalyst, was prepared in 
situ, and its photocatalytic activity was evaluated toward metronidazole (MNZ) in an aqueous phase. 

2. Experimental 

2.1. Chemicals 

The main chemicals sodium tungstate (Na2WO4. 2H2O), AgNO3, NaBr, HCl, etc., purchased from Sigma/Aldrich company, all have 
an analytical grade purity. The metronidazole table (Iran Daru Co., IRAN) was prepared at local drugstores. Aqueous solutions/sus-
pensions were obtained in distilled water, and their pH was adjusted by diluting NaOH or HCl solution. 

To prepare the MNZ solution, the average weight of each 250 mg metronidazole pharmaceutical tablet (Iran Daru Co., Iran) was 
about 0.3155 g. Four tablets were ground in an agate mortar to have a homogeneous powder, and 0.0315 g of the powder was added to 
a 100 mL beaker and dissolved in 50 mL water under a string for 15 min. Then, it was filtered into a 250 mL volumetric flask and 
reached the mark by water. This solution was 100 mg/L concerning MNZ and was used to prepare diluter solutions via the serial 
dilution procedure. 

2.2. Synthesis of nanoparticles 

In AgBr NPs synthesis, solution A was 50 mL 0.1 M AgNO3, while solution B was 20 mL 0.25 M NaBr. After mixing, it was kept at 
60 ◦C for 1 h under stirring. A golden yellow precipitate was obtained that was separated by centrifugation. It was thoroughly washed 
with water and ethanol and vacuum-dried [71]. 

In a typical procedure for synthesizing WO3 NPs, 20 mL 8 M HCl solution was added to a 20 mL sodium tungstate solution con-
taining 3 g of Na2WO4⋅2H2O. Subsequently, a yellowy dispersion was formed that was transferred into a 50 mL Teflon-lined stainless- 
steel autoclave. The autoclave was placed at 100 ◦C for 24 h. Finally, the yellowish precipitate was separated by centrifuge, thoroughly 
water-washed, and then ethanol. After drying at 80 ◦C, it was calcined at 400 ◦C for 4 h to obtain WO3 NPs [72]. 

To prepare the AgBr ‒ WO3 binary catalyst, depending on the AgBr:WO3 mole ratio requested, an adequate weight of each 
component was added to an agate mortar and thoroughly hand-mixed for 15 min to obtain a homogeneous powder [73]. 

2.3. Determination of pHpzc 

Series suspensions containing 0.015 g of each AgBr or WO3 NPs or AgBr-WO3 coupled system in 10 mL 0.01 M NaCl (as ionic 
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strength adjuster) were prepared. After adjusting the pH range from 2 to 12 by diluting HCl or NaOH solution (pH initial: pHI), and 
shaking for about 24 h, the final pH (pHF) was recorded. Two typical plots were constructed (see results and discussion section) to 
determine the pHpzc. In the first one, pHF was plotted against pHI. The bisector of this plot was achieved by plotting pHI versus pHI. 
The crossing point of each curve with bisector gives the pHpzc for each catalyst. In the second plot, ΔpH (ΔpH is the difference between 
the pHF –pHI regarding the sign obtained) was plotted versus pHI. The point in which ΔpH = 0 is the pHpzc of the related catalyst. 

2.4. Instruments and characterization 

Following instruments were used here: X-ray diffractometer (X’PertPro, Ni-filtered Cu-Ka radiation at 1.5406 Å, V: 40 kV, i: 30 mA; 
Netherland), FTIR (PerkinElmer Spectrum 65 and KBr pellet), UV–Vis diffuse reflectance spectrophotometer (JASCO V 670, against 
BaSO4 reference, Japan), a scanning electron microscope (TESCAN, model MIRA3, Co Czech Republic), a double beam UV–Vis 

Fig. 1. The XRD pattern of the (A) single AgBr NPs, (B) single WO3 NPs, and (C) the binary AgBr – WO3 catalyst with a AgBr:WO3 mole ratio of 
1:3 [70]. 
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PerkinElmer spectrophotometer, a pH meter/p-ion meter (Jenway model 3505), and a centrifuge instrument (Sigma, rpm: 13,000, g: 
15,493). 

2.5. Photodegradation experiments 

A homemade reaction box was assembled to run the photocatalytic degradation experiments. In a typical photodegradation run, 10 
mL 5 ppm MNZ aqueous solution was prepared, which was 0.5 g/L for each single or coupled catalyst. Then, it was subjected to 
illumination against three 40 W W-lamps. The distance with the reaction of the 25 mL glass reaction beaker as a cell was 10 cm above 
the sample cell. Under continuous magnetic stirring, a homogeneous suspension was achieved to produce a constant mass transfer. At 
regular times, for example, for 30 min in the initial removal tests, sampling was done, and the suspension was centrifuged (at >13,000 
rpm) to obtain a clean solution that was suitable to record the absorbance at absorption band maximum of MNZ (320 nm). The 
absorbance of the photodegraded MNZ solution at time t was A, which was compared against that of the blank MNZ solution without 
any catalyst and illumination (Ao) to calculate the (A/Ao) value or the degradation extent of MNZ molecules by the following formula 
(Eq. 1). Based on the Beer-Lambert law, this is based on the straight proportionality of absorbance and analyte concentration. Before 
the illumination, dark stirring for 10 min was made to achieve a surface adsorption/desorption equilibrated state.  

Degradation efficiency (%) = [(Co-C) /Co)] × 100 = [(Ao-A) /Ao)] × 100                                                                                  (1)  

3. Results and discussion 

3.1. Characterization of the samples 

3.1.1. XRD patterns 
As-synthesized WO3 and AgBr NPs and the as-prepared coupled sample were subjected to diffraction analysis to estimate phase 

purity. The diffraction patterns obtained via the powder x-ray diffraction analysis are shown and compared in Fig. 1A–C. In the pattern 
of AgBr alone (Fig. 1A), a cubic crystallite phase was detected because the diffraction peaks at 26.8◦, 31.1◦, 44.6◦, 55.4◦, 64.7◦, and 
73.5◦ agreed well with that of standard pattern with the JCPDS No. 06-0438 [74]. The diffraction peaks mentioned relate to the 
diffraction planes of (111), (200), (220), (222), (400), and (420), respectively, which are assigned in the pattern [70]. 

When the XRD pattern of WO3 NPs (Fig. 1B) was compared to the standard patterns, the diffraction peaks at 23.1◦, 23.7◦, 24.1◦, 
28.8◦, 33.6◦, 34◦, 50◦ and 55.4◦ overlapped with those reported for the orthorhombic structure of WO3 with the standard pattern of 
JCPDS No. 20-1324 [75]. The peaks mentioned above, which belong to the crystal planes of (001), (020), (200), (111), (201), (220), 
(140), and (420), were respectively assigned to their corresponding hkl planes [70]. 

As shown in the pattern for the binary coupled AgBr/WO3 catalyst (Fig. 1C), all of the peaks mentioned above for the individual 
AgBr and WO3 NPs have appeared. This infers that the AgBr/WO3 binary system is prepared by a mechanical force induced during the 
grinding of the mixture [76]. The overall peak intensity decreased because of higher amounts of WO3 NPs in the catalyst (AgBr:WO3 
mole ratio of 1:3). 

Both size and stain broadenings were evaluated by subjecting the XRD results to the Scherrer (Eq. (2)) and the Williamson-Hall (W- 
H) (Eq. (3)) equations. Equation (2), the common Scherer formula, is useable to study the effect of size broadening in a diffraction peak. 
General use of the Scherrer formula has been restricted for estimating crystallite sizes less than 100 nm. In this formula, the inverse 
relationship of d (crystallite size in nm) with the diffraction width peak, β, confirms the appearance of broader peaks for nanomaterials 
than the bulk materials [77]. 

d=
k.λ

β.cosθ
(2) 

All data used for this calculation, including the half of diffraction angle θ and β values, are summarized in SDT1 (see supplementary 
data). Although the Scherer constant k gets different values between 0.8 and 1.1 depending on the shape of the crystals, its typical 
value is 0.9, which is used in our calculations. The X-ray wavelength (λ) used is the Cu-Kα line at 0.15406 nm [78,79]. The average 
sizes for crystals of AgBr, WO3, and AgBr–WO3 were estimated around 45, 28, and 28 nm, respectively. 

Commonly, the d-spacing for its hkl planes can occur by the probable sample deformation, which results in slight shifts in the peak 
positions and the lattice strain. This strain is induced by the dislocation-like defects, while the size broadening results from the 
shrinkage of coherent scattering volume [80,81]. 

It seems that the induced mechanical force applied in the preparation of binary AgBr–WO3 catalyst induces some strain on the 
crystals, resulting in d-spacing change. As the Braggs’ law (nλ = 2dsinθ) confirms, due to this d-fluctuation, the brag angle θ would be 
changed. In such a case, it is better to use the Williamson-Hall (W-H) model (formula 3) to estimate the crystallite size [82,83]. 

β.cos θ=(kλ / d) + (η / sin θ) (3) 

W-H model includes the Scherer term (kλ/d) and the internal strain or Stokes and Wilson expression (η /sin θ). Commonly, the 
crystallite size, induced strain, instrumental parameters, and crystal defects have been counted as the influencing factors on the 
diffraction peak broadening. The W-H model gives the Scherer model in a particular strain factor η = zero case [84–86]. 
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SDT2 shows data used/calculated for plotting the W–H curves, a plot of βcos(θ) versus sin(θ). The plots are shown in SDF1 [85,87, 
88]. The intercept of the curves was used to estimate the crystallite size for AgBr, WO3, and AgBr–WO3 samples that obtained about 5, 
6, and 6 nm, respectively. The difference between values obtained by the Scherrer and W-H model can be considered as the evidence 
for induced strain due to mechanical force. 

3.1.2. FTIR spectra 
Fig. 2A compares FTIR (Fourier transform infrared) spectra for the as-prepared individual and coupled catalysts. In the WO3 

spectrum, the main vibrational futures relate to W‒OH and the W‒O‒W bonds. The first bond appeared as an absorption band for the 
bending mode at 1637 cm− 1. This bending vibrational mode has appeared at 1630 cm− 1 in the literature. The strong absorption bands 
at 823 and 766 cm− 1 can relate to the W‒O‒W vibrational stretching modes [89]. The appearance of these characteristics proves the 
successful synthesis of WO3. The typical stretching vibration mode for AgBr appears at 1384 cm− 1 in its spectrum [90]. Other 
stretching or bending absorption bands are due to the adsorbed water (stretching about 3500 and bending around 1637 cm− 1), or C-C 
and C-H bonds [91,92], etc., of or4aganic materials used in the synthesis procedures, remained as surface adsorbed species. All peaks 
mentioned above with slight shifts or broadening have appeared in the spectrum of the coupled sample. FTIR spectra are briefly 
described in the first section of the work [70]. 

Fig. 2. FTIR spectra of the individual and the composite samples (A); Typical plots for determining the samples’ pHpzc (B-C) [70].  
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3.1.3. Point of zero charge (pHpzc) 
A significant factor called the point of zero charge (pHpzc) has been described to evaluate the absorption capacity of a typical 

absorbent/catalyst and its surface binding sites. Its usual utilization is to describe the kinetic futures of the surface. A favorable pH for 
the effective absorption of positive species/ions is pH > pHpzc, while for absorbing positive species/ions, pH < pHpzc is favorable. This 
is because the accumulated net charges on the surface of the adsorbent/catalyst are different at pHs below and beyond the pHpzc value. 
Below it, the surface of the solid adsorbent/catalyst accumulated by the adsorbed protons due to its native negative of basic future. This 
results in an increase in the pH of the aqueous phase around the solid species. Above the pHpzc, negative charges accumulate due to the 
adsorbed hydroxyl radicals from the adjacent aqueous solution, which results in a net negative charge on the surface [93]. 

Typical plots for estimating the pHpzc value for the catalysts are shown in Fig. 2B and C. As shown, all catalysts investigated here 
have a pHpzc around 4.1. 

3.1.4. DRS study 
A common approach for estimating the band gap energy (Eg) for the various electronic transitions in a semiconducting material is 

recoding the DRS (diffuse reflectance spectroscopy) spectra. The macroscopic optical characteristics of materials can be extracted from 
DRS spectra, in general, including the overall samples’ reflectance and absolute absorbance, as well as their dispersive features. The 
absorption characteristics obtained evaluate the sample’s macroscopic optical properties and the extent of loss in samples’ internally 
emitted light. On the other hand, the change in the absorption characteristics is because of the dependence of the diffused reflected (re- 
emitted) intensity on the samples’ optical futures, particle size distribution, and filling factor [94]. 

The absorption spectra of the AgBr and WO3 NPs and the AgBr/WO3 coupled catalyst are presented in Fig. 3A. The downward 
slopes of the plots were extrapolated towards the photon energy wavelength (the x-axis). The cross point is called the absorption edge 
wavelength (λAE), which is substituted into the Eg (eV) = 1240/λAE (nm) formula to obtain the Eg value [95,96]. The results obtained 
are summarized in Table 1. 

A common, more precise approach for determining Eg for a semiconducting material is using the absolute reflectance data of the 
solid powder sample obtained from DRS study, which should be transformed by a model well-known the Kubelka-Munk (K-M) model. 
The transformed data were then used to estimate Eg graphically for various electronic transitions of the semiconductor investigated by 
the following Tauc formula (Eq. 4). In this formula, h and υ are Planck’s constant (J s), and the light frequency (s− 1), β is an absorption 
constant. At the same time, α is the absorption coefficient that can be obtained based on Beer–Lambert’s law by the sample thickness 

Fig. 3. Typical absorption spectra (A) and Tauc plots (for n = 2) (B) obtained in DRS study of the samples.  
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Table 1 
Band gap and potential positions for CB and VB of the semiconductors used.  

Approximated band gap energies of the used catalysts by using the absorption edge method and Kubelka-Munk equation and Tauc plots 

Catalysts Tauc plots (eV) Absorption edge 

1/2 2 3/2 3 λ (nm) Eg (eV) 

AgBr 2.46 2.72 2.77 2.84 495 2.51 
WO3 2.69 3.06 3.36 3.36 481 2.58 
AgBr-WO3 2.54 2.92 3.19 3.28 490 2.53  

Ea and Ei values of the constituent elements of the used semiconductors  

Element Ea (eV) Ei (eV) ½(Ea + Ei) (eV)    

Ag 1.304 7.576 4.44    
Br 3.365 11.831 7.590    
W 0.816 7.864 4.34    
O 1.461 13.618 7.539    

Eg, VB and CB values of the used semiconductors, X data are in Mullikenʹ́s electronegativity scale  

Catalyst χ (eV) Eg (eV) EVB (eV) ECB (eV)   

AgBr 5.81 2.72 +2.67 − 0.05   
WO3 6.54 3.06 +3.57 +0.51   

Various models to write Tauc model 

Formula  n-value for:    

IF IA DF DA [Ref] 

F(R) hυ = A (hυ − Eg)n 3 2 3/2 1/2 [98] 
(F(R) hυ)n = A (hυ − Eg) 1/3 1/2 2/3 2 [99] 
(αhʋ)1/n = A (hυ − Eg) 3 2 3/2 1/3 [100–102] 
(αhʋ) = A (hυ − Eg)1/n 1/3 1/2 2/3 2 [103,104] 
(αhʋ) = A (hʋ – Eg)n/2 6 4 3 1 [105] 
(αhʋ)2/n = A (hʋ – Eg) 6 4 3 1 [105] 

IF: Indirect forbidden, IA: Indirect allowed, DF: Direct forbidden, DA: Direct allowed. 

Fig. 4. SEM images (A–B), particles size distribution (C), EDX spectrum (D), and x-ray map image (E) for the binary AgBr – WO3 catalyst [70].  

E. Shabanian-Broujeni and A. Nezamzadeh-Ejhieh                                                                                                                                                             



Heliyon 10 (2024) e31353

8

d and the sample absorbance A as α = ([2.303 × A]/d). 
Various formats can formulate the Tauc model, summarized in Table 1, which are the same principle but various component terms. 

For example, for the following formula, depending on the electronic transition type, n gets different values of 1/2 (allowed direct: AD), 
2 (allowed indirect: AI), 3/2 (forbidden direct: FD), and 3 (forbidden direct: FI) for the mentioned transitions [97]. 

(αhν)= β
(
hν − Eg

)n (4) 

The obtained reflectance spectrum is presented in SDF1-A, and the Tauc plots in Fig. 2B and SDF2 B-D are typical plots of (αhυ)n vs 
hυ. These plots’ rising slope was extrapolated towards the x-axis, the photon energy. This crossing point gives the (αhυ)n = 0, in which 
hν = Eg. The obtained Eg values are summarized in Table 1. 

Fig. 4. (continued). 
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Equation (5) was used to estimate the valence band edge position (EVB) of AgBr and WO3 using the Eg values obtained for the direct 
allow electronic transition, and the free electron energy (Ee: 4.5 eV vs NHE), and the electronegativity of the semiconductors (χ). To 
estimate χ, the geometric mean of the electronegativity of the semiconductors’ constituent atoms was used. The arithmetic mean of the 
first atomic electron affinity (Ea) and the first ionization energy (Ei) was used to estimate the atoms’ electronegativity. In general, this 
formula is suitable for calculating the EVB of a semiconductor at the point of zero charge.  

EVB = χ – Ee + 0.5Eg                                                                                                                                                                (5) 

The χ values for AgBr and WO3 are ca. 5.81 and 6.54 eV, and the EVB of AgBr and WO3 were calculated to be 2.60 and 3.55 eV, 
respectively. Thus, the ECB of AgBr and WO3 were estimated to be 0.01 and 0.52 eV, respectively [68]. Then, ECB was determined by 

Fig. 5. Change in the UV–Vis absorbance of MNZ solutions during the various removal processes mentioned (A) [70]; The effect of the change in the 
change in AgBr:WO3 mole ratio in the coupled system on the MNZ photodegradation: UV-Vis spectra of the photodegraded MNZ solutions (B) and 
the obtained C/Co values (C). All results were averaged based on triplicate measurements (Catalyst dose: 0.3 g/L, CMNZ: 5 ppm, Illumination time: 
45 min) [70]. 
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ECB = EVB - Eg. All data and information about these calculations are summarized in Table 1. 

3.1.5. SEM-EDX and X-ray maps 
Scanning electron microscopy (SEM) images for the binary AgBr/WO3 sample are shown in Fig. 4 A-B. Spherical species were 

detected, relatively aggregated. As shown in Fig. 4C, particle size distribution show species are on the nanometer scale. EDX spectrum 
in Fig. 4D and Table SDT3 show the presence of all Ag, Br, O, and W atoms as constituent elements of the binary catalyst. To confirm the 
homogeneous distribution of the constituent elements in the binary catalyst, x-ray maps are presented in Fig. 4E and SDF3. All maps 
show a homogeneous distribution of the elements. Some SEM pictures, EDX data, and X-ray maps were also presented in the first part of 
the work [70]. 

3.2. Photocatalytic studies 

3.2.1. Initial removal tests 
The results obtained in the initial steps of the MNZ removal by different removal techniques of direct photolysis, surface adsorption, 

and heterogeneous photodegradation are presented in Fig. 5A. Comparing the spectra with that of a blank MNZ solution proves that the 
absorbance at a maximum peak wavelength of MNZ (λmax = 320 nm) was decreased in all cases. This corresponds to the relative 
removal of MNZ molecules from the aqueous solution. Based on the negligible role of direct photolysis (around 1.7 % MNZ removal), 
the relative stability of MNZ molecules would be concluded against the arrived photons. On the other hand, no considerable bond 
breaking occurred in MNZ molecules via the direct photo-illumination process because if it occurred, it produced some radical species 
as initial sources for MNZ degradation [70]. 

The surface adsorption effect by individual and coupled catalysts was also studied. Comparing the results confirms that individual 
AgBr and WO3 catalysts have no considerable photodegradation efficiencies because there is no significant change in the MNZ removal 
efficiencies achieved compared to the surface adsorption data. Comparing the individual catalysts, the binary AgBr:WO3 catalyst 
showed better efficiency in MNZ removal than this catalyst’s surface adsorption process. Based on the results, the suspensions were 

Fig. 6. The effect of the grinding time in the mechanical preparation of AgBr:WO3 catalyst in the MNZ photodegradation: UV-Vis spectra of the 
photodegraded MNZ solutions (A) and the obtained C/Co values (B). All results were averaged based on triplicate measurements (Catalyst dose: 0.3 
g/L, CMNZ: 5 ppm, illumination time: 45 min) [70]. 
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shaken at dark for 10 min to achieve the equilibrium adsorption/desorption state. After this step, the suspensions were subjected to the 
photodegradation process. 

Due to this observed boosted photocatalytic activity of the binary catalyst in this initial step of the research (without no optimi-
zation), this catalyst was selected for further consideration. The boosted photocatalytic activity of the binary catalyst relates to the 
diminishing recombination of e/h charge carriers. This has been illustrated in the scavenging agents’ section in the first part of the 
work [70]. 

It would be expected that the change in the amounts of each AgBr and WO3 component in the coupled catalyst can change the 
photocatalytic activity of the prepared binary system. Thus, some binary catalysts with varied AgBr:WO3 mole ratios were prepared as 
summarized in SDT 3. This case study is based on the fact that both the production extent of the photoinduced e/h pairs and their 
recombination extent can be affected by the amount of AgBr and WO3 components in the binary catalysts. On the other hand, one 
component may be suitable for producing high amounts of e/h pairs due to the better-matched Eg with the arrived photon energies. 
Another component may be ideal as an electron acceptor or sink to consume the photoexcited electrons in the CB position of another 
element. This results in the rapid electron transfer between the C B position of component one and component two. 

The change in the UV-Vis spectra of the photodegraded MNZ solutions by binary AgBr-WO3 with various AgBr:WO3 mole ratios in 
Fig. 5B confirms that the photocatalytic activity of the binary AgBr-WO3 catalyst is an AgBr:WO3 mole ratio-dependent property 
(Fig. 5B). Based on the above discussion, a balanced molar ratio between AgBr and WO3 semiconductors in the binary catalyst should 
be provided to achieve the highest e/h pairs production with the lowest recombination extent. This was achieved when the moles of 
WO3 in the binary catalyst were 3 times greater than that of the AgBr component. This is based on the catalyst’s highest photocatalytic 
activity (or the lowest C/Co value) in MNZ photodegradation (Fig. 5C). 

The effect of grinding time in the mechanical preparation of AgBr- WO3 catalyst was also studied, and the results are presented in 
Fig. 6A. This change varies the photodegradation efficiency of the prepared binary catalyst. As shown in Fig. 6B, the best efficiency was 
obtained for 5 min grinding time. In this state, sufficient force induced the ingredients to diffuse relatively together for sufficient charge 
carrier transfer under illumination. High diffusion and contact would be expected at a longer grinding time, but the results are in the 
opposite trend. At longer times, the released heat may separate two ingredients and act as a single photocatalyst, decreasing the 
photodegradation efficiency. 

3.2.2. Comparison with other works 
Table 2 summarizes some recent published works in MNZ photodegradation by various photocatalysts. If good degradation effi-

ciencies were obtained, some catalysts would be expensive or suffer from complex and expensive procedures. Titanium dioxide suffers 
from drawbacks like having a wide band gap in the UV region of light, consisting of about 4 % of solar light, difficulty separating its 
powder from the aqueous suspension, especially in nanoscale, etc. The Fenton process also has drawbacks like its efficiency depen-
dence to the solution pH. Hence, acidic pH is needed to prevent iron hydroxide precipitation, producing a second sludge that requires a 
second removal treatment, etc. Instead, a simple procedure was used here to fabricate an effective binary catalyst. 

4. Conclusions 

The change in the crystallite sizes obtained by the Scherrer and W-H model can be related to the effect of the induced strain. In the 
DRS study, the band gap energies of 2.92 eV and 3.06 eV for WO3, and AgBr-WO3 confirm the goodness of the coupling to decrease the 
band gap energy. The boosted photocatalytic activity of the coupled catalysts in the photodegradation of metronidazole (MNZ) can be 
related to higher e/h separation in the coupled system. The e/h separation extent seems to depend on the maximum AgBr:WO3 mole 
ratio in a 1:3 mol ratio. Grinding time applied to prepare the coupled catalyst also varied the photocatalytic activity. The best pho-
tocatalytic efficiency was obtained for 5 min grinding time. In this state, sufficient force induced the ingredients to diffuse relatively 
together for sufficient charge carrier transfer under illumination. High diffusion and contact would be expected at a longer grinding 
time, but the results are in the opposite trend. At longer times, the released heat may separate two ingredients and act as a single 
photocatalyst, decreasing the photodegradation efficiency. 

Table 2 
Some recent works in MNZ photodegradation.  

Catalyst/Method Procedure Efficiency Ref. 

UiO-66-NH2 Use of simulated solar light >60 % [106] 
B–Sn/TiO2 Different lights 96 % (10 ppm MNZ) [107] 
Heterogeneous Fenton-like Co-Cu catalysts – 90 % of 12 ppm MNZ [108] 
MFe2O4@PC (M = Fe, Cu, Co, and Mn) composites Visible light, heterogeneous photo-Fenton 96 % 300 ppm MNZ [109] 
TiO2/Ag3PO4/g–C3N4 blue light-emitting diodes 97 [110] 
Ce/SnO2–Sb coated Ti-anode Electro-Fenton process 37 TOC decrease [111] 
Fe0/graphene-TiO2 nanowires 20 W, W-Halogen, at 254 nm) 99 % [112] 
UV, Fenton/photo-Fenton – 90 % [113]  
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