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Abstract 

A series of n–p heterojunction catalysts (TiO2–Bi2O3–CuO) were synthesized by the ceramic method. 

X-ray diffraction, scanning electron microscopy coupled with energy dispersive X-ray, Fourier 

transform infrared spectroscopy (FTIR), UV-visible spectroscopy, and photoluminescence were used 

for the characterization of the synthesized materials. The optical optimization demonstrated that the 

solid solution TiO2–0.2Bi2O3–0.25CuO exhibited the best optical property. This catalyst supported 

on natural zeolite under ultrasonic waves improved notably the adsorption-photodegradation capacity 

of the resultant material. The impact of the n–p junction supported on zeolite on the photodegradation 

of a polluting solution showed excellent results for the degradation of cationic dye with removal 

efficiency reaching 94.1% and 80.23% under sunlight for Safranin-O dye in distilled water and in 

wastewater from a local textile dyeing plant.  

    

Keywords:  TiO2; Bi2O3; CuO; Cationic dye removal; Heterojunction; Photocatalysis; Wastewater 

treatment. 
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1. Introduction  

Organic pollutants (i.e., hydrocarbons, pesticides, dioxins, dyes, chlorinated solvents, and 

drugs) are chemical molecules resulting from human activities that harm the environment [1–9]. They 

contaminate the natural environment through wastewater. In the last few years, the evaluation of 

water contamination by persistent micropollutants has directly affected the environment and is 

seriously harmful to human health. The latter is attracting increasing interest [10,11]. In addition, the 

problematics of treating these recalcitrant pollutants is a complex subject because the concept usually 

resides in the treatment of a high flow and weakly charged effluent, but constituted of a very complex 

pollution [12].  

The development of the industry has generated an enormous production of wastewater, 

sometimes very difficult to treat by classical processes such as activated sludge or simple 

coagulation and flocculation [13–15]. However, these methods have shown their limits when faced 

with recalcitrant pollutants such as BTEX (benzene, toluene, ethylbenzene, and xylenes) and 

endocrine disruptors [16]. Among modern wastewater treatments, the photocatalytic degradation of 

various types of organic pollutants using solid semiconductors as photocatalysts has been widely 

studied (defined as heterogeneous photocatalysis). Which represents one of the typical advanced 

oxidation methods uses various semiconductor materials:: TiO2, ZnO, CuO, Bi2O3, and WO3 [17–

21].  

Titanium dioxides (TiO2) are one of the commercial and common semiconductors that can be 

employed in photocatalysis for the photodegradation of organic molecules, CO2 conversion, and the 

hydrogen production [19,20,22]. Furthermore, non-toxic and inexpensive TiO2 exhibits high 

chemical and structural stabilities in its nature  [23,24]. TiO2 is a typical n-type semiconductor of 

transition metals  and crystallises in different crystallographic forms, with the most abundant phases 

being anatase, rutile, and brookite [20]. Its photocatalytic activity often well acts under an ultraviolet 

(UV) light source, which limits its use for commercial and industrial applications. This is because the 

UV light occupies for approximately 7% of solar radiation [25]. The main limitation of TiO2 results 

from its wide band gap (Eg = 3.0–3.2 eV) and the fast recombination of charge carriers [20,26–28]. 

Therefore, it is necessary to improve its absorption under visible ranges by changing its Eg values. 

Photocatalysis is the activation of semiconductors under visible, UV, or solar light sources. This 

energy causes the transition of an electron from his position in valence band to the conduction band. 

This process is known as the generation of electron–hole pairs (Eq. 1) [6,18,29] that initiate the photo-

induced oxidation–reduction reactions by the generation of free radicals (Eqs. 2 and 3), that will either 

react with compounds present in the medium (i.e. dyes) (Eqs. 4,5), according to different mechanisms 

represented below [30–32].  
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The first step is the excitation of the photocatalyst and formation of photo-induced charges: 

𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 
    ℎ𝜐    
→    𝑒− + ℎ+    (1) 

The next step is the formation of hydroxide OH
.
, and superoxide O2

.-
 radicals: 

{
ℎ+ + 𝐻2𝑂

              
→    𝑂𝐻. + 𝐻+

ℎ+ + 𝑂𝐻−
             
→   𝑂𝐻.            

                                        (1) 

𝑒− + 𝑂2
             
→   𝑂2

.−                                                      (2) 

The degradation of the dye can be caused by the action of the holes (h+) directly or by the 

radicals generated by the (e-, h+) charges.  

   ℎ+ + 𝑑𝑦𝑒
             
→    𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠     (3) 

{
𝑂2
.− + 𝑑𝑦𝑒

             
→    𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑂𝐻. + 𝑑𝑦𝑒
            
→   𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

    (4) 

Many researchers tried to rise the photocatalytic activity of titanium oxide by using different 

methods such as incorporating metal(s) or non-metal(s) into catalysts or on the surface of catalysts. 

Among those approaches, the development of composites from TiO2 and semiconductors (using 

other transition metals: CuO, Fe2O3, and Bi2O3) is acknowledged as the best method for enhancing 

its photocatalytic activity. This combination can form heterojunction and simultaneously reduce the 

gap of TiO2. It should improve the light absorption range and decrease recombination rate (e– and 

h+) [22,27,33,34].  It is also well known that one of the inconveniences of using TiO2 is its low 

specific surface that makes the improvement of this surface even more interesting. This is done by 

attaching TiO2 or heterojunction based on TiO2 on an adsorbent (support) for example polymers, 

activated carbon, and clays (montmorillonite, kaolin, and zeolite) [28,35–37]. Zeolites 

(aluminosilicates) exhibit some proper properties such as good adsorbents due to their high specific 

area, structural stability, availability, and low cost [38,39]. Therefore, zeolite is used as appropriate 

carrier for loading catalysts on its external surface. 

Several researchs have prepared the TiO2 heterojunction with other materials. Guerrero-

Araque et al [40], prepared Bi2O3–TiO2 by the precipitation method co-catalysed by CuO, CoO, or 

NiO using impregnation  method. Sharma et al. [33], synthesized Bi2O3–TiO2–CuO by the solution 

combustion. Zhao et al [41], used zeolite as a support for the TiO2–CuO junction. Another example 

of the preparation of TiO2–CuO supported on palygorskite clay is given in the paper of Lakbita et al. 

[42]. 

 However, no study has been carried out on the support of the metal mixture (TiO2–Bi2O3–

CuO) on clay, more precisely on a raw zeolite. In this work, the heterojunction TiO2–Bi2O3–CuO was 

elaborated by the ceramic method and supported on a local natural clay under the ultrasonic waves.  
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The adsorption and photocatalysis performances of composite materials were studied under visible 

and solar light irradiation for evaluating the photodegradation of dye model (Safranin-O; SO). SO 

dye (Table S1) is a pink dye from the phenazine family [6,18]. Highly soluble in water and widely 

used in the tannery and textile industry for dyeing wool, cotton, fibers, paper, tannin, silk, and leather 

[43,44], it is also used in the biological sciences for staining in histology and cytology [45], for 

distinguishing bacterial species between different Gram (positive and negative) bacteria [46], and as 

a detector for LAMP amplicons [47]. Any existence of SO dye in wastewater would have harmful 

effects on water life. because it is known to be carcinogenic in the ecosystem [18,47,48]. In this 

investigation, an attempt is carried out to study the degradation of this dye in aqueous solution and 

textile wastewater charged with SO in the presence of TiO2–Bi2O3–CuO–Zeolite catalyst in the dark 

and under visible/sunlight irradiation. Adsorption parameters such as contact times effect, adsorbent 

dose and initial concentration, and are optimized in darkness to achive the highest elimination of SO  

dye from aqueous solutions. The adsorption process was estimated with kinetic and isotherm studies 

using a non-linear model. The nature of the irradiation as well as the CuO content and the effect of 

using zeolite as a matrix on the photodegradation yield were studied. The reaction rates were 

calculated using a first order nonlinear kinetic model. The performance of the supported catalyst on 

textile wastewater treatment has also been investigated. 

2. Experiments 

2.1. Materials  

The commercial precursor materials used are bismuth oxide (Bi2O3; Biochem), titanium oxide 

(TiO2; Biochem), copper oxide (CuO; Biochem), silver nitrate (AgNO₃; Sigma-Aldrich), 

Hydrochloric acid (HCl; Sigma-Aldrich), and Safranin-O dye (Biochem). Those chemicals and 

solvents were of analytical grade and utilized without supplementary purification. Raw zeolite was 

obtained from Tinebdar-Bejaia, Algeria. The distilled water (DW) was used to prepare aqueous 

solutions, and ultra-pure water (UP) was used to rinse the zeolite. This is because the  ultra-pure water 

contains almost no impurities compared to distilled water. 

2.2. Preparation of TiO2–Bi2O3–CuO heterojunction  

The material heterojunctions TiO2–xBi2O3–yCuO were prepared using a solid–state reaction 

method (Figure S1). In the composite [1– (x + y)] TiO2–xBi2O3–yCuO, the symbols x and y ( = 5–30 

wt.%)  are the weight fraction of Bi2O3 and CuO, respectively. 

2.2.1. TiO2–Bi2O3–CuO synthesis 
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The TiO2 and Bi2O3 powders with different compositions (1–x)TiO2–xBi2O3 (labelled as T-5B, 

T-10B, T-15B, T-20B, and T-25B) corresponded to x (wt.% = 5%, 10%, 15%, 20%, and 25%, 

respectively). After mixed and milled in a ceramic mortar for 2 h, they were calcined at 600 °C for 6 

h. 

  An optical analysis was carried out by an Evolution 220 UV-vis spectrophotometer to determine the 

gap of each material, estimate the range of photoexcitation wavelengths, and evaluate the efficiency 

of photocatalytic degradation. For the next study, the fraction of compound Bi2O3 was fixed at the 20 

wt.% of TiO2 

2.2.2. Synthesis of TiO2–Bi2O3–CuO material  

The solid mixtures of three components [1–(0.2+y)]TiO2–0.2Bi2O3–yCuO were prepared 

through the similar procedure of the binary components. The samples containing Bi2O3 (20%) and 

CuO (in different weight fractions: 5%–25%) were named as TB-5C, TB-10C, TB-15C, TB-20C, and 

TB-25C corresponding to y (CuO; wt.% = 5%, 10%, 15%, 20%, and 25%, respectively).  

2.2.3.  Synthesis of TiO2–Bi2O3–CuO supported on raw zeolite 

The raw zeolite was ground (using a Planetary Mono Mill Fritsch Pulverisette 6) at 200 rpm for 

2 h) and followed by rinsing with ultra-pure water, filtrating, and drying at 110 °C for 2h. The zeolite 

was then treated with HCl acid [49]. An appropriate quantity of zeolite was stirred in HCl solution 

(0.4 M) for 4 h. The sample was then  rinsed until the total elimination of Cl– ions in the zeolite. The 

presence of Cl– ions was identified by a AgNO3 method. The treated zeolite was dried at 105 °C. After 

that, the  mixture of treated zeolite (0.35 g) and ultra-pure water (20 mL) was placed into an ultrasonic 

bath (Labsonic Falc, 50 KHz,  ITALIE) for 30 min. Finally, the 0.15-g material (TB-20C) was 

dispersed in this mixture, treated during 30 min by an ultra sonic bath, stirred for 24 h, filtrated, and 

dried at 60 °C. The obtained supported catalyst was named as TBC-ZN.    

2.3. Equipment   

X-ray diffraction (XRD) measurement were carried out using an Empyrean Panalytical diffractometer 

with copper target with CuKa radiation (λ = 0.154056 nm) in the 2θ range from 20◦ to 80◦. The 

surface structure of the materials was examined using Thermoscientific Quattro S field emission 

scanning electron microscopy (SEM). The specific surface area of the samples was found by a BET 

surface analyzer Micromeritics, Gemini VII. Fourier-transform infrared (FT-IR) spectrum was 

measured with a Thermoscientific Nicolet IS50 FT-IR spectrometer. UV–vis absorption spectrum 

was measured by an Evolution 220 UV–visible spectrophotometer. Photoluminescence (PL) 
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spectrum was obtained by a Shimadzu 6000 spectrophotometer with an excitation wavelength of 360 

nm.  

2.4. Synergy of adsorption and photocatalysis for Safranin-O dye removal  

The adsorption capacity of various materials such as: natural zeolite and materials supported 

on natural zeolite, was determined using batch adsorption experiments. The support on zeolite 

optimized the adsorption capacity and improved the dye adsorption on the surface. In the other part, 

the adsorption capacity of the material is enhanced when it is supported on clay. These both 

phenomena are due to synergic effects and consequently increases the photocatalytic performance of 

the materials [3].  

2.4.1. Adsorption of Safranin-O dye 

The adsorption experiments were performed in the dark environment using a beaker 

containing the dye solution (200 mL) and synthesized material. The 5 mL of the liquid was collected 

at regular intervals, and the dye concentrations were determined using the UV–visible 

spectrophotometry method (λmax = 520 nm). 

The kinetic study was carried out to determine the effect of contact time on dye adsorption 

process. Around 0.08 g of material (0.4 g/L) was mixed with V= 200 mL of Safranin-O dye (Co = 16 

mg/L). The experiments were realized in the dark at a room temperature. A suspension (5 mL) was 

taken at regular intervals for 5 h. The amount of Safranin-O dye adsorbed into material at any time t 

was calculated using the mass balance equation (Eq. 7). At equilibrium, the amount of Safranin-O 

dye adsorbed Qe (mg/g) was determined as Eq. 8. 

V
m

CC
Q to

t

−
=  

(7) 

V
m

CC
Q eo

e

−
=  

(8) 

where Co and C , Ce  (mg/L) are the initial concentrations at t=0 , after a contact time t (min); and 

after equilibrium adsorption respectively. 

2.4.2. Photocatalytic degradation of Safranin-O dye 

The photocatalytic efficiency of the synthesis catalyst was evaluate through the degradation 

of Safranin-O dye, the monitoring was done by measuring the dye absorbance a (λmax = 520 nm). A 

decrease in absorbance at this wavelength represents the dye mineralization. The photocatalyst was 

introduced in a beaker containing 200 mL of dye solution at its given concentration. 
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A primary test indicated that the time required for adsorption–desorption equilibrium was 

around 60 min (data not shown). The system is maintained under magnetic stirring in darkness for 60 

min. Then the sample was exposed to solar/visible (low power LED’s) irradiation. The discoloration 

was measured by a spectrophotometer, by taking 5 mL of the solution every 1 h, after centrifugation 

(Hettich, Rotofix 32 A. Germany) for 10 min with at a speed of 3000 rpm), and the relative centrifugal 

force is 805 g – force. After that, the supernatant was analysed by a UV-visible spectrophotometer. 

The percentage of mineralization has been determined by the following equation: 

D(%) =
𝐶0−𝐶𝑡

𝐶0
∗ 100 (9) 

where C0 = Cads is the concentration of dye after the adsorption and desorption equilibrium, and Ct is 

the concentration after a given time of degradation. 

2.4.3. Application for removal of real wastewater 

A real industrial effluent was collected from a local textile industry Algeria Manufacture of 

Various Textiles (Alfaditex, Remila, Bejaia). Approximate 0.08 g of sample was added to 200 mL of 

the effluent solution containing 16 mg/L and 20 mg/L of Safranin-O dye for the adsorption and 

photocatalytic experiments respectively. For the adsorption study, the suspension was stirred for 5 h 

in dark, at room temperature a volume has been collected every given time in order to determinate 

the equilibrium adsorption and desorption. The photocatalytic experience was launched under solar 

light. Table S2 shows some basic properties of wastewater. 

3. Properties of the prepared solids 

3.1. Crystal characteristics of the materials 

Figure 1a represents the XRD spectra of the unsupported materials. For the pure TiO2 sample, 

the anatase phase (JCPDS card No. 00-21-1272) was identified at 2θ of 25.5°, 37.2°, 48.3°, 54.1°, 

and 63.3° corresponding to the planes (101), (103), (200), (105), and (204), respectively [22]. Some 

characteristic peaks of rutile phase (JCPDS: 00-21-1276) were detected at 27.6°, 36.3°, 41.5°, and 

76.6° relating to the (110), (101), (111), and (202) planes, respectively. The Bi2O3 solid indicated 

some peaks at 27.75°, 33.35°, 46.51°, and 57.21° (JCPDS: 01-072-0398) corresponding to the planes 

(120), (200), (223), and (024), respectively [27]. Some typical planes (–111), (111), and (–311) in the 

CuO sample (JCPDS: 10-074-1021) were reflected at 2θ of 35.7°, 38.9°, and 66.4°, respectively. 

Notably all these compounds were detected in the binary (T-20B) and ternary (TB-25C) composites.  

 Figure 1b shows the spectrum of the natural zeolite (NZ) and the TB-25C material supported 

on zeolite (TBC-ZN). Several peaks observed at 21.2°, 23.4°, 26.8°, and 30.2° in ZN and TBC-ZN 
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were attributed to the (113), (501), (600), and (612) planes, respectively. They corresponded to the 

tetragonal phase of zeolite ZSM-5 (JCPDS: 00-044-0002). The other peaks indicated the presence of 

two other phases such as zeolite H-ZSM-5 (JCPDS: 01-080-0922) and zeolite Y (JCPDS: 01-077-

1549). The XRD results confirmed that the TiO2–0.2Bi2O3–0.25CuO (TB-25C) material has been 

successfully loaded on the zeolite.   

3.2. Surface morphology of the materials 

SEM images are presented in Figure 2. The SEM image of TiO2 (Figure 2a) indicated 

aggregates-formed nanoparticles with their sizes of 60–80 nm. T-20B showed a homogeneous grain 

distribution in its SEM image (Figure 2b). The particle size of T-20B increased significantly within 

the introduction of Bi2O3 (100–160 nm). When CuO was added to T-20B, the particle size of resultant 

TB-25C reached 170 nm (Figure 2c). The growth in the sizes suggests the formation of n–p 

heterojunctions in the resultant materials. 

Figures 2d and 2e shows the surface morphology of the zeolite before and after acid treatment. 

Clearly, the surface of the clay was significantly modified by this treatment with an increas in the 

pores volume. The structure becomes more porous, which improved the adsorption capacity of this 

zeolite. When the material is supported on the zeolite (Figure 2f), the observed grains dispersed on 

the surface of the zeolite can be attributed to the TB-25C material, which causes the clogging of some 

pores and a decrease in the adsorption performance of the zeolite. 

The EDS (Figure S2) analysis of all the samples showed a peak corresponding to carbon due 

to the nature of the carbonized film carrying the sample. The spectra of TiO2, T-20B, and TB-25C 

confirmed the purity of the materials. The EDS spectrum of the zeolite consisted principally of Si, O, 

and Al elements, which results from the aluminosilicate structure. In addition to these chemical 

elements, other chemical compounds (Ca, Fe, Mg, and Ti) were observed in low amounts. 

3.3. Textural property of the materials 

Nitrogen adsorption isotherms of TB-25C, zeolite, and TBC-ZN at 77 K were studied, and the BET 

plots of those materials are shown in the Figure S3. The curve shows that the catalyst supported on 

the zeolite improves the amount of N2 adsorbed, the decrease in the amount of N2 adsorbed from 

TBC-ZN compared to zeolite confirms that the deposition of the catalyst particles on the zeolite 

causes blockage of the clay pores, as illustrated in the SEM images (Figure 2).  The BET method 

was used to applied to estimate the surface areas (SBET) of materials. The SBET values of TB-25C, 

zeolite and TBC-ZN  was  2.81, 28.95, and 16.85 m2/g, respectively. A nearly similar result was 

reported by Liu et al [35]. Who synthesized TiO2 supported on zeolite (TiO2-zeolite) using sol-gel 

method. They concluded the SBET value of zeolite decreased from 24.52 to 14.14 m2/g after loading 
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TiO2 (TiO2/zeolite). This is because the TiO2 particles blocked the zeolite’s pores and incorporated 

inside the internal pores of the zeolite. 

3.4. Surface functional group of the materials 

Figure 3a and 3b shows the IR spectrum of the natural zeolite, and the material supported on 

the zeolite. The band observed in the region 3500–3400 cm-1, was probably caused by the water’s 

OH-groups vibrations [50]. A band appearing at around 476  cm–1 (for TiO2, binary solution, 

ternary solution, and material supported on the zeolite) corresponds to the vibrations of the Ti–O 

and O–Ti–O bond [51]. A band at 839 and 1386 cm–1 can be assigned to the elongation vibration of 

Bi–O–Bi and Bi–O bonds respectively [21]. The intensity of these bands was low in the binary 

solution compared to the pure Bi2O3, because of the low amount of Bi2O3 present in T-20B. A band 

observed at 937 cm–1 in the binary solution can be assigned to the Bi–O–Ti or Bi–O–Bi vibration 

[23]. A band at around 540 cm–1 in the CuO spectrum probably involves the vibration of the Cu–O 

bond. The addition of CuO lead to decreasing the width of the band between 500 and 1000 cm-1. 

This is because CuO had  a weak band in this region [52]. 

The FTIR spectrum of natural zeolite and the material supported on zeolite aslo showd a series 

of bands at 1030, 878, and 796 cm–1  that are the typical characteristics of zeolite in the samples. A 

large band at 1030 cm–1 can be ascribed to the vibration of the Si(Al)–O–Si(Al) chain. The bands at 

878  and 796 cm–1 were related to the vibration of the Si(Al)–O group [35,53]. A new low-intensity 

absorption band at 913 cm–1 in TBC-ZN can result from the vibration of material–zeolite bond. 

 3.5. Optical properties of the materials 

Figure 4a and 4b shows the UV-visible absorption spectrum of  the pure TiO2, binary 

solutions (T-xB) and ternary solutions (TB-yC), with x and y being 0–25 (wt.%). Bi2O3 generated a 

slight improvement of the adsorption range when comparing to pure TiO2 (Figure 4a). In Figure 4b, 

the spectra represented an adsorption queue under a visible region probably because of the d-d 

transition of copper in its oxide like CuO [40,41] . 

The Tauc equation was used to determine the gap energy of synthesized  materials using the 

following formula [54]: 

(𝛼ℎ𝜐)
1
2 = 𝐾(ℎ𝜐 − 𝐸𝑔) 

(10) 

where α (2.303 A) is an optical absorption coefficient; K is a constant; and hυ is a photon energy. 
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Figure 4c depicts the Tauc function (αhυ)1/2 = f(hυ). The extrapolation of the linear portion of 

the curve and intercept on energy axis gave the gap energies. The calculated values showed that the 

band gaps of the materials did not indicate a remarkable change within the additional presence of 

Bi2O3 but their absorbances were improved. A decrease in Eg might result from the introduction of 

additional levels in the TiO2 optical band gap (Table 1). 

3.6. Photoluminescence spectra of the materials 

The photoluminescence (PL) emission that is generally lower than the radiation used for 

excitation is a technique based on the detection of light emitted by the material. In essence, the 

intensity of the emitted photon depends highly on the rate of electron-hole recombination and the 

efficiency of the charge separation [20,55]. 

When the material has a low recombination, the signal of the PL tends to be low and the 

photocatalytic activity is important. Therefore, there is a correlation between the PL spectrum and 

photocatalytic performance. The PL spectra of the prepared materials and pure TiO2 are depicted in 

Figure 5. The spectrum of pure TiO2 showed some emission peaks at 387.1, 448.0, 465.7, 490.1 and 

544.7 nm. The peak at 387.1 nm is assigned to the TiO2 gap [20,55]. The weak intensity peak detected 

at 448.0 nm was attributed to recombining between self-trapped electrons and holes [56,57]. The 

peaks between 465.7 nm and 544.7 nm might attributed to non-stoichiometric defects (TiO2–x oxygen 

defect) and recombination of the latter with photoelectron  [20,55–58]. The addition of Bi2O3 and 

CuO into TiO2 reduces the intensity of the PL spectrum which improves the photocatalytic 

performance of the materials compared to pure TiO2, and does not result in any further 

photoluminescence phenomena. A similar result was obtained by Sharma et al [33], who explained 

this phenomenon by Bi2O3 and CuO behaving as an efficient medium for the transport of 

photoinduced charge species to the material surface. In the ternary solutions, except for composition 

TB-5C low intensity peaks were observed at 465.7 nm and 544.7 nm above this composition no peak 

was observed, indicating a strong charge separation which confirms the results of the photocatalytic 

experiments [33,59]. This result can be confirmed by the results of the photocatalytic experiments 

4. Adsorption performance 

The effect of physico-chemical parameters on the adsorption capacity of materials, such as 

the adsorbent weight, the initial dye concentration, the contact time, and the nature of the solvent 

(distilled water/ textile wastewater) were studied. 

 

 4.1. Effect of adsorbent mass 
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In order to estimate the effect of adsorbent amount, the different doses (0.2–0.5 g/L) of 

materials was studied at an initial SO dye concentration of 16 mg/L. Figure S4 shows the effects of 

TBC-ZN weight on its adsorption capacity towards SO dye. The histograms showed that Qe slightly 

decreased within an increase in the amount of doses used. A  similar result is reported by Ayaden et 

al. [39] who used mordenite as adsorbent. The aggregation and accumulation of sites, as well as the 

number of unsaturated sites on the material’s surface, rise as the adsorbent’s weight increases [60,61], 

explaining a decrease in values Qe. As a result, the weight of the material was established at 0.4 g/L 

for the remainder of this investigation. 

4.2. Effect of contact time and kinetic studies 

A kinetic adsorption experiment was conducted to determine the time necessary to obtain the 

adsorption equilibrium, in order to study the adsorption property of natural zeolite, pure TB-25C, and 

supported TB-25C on zeolite (noted TBC-ZN). The SO initial concentration was 16 mg/L and the 

materials amount was 0.08 g, either in distilled water or in the real industrial wastewater(200ml). The 

results are presented in Figure 6.  

The curve shape shows that TBC is a poor adsorbent with almost zero adsorption capacity, 

while zeolite has good adsorption properties. However, when supporting the material on zeolite the 

adsorption capacity increases compared to the pure TBC, which may be due to the high specific 

surface area of the clay [24].  

The first part of the kinetics is a short one, where the fixation of SO is very fast, it is realized 

in the first 50 min (for DW) and 100 min (for RW) of the adsorption. The presence of easily 

accessible sites, most probably on the solid external surfaces can explain this phenomena [62][63]. 

The second part is slower, and the adsorption rate is relatively low. This behaviour is well 

represented by a saturation level. This phenomenon can be justified by the dye diffusion surface to 

the less accessible adsorption sites [35]. The equilibrium time varied between 50 and 150 min for 

the model solution (Figure 6a) and the real wastewater  (Figure 6b). 

 To better understand the nature of the kinetics in the adsorption process, two nonlinear models 

were applied in this study. Such as the pseudo-first order (PFO) model (Eq. 11) and pseudo-second-

order (PSO) model (Eq. 12)  [64]. 

 

 

𝑄𝑡 = 𝑄𝑒(1 − 𝑒
−𝑘1𝑡)  (11) 
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𝑄𝑡 =
𝑘2𝑄𝑒

2𝑡

1 + 𝑘2𝑄𝑒
2𝑡

 
(12) 

where k1 (1/min) represent the rate constant of the PFO model, and k2 [g/(mg×min)] is the rate 

constant of the PSO model. 

As showed in Table 2, it is concluded that the model with the highest adjusted-R2 and the 

lowest reduced-χ2 was the PSO model. This is in agreement with the critical reviews of Lima et al. 

[64] and of Tran et al. [65] who demonstrated that adsorption kinetics are usually described by this 

model. The values of the adsorbed quantity found in this model are very nearly to those of the 

experimental adsorbed quantities. Notably, different solvents used affected the adsorption capacity 

of TBC-ZN and the rate constant k2 of the kinetic adsorption (Table 2). The k2 value of the adsorption 

kinetics under the distilled water [0.0103 g/(mg×min)] was remarkably higher than that of (0.0062). 

However, the qe(epp) value of TBC-ZN under distilled water condition (22.76 mg/g) was similar to 

that of wastewater one (22.71 mg/g). The result suggest a great potential application of this material 

in reality treatments.  

 

4.3. Adsorption isotherms and modelling 

Adsorption isotherm  Qe = f(Ce) is the variation of the adsorbed quantity Qe (mg/g) on a solid 

as a function of the concentration Ce (mg/L) of adsorbate at equilibrium under a given temperature. 

The experimental results of dye adsorption equilibrium (conducted in distilled water)  by TBC-ZN 

were fitted by two isotherms: the Langmuir (Eq. 13) and Freundlich (Eq. 14) models. Those models 

are frequently applied in the literature [60,63,65,66]. 

𝑄𝑒 =
𝑄𝑚𝑎𝑥𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

 
(13) 

𝑄𝑒 = 𝐾𝐹𝐶𝑒
𝑛 (14) 

                      

where Qmax the Langmuir maximum amount of SO dye adsorbed by TBC-ZN (mg/g); KL (L/mg) and 

KF [(mg/g)/(mg/L)n] represents the sof the Langmuir and Freundlich model, respectively; and n is the 

empirical constants.  

The adsorption isotherm and the result of modeling are provided in Figure 7 and Table 3, 

respectively. The isotherm (Figure 7) indicated a concave down curve (increasing) and its shape was 

a L-type [67]. The result suggest that TBC-ZN exhibited a high adsorption affinity towards SO dye 

molecules when the dye concentrations increased. Although the Freundlich model presented the 
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higher adj-R2 = 0.972 and lower red-χ2 than the Langmuir model. The maximum adsorption capacity 

of TBC-ZN for adsorbing SO dye (estimated based on the Langmuir model; Qmax =  49.87 mg/g) was 

remarkable lower than the corresponding value of activaed carbon (221.8 mg/g) [68]. In essence, low 

adsorption capacities is often expected when it acts as catalysts and photo-catalysts. 

5. Photocatalysis study  

5.1. Preliminary photocatalysis test 

The photocatalytic activety of the materials supported on zeolite were estimated through UV-

visible and PL analyses combined with preliminary photocatalysis test under visible or solar lights.  

Figure 8a represents the photodegradation performance of the binary solution under visible light. 

The results showed that T-20B has the best photocatalytic activity. The materials (T-10B and T-15B) 

exhibited a relatively similar degradation efficiency  which is in good agreement with the UV-visible 

result. The both compositions have a similar gap Table 1. Notably, the photodegradation efficiency 

of SO dye slighly decreased from 72.72% to 69.82% when  the amount of Bi2O3 increased from 20 

wt.% (the T-20B sample) to 25 wt.% (T-25B). This might be because the p–p junctions were formed 

between Bi2O3 and Bi2O3 [33]. Police et al [25], explained such phenomenon resulting from raising 

the number of e- - h+ recombination centers when the high amouts of Bi2O3 was used.  

Notably,an artificial light was used to provide electric energies consumed during the  

photocatalysis processes. The energy consumed during the experiments was measured using a 

Voltacraft (energy logger F4000). The result showed the energy consumption (approximately 5 kWh 

for degrading the dye solution: 16 mg/L and 200 mL) was not economically viable from commercial 

viewpoints. Therefore, the further experiments were carried out under a solar light.  

Figure 8b, shows the impact of the amount of CuO added in the ternary solution on the dye 

discoloration efficiency of the resultant composites under sunlight. The result showed that TB-25C 

(containing 20% Bi2O3 and 25% CuO) exhibited the highest photocatalytic activity (~43%) compared 

to the others (TB-10C, TB-15C, and TB-20C). This means that the photocatalytic activity increased 

with an increase in the amount of CuO added. Sharma et al [33]. reported the optimal content of CuO 

in the composite was 10 wt.%. A higher content of CuO used (>10 wt.%) leaded to decreasing the 

performance of dye degradation. They explained that the formation of heterojunctions extended the 

life time of the charges by improving the movement of the (e– and h+) charges when the CuO amount 

was below 10 wt.%  In contrast, when a higher amount of CuO was used (i.e, >than 10 wt.%), the 

catalyst activity of the composite decreased. This is because some CuO nanoparticles can act as a 

recombination center for electron–hole pairs, which reduces the photocatalytic activity [33]. 



14 
 

           The effect of the TB-25C supported on the zeolite (TBC-ZN) was examined under the 

solar irradiation at conditions: 0.4 g/L of the solid/liquid ratio and 20-mg/L dye solution (prepared in 

distilled water). Figure 8b shows TBC-ZN (80.5%) exhibited an excellent removal efficiency of SO 

dye compared to the  materials unsupported on the zeolite (8.92%–19.03%). The percentage of dye 

removed by TBC-ZN (80.5%) was overwhelmingly higher than that by TB-25C (19.03%), which 

results from a higher specific surface area of TBC-ZN (SBET = 16.85 m2/g) than TB-25C (2.81 m2/g). 

The TBC-ZN material with a higher SBET value can generate more contact surface between the 

pollutant and the catalyst, which leads to a higher photo-catalytic performance [24]. The result is 

consistent with that of Rangkooy and co-workers who investigated the photodegradation of toluene 

using TiO2 and TiO2 supported on natural zeolite [69]. This confirms synergy effects between 

adsorption and photocatalysis efficiencies. 

5.2. Dye removal efficiency by TBC-ZN under different water matrices 

The water matrices were prepared by dissolving SO dye solid in distilled water (denoted to 

SO-Distilled-Water) and real wastewater (SO-Wastewater). The effect of water matrices on the dye 

removal processes (by adsorption and photocatalysis) by TBC-ZN was explored at the initial SO dye 

concentration of ~20 mg/L (under the dark environment and solar irradiation, respectively). 

Figure 9 shows that after 4 h of solar irradiation, the initial concentration of SO decreased 

due to the simultaneous adsorption and mineralization of the dye. The adsorption efficiency of TBC-

ZN was less affected by the different water matrices (~45%). However, the photodegradation was 

more efficiency in the case of SO–distilled water (89.07%) than in SO-Real wastewater (63.83%).  

The results may be due to the presence of other compounds decreasing the mineralization efficiency 

by a competition effect. Several authors have studied the degradation of the SO dye under visible or 

sunlight [18,70,71]. For example, PUCP1@rGO hybrid nanocomposite can remove 76% of the 

Safranin-O dye (Co = 5 μM or 1.8 mg/L) in 90 min under visible light [70]. 

The kinetics and rate constant for photodegrading SO dye in distilled water and wastewater 

environments were studied using the Langmuir–Hinshelwood equation (Eq. 15) according to the 

nonlinear equation of the first order kinetic model [63]: 

t

tt

KC

kKC

dt

dC
r

+
==

1
–  

(15) 

where k [mg/(min×L)] and K (L/mg) represent the rate constant of photocatalytic and the adsorption 

constant respectively, and Ct is the concentration at time t (min).   

When: 
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• Ct  is higher, KCt increase, so the value of 1 + KCt  ≈ KCt   

• Ct  is lower, KCt  <<1 , so the denominator 1 + KCt  ≈ 1 

using these both mathematical theorems and under the low dye concentrations (~10 mg/L) employed 

in photocatalysis, the Langmuir–Hinshelwood equation becomes 

t
t Ck

dt

dC
1– =  

(16) 

Kkk =1  (17) 

The integral of equation (19) gives: 

tk
C

C
1

o

tln −=  
(18) 

where k1 (1/min) represents the rate constant of the first-order model. 

When t = 0 and Ct = C0 = B, the nonlinear equation can be simplified as follows:  

tk

ot eCC 1−
=  (19) 

According to Figure 9, the rate constant k1 (0.0062/min) and photodegradation efficiency 

(89.07%) of the system (TBC-ZN and SO-Distilled-Water) were higher than those (0.0050/min and 

63.83%) of another (TBC-ZN and SO-Wastewater; Table 4). Therefore, the purity and nature of the 

water matrices greatly influenced both degradation rate and efficiency of SO dye. Some unknown 

organic compounds or solute ions in the wastewater can act as scavengers of radical (i.e., HO 

generated during the photocatalysis) [73]. 

Furthermore, the mineralization of SO dye in wastewater, a total organic carbon (TOC) 

analysis was carried out using a TOC analyzer (Shimadzu TOC-VCSH, Japan), and the yield is 

calculated using the following formula: 

100(%) 
−

=
i

fi

TCO

TCOTCO
R  

(20) 

where TOCi and TOCf   are the initial TOC and after irradiation time, respectively. 

The data shows that the mineralization yield is approximately 68.2%, which is lower than the 

decolorization yield (80.23%) in real water. The above result can be explained by the formation of 

sub-products. 

In the interest of understanding the charge transfer mechanism involved in the 

photodegradation of pollutants, according to the literature, the  charge separation  efficiency increases 
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considerably with the photocatalytic activity of the material [74]. In our case, the lifetime of the 

charge carriers is assured by the transfer of these carriers between the different energy levels of the 

oxides forming the ternary nanocomposite. 

This phenomenon is reflected by the decrease in intensity of the PL spectra, on the other side 

it can be explained by a diagram that represents the conduction (CB) and valence (VB) band positions 

for each semiconductor. This is achieved by the use of the electronegativity concept [33,75]. the 

equation has been reported below: 

gCB EXE
2

1
5.4 −−=  

(21) 

gVB EXE
2

1
5.4 +−=  

(22) 

 

where ECB is the CB edge potential; EVB is the VB edge potential; χ is the electronegativity of the 

semiconductors; Eg is the band gap energy.  

The values for CB and VB are shown in Table S3. 

The presence of TiO2 between Bi2O3 and CuO is supposed. From Table S3, before the contact, 

we find that the BC of CuO is more positive (+0.6 eV) than Bi2O3 (0.053 eV) while VB of Bi2O3 is 

more positive (2.01 eV) than CuO (2.01 eV). Furthermore, the BC of Bi2O3 is more positive (+0.053 

eV) than that of TiO2 while VB of TiO2 is more positive (2.828 eV) than that of Bi2O3. This case 

allows the transfer of the electron and the holes to the CuO bands, thus forming a type I system 

[76,77]. And it’s well known that the fermi level for n-type semiconductors is close to the conduction 

band (TiO2), in contrast to the p-type semiconductor which is close to the valence band (Bi2O3, CuO). 

Based on the above results, the energy band diagram for TiO2-Bi2O3-CuO is shown in Figure 10a. 

Before the contact, the Fermi level of TiO2 is higher than that of Bi2O3 and CuO has the lowest 

Fermi level [75,76,78]. Therefore, when two or more materials with different Fermi levels come into 

contact, electrons will be transferred from SC with a higher Fermi level (TiO2) to SC with the lower 

level CuO to see an equal level for all the composition [75]. Meanwhile, an internal electric field 

orienting TiO2 towards Bi2O3 and CuO was built at the interface between them. 

Therefore, a photocatalytic mechanism hypothesis of the TiO2-Bi2O3-CuO heterojunction 

was illustrated below: under sunlight, Bi2O3 and CuO can be easily excited by light and generated 

electrons and holes. From the Figure.10b , it can be seen that under the effect of an internal electric 

field, the electrons of the excited Bi2O3 and CuO transferred to the conduction band of TiO2, this 
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electron transition can improve the lifetime of the charge carriers, which also inhibited the 

recombination rate [76,77]. The shift of the band positions influences the type of heterojunction, 

Therefore, depending on the oxides band forming the ternary composite is type II system. The 

electrons present in the conduction band of TiO2 can either be reacted with adsorbed O2 to produce 

superoxide radicals [79], or recombine with the holes in the valence band of CuO for example, 

resulting in a Z-Scheme system [74,80]. The latter has a high charge separation performance and 

therefore a very high photocatalytic activity. The vacant sites in the VB of the oxides forming the 

heterosystem can also react with substances present in the reaction medium such as H2O and OH– 

forming highly reactive free radicals (Eq 2). Which can give rise to a series of reactions resulting in 

the degradation of dye molecules into a less harmful by-product and CO2 [33]. 

  

6. Conclusions  

            In this study, n-p heterojunction catalysts (TiO2-Bi2O3-CuO) were synthesized via the 

ceramic method and supported on natural zeolite using wet impregnation under ultrasonic waves. We 

characterized the synthesized materials using various techniques and evaluated their photocatalytic 

properties for the mineralization of a cationic dye from distilled water and wastewater from a local 

textile dyeing plant. Our results indicate that the addition of Bi2O3 and CuO to TiO2 leads to the 

formation of pure crystalline structures with an ordered distribution of sphere-shaped grains. The 

introduction of Bi2O3 shifts the absorption spectrum towards the visible region, while the addition 

of CuO creates an adsorption queue throughout the visible region. The best photocatalytic activity 

was achieved with TB-25C, which contained 20% Bi2O3 and 25% CuO. The activity was attributed 

to the formation of heterojunctions, which led to strong charge separation. Furthermore, the support 

on clay increased the mineralization capacity, indicating the synergy between adsorption and 

photocatalysis. Despite the promising results, there are limitations to this study that should be 

addressed in future work. For instance, the photocatalytic activity of the synthesized catalysts can be 

further optimized by varying the synthesis conditions, such as the calcination temperature and time. 

Additionally, the stability and reusability of the catalysts should be evaluated to determine their 

potential for practical applications. In terms of applications, the synthesized catalysts have potential 

for use in wastewater treatment, particularly in the removal of cationic dyes from textile wastewater. 

Furthermore, the use of natural zeolite as a support material is environmentally friendly and cost-

effective, making it an attractive alternative to synthetic supports. In conclusion, our study provides 

valuable insights into the elaboration and characterization of n-p heterosystems catalysts and their 

photocatalytic properties for the removal of cationic dyes. Future work should focus on optimizing 
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the synthesis conditions and evaluating the stability and reusability of the catalysts, as well as 

exploring their potential for practical applications in wastewater treatment. 
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Figure 1. XRD patterns of (a) unsupported materials, and (b) zeolite and supported material. 
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Figure 2. SEM images of TBC and zeolite before and after acid treatment. 
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Figure 3. FT-IR spectra of TBxCy and TBC-ZN 
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Figure 4. (a)–(b) UV–visible spectra and (c) Tauc relation plots of the prepared materials  
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Figure 5. Photoluminescence spectra of different composite. 
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Figure 6. Adsorption kinetics of SO dye prepared in (a) distilled water (b) wastewater 
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Figure 7.  Langmuir and Freundlich adsorption isotherms models for SO adsorption on TBC-ZN  

. 
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Figure 8. a) Photocatalytic activity of binary solution under visible light, b) Photocatalytic activity 

of  ternary solution and TB-25C supported on the raw zeolite under sunlight with m/V = 0.4 g/L and 

Co of dye = 20 mg/L  
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Figure  9. (a) Effective removal of SO dye (prepared in distilled water and wastewater) by TBC-ZN 

by adsorption and photocatalysis processes and (b) UV–VIS absorption spectrum of SO dye in 

wastewater before and after photocatalsis 
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Figure 10. a)  Energy band diagram of the TiO2, Bi2O3 and CuO before the contact; b) Energy band 

diagram of the TBC heterojunction. 
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Table 1. Optical properties of binary and ternary solutions 

Compound Band gap (eV) 
Wavelength of light required for 

photoactivation (nm) 

TiO2 3.03 409.2 

Bi2O3 2.73 454.2 

T-5B 2.96 
418.9 

T-10B 2.75 
450.9 

T-15B 2.73 
454.2 

T-20B 2.72 
455.9 

T-25B 2.78 
446.0 

TB-5C 2.14 579.4 

TB-10C 1.91 642.5 

TB-15C 1.80 500.0 

TB-20C 1.73 716.8 

TB-25C 1.66 747.0 

 

 

Table 2. Kinetics parameters for adsorbing SO dye under different conditions (dye was dissolved in 

distilled water and real wastewater) 

 qe(exp) 

PFO model PSO model 

qe(PFO) k1 adj-R2 red-χ2 qe(PSO) k2 adj-R2 red-χ2 

1. Distilled water condition 

Zeolite 30.31 29.36 0.119 0.9651 3.325 30.99 0.0072 0.9912 0.834 

TBC-ZN 22.76 21.84 0.126 0.9673 1.725 23.03 0.0103 0.9902 0.517 

TB-25C 

(TBC) 
0.381 0.646 130.4 0.0610 0.244 0.6463 1.3E+45 0.0610 0.244 

2. Wastewater condition 

TBC-ZN 22.71 20.90 0.079 0.9363 2.884 22.09 0.0062 0.9810 0.859 

Note: the unit of qe (mg/g), k1 (/min), and k2 [g/(mg×min] 
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Table 3. Parameters of the Langmuir and Freundlich isotherm models for adsorbing SO dye by TBC-

ZN 

 Unit Value Standard error 

1. Langmuir model    

Qmax mg/g 49.87 3.660 

KL L/mg 0.1243 0.03463 

R2 — 0.9378 — 

adj-R2 — 0.9275 — 

red-χ2 — 18.62 — 

2. Freundlich model    

KF (mg/g)/(mg/L)n 14.55 1.099 

n — 3.832 0.2883 

R2 — 0.9872 — 

adj-R2 — 0.9850 — 

red-χ2 — 3.843 — 

 

 

Table 4. Kinetics result for the pseudo-first kinetics model for the degradation of SO dye solutions 

prepared in distilled water and wastewater using TBC-ZN 

Water matrix  
k1  

(1/min) 

Co  

(mg/L) 

Photodegradation  

(%) 

Wastewater 0.0050 11.4 63.83 

Distilled water 0.0062 10.6 89.07 
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Figure S1. Schematic of the experimental steps: (A) Elaboration of (1-x-y)TiO2-xBi2O3-yCuO, (B) 

Preparation of composite TBC-ZN. 
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Figure S2. EDX spectra of TBC and zeolite before and after acid treatment  
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Figure S3. BET plot of the materials obtained based on the nitrogen adsorption/desorption isotherm 

at 77 K. 
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Figure S4. Effect of the adsorbent’s mass (TBC-ZN) on its adsorption capacities of SO dye 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

List of tables 



46 
 

 

Table S1. Characteristics of Safranin O. 

Table S2. Basic properties of real wastewater. 

Table S3. Absolute electronegativity, gap energy, calculated CB edge and VB for TiO2, Bi2O3 and 

CuO semi-conductors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



47 
 

Table S1. Characteristics of Safranin-O dye 

 

Properties Safranin-O dye 

Structure 

 

Chemical 

formula 
C20H19ClN 

Molecular 

weight 

(g/mol) 

350.84 

Nature Cationic 

λmx 520–525 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



48 
 

Table S2. Basic properties of real wastewater 

Analysis Results 

pH 8.40 

Temperature 18 °C 

suspended matter 15 mg/L 

D.B.O5 2.08 mg/L O2 

D.C.O 9.04 mg/L O2 

Decantable matter 22 mg/L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

Table S3. Absolute electronegativity, gap energy, calculated CB edge and VB for TiO2, Bi2O3 and 

CuO semi-conductors. 

 

Materials 

absolute 

electronegativity 

X (eV) 

energy band 

gap  

Eg (eV) 

calculated CB 

edge (eV) 

calculated VB 

edge (eV) 

TiO2 5.813 3.03 -0.202 2.828 

Bi2O3 5.918 2.73 0.053 2.783 

CuO 5.82 1.42 0.61 2.01 

 

 

 


