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Abstract

:

Using sustainable photocatalysts, photocatalytic degradation has emerged as one of the viable strategies to combat water pollution through eco-friendly and cost-effective means. Visible-light-active Ag3PO4/Mn-ZnO nanocomposite photocatalysts were produced in this study using a simple hydrothermal method and varied concentrations of Ag3PO4 to Mn-ZnO ranging from 0 to 5 wt percent. X-ray diffraction, scanning electron microcopy, energy-dispersive X-ray, transmission electron microscopy, UV–visible spectroscopy, Fourier transform infra-red spectrophotometer, and photoluminescence spectroscopy were used to examine the structural, morphological, and optical properties of synthesized materials. Visible light was used to test the photocatalytic activity of produced Ag3PO4/Mn-ZnO photocatalysts for the breakdown of tetracycline (TC) hydrochloride. In comparison to the other samples, the 3% Ag3PO4/Mn-ZnO nanocomposite exhibited superior activity as a result of improved visible light absorption and suppressed charge carrier recombination. In addition, this sample demonstrated good stability of TC in an aqueous environment after five consecutive cycles. This research will enhance the scope of photocatalysis for environmental applications.
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1. Introduction


The presence of toxic organic dyes, disinfectants, medications, preservatives, and additives in the environment has negative consequences on humans, aquatic ecosystems, and environmental biodiversity. As a result of researchers’ heightened focus on this critical issue [1,2], eco-friendly solutions for effluents and enhanced control over environmental contaminants are being developed to mitigate the adverse impacts of these contaminations on humans. Urgent provision must be adopted to provide cleaned and sanitized water to suit the needs of humans, aquatic life, and irrigation [3]. For the treatment of water originating from various industries, a large array of new approaches is employed. These tactics include oxidation, filtration, precipitation, coagulation, adsorption, and flocculation. They are physical, chemical, and biological in nature. However, it should be noted that these approaches are not very effective because they generate secondary pollutants that are still harmful to the environment [4]. There is an urgent need for creative, eco-friendly, and cost-effective techniques to improve the efficacy of water treatment in order to generate clean water for the benefit of human and aquatic life.



Photocatalytic degradation is a good technique for removing contaminants from waste water as compared to other methods [5]. In photocatalysis, it is necessary to employ a semiconductor material that is non-toxic, cost-effective, has a broad absorption spectrum, etc. In the past few decades, a variety of semiconductors such as metal oxides and metal sulfides, e.g., TiO2, ZnO, WO3, MoS2, and CdS, have emerged as promising candidates for photocatalysis [6]. ZnO has become a leading and successful material in the field of photodegradation due to its unique qualities, which include cost-effectiveness, excellent photo-stability, easy preparation, non-toxicity, and exceptional chemical stability [7]. However, pure ZnO is a semiconducting material with a wide band gap (3.37 eV) that only absorbs light in the ultraviolet part of the solar spectrum [7,8]. Consequently, only 3–5% of the solar spectrum is utilized for photocatalytic activity, limiting its practical applicability [9,10,11]. Diverse procedures, such as regulating crystal phase, oxygen vacancy production, active facet and morphology development, doping, noble metal deposition, and preparation of composites with other semiconductors are applied to address this issue[12,13,14,15,16,17,18]. These methodologies have effectively increased the photocatalytic efficiency of ZnO for the breakdown of contaminants. Doping ZnO with Mn is an efficient strategy to reduce the band gap of ZnO via introducing intermediate states between the conduction and valence bands of ZnO [19,20,21,22]. Moreover, it is known that Mn in ZnO adopts divalent state, thus Mn2+ ions have the possibility to substitute Zn2+ in ZnO lattice [21]. Another useful feature that enhances photocatalytic activity is to increase the capturing of electrons on the doping center, thus good electron transportation and charge carrier’s separation can be achieved [22]. Mn2+ ions with half-filled configuration have the ability to trap electrons effectively to promote the charge carrier’s separation process for higher photocatalytic activity [21].



The coupling of a semiconductor with a semiconducting material with a large energy band gap to form a composite is also a useful strategy for increasing the photocatalytic efficiency of a material [23]. Therefore, the coupling of Ag3PO4 with Mn-doped ZnO (Ag3PO4/Mn-ZnO) is an effective method for enhancing the photocatalytic activity of the resulting photocatalyst [24]. This was carried out owing to the fact that Ag3PO4 is a visible-light-active semiconductor with 2.45 eV band gap energy, having conduction band potential at 0.329 eV energy and valance band potential at 2.589 eV energy. No literature was identified on this nanocomposite-based substance, as far as we are aware.



In this study, Ag3PO4/Mn-ZnO nanocomposite was fabricated using a simple hydrothermal process and evaluated by XRD, SEM, EDX, TEM, UV–Vis spectroscopy, FTIR, and PL spectroscopy. In addition, the photodegradation activity against the antibiotic tetracycline hydrochloride was investigated utilizing the produced Ag3PO4/Mn-ZnO nanocomposite under visible light.




2. Experimental Method


2.1. Chemical Reagents


Zinc acetate (ZnC₄H₆O₄), manganese acetate (C4H6MnO4), silver nitrate (AgNO3), disodium phosphate (Na2HPO4), methanol (CH3OH), sodium hydroxide (NaOH), and distilled water (H2O) were purchased directly from Sigma-Aldrich (Sigma Aldrich, St. Louis, MI, USA) and utilized as obtained.




2.2. Fabrication of Materials


2.2.1. Fabrication of Mn-ZnO


Mn-doped ZnO was synthesized using hydrothermal method. Solution ‘A’ was synthesized by adding 3 g of zinc acetate into 50 mL of methanol. Then, solution ‘B’ was prepared by the addition of 0.06 g manganese acetate into 25 mL of methanol with constant stirring for 15 min. Next, both solutions A and B were mixed to obtain solution ‘C’. After that, sodium hydroxide was also poured dropwise into this solution ‘C’ in order to maintain the pH level at 11 under constant stirring for 15 min to obtain a homogeneous solution. For hydrothermal processing, the final solution was poured into a Teflon-lined stainless-steel autoclave and maintained at 150 °C for 3 h in a Memmert oven. The final product was purified using methanol and distilled water three times. After filtration, the product was maintained at 70 °C in a laboratory oven for drying purpose, and finally the dried Mn-ZnO product was collected. Pure ZnO was prepared by following the same route except adding dopant precursor [25,26]. The as-synthesized samples were labeled as Z (pure ZnO) and MZ (Mn-doped ZnO).




2.2.2. Fabrication of Ag3PO4/Mn-ZnO


To synthesize Ag3PO4/Mn-ZnO nanocomposite, 2 g of Mn-ZnO was dissolved into 50 mL of distilled water and magnetically stirred for 20 min to obtain solution ‘A’. In the next step, 0.02 g of AgNO3 was added into 30 mL of distilled water to make solution ‘B’, and stirred magnetically for 20 min. Next, the solutions ‘A’ and ‘B’ were mixed and continuously stirred to form the homogenous solution ‘C’. Then, 0.1 M ammonia solution (20 mL) was added dropwise into the solution ‘C’. This final solution was again kept for magnetic stirring till the formation of transparent solution. Afterward, 0.02 g of Na2HPO4 was also added into the above solution under continuous stirring of 20 min, and precipitates were obtained finally. After this, centrifuging and washing was performed before drying at 70 °C for 10 h. By changing the weight percentages of Ag3PO4 in the above-mentioned synthesis route, the other remaining samples with different concentrations of Ag3PO4 were also collected. Pure Ag3PO4 was synthesized by following the same route except adding Mn-ZnO [25]. All these samples were labeled as AP (pure Ag3PO4) 1APMZ (1 wt.%Ag3PO4/Mn-ZnO), 3APMZ (3 wt.% Ag3PO4/Mn-ZnO), and 5APMZ (5 wt.% Ag3PO4/Mn-ZnO).





2.3. Characterization


After synthesis, nano-materials were analyzed with the help of X-ray powder diffraction using an X-ray diffractometer (Shimadzu XRD 7000) equipped with radiation source of Cu Kα radiation (λ = 1.5418 Å) to study structural properties, including crystallite size and crystal phase. The morphological study, such as shape, size, and arrangement of particles of the synthesized nano-materials, was performed via scanning electron microscope (ZIESS Germany Gemini SEM 500) furnished with an energy-dispersive X-ray spectrometer, EDX (High Wycombe, UK), for the analysis of chemical composition of nano-materials. Furthermore, transmission electron microscopy (TEM; JEOL JEM-200EX electron microscope) was used to study the morphology of prepared samples. To examine the optical properties of as-synthesized nanomaterials, a UV–visible spectrophotometer (UV-1800, Shimadzu, Koyota, Japan) was used and absorption spectrums were recorded over the range of 300–800 nm. The specific functional groups were determined by Fourier transform infrared spectrophotometer (FTIR, Perkin-Elmer System 2000). A fluorescence spectrophotometer was used to study the photoluminescence (PL) spectra (F-7000 DC-0506, HTACHI, Japan).




2.4. Photodegradation Activity


The photodegradation efficiency of as-synthesized nanomaterials was estimated against tetracycline hydrochloride, an antibiotic. Photocatalytic reaction was conducted in a photocatalytic reactor (BL-GHX-V, Shanghai, China) equipped with a xenon lamp of 250 watt emitting visible light (290–700 nm). The visible light (λ ≥ 400 nm) used in all photocatalytic experiments was obtained using filter with cut-off wavelength of 400 nm. To examine the degradation activity of as-synthesized photocatalysts, a 40 mg quantity of the photocatalyst (0.4 g/L) was added into 100 mL of tetracycline hydrochloride possessing concentration of 25 mg/100 mL during each experiment. The solution was kept under constant stirring for 60 min under dark in order to achieve adsorption–desorption equilibrium. After this step, the solution was illuminated by visible light and 5 mL solution was taken out after every 30 min time duration. For the purpose of antibiotic’s degradation efficiency measurement, a UV–Vis spectrophotometer (UV-1800, Shimadzu, Japan) was employed.



For reusability experiment (1 cycle), the photocatalyst was separated from the TC solution using centrifugation. Then, the obtained photocatalyst was washed seven times to remove the remnants of TC attached to the surface. After this, the photocatalyst was dried in an oven at 100 °C for 4 h. The same process was repeated for another four cycles. The time span between each cycle was about 6 h.





3. Results and Discussion


3.1. XRD Analysis


The fabricated samples were characterized to study crystalline structure using X-ray diffraction (XRD). The XRD results for pure ZnO and Ag3PO4 samples are depicted in Figure 1. The diffraction peaks with hkl values (100), (002), (101), (102), (110), (103), (200), (112), and (201) were observed at 31.5°, 34.2°, 36.2°, 35.6°, 47.4°, 56.6°, 62.4°, 68.2°, and 69.1°, respectively (see Figure 1a), and a characteristic peak was also observed at 36.2°. These values were in good agreement with standard data (JCPDS No. 79-0205) and also confirmed the hexagonal phase wurtzite structure of zinc oxide. The presence of these intense and sharp diffraction peaks prove the high crystallinity of zinc oxide. The diffraction peaks for Ag3PO4 nano-material were observed at planes (200), (210), (211), (310), (320), (321), (400), (420), and (421), corresponding to 2θ values at 30°, 33.6°, 36.7°, 48.2°, 53.2°, 55.3°, 57.8°, 62.1°, 70.1°, and 72.7°, respectively, as revealed in Figure 1b, and a characteristic peak was also detected at 2θ = 33.6° value. All these planes were well indexed with standardized values (JCPDS No. 06-0505). The crystalline structure of as-prepared Ag3PO4 was confirmed as cubic body centered.



Figure 2a presents a comparison of XRD patterns of Z, MZ, 1APMZ, 3APMZ, 5APMZ, and AP samples. It can be observed that by doping Mn into ZnO, the intensities of diffraction peaks were reduced due to the fact that Mn was incorporated into the ZnO crystal lattice. No extra diffraction peak was observed in the XRD graph of the MZ sample, which confirmed absence of impurity traces [27]. Intensities of diffraction peaks related to pure ZnO are very high in comparison to Ag3PO4, so its diffraction peaks were suppressed in the resulting pattern. An enlarged view of the XRD pattern related to the 3APMZ sample, as shown in Figure 2b, shows that there was a presence of (210) diffraction peak which was due to Ag3PO4 material. This confirms the formation of Ag3PO4/Mn-ZnO nanocomposite. Moreover, the crystallite sizes of all synthesized samples were calculated based on Scherrer equation. The calculated crystallite sizes for Ag3PO4, ZnO, Mn-ZnO, 1APMZ, 5APMZ, and 3APMZ were 20 nm, 34 nm, 32 nm, 28 nm, 21.5 nm, and 20.3 nm, respectively. This indicates a decrease in crystallite size due to doping of Mn and loading of Ag3PO4.




3.2. SEM, EDX, and TEM Analysis


SEM images of as-synthesized 3APMZ nanocomposites with different magnification are shown in Figure 3a,b, respectively. This image (Figure 3b) revealed that 3APMZ nanocomposite was based on nano-clusters-based morphology. Furthermore, these nano-clusters are found to possess irregular shapes with different sizes. Furthermore, the energy-dispersive X-ray (EDX) spectroscopy was operated for the analysis of chemical composition and purity of synthesized 3APMZ nanocomposite. EDX pattern confirmed the presence of O, P, Ag, Mn, and Zn, as is obvious from Figure 3c. In the indexed table (see Figure 3c), the atomic and weight percentages of elements present in as-synthesized 3APMZ nanocomposite were also presented. The highly pure nature of the as-synthesized sample was confirmed by this pattern as there was no other element presence in the material. Figure 3d exhibits the TEM nanoparticles-based structure of Ag3PO4/Mn-ZnO composite which has average size of both types of nanoparticles in the range of 20–34 nm. It can be seen that there are two types of nanoparticles, which might be Ag3PO4 nanoparticles (with smaller size) deposited on larger-sized Mn-ZnO nanoparticles.




3.3. UV–Visible Spectroscopy


By using a UV–Vis spectrophotometer, the absorption spectra were recorded over the range of 300–800 nm and are shown in Figure 4. One can see that pure ZnO fell in the range of the UV region with 393.53 nm wavelength, so it can only harvest 3–5% of the electromagnetic spectrum, while Mn doping into ZnO caused a red shift in absorption range towards higher wavelength corresponding to visible light region. The reason behind this red shift is the formation of impurity levels within the band gap of the ZnO nanostructure [19]. From the absorption spectrum, it can be concluded that incorporation of Ag3PO4 into Mn-ZnO resulted in further shifting towards longer wavelength in the visible region. It is proposed that this happened due to the fact that Ag3PO4 facilitated transportation of photo-excited electron–hole pairs. The band gap energies were also calculated and are given in Table 1. The decrease in band gap energy due to increasing concentration of Ag3PO4 in a synthesized nanocomposite shows that the material will be effective for higher absorption of visible light and enhanced photocatalytic performance.




3.4. FTIR Analysis


FTIR spectroscopic study gives quantitative and qualitative information about differential groups and bonds in chemical compounds. Figure 5 shows the FTIR spectra of ZnO (Z), Mn-ZnO (MZ), and Ag3PO4/Mn-ZnO (3APMZ) at room temperature in the range of 500 to 4000 cm−1. Stretching vibrations of the ZnO show the bands at 891 and 999 cm−1 in the tetrahedral coordination. The minor shift was observed towards the higher wavenumber in the characteristic peak of the ZnO because of Mn doping into the ZnO structure, which shows the bond strengths. Moreover, other absorption peaks are detected at 2952, 3117, and 3327 cm−1 for MZ and 3APMZ samples, respectively. The bending mode origin of H–OH is observed at 1257, 1418, 1605, and 1738 cm−1 for the 3APMZ sample. The stretching bands are found at 540, 787, and 983 cm−1 for the respective 3APMZ samples [28].




3.5. Photoluminescence Analysis


Generation, transmission, and separation proficiency of charge carriers can be studied via photoluminescence (PL) analysis. If the PL emission intensity is higher, then it shows recombination of charge carriers that is high and fast [29]. PL spectra of different photocatalysts at the excitation wavelength of 325 nm are depicted in Figure 6. As shown in the results, the Ag3PO4 (AP) spectrum reveals the higher recombination of electrons and holes as compared to all other photocatalysts. PL emission intensity of ZnO decreases due to combination of Mn and Ag3PO4, as shown in Figure 6. Moreover, the 3APMZ composite photocatalyst exhibited minimum PL emission intensity, which is due to the reduced recombination of electrons/holes as compared to all other composite samples. In summary, the results demonstrated that the loading of Mn and Ag3PO4 into ZnO is a suitable approach to diminish the recombination of charges. Therefore, the 3APMZ sample is expected to perform the best for enhanced photocatalytic activity in the degradation of tetracycline hydrochloride.




3.6. Photodegradation Activity


To evaluate the efficiency of the prepared composites, the photocatalytic properties of the synthesized photocatalysts, including pure Ag3PO4 (AP), ZnO(Z), Mn-ZnO (MZ), 1 wt.% Ag3PO4/Mn-ZnO (1APMZ), 3 wt.% Ag3PO4/Mn-ZnO (3APMZ), and 5 wt.% Ag3PO4/Mn-ZnO (5APMZ), were examined by the photodecomposition of tetracycline (TC) under visible light irradiation. As depicted in Figure 7, the adsorption–desorption equilibrium of TC using different photocatalysts was investigated for 60 min reaction in the dark. Almost 13% of TC was adsorbed via 3APMZ composite, which is more than other synthesized composites, showing that 3APMZ composites have higher adsorption ability. Furthermore, the degradation of TC for different samples was found to be AP (57 %), Z (64 %), MZ (69 %), 1APMZ (81 %), 3APMZ (95 %), and 5APMZ (85 %), respectively. The pseudo-first-order reaction rate constant is found via the following formula [29]:


     K app  =  1 t      ln   Co  C     



(1)




where Co is the TC concentration before irradiation and C is the TC concentration after irradiation of time. We calculated the pseudo-first-order reaction rate constants as 0.0037 min−1 for AP, 0.0045 min−1 for Z, 0.0064 min−1 for MZ, 0.0097 min−1 for 1APMZ, 0.01164 min−1 for 5APMZ, and 0.01263 min−1 for 3APMZ.



As compared to all other samples, the 3APMZ photocatalysts showed 95% degradation of TC under visible light illumination. This shows that optimum loading of Ag3PO4 into Mn-ZnO (3APMZ) enhanced the photodegradation performance of the photocatalyst. However, excessive loading of Ag3PO4 (5APMZ) above optimum level decreases the efficiency of material due to higher recombination of photoexcited charges, as was confirmed by PL results. Moreover, the photocatalytic performance of the prepared photocatalyst (3APMZ) was compared with the literature, as shown in Table 2. The results show that the prepared photocatalyst in this study has good photocatalytic activity compared to most of the studies.




3.7. Effect of Scavengers


The photocatalytic oxidative species could be known by using ethylenediamine tetra acetic acid disodium (EDTA-2Na) and tert-butanol (TBA) as scavengers of holes (h+) and hydroxyl radicals (•OH), respectively. Simultaneously, nitrogen gas was purged to study the outcome of dissolved oxygen for photodegradation. Figure 8a shows the decrease of photocatalytic activity in TC degradation by the introduction of nitrogen gas, EDTA-2Na, and TBA, respectively, when the 3APMZ sample was used as photocatalyst. The results show that dissolved oxygen, hydroxyl radical, and holes were actively engaged in photodegradation of TC. However, dissolved oxygen played a crucial role in the photocatalytic process as compared to other radicals. Furthermore, in order to observe generation of hydroxyl radicals (•OH), coumarin was used, which generated 7-hydroxycoumarin by reacting with •OH, as can be seen in the PL spectrum of Figure 8b [33].




3.8. Photocatalytic Stability


The photocatalytic stability is very significant in addition to the photocatalytic efficiency for practical applications. Five circulating runs were carried out for the degradation of TC under the irradiance of visible light, as displayed in Figure 9. The decrease in degradation efficiency of the photocatalyst (3APMZ) for five consecutive cycles was observed from 95% to 80%, as shown in Figure 9. This decrease could be attributed to the decrease in photocatalyst dose of approximately 8% during each reuse cycle. More briefly, the initial concentration of photocatalyst was 0.4 g (1 cycle) and it was decreased to 0.391 g (2 cycles), 0.372 g (3 cycles), 0.347 g (4 cycles), and 0.327 g (5 cycles). These results are consistent with previous studies [34,35]. It can be concluded that the 3APMZ composite has good stability and reusability in TC degradation.




3.9. Proposed Mechanism


The proposed photocatalytic reaction mechanism for enhanced performance of 3APMZ in the degradation of TC is shown in Figure 10. During normal photocatalytic reaction in Ag3PO4 and Mn-ZnO semiconductors, the excitation of electrons and holes occurred due to incident visible light exposure. It was already found that doping of Mn2+ could change the band structure of ZnO, which results in the formation of impurity levels in the band gap of ZnO [21]. In the Mn-doped ZnO, photoexcited electrons move to the conduction band via impurity states of Mn2+. Therefore, Mn2+ ions played a vital role in reducing the recombination of charge carriers during photocatalysis. Upon light irradiation, the electrons were shifted towards the conduction bands (CB) of both semiconducting materials from their valence bands, where these electrons interacted with oxygen (O2) to create superoxide radicals (•O2−). Simultaneously, hydroxyl radical (•OH) was produced due to reaction of photo-excited holes in the valence bands of both Ag3PO4 and Mn-ZnO. The above produced radicals contributed to degrading the TC due to photocatalytic oxidation and reduction reactions. Moreover, for the determination of actual charge transfer mechanism, the valence band potential (EVB) and conduction band potential (ECB) of Ag3PO4 and Mn-ZnO were calculated using the below equations.


    E VB  = X −  E o  + 0.5 E g   



(2)






    E CB  =  E VB   E g    



(3)







where X is the electronegativity of the atoms, which is 5.96 eV for Ag3PO4 [36] and 5.79 eV for Mn-ZnO [37],    E o    is the hydrogen scale free electron energy which has ∼4.5 eV value, and Eg is the energy band gap. As Mn-ZnO (−0.25 eV vs. NHE) has more conduction band potential as compared to Ag3PO4 (+0.329 eV vs. NHE), electrons were shifted from the conduction band of Mn-ZnO toward the conduction band of Ag3PO4 [38,39]. Moreover, holes were shifted from the valence band of Mn-ZnO (+2.83 eV vs. NHE) to the valence band of Ag3PO4 (+2.589 eV vs. NHE) due to p–n heterojunctions [40]. In this way, the formed Type-II p–n junction between Ag3PO4 and Mn-ZnO facilitated the charge carrier transportation efficiently, and photocatalytic activity was enhanced.





4. Conclusions


In this investigation, nanocomposites based on ZnO were shown to be effective as visible-light photocatalysts for the breakdown of the antibiotic tetracycline hydrochloride. The integration of Mn and Ag3PO4 into ZnO resulted in improvements to the material’s structural, optical, and morphological properties, respectively, in the samples that were produced. A modified photocatalyst demonstrated improved photocatalytic performance for the breakdown of tetracycline, and a nanocomposite containing three percent Ag3PO4/Mn-ZnO was discovered to be a very efficient photocatalyst material in comparison to all of the other samples. On the basis of these findings, Ag3PO4/Mn-ZnO has the potential to be an excellent future commercial photocatalytic material for the treatment of wastewater when exposed to visible light.
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Figure 1. (a,b) The XRD patterns for pure ZnO and Ag3PO4 samples, respectively. 
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Figure 2. (a) XRD patterns of Z, MZ, 1APMZ, 3APMZ, 5APMZ, and AP samples. (b) Enlarged view of XRD for AP and 3APMZ samples. 
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Figure 3. (a,b) SEM images of 3APMZ nanocomposites at different magnifications. (c) EDX graph of 3APMZsample. (d) TEM image of 3APMZsample. 
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Figure 4. Absorption spectra of Z, MZ, 1APMZ, 3APMZ, 5APMZ, and AP samples. 
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Figure 5. FTIR spectra of pure Z, MZ, and 3APMZ samples. 
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Figure 6. PL analysis of all the samples in the range of wavelength 345 nm to 550 nm at 325 nm excitation wavelength. 
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Figure 7. Photodegradation rate of tetracycline hydrochloride shown by Z, MZ, 1APMZ, 3APMZ, 5APMZ, and AP samples. 
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Figure 8. (a) Photogenerated reactive species trapped by dissimilar scavengers through degradation of TC on 3APMZ. (b) The 7-hydroxycoumarin PL emission intensity was observed at 443 nm under the irradiance of visible light. 
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Figure 9. Reusability of 3APMZ heterojunction in five consecutive runs. 
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Figure 10. Photocatalytic mechanism of TC degradation under visible light illumination using 3APMZ. 
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Table 1. The band gap energies comparison among Z, MZ, 1APMZ, 3APMZ, 5APMZ, and AP samples.
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	Samples
	Wavelengths (nm)
	Band Gap Energy (eV)





	Z
	393.53
	3.15



	MZ
	403.28
	3.07



	AP
	547.80
	2.26



	1APMZ
	616.99
	2.01



	3 APMZ
	659.42
	1.88



	5 APMZ
	631.03
	1.96
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Table 2. Comparative photocatalytic study for the degradation of TC with other studies.
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	Photocatalyst
	Dye
	Light Source
	Time (min)
	Degradation (%)
	Ref.





	CuO-MoO3
	Rhodamine B
	Visible light
	120
	99
	[26]



	Ag2O/Ce2O
	Methyl orange
	Visible light
	150
	100
	[17]



	Eu/BiVO4
	Methyl orange
	Visible light
	180
	52
	[30]



	ZnO/γ-Fe2O3
	Tetracycline
	Visible light
	150
	89
	[31]



	TiO2/BiVO4
	Methylene blue
	Visible light
	120
	71
	[32]



	APMZ
	Tetracycline
	Visible light
	120
	95
	Present work
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