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Abstract

:

Photocatalytic degradation has gained much attention as a means of reducing water contamination as, with increasing industrialization and population growth, water pollution is a menace to both individuals and the environment. In this respect, metal oxide photocatalysts demonstrate effectiveness due to their excellent properties, such as their narrow band gap and low recombination rate of charge carriers. Here, various weight ratios of BiOCl/PANI composites have been synthesized by the simple wet chemical method. The crystallinity, oxidation state and surface chemical composition of the elements were analyzed by XRD and XPS techniques. FESEM and HRTEM images verified the formation of BiOCl nanosheets, covered well with PANI nanofibers, while EDX spectra revealed the uniform distribution of elements. The high surface area of the photocatalyst with a mesoporous nature was revealed by BET analysis. Low recombination rate and narrow band gap, suitable for photocatalysis, were confirmed by PL and UV–DRS spectroscopy. The photocatalytic performance of the photocatalyst was tested for the photodegradation of rhodamine-B (Rh-B) and tetracycline (TC) under natural sunlight irradiation. Kinetic results demonstrated that the 15% BiOCl/PANI hybrid exhibits excellent photocatalytic activity, degrading 97% of Rh-B and 77% of TC with a high rate constant (for Rh-B 0.0236 min−1 and for TC 0.0106 min−1). Trapping experiments highlighted that O2•− radicals play a vital role in the photodegradation mechanism. The reusability studies confirmed the good stability of the catalyst for the degradation of Rh-B (~85%) after five sequential runs. Considering its superior properties and ease of preparation, the synthesized photocatalyst can be used for ecological remediation.
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1. Introduction


Nearly two-thirds of Earth’s is occupied by water; however, due to unceasingly increasing population growth and global industrialization, the shortage of pure and clean water has long been a challenge for humanity on a global scale [1,2,3]. Industrial effluents and coloring agents such as dyes, pesticides, microplastics and pharmaceuticals from industries, medical organizations and domestic areas, grievously affect mankind and aquatic regions, as these are extremely toxic, disastrous, carcinogenic and not easy to degrade [4,5]. It is estimated that over 10,000 tons of dyes are expected to be produced annually and around 20% of this waste is discharged into the environment [6,7]. In addition to dyes, colorless phenolic compounds and pharmaceuticals, particularly antibiotics, are toxic pollutants in water bodies [2,8]. Most antibiotics, including tetracycline, are expelled through urine and feces as the original parent component as they are poorly digested [9]. Pharmaceuticals are present in surface water and wastewater treatment areas, discharged in unavoidable concentrations of ng L−1 to µg L−1, and both their presence and persistence in surface waters are detrimental [8,10]. Therefore, it is crucial to properly treat wastewater before releasing it to maintain our ecosystem. Tetracycline (TC) is a highly detectable broad-spectrum antibiotic that has been widely utilized in both human and veterinary medicine to cure and reduce the risk of developing infections [11,12,13]. TC cannot adequately be adsorbed by the digestive tracts of both humans and animals, and it is suggested that between 50–80% is excreted either through feces or urine [9]. Studies on the environmental monitoring of TC demonstrate that considerable levels (100–500 mg/L) of TC were found in hospital and pharmaceutical sector wastewater effluents [14].



Rhodamine B (Rh-B) is a water-soluble, toxic, cationic, fluorescent xanthene dye that is widely used as a dyeing agent in textile industries [15,16]. It is known to exhibit long-lasting neurotoxic effects. Rh-B exposure can cause nausea, skin problems, nasal irritation, eye allergies, gastrointestinal disorders, development disorders and neurological and reproductive toxicity [17,18]. Therefore, it is crucial to explore its effective removal strategies from water systems.



Several strategies have been tried in attempts to eliminate persistent pollutants released into aquatic life such as adsorption, coagulation, filtration, ion exchange, extraction, sedimentation and electrochemical process [19,20,21]. However, that these processes are time-consuming, not cost-effective and need proper maintenance of physical conditions such as temperature/pressure limits their practical applications. Furthermore, these methods do not promise total eradication and can cause secondary pollution, which will require further treatment [22,23]. Semiconductor photocatalysis has been known to be an effective method to eradicate organic pollutants as it is economical, environmentally friendly, and quite effective for the degradation of harmful pollutants by utilizing natural sunlight [24,25]. It ensures the complete degradation of harmful contaminants by converting them into CO2, H2O and minerals without causing secondary pollution [23,26]. Among various semiconducting materials, BiOCl exhibits strong photocatalytic activity with good optoelectronic properties. BiOCl is an excellent non-toxic, corrosion-resistant catalyst, with high redox ability and an indirect transmission energy gap [27,28]. The photocatalytic activity of BiOCl is due to the existence of a uniquely layered structure in which [Bi2O2]2+ layers stacked between two Cl ions account for low the recombination of charge carriers. BiOCl’s broad band gap of approximately 3.2–3.6 eV restricts its applicability because it can be stimulated by ultraviolet light only [29]. To improve the photocatalytic performance of BiOCl in natural light, doping of BiOCl with a conducting polymer with low band gap to form an efficient heterojunction catalyst is an excellent option in the aspect of degradation [1]. Conducting polymers with conjugated electron systems and transition metal oxide composites possess substantial improvement in their photocatalytic activity [30,31]. Due to different charge carrier recombination delays, the hybrid material contains a strong photo response with a wide surface area for the absorption of light [30]. The conducting polymer, polyaniline (PANI), has drawn much attention in the field of photocatalysis as it possesses a wide range of applications. It can easily be synthesized by using a low-temperature chemical oxidative process [32]. PANI has a high electron–hole carrying capacity due to which it is mixed with oxides of transition metal nanoparticles in order to improve their photocatalytic properties for organic dye decomposition and the purification of water. It acts as an excellent carrier of electrons as well as holes throughout its chain due to the presence of unique linear chain benzene rings, which are connected through nitrogen atoms [33].



Recently, several novel materials have being reported for the purpose of pollutant-degradation. Tang et al. [34] fabricated BiPO4/Oxygen vacancy-rich–BiOBr heterojunction composite via a solvothermal route for the TC-degradation. Xie et al. [35] synthesized a series of 0D/2D TiO2 nanoparticles/Bi2O3 nanosheet heterojunctions through a sol–gel method followed by ultrasonication. This material was then utilized for the TC degradation under visible light and a maximum of 0.1443 min−1 rate constant was accomplished. The synthesis of Fe2O3/bentonite/TiO2 was conducted by Al-Musawi et al. [36], and ~98.8% degradation of amoxicillin was demonstrated under visible light with a rate constant of 0.0176 min−1. A g-C3N4/Ag3PO4 composite Z-type photocatalyst was manufactured by Chen et al. [37], which was later tested for the degradation of ofloxacin and a degradation efficacy of ~71.9% in 10 min, along with a rate constant of 0.09297 min−1, was obtained. Tanwar et al. synthesized PANI/Fe doped BiOCl photocatalysts using a facile chemisorption process. The synthesized product exhibits an enhanced surface area of 24.43 m2/g and exhibits good degradation efficiency for Congo red (80%) under visible light [38]. Wang et al. employed a facile chemisorption process to prepare PANI/BiOCl nanocomposites, which degrade 67% of methyl orange in 210 min in visible light [39]. Wang and Hao et al. prepared PANI/BiOCl composites with different weight ratios via the hydrothermal method and, thereafter, photodegradation efficiency was scrutinized for the degradation of Rhodamine-B in visible light illumination [40]. The BiOCl/PANI combination has been used to degrade several dyes in the past; however, its application for pharmaceutical degradation in sunlight has not gained much attention.



The present work focuses on the synthesis of PANI/BiOCl nanocomposite by employing simple sonication and centrifugation process and, thereafter, investigating photodegradation efficiency for colored Rh-B and, for comparison, colorless pharmaceutical TC under natural sunlight, with a comparative study of other photocatalysts reported in the literature. The effect of different reaction parameters on degradation efficiency, such as pH and catalyst concentration were examined. To study the photodegradation mechanism and role of active photogenerated species, trapping experiments were conducted. The catalyst’s reusability efficiency was also tested and characterized by XRD and FESEM analysis after five degradation cycles. To the best of the authors’ knowledge, PANI/BiOCl nanocomposites have not been used for the degradation of colorless pharmaceutical Tetracycline under intense natural sunlight.




2. Results and Discussion


2.1. XPS Analysis


XPS technique was performed to examine the chemical nature and oxidation state of different elements of the composite. Figure 1a–f manifested the high-resolution XPS spectra of 15% BiOCl/PANI elements N 1s, C 1s, Cl 2p, Bi 4f and O 1s. Bismuth displayed two considerable peaks at a binding energy of 163.3 eV, and a second peak at 158.00 eV referred to Bi4f7/2 and Bi 4f5/2, indicating the existence of Bi3+ in BiOCl [41]. For oxygen, the binding energy peak appeared at 530.01 eV, which signifies the Bi-O bond. The peaks at 197.38 eV and 195.75 eV for Cl 1s are related to Cl 2p3/2 and Cl 2p1/2 respectively, corresponding to the chloride ion, Cl-, in BiOCl [29]. The two significant peaks at 405.8 eV and 398.8 eV represent the N 1s due to uncharged deprotonated imine and doped imine, respectively [42,43]. The C 1s possess two peaks at 284.5 eV and 282.7 eV, signifying the (C-C) and (C-O) moieties, respectively. The peaks ensured the presence of both polyaniline and BiOCl in the composite.




2.2. XRD Analysis


The XRD patterns of BiOCl, PANI and BiOCl/PANI composites are displayed in Figure 2a. The characteristic diffraction peak positions of prepared BiOCl appeared at 2θ ~ 12.03°, 24.21°, 25.81°, 32.52°, 33.61°, 36.60°, 40.90°, 46.60°, 49.79°, 54.20°, 55.19°, 58.78°, 67.98°, 75.07°, and 77.78°, corresponding to (001), (002), (101), (110), (102), (003), (112), (200), (113), (211), (212), (220), (310), and (310) crystalline planes of BiOCl (JCPDS No.: 06-0429) [44]. The small broad diffraction peak in the case of polyaniline signifies its amorphous nature. It has been found that the peak values of the BiOCl/PANI composite were not influenced after the formation of nanocomposite, compared with BiOCl, indicating that PANI did not disrupt the crystal lattice of BiOCl [38,45]. However, the intensities of BiOCl peaks gradually decrease on increasing PANI content due to the increased dispersity of BiOCl [45].




2.3. Photoluminescence Spectroscopy


The photoluminescence spectra of BiOCl and 15% BiOCl/PANI composite are expressed in Figure 2b. The photoinduced electron and hole carriers’ recombination tendency and the photocatalytic performance of the material were evaluated by PL spectrum [38]. The excitation wavelength used for PANI/BiOCl composite was 340 nm. It was evident that among all that we investigated, pure BiOCl exhibited the highest PL intensity and showed an emission peak at 475 nm. The 15% BiOCl/PANI composite showed lowest PL intensity, which clearly signifies the effective high separation efficiency of photogenerated electron and hole pairs, implies the suppression in recombination of electron–hole pairs and significantly enhances the photocatalytic performance [46].




2.4. UV–Visible Diffuse Reflectance Spectroscopy


UV–visible diffuse reflectance spectroscopy (DRS) was employed to assess the band gap and optical absorbance characteristics of as-prepared photocatalysts. Tauc’s plot was used to evaluate the bandgap energies, followed by the Equation (1)


(αhν)1/2 = A(hν − Eg),



(1)




where α, h and ν represent the absorption coefficient, Planck constant and frequency of light, respectively, and Eg represents the band gap.



From the Tauc plot (Figure 2c), it was seen that the band gap energy values for BiOCl, PANI, 5%, 10% and 15% BiOCl/PANI were ~2.99, 2.82, 2.69, 2.58 and 2.5 eV, respectively.




2.5. Nitrogen Adsorption/Desorption Analysis


The surface area of the photocatalyst is a critical parameter in photocatalysis as it significantly increases the count of active reaction sites. N2 adsorption–desorption isotherm and BJH plot were applied to measure the active surface area and pore size distribution of the prepared catalyst, respectively, as illustrated in Figure 3a,b. All the samples correspond to type-IV isotherms and the occurrence of sharp peaks in the range of 2 nm–50 nm indicates the mesoporous nature of the prepared composite [45]. It is observed that the BiOCl/PANI composite exhibits a larger surface area (25 m2/g) than that of BiOCl (10 m2/g) and PANI (17 m2/g), which implies that surface area is increased after the formation of the nanocomposite, as illustrated in Table 1.




2.6. FESEM and TEM Analysis


The surface morphology of the PANI/BiOCl composite was investigated by the FESEM technique, as revealed in Figure 4. The FESEM images of BiOCl and PANI are shown in Figure 4a and Figure 4b, respectively, while those of the composite are shown in Figure 4c,d. It is investigated that pure BiOCl appeared as large nanosheets with a smooth surface. FESEM images of the composite show that PANI consists of aggregated nanofibers, and fibrous nanoparticles of PANI well-covered the surface of the BiOCl nanosheets in the respective composite. The HRTEM images of the BiOCl/PANI composite show two different lattice fringes of BiOCl, covered with PANI on its surface, with d-space values of 0.73 Å and 1.52 Å, respectively, corresponding to reflection planes (001) and (114), as depicted in Figure 4e,f. This revealed the successful formation of the heterojunction structure and the heterogeneous deposition of PANI nanoparticles on BiOCl flaky sheets [44].




2.7. EDX and Elemental Mapping


The composition of elements present in the as-synthesized catalyst was analyzed by EDS spectrum with mapping as displayed in Figure 5. It is confirmed that the composite consists of bismuth (Bi), oxygen (O), chlorine (Cl), carbon (C) and nitrogen (N) elements. The elemental mapping images demonstrated the uniform dispersal of all the elements, as displayed in Figure 5b–f.




2.8. Photocatalytic Study


The photocatalytic activity was investigated by photodegradation of Rh-B and TC under bright sunlight. Firstly, the photodegradation of Rh-B and TC was studied without the addition of catalyst (photolysis); only 16% and 9% degradation of Rh-B and TC, respectively, were observed, as shown in Figure 6a,b. The photocatalytic degradation efficiencies of 97% (Rh-B) and 77% (TC) were found using 0.4 g/L and 0.5 g/L of catalyst.



The Equation (2) was used to evaluate the rate constant:


ln(C/C0) = −kt,



(2)




where k refers to the rate constant, C0 represents the concentration at time t = 0 and C represents the concentration of solution at time = t.



Figure 6 represents the kinetic study of Rh-B and TC degradation. It was noted that the degradation reaction follows the pseudo-first-order reaction kinetics. The degradation activity and rate constant of as-synthesized catalysts obey the order: 15% > 10% > 5% > 20% > PANI > BiOCl > TiO2 P25. Among various weight ratios (5%, 10%, 15% and 20% BiOCl), the 15% BiOCl/PANI composite exhibits the best removal efficiency for Rh-B and for TC from the solution under sunlight; it degraded about 97% of Rh-B in 2 h and the observed rate constant is 0.0236 min−1. Similarly, the catalyst shows the highest degradation percentage of 77% for TC removal, with a rate constant of 0.0106 min−1. The photocatalytic rate of the composite is even higher as compared to pure BiOCl, so further experiments were performed using the 15% PANI/BiOCl composite. The photocatalytic activity of the prepared catalyst was also compared with commercial TiO2 P25, which degraded 45% of Rh-B and 39% of TC with rate constants of 0.0056 min−1 and 0.0037 min−1, respectively. The enhanced photoactivity of the composite is mainly due to the popularly known synergistic effect between PANI and BiOCl [45]. Table S1 (Supplementary file) enlists the degradation parameters of different materials towards Rh-B and TC degradation.




2.9. Effect of pH


Figure 7b illustrates the effect of pH on the photodegradation of Rh-B and TC at distinct pH values (1, 2, 3, 5, 7, 9, 10, 11). These different pH values were maintained, followed by the incorporation of HCl or NaOH (0.1 N). The results showed that photodegradation rates are slow at high and low pH for Rh-B. At natural pH, the degradation efficiencies for Rh-B and TC were 97% and 77%, respectively. The maximum degradation efficiency, in the case of Rh-B, was observed in the neutral pH range, i.e., pH = 6.51. It was observed by measurement that the point of zero charges (pzc) for the catalyst was observed at 2.93, as demonstrated in Figure S1 (Supplementary file). The catalyst’s surface contains a positive charge at pH < 2.93, and it becomes negatively charged at pH > 2.93. Rh-B is a cationic dye and, at pH < 2.93, it exhibits low degradation efficiency as the cationic charge on Rh-B is repelled by a positively charged photocatalyst surface. On the other hand, at pH > 2.93, Rh-B was absorbed properly on the catalyst’s surface due to the existence of attractive interactions between positively charged dye and the negatively charged photocatalyst surface [17]. In the case of TC, degradation activity was also examined at various pH values from 1–11, and the maximum degradation percentage was observed in the neutral pH range. At pH < 3.3 (pKa of TC), TC is present in cationic form (TC+); at pH > 7.7, it exists in anionic form (TC−); and in between these pH values (3.3–7.7), it exists in zwitterion [9,47]. TC+ repels the positively charged surface of the catalyst, so the degradation efficiency was decreased in this pH range. The high degradation occurs at neutral pH due to an increase in electrostatic interactions between the catalyst surface and TC. Above this range, degradation efficiency tends to decrease due to the existence of repulsive interactions between the catalyst surface and TC− [47,48].




2.10. Effect of Catalyst Concentration


The effect of the concentration of the photocatalyst on photodegradation rate was evaluated by varying the concentrations of 15% PANI/BiOCl hybrid (0.2 g/L to 0.6 g/L), manifested in Figure 7c. It was demonstrated that the degradation efficiency considerably increases when the catalyst concentration increases from 0.2 g/L to 0.4 g/L for Rh-B. However, as the concentration reaches 0.5 g/L, saturation almost occurs. Hence, the removal efficiency for Rh-B is higher at 0.4 g/L, and for TC, it is higher at 0.5g/L. The decrease in degradation efficiency is due to the blockage of active photolytic surface sites of the catalyst due to the adsorption of pollutants which inhibit the active species formation required for photodegradation [45].




2.11. Plausible Mechanism


A trapping experiment was conducted to determine the necessity of photogenerated active radical species in the photodegradation reaction and photodegradation mechanism for Rh-B and TC under sunlight by employing a photocatalyst. Different scavengers were used in this typical experiment, such as ascorbic acid, methanol and DMSO, for trapping superoxide radicals (O2•−), holes (h+) and hydroxyl radicals (OH•), respectively, as indicated in Figure 7d [49]. It is noted after the photocatalytic experiment that the photodegradation of Rh-B and TC was substantially influenced by the addition of ascorbic acid (superoxide radical trapper). This implies that superoxide radicals (O2•−) act as a dominating reactive species in the photodegradation process.



The BiOCl/PANI composites exhibit superior photocatalytic activity to pure PANI and BiOCl under natural sunlight for the photodegradation of Rh-B. There are distinct degradation mechanisms due to the varying molecular structures of dye [39]. During the photocatalyzed mechanism, oxidative species developed on the upper surface of the catalyst, which participated in the decomposition of large dye molecules by forming certain intermediates and, ultimately, transformed them to final products such as CO2 and H2O, as demonstrated in Figure 7e. The HOMO and LUMO positions for PANI, as reported in the literature are, 0.8 eV and −1.9 eV, and the conduction band and valence band potentials for BiOCl are reported at around −1.11 eV and 2.10 eV, respectively [50]. BiOCl shows excitation only in the UV region and, due to the broad band gap, it fails to produce photogenerated electron–hole pairs independently in natural light [1]. On the other side, PANI can induce π–π* transition after absorption of visible light, resulting in the excitation of photogenerated electrons from HOMO to LUMO orbital. The electron-rich PANI transfers electrons to the conduction band of BiOCl, promoting the reduction of oxygen to generate superoxide radicals as its CB is more negative than the single electron reduction potential (−0.33 eV). The superoxide radicals can further react with water molecules to produce hydroxyl radicals (HO•). Due to the synergic effect, the photogenerated electrons produced by PANI could be directly promoted to the BiOCl conduction band and eventually transferred to the catalyst surface.



As a result, these excited electrons on the catalyst surface react with molecular oxygen and surface water to generate hydroxy (OH•) and superoxide radicals (O2•−), which act as an active oxidative species. These reactive oxidants effectively oxidize Rh-B and convert them to H2O, CO2 and other less toxic degraded products. Therefore, BiOCl/PANI photocatalytic performance is greatly increased due to the low recombination rate and rapid separation of electron–hole pairs. The reaction steps involved in the photocatalytic process are given in Equations (3)–(7):


BiOCl/PANI + hv → e− + h+,



(3)






eCB− + O2 → O2•−,



(4)






O2•− + H2O → HOO• + OH•,



(5)






hVB+ + OH− → OH•,



(6)






OH•/O2•− + pollutant → Degraded products.



(7)








2.12. Reusability Studies


The reusability and stability of photocatalysts play a significant role in practical application. It is necessary to determine the stability of the catalyst over repeated degradation reactions. The photocatalytic activity was tested for the degradation of pollutants for five repeated degradation cycles for 120 min in sunlight, and after every cycle, the photocatalyst was properly cleaned with deionized water and then dried in an oven at 60 °C before the next cycle. It has been observed that the photodegradation efficiency of the catalyst was still 85% after five continuous cycles, which indicates the good stability and reusability of the catalyst. The photocatalytic efficiency was decreased by 12%, as displayed in Figure 8a. The characterization of the BiOCl/PANI composite was conducted before and after degradation. Figure 8b revealed that the sharp peaks in the XRD pattern of PANI/BiOCl after degradation remain unaltered. The surface morphology of the catalyst was not disturbed much, which was confirmed by FESEM analysis, as shown in Figure 8c,d. This suggests the catalyst’s high degree of reusability for large-scale applications. The photodegradation of the prepared catalyst was also compared with other studies on photocatalysts, as illustrated in Table 2.





3. Experimental Section


3.1. Materials and Chemicals


Bismuth nitrate pentahydrate, potassium chloride (KCl), aniline, nitric acid (HNO3) and hydrochloric acid (HCl) were acquired from Loba Chemie Pvt Ltd, Mumbai, India. Ammonium persulfate (NH4)2S2O8 was taken from S. D. FINE-CHEM limited (SDFCL), Mumbai, India. Rhodamine-B (Rh-B) dye was also acquired from Loba Chemie Pvt Ltd. and Tetracycline (TC) from Merck, Rahway, NJ, USA. All the chemicals were used in the lab without any further modification and purification. The double-distilled water was employed for solution preparation while performing experiments.




3.2. Synthesis of Polyaniline


To prepare polyaniline, 4.5 mL of aniline was added to 70 mL of hydrochloric acid (HCl) and sonicated the solution for 30 min to obtain a dispersed solution. After 30 min of sonication, 11.5 g of ammonium persulfate (APS) was mixed in 20 mL of distilled water. Dropwise and slow addition of ammonium persulfate was conducted to aniline solution with continuous stirring. The polymerization reaction was allowed to run at 25 °C for 4 h. The resulting reaction mixture was then centrifuged and thoroughly washed with ethanol, deionized water and 2M hydrochloric acid thrice to wash out unreacted material and dried at 60 °C for 24 h to obtain tint green powder of polyaniline [56].




3.3. Synthesis of PANI/BiOCl Composites


Initially, the measured quantity of polyaniline was dispersed in 100 mL of distilled water and then sonicated for half an hour to obtain a dispersed solution. Then, a calculated amount of bismuth nitrate for 5%, 10%, 15%, 20% BiOCl was also dissolved in 100 mL distilled water with 4 to 5 drops of nitric acid (HNO3) added to it. The resulting bismuth nitrate suspension was added to polyaniline solution, dropwise. Then, the mixture was sonicated for some time and stirred for 15 min and afterward, a measured amount of KCl was added and the whole mixture was stirred overnight. The resulting mixture was then centrifuged and thoroughly washed with deionized water and with ethanol thrice and dried at 60 °C in the oven. By employing this procedure, distinct weight ratios of BiOCl/PANI composite were prepared successfully by varying the amount of PANI, Bi (NO3)3.5H2O and KCl. The pictorial representation of nanocomposites synthesis is illustrated in Scheme 1.




3.4. Characterization Methods


Nitrogen sorption analysis of the sample was determined by using Microtrac Belsorp Mini-II (Bel, Japan, Inc.). Brunner–Emmet–Teller (BET) method was employed to obtain the specific surface region of material. To avoid the undesirable trapped impurities and gases, the pre-treatment of samples was conducted under N2 atmosphere for 5–6 h at 120 °C before measurement. Barrett–Joyner–Halenda (BJH) method was employed to achieve the desired pore size distribution. The X-ray diffraction analysis (XRD) of the PANI/BiOCl composite was performed by using PANalytical X-ray diffractometer containing Cu Kα radiations (λ = 0.1504 nm) and using a scan rate of 2° per minute and a 10–90° scan range, operating at 45 kV. For examining the surface morphology of the as-prepared catalyst, ZEISS Field Emission Scanning Electron Microscopy (FESEM) has been used at 5 kV accelerating voltage with Oxford INCA energy dispersive spectrometer (EDS) to obtain the EDX spectra and elemental color mapping. The pH meter was employed to measure and adjust the pH of sample solutions. The photodegradation rate was studied using a UV spectrophotometer (Analytik Jena) (wavelength range of 200 to 800 nm). Photoluminescence spectroscopy (PL) was conducted by employing a PerkinElmer LS-55, USA, PL (excitation wavelength = 340 nm) spectrometer. We used the X-ray photoelectron spectroscopy (XPS) technique to calculate the oxidation state of metal oxides present in the composite with Al Kα X-ray radiation origin (1486.7 eV).




3.5. Photocatalytic Study


The photocatalytic performance of the prepared BiOCl/PANI composite was inspected by photodegradation of Rh-B dye and a colorless antibiotic, namely, TC under natural sunlight. To investigate the photodegradation of Rh-B, about 0.4 g/L of the BiOCl/PANI photocatalyst was added to 20 mL of 5 ppm Rh-B aqueous solution, while 0.5 g/L of the photocatalyst was dissolved in 20 mL of 10 ppm TC solution at room temperature. To accomplish the adsorption–desorption equilibrium between photocatalyst surface and noxious pollutant, the solution was constantly stirred in the dark for around half an hour. Then, it was irradiated with solar light for 120 min to achieve the complete degradation of Rh-B and TC. All the experiments were performed in the month of April 2022, under intense sunlight at TIET, Patiala, India. The average solar radiation during the photocatalytic was around 600 W/m2, with an average temperature of 29 °C. A UV–Visible spectrometer was used to examine the absorbance spectra of both Rh-B and TC at λmax 555 nm and 360 nm, respectively, after the complete separation of the BiOCl/PANI catalyst from the resulting solution at regular time intervals. All the degradation experiments were performed in triplicate and error bars in the graph represent the 5% error in the data.



To calculate the degradation efficiency or percent degradation, the Equation (8) was used:


Degradation efficiency = {(A0 − A)/A0} × 100 = {(C0 − C)/C0} × 100,



(8)




where A0 and C0 represent the initial absorbance of material and the concentration, whereas A and C represent absorbance and concentration at time ‘t’, respectively.





4. Conclusions


The BiOCl/PANI nanocomposite was successfully prepared with different weight ratios of BiOCl (5%, 10%, 15% and 20% BiOCl) by employing a chemisorption technique, which demonstrated remarkable photoactivity for the degradation of Rh-B and colorless pharmaceutical pollutant TC under natural sunlight illumination. The photodegradation results indicate that among all prepared catalysts and TiO2 P25, the 15% BiOCl/PANI photocatalyst exhibits higher photocatalytic ability for the degradation of Rh-B (97%) and TC (77%). The photocatalyst exhibits a high surface area with favorable optical properties such as low recombination rate and small band gap. Various characterization techniques, such as XRD, FESEM, EDS and XPS analysis, describe the successful formation of the hybrid. The effect of catalyst concentration and the solution pH on degradation was studied. The high degradation efficiency (85%) after five reaction cycles accounted for the good stability of the photocatalyst and was confirmed by XRD and FESEM characterizations. Trapping experiments were performed to determine the dominating active species in the degradation mechanism, and it was evident that superoxide radicals have a major dominating role in the degradation. The synthesized photocatalyst is effective in the photodegradation of model dye and pharmaceutical pollutants in solar light due to its superior properties, which makes it effective for the removal of toxic pollutants accumulating in nature and, in future, it can be substantially used for various wastewater treatments as it is economical, easy to handle and ecosystem friendly.
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Figure 1. XPS spectra of 15% PANI/BiOCl composite: (a) survey spectrum, (b) C 1s, (c) N 1s, (d) Bi 4f, (e) O 1s and (f) Cl 2p. 
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Figure 2. (a) XRD pattern, (b) PL spectra and (c) Tauc plot for prepared catalysts. 
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Figure 3. (a) N2 adsorption–desorption isotherm and (b) BJH plot for as-synthesized catalysts. 
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Figure 4. FESEM images of (a) BiOCl, (b) PANI, (c,d) BiOCl/PANI composite and (e,f) HRTEM images of the BiOCl/PANI composite. 
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Figure 5. (a) EDX spectra of 15% PANI/BiOCl, elemental color mapping of (b) Bi, (c) O, (d) Cl, (e) N, (f) C and (g) SEM micrograph. 
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Figure 6. Kinetic study for the degradation of (a) Rh-B, (b) TC, (c) rate constant plot of Rh-B and (d) TC. 
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Figure 7. Plot showing (a) the comparison of degradation efficiencies of different materials, (b) effect of pH, (c) catalyst concentration, (d) scavengers on degradation efficiency of Rh-B and TC and (e) photodegradation mechanism using the PANI/BiOCl composite. 
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Figure 8. (a) Reusability plot, (b) XRD pattern and (c,d) FESEM images before and after photocatalytic reaction. 
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Scheme 1. Real images for the synthesis of PANI and BiOCl/PANIcomposite. 
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Table 1. Surface properties of PANI/BiOCl photocatalyst.
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	Sample
	Surface Area

(m2/g)
	Mean Pore

Diameter (nm)
	Total Pore

Volume (cm3/g)





	PANI
	17
	38.80
	0.174



	BiOCl
	10
	13.56
	0.086



	15% PANI/BiOCl
	25
	42.54
	0.263
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Table 2. Comparison of PANI/BiOCl photocatalysts with different reported photocatalysts.
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	Photocatalyst
	Pollutant

Degraded

(conc.)
	Catalyst Concentration

(g/L)
	Light

Source
	Time

(min)
	Degradation

Efficiency

(%)
	Rate

Constant

(min−1)
	Reference





	Au-ZnO
	Rh-B (10 ppm)
	0.3
	Visible
	180
	78.12
	0.0246
	[51]



	Conjugated polyvinyl chloride/TiO2 nanotubes
	Rh-B (20 ppb)
	0.3
	Visible
	180
	90
	0.015
	[52]



	SnO2/ZnS
	Rh-B (5 ppm)
	2
	Sunlight
	100
	90
	0.046
	[53]



	β-Bi2O3/g-C3N4
	TC (10 ppm)
	0.5
	Visible
	N/A
	80
	0.0311
	[54]



	Multi wall carbon nanotubes/TiO2
	TC (10 ppm)
	0.2
	Visible
	100
	74
	0.064
	[14]



	Bi2WO6/BiOCl
	TC (50 ppm)
	N/A
	Visible
	90
	61.5
	N/A
	[55]



	BiOCl/PANI
	Rh-B (5 ppm)
	0.4
	Sunlight
	90
	97
	0.0236
	Present work



	BiOCl/PANI
	TC (10 ppm)
	0.5
	Sunlight
	90
	77
	0.0106
	Present work
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