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In this study, we investigated the photocatalytic degradation as a potential treatment of tetracycline (TC) antibiotic contaminated water using TiO2 semiconductor. To expand the activity of TiO2 into the visible light region and to enhance its adsorption capacity for TC, we explored its modification via sensitization with Fe ions and via immobilization on beta (BEA) zeolite support. The nano-sized beta zeolite, synthesized using the seed-assisted procedure, was used to immobilize TiO2 initially prepared by the sol-gel method. The immobilized TiO2/BEA catalyst was further ion exchanged with Fe3+ ions using FeCl3 precursor. Fe3+ modified TiO2/BEA (Fe-TiO2/BEA) catalyst was characterized using SEM, XRD, BET, UV-VIS DRS, and FTIR. After the immobilization of TiO2 over BEA, the surface area of TiO2 increased from 90 to 530 m2/g and similarly its TC adsorption efficiency increased from 10% to 33%. The photocatalytic performance of the Fe-TiO2/BEA was evaluated under blue LED light for TC degradation. Fe-TiO2/BEA exhibited higher TC removal efficiency (100%) compared to TiO2 (80%) after 90 min of irradiation using 50 W blue LED light for a 250 mg/L initial catalyst concentration and 20 mg/L TC concentration. The enhanced performance of the final catalyst was a result of the expanded surface area due to the immobilization of the TiO2 on the BEA zeolite, which resulted in an improved TC adsorption. Moreover, the presence of Fe3+ ions reduced the band gap energy of the TiO2, hence led to a red shift in its absorption spectrum to the visible light region and minimized the extent of the recombination of the charge carriers.
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1 INTRODUCTION
Antibiotics (ABs) are antibacterial compounds used to treat bacterial infections both in humans and animals (Torres-Palma et al., 2020). Tetracyclines (TCs) are one of the most prescribed families of ABs and are widely used in medical, agricultural, and poultry sectors. TCs are poorly absorbed by the body (20%–50%), hence they are excreted to the environment via urine and feces (Liao et al., 2021). TCs continuous presence in the environment, both in water sources through urine and in soil through animal manure, have created adverse effects on the aquatic and agriculture ecosystems and have led to the development of antibiotic resistant bacteria (ARB) (Chong et al., 2015).
Photocatalytic degradation is an advanced oxidation process (AOP) that uses light activated catalysts for the removal of persistent organic contaminants from water (Chong et al., 2015; Saqib et al., 2019). Titanium dioxide (TiO2) semiconductor has been reported to efficiently degrade ABs due to its attractive properties such as: high thermal and chemical stability, commercial availability, low cost and toxicity, and high specific surface (Foura et al., 2017; Behravesh et al., 2020; Ebrahimi et al., 2020). Nevertheless, several challenges limit the large-scale application of TiO2 in the photocatalytic degradation of ABs under visible light: 1) TiO2 has a band gap energy of (3.2 eV) which limits its activation to mere UV light that accounts only for 3%–5% of the solar spectrum, 2) TiO2 nanoparticles used in slurry reactors require expensive, energy consuming, and complicated recovery for further reutilization, 3) the finely dispersed TiO2 particles suffer from aggregation which hinders its efficiency in slurry reactors (Chong et al., 2015; Foura et al., 2017; Saqib et al., 2019; Behravesh et al., 2020; Hu et al., 2021). In order to red-shift TiO2 light absorption, researchers have investigated several methods to decrease its band gap energy or to introduce new intra-band gap energy states via doping with transition metals such as Cr, Fe, Co, Mo, Mn, and V, or their ions (Foura et al., 2017). In metal doped-TiO2, upon visible light excitation the electrons in the metal dopant are excited and are transferred to the conduction band of TiO2 leading to its activation (Zhang et al., 2019). Specifically, iron metal-ion doping of TiO2 can minimize the back recombination of electrons (e−) and holes (h+) and therefore maintain a high stable degradation efficiency (Foura et al., 2017; Saqib et al., 2019). Many studies in literature have reported on the visible light sensitization of TiO2 via Fe metal ion doping. For example, Tsiampalis et al. (2019) reported successful degradation of the sulfamethoxazole antibiotic using 0.04% Fe/TiO2 under simulated solar radiation. Furthermore, the UV-VIS DRS results confirmed an enhanced visible light absorption of the doped TiO2 and a decrease in its band gap energy from 3.2 eV to around 2 eV with an increase in the Fe content from 0.04% to 2%. The visible light photocatalytic degradation efficiency of the metal ion doped TiO2 was 95% after 90 min compared to only 45% by the undoped TiO2. Another study by Suwannaruang et al. (2020) reported visible light induced degradation of ciprofloxacin AB over Fe-N-TiO2 mesoporous photocatalyst using visible light emitting diode (LED) as illumination source. With the increase in Fe content, the morphology of the doped catalyst was gradually converted from spindle to spherical shape. For the same nitrogen content (2.5%), increasing the Fe content from 0.5% to 1.5% decreased the band gap energy of TiO2 from 2.9 eV to 2.7 eV. Nearly, 70% of the antibiotic was removed after 6 h radiation compared to only 17% using the undoped TiO2 (Suwannaruang et al., 2020).
In addition to metal ion doping of TiO2 for enhanced photocatalytic activity, immobilization of TiO2 particles on porous and inert supports has been widely investigated by researchers to control its morphology and improve adsorption capacity for the organic pollutant. TiO2 immobilization further improves its stability, and ease of recovery specially when applied in large-scale slurry reactors. Several inorganic TiO2 immobilizing substrates such as magnetite core, activated carbon, clays, ceramic, silicates, sands, glass, carbon nanotubes, polymers, and zeolites have been investigated (Lei et al., 2012; Mozia et al., 2012; Bel Hadjltaief et al., 2015; Chong et al., 2015; Cunff et al., 2015; Nawawi et al., 2016; Foura et al., 2017; Wang et al., 2017; Cunha et al., 2018; Mohd Adnan et al., 2018; Oblak et al., 2018; Radwan et al., 2018; Mahdavi et al., 2019; Saiful Amran et al., 2019; Scaria et al., 2020; Hu et al., 2021). Among the mentioned supports, zeolites have gained superior attention due to their desirable properties such as: high specific area and excellent adsorption ability for pollutants (surface area: 350–950 m2/g and pore volumes >0.1 cm3/g) (Yilmaz et al., 2013). Beta zeolite (BEA) is one type of zeolite with an interesting architecture of 3D open framework pore structure, high adsorption ability, shape/size selective properties, high hydrothermal stability, easily reachable large micro-pore volume, wide pore channel network, and strong acid sites (Taufiqurrahmi et al., 2011; Yilmaz et al., 2013). Researchers have reported many examples on TiO2/zeolite systems of enhanced photocatalytic activities due to the enhanced and stable adsorption of pollutants on the catalyst over long reaction times. Titania/zeolite composites have been investigated for the removal of various pollutants in water, including dyes and pharmaceuticals (Al-Harbi et al., 2015; Saadati et al., 2016a; Foura et al., 2017; Liu et al., 2017; Maksod et al., 2017; Rahman et al., 2018; Sun et al., 2018; Aghajari et al., 2019; Liu et al., 2019; Saqib et al., 2019; Behravesh et al., 2020). For antibiotics removal, Behravesh et al. (2020) prepared zeolite-supported TiO2 to degrade acetaminophen and codeine pharmaceuticals under sunlight irradiation. The FTIR characterization confirmed the absence of chemical bonds between the TiO2 and the support, while the SEM-EDX analysis combined with XRD patterns showed that TiO2 particles were mainly uniformly dispersed on the external surface of the zeolite and partially in its pores. Zeolite immobilization of TiO2 increased the surface area of TiO2 from 50 m2/g to 98 m2/g, and therefore the photocatalyst was able to degrade 39% of the initial concentration of these pharmaceuticals after 120 min. In addition, Saadati et al. (2016b) used TiO2-P25/Semnan natural zeolite for tetracycline degradation under visible light irradiation. The immobilized TiO2-P25 exhibited a specific area of 93 m2/g, which was two times larger than that of TiO2-P25. This catalyst was able to degrade 87% of the initial tetracycline concentration within 90 min of radiation as compared to only 10% degradation efficiency by the TiO2-P25. In this study, TiO2 particles were deposited on the external sites of the zeolite leading to an improved adsorption of tetracycline. The XRD characterization of the final catalyst indicated that the structure of the zeolite was conserved and the crystallite size of TiO2-P25 increased after the deposition of TiO2 on zeolite, while the FTIR spectrum of the final catalyst exhibited a new absorption band proving the presence of a chemical bond between TiO2 and the zeolite. The presence of such a chemical bond, however, was not always present in other reported TiO2/zeolite systems (Foura et al., 2017; Maksod et al., 2017; Behravesh et al., 2020; López et al., 2021).
Additionally, both iron-modified and zeolite immobilized TiO2 was used for the degradation of organic dyes under visible light. For example, Foura et al. (2017) used Fe-doped TiO2 over HY zeolite for methylene blue degradation under visible light illumination and reported >98% removal efficiency after 60 min for the optimum 10 wt.% Fe-doped TiO2/HY. In this particular work, FTIR characterization results indicated the absence of chemical interaction between the TiO2 and the HY zeolite and BET analysis confirmed the deposition of TiO2 in the pores of the zeolite. The UV-VIS DRS characterization proved that the addition of Fe into TiO2/HY zeolite caused a red shift in its absorption spectrum towards the visible light region due a decrease in its band gap energy from 3.12 to 2.55 eV.
Recently, light-emitting diodes (LEDs) have gained interest in photocatalysis as efficient and economic light sources for the photocatalytic degradation of ABs and organic pollutants (Alpatova et al., 2015). The following characteristics of LEDs make them attractive for use: low power consumption, practical configuration, high energy efficiency, robustness, long life expectancy (50,000 h), flexibility of adjustment in various reactor designs (Casado et al., 2017; Liu et al., 2017). Many papers reported on the use of LEDs as efficient light sources for ABs removal in general (Malkhasian et al., 2014; Sarafraz et al., 2020; Zhong et al., 2020; AttariKhasraghi et al., 2021; Varma et al., 2021; Wang et al., 2021; Das and Ahn, 2022), and for tetracyclines removal in specific (Alpatova et al., 2015). For example Moshoeu et al. (2020), reported ∼92% degradation efficiency of TC using TiO2 nanofibers under LED strip with a wavelength ranging from UV to infrared region. Blue LED was also previously used to degrade TC using CdS semiconductor nanorods (Das and Ahn, 2022), where 92% efficiency was reported after 120 min for a 50 W lamp.
Particularly, the role of Fe ions has been investigated for the sensitization of TiO2 under blue LED light (420 < λ < 495 nm). Impellizzeri et al. (2014) applied iron-modified TiO2 in the form of Fe ion-implanted TiO2 thin film for the photocatalytic degradation of methylene blue under blue LED light (420–470 nm). In this work, the introduced Fe ions lowered the band-gap energy of TiO2 from 3.2 eV to 1.6–1.9 eV, resulting in an enhanced visible light absorption, hence in an improved photocatalytic efficiency. Similarly, both Tsiampalis et al. (2019) and Foura et al. (2017) modified titania via iron ion doping, and successfully expanded its activity to the visible light range between 420 and 490 nm.
In this work, we investigated both Fe3+ ion sensitization and zeolite immobilization routes to enhance the photocatalytic activity of TiO2 for the degradation of tetracycline antibiotic under blue LED light. Sol-gel synthesized TiO2 was immobilized on beta zeolite and further ion exchanged with iron. The structural, morphological and visible light properties of the prepared Fe-ion-exchanged BEA/TiO2 (Fe-TiO2/BEA) catalyst was studied in relation to the observed photocatalytic performance. Moreover, in order to achieve optimum degradation efficiency of the prepared catalyst for TC removal, the effect of various process conditions such as initial TC concentration, catalyst’s concentration and light intensity were studied.
2 MATERIALS AND METHODS
2.1 Materials
LUDOX® SM colloidal silica 30 wt.% suspension SiO2 in H2O, (Sigma-Aldrich, 30%, particle size 3–4 nm), sodium hydroxide (Sigma-Aldrich), aluminium iso-butoxide (Sigma-Aldrich, 97%), tetraethylammonium hydroxide (Sigma-Aldrich, 35%), Titanium (IV) n-butoxide (Alfa Aesar), ethanol (Fisher Chemical, 99%), nitric acid (BDH Laboratory supplies, 69%), sodium hydroxide (Sigma-Aldrich), Tetracycline (Sigma-Aldrich), Iron (III) anhydrous chloride (BDH Laboratory supplies). All chemicals were used without further purification.
2.2 Preparation of the Catalysts
2.2.1 Preparation of TiO2 Sol-Gel
TiO2 was prepared using the sol-gel method as described previously (Bazargan et al., 2012). A mixture (A) of 4 ml of titanium (IV) butoxide and 2 ml of ethanol was stirred for 30 min. A second mixture (B) composed of 0.4 ml of nitric acid, 2 ml H2O and 17 ml of ethanol was simultaneously prepared. Mixture (B) was gradually added into mixture (A) using a dropper (approximately 3 ml/min) under vigorous stirring for an hour during after which the clear solution turned into a gel. The obtained gel was then dried in an oven at 80°C for 3 h to remove traces of ethanol and H2O. Then the dried sample was subjected to calcination in a muffle furnace for 4 h at 450°C to induce crystallization of TiO2. The crystalline mass obtained after calcination was approximately 0.6 g.
2.2.2 Preparation of BEA Zeolite
BEA zeolite was prepared via seed assisted approach. The BEA seeds were prepared from clear precursor suspensions with molar compositions: 9TEAOH: 0.5Al2O3: 25SiO2: 295H2O, where TEAOH stands for tetraethylammonium hydroxide (Sigma-Aldrich, 35%). Initially, aluminium iso-butoxide (Sigma-Aldrich, 97%) was dissolved in a solution containing TEAOH and distilled water, and then the Silica source, colloidal Silica (LUDOX® SM 30 wt.%), was added into the mixture under stirring. After mixing the precursor suspensions for 60 min, a hydrothermal treatment was carried out at 100°C for 3 days. The obtained crystalline suspensions were purified by multistep high-speed centrifugation (20,000 rpm, 60 min); then the solid product was dried at 40°C and calcined at 550°C prior to being used as seeds.
The synthesis of BEA zeolite was carried out using the following suspension: 9.5Na2O:0.25Al2O3:40SiO2:570H2O by dissolving LUDOX® SM colloidal silica (30 wt.% SiO2, pH = 10, Aldrich) in a sodium hydroxide solution followed by heating at 100°C for 5–7 min in order to transform the turbid solution into clear water suspension. After cooling down to ambient temperature, BEA seeds (8 wt.%) were slowly added to the solution, and the mixture was homogenized by vigorous stirring for 30 min, followed by the addition of aluminum isopropoxide (Sigma-Aldrich, 98%). The obtained precursor suspension was further homogenized for 20 min before being transferred into a stainless-steel autoclave and subjected to the hydrothermal treatment at 100°C for 5 days under static condition. The resulting product was filtered, washed, and purified by double deionized water and then dried at 50°C. The yield of the sample was calculated with respect to the SiO2, Al2O3, and the BEA seeds were included. A yield between 18 and 22% was obtained for BEA zeolites.
2.2.3 Modification of the TiO2 Sol-Gel (Preparation of Fe-TiO2/BEA Zeolite)
TiO2/BEA Zeolite was prepared in-situ during the synthesis of the TiO2 sol-gel, as previously reported (Sponza and Koyuncuoglu, 2019). After the preparation of TiO2 sol-gel suspension, an appropriate amount of BEA zeolite nanoparticles was added into the transparent sol-gel to obtain 20% TiO2/Zeolite composite. The obtained suspension was kept under stirring for 24 h. The final product was dried at 80°C for about 3 h followed by calcination at 450°C for 4 h. The as-synthesized zeolite supported TiO2 (TiO2/BEA) was then subjected to ion exchange treatment. Typically, 1.0 g of BEA/TiO2 composite was stirred in 40 ml of 0.05 M iron chloride (FeCl3) solution. The exchange process was repeated three times by separating supernatant from the mother liquid, re-dispersing it in new solution and repeating the procedure with the aforementioned ion exchange process to ensure that the highest possible exchange was achieved. The obtained sample after ion-exchange was washed thoroughly with double deionized water then dried in an oven at 80°C for 4 h followed by calcination in a muffle furnace at 450°C for 4 h. The final obtained sample was named Fe-TiO2/BEA.
2.3 Characterization and Analysis Methods
Various analysis techniques were applied to characterize the surface morphology, structure and optical properties of each of the Fe-TiO2/BEA, TiO2, and BEA. Fourier transform infrared (FTIR) spectra in the range of 400–4,000 cm−1 were obtained using JASCO FTIR 6300 spectrometer using DTGS detector (resolution 4, 128 scans; KBr: sample = 99:1 mg) to study the structure of the prepared catalysts. X-ray powder diffraction (XRD) (BRUKER, D8) was used for the identification of crystalline phases. Fe-TiO2/BEA, TiO2, and BEA were analyzed in the range of 5° < 2θ < 80° with a step size of 0.02°. The Scherrer Formula (Eq. 1) was used to calculate the average crystallite size of all samples;
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where [image: image] is the average crystallite size, [image: image] is wavelength of the X-ray, 0.89 is the Scherrer’s constant, [image: image] is the broadening at half the maximum intensity, and [image: image] is the diffraction angle (Ali et al., 2017). Table 1 presents results of these calculations. Scanning electron microscope (SEM) using MIRA3 LMU by TESCAN was used to investigate the morphology and structure of the three samples. Brunauer–Emmett–Teller (BET) coupled with Dubinin–Radushkevich method was used for the analysis and calculation of the surface area and pore volume of all samples. Nitrogen adsorption/desorption isotherms at 77 K (GEMINI VII 2390) in the relative pressure (P/P0) range of 0.04–0.99 were applied. Diffuse reflectance spectroscopy (UV-VIS DRS) using (JASCO, V-570) in the range (350 < λ < 700 nm) was applied to study the optical properties of the prepared samples. To estimate the band gap energy of the samples, Tauc’s formula (Eq. 2) was applied using the absorbance data of the UV-VIS DRS plot; where, [image: image] is the absorption coefficient, [image: image] and [image: image] are constants, n is constant with a value of 0.5 or 2 for indirect and direct band gap semiconductors respectively, and (Eg) is the band gap energy of the sample. To find Eg, a linear plot of (α [image: image])2 vs. [image: image] is extrapolated (n = 2) and Eg estimated from the x-intercept (Khairy and Zakaria, 2014; Saadati et al., 2016b).
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TABLE 1 | BET specific surface area and external surface area (m2/g) and micro and meso pore volumes (cm3/g) of BEA, TiO2, and Fe-TiO2/BEA.
[image: Table 1]2.4 Photocatalytic Degradation Experiments
The photocatalytic degradation setup was composed of a 500 ml reactor beaker containing the TC solution and the photocatalyst. A blue LED light (450 < λ < 495 nm), used as the light source, was mounted at the top of the 500 ml beaker. The reactor was initially filled with 300 ml of TC solution with different weights of the photocatalysts; 30 mg or 75 mg of TiO2 or Fe-TiO2/BEA to obtain 100 mg/L and 250 mg/L initial concentration of the catalyst. The reaction mixture was kept at ambient conditions under stirring at 700 rpm. Prior to photocatalytic tests, the reactor was kept in the dark for 30 min to ensure adsorption/desorption equilibrium of TC on the catalyst’s surface after which the light was turned on. A 2 ml sample was taken at pre-determined times (30, 40, 80, 120, 200, and 300 min), transferred into a Falcon tube and then centrifuged at 10,000 rpm for 15 min. High performance liquid chromatography (HPLC) (Agilent Technologies with ChemStation software), was used to analyze the concentration of the TC using a calibration curve previously prepared for TC. To calculate the degradation efficiency of each catalyst Eq. 3 was applied, where [image: image] and [image: image] are the initial and final concentration of TC at time t, respectively (Saadati et al., 2016a). Adsorption tests were performed using the same procedure as the photocatalytic degradation tests, but the reactor was kept in dark during the entire experiment without any use of light.
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3. RESULTS AND DISCUSSION
3.1 Characterization of the Catalysts
3.1.1 Specific Surface Area
Figure 1 shows the N2 adsorption-desorption isotherms at 77 K of each of the BEA, TiO2, and Fe-BEA/TiO2 sample. The adsorption-desorption isotherm of the BEA nanocrystals showed a combination between Type I and Type IV isotherms. The isotherm was demonstrated by a steep uptake of N2 gas at the low partial pressure due to the presence of micropores, followed by a plateau and a slight inclination with the increase in the partial pressure and was terminated with a large hysteresis loop at the relatively high partial pressure. Such a feature was associated with textural pores formed by the close packing of mono dispersed and well-shaped nanosized crystallites, which gave rise to the characteristic mesoporous structure of the BEA. The N2 adsorption-desorption isotherm of the Fe-BEA/TiO2 showed a comparable result to that of the BEA zeolite, while TiO2 did not show any microporous structure with a pore volume of only 0.08 cm3/g. This was a clear evidence that, in the Fe-BEA/TiO2, no additional micropores were added to the BEA zeolite nanoparticles and the mesoporous structure of the BEA was preserved without any changes in its morphology or intergrowth as a result of TiO2 dispersion.
[image: Figure 1]FIGURE 1 | N2 adsorption-desorption isotherms at 77 K of BEA, TiO2, and Fe-TiO2/BEA. Inset: N2 adsorption-desorption isotherms at 77 K of TiO2.
As shown in Table 1, the calculated Brunauer-Emmett-Teller (BET) surface area of BEA zeolite was 620 m2/g while its total pore volume was 0.70 cm3/g. The BET surface area and the total pore volume of the Fe-TiO2/BEA were 530 m2/g and 0.62 cm3/g, respectively. The decrease in the BET surface area of the final catalyst is explained by TiO2 dispersion in its micropores leading to a partial blockage of these pores. Our results were in accordance with literature studies (Liu et al., 2018; Shokrolahi et al., 2019); for example, Shokrolahi et al. (2019) and Liu et al. (2018) reported that TiO2 deposition on the surface and in the pores of the zeolite reduced its surface area and pore volume. Similarly, Foura et al. (2017) concluded that the specific surface area of the zeolite support decreased linearly as the amount of immobilized TiO2 increased. This happened due to partial clogging of the micro-pores of zeolite as TiO2 could enter these pores. In contrast, as demonstrated in N2 sorption, we observed a huge increase in the external surface area of the BEA from 120 to 170 m2/g in the Fe-TiO2/BEA catalyst. This was in agreement with previous work (Tayade et al., 2007; Sun et al., 2018; Liu et al., 2019; Behravesh et al., 2020) and confirmed that TiO2 dispersion occurred mainly on the external surface of the zeolite and only partially in its pores. The external surface area of a zeolite/TiO2 composite was previously reported to increase when TiO2 particles were dispersed on the external surface of the zeolite and not in its internal pores (Saadati et al., 2016b). This happened when the pore diameter of the zeolite was too small for TiO2 molecules to enter.
3.1.2 X-Ray Powder Diffraction
Figure 2 shows the XRD patterns of BEA zeolite, TiO2, and Fe-TiO2/BEA catalysts. The XRD pattern of the zeolite substrate exhibited two main diffraction peaks at 2θ = 7.6° (75%) and 22.4° (100%). These peaks were in agreement with those of BEA zeolite, according to JCPDS 48-0038 standard and confirmed that our prepared zeolite exhibited nanocrystallite size as reported by Maksod et al. (2017). The XRD patterns of TiO2 showed diffraction peaks at 2θ = 25° (80%), 37.9°, 48.2°, 55° (44%), and 62.5°, corresponding to the (101), (200), (211), (004), and (204) crystallographic planes for anatase phase, and 27° (80%), 36°, and 41.0°, corresponding to (110), (101), and (111) crystallographic planes of rutile phase according to spectrum standards (JCPDS 21-1272) and (JCPDS 21-1276). These results showed that our sol-gel prepared TiO2 was mainly present in anatase polymorph with small portion present in rutile polymorph (Ebrahimi et al., 2020; Rahman et al., 2018; Saadati et al., 2016b; López et al., 2021; Liu et al., 2018). According to Kanakaraju et al. (Kanakaraju et al., 2014), a mixture of anatase and rutile phases was obtained when calcining at intermediate temperatures 200°C < T < 550°C. For the modified catalyst, Fe-TiO2/BEA, the obtained X-ray diffraction patterns showed characteristic diffraction peaks of the BEA zeolite both at 2θ = 7.6° (31%) and 22.4° (100%) and that of TiO2 at 2θ = 25° (54%). This confirmed that both TiO2 and zeolite were well incorporated in the final catalyst, and that the framework structure of the zeolite remained unmodified after the deposition of TiO2 and after the ion exchange with Fe3+ ions, which is in well agreement with previous studies on TiO2/zeolites (Saqib et al., 2019; Foura et al., 2017; Maksod et al., 2017; Liu et al., 2019; Liu et al., 2017; Saadati et al., 2016a; López et al., 2021; Shokrolahi et al., 2019; Liu et al., 2018; Tayade et al., 2007). Also, as obvious from XRD, Fe-TiO2/BEA catalyst exhibited peaks at lower intensities than those of the BEA zeolite. This was further confirmed from the calculations of the crystallite sizes. As shown in Table 1, the average crystallite size of the TiO2 based on the Scherrer Equation was found to be 49 nm while the average crystallite size of BEA was 25 nm. After the immobilization of TiO2 on zeolite, the average crystallite size of the final catalyst was 22 nm, which was lower than the values of both TiO2 and BEA. Moreover, the differences in the XRD peak ratios of the unmodified and modified TiO2, could be attributed to a decrease in the phase transition of the TiO2 in the final catalyst, from the anatase to the rutile phase. The absence of peaks associated to the presence of any crystalline iron oxide phases in the XRD spectra, was due to the low iron content (less than 5 wt.%), hence to the small crystallite sizes of these iron phases, which stayed below the detection limit of XRD (Ali et al., 2017).
[image: Figure 2]FIGURE 2 | XRD patterns of the prepared catalysts.
3.1.3 Scanning Electron Microscope (SEM)
Figure 3 shows the SEM images at different magnification scales of all the prepared samples. The SEM images of the BEA zeolite showed rough sphere-shaped surfaces contributing to its high surface area and making it an excellent adsorbent for many organic molecules (Liu et al., 2018; Liu et al., 2019). The SEM images of the Fe-BEA/TiO2 catalyst confirmed the distribution of TiO2 on the surface of the BEA zeolite as nanoparticles and clusters, in well agreement with previously reported studies on zeolite immobilized TiO2 (Saadati et al., 2016b; Liu et al., 2019; López et al., 2021). Based on the shown SEM images, we may also confirm that TiO2 immobilization was nearly uniform over the entire surface of the zeolite leaving no uncovered exposed sites. The SEM characterization also indicated that although the surface of the BEA zeolite exhibited higher roughness upon immobilization with TiO2, its morphology and structure remained unchanged. The same observations were previously reported by Saadati et al. (2016b) and Aghajari et al. (2019).
[image: Figure 3]FIGURE 3 | SEM images at different magnification scales of TiO2 (A,D), BEA (B,E), and Fe-TiO2/BEA (C,F).
3.1.4 FTIR Spectroscopy
In order to demonstrate the nature of the interaction of TiO2 with the zeolite in the photocatalyst, samples were characterized by FTIR. Figure 4 presents the FTIR spectra of the Fe-TiO2/BEA in reference to both unmodified BEA and TiO2 samples. The intense vibration obtained in the spectrum of the BEA zeolite at 3,730 cm−1 corresponds to the stretching and bending of OH present at the surface of the inorganic material (Foura et al., 2017; Liu et al., 2018), while peaks at the 1,634 cm−1 region are attributed to the bending vibration of H–O–H bonds of the adsorbed water molecules, as reported in various literature articles (Foura et al., 2017; Maksod et al., 2017; Liu et al., 2018; Rahman et al., 2018; Ebrahimi et al., 2020). The band at 950–1,250 cm−1 corresponds to the antisymmetric stretching vibration of the Si(Al)-O in the tetrahedral Si(Al)O4 skeleton of the zeolite (Taufiqurrahmi et al., 2011; Saadati et al., 2016b; Foura et al., 2017; Liu et al., 2018; Behravesh et al., 2020). The observed band at the 520–570 cm−1 range corresponds to the T–O, T–O–T, and O–T–O (T: Si or Al atom) symmetric stretching vibrations and confirms the presence of ring-shaped tetrahedral SiO4 and AlO4 units (Taufiqurrahmi et al., 2011; El-Sherbiny et al., 2014; Foura et al., 2017; Maksod et al., 2017; Liu et al., 2018). In general, the observed vibration bands in the FTIR spectra of the BEA zeolite, corresponding to Si, Al, and O bonds, confirmed the successful synthesis of the BEA zeolite and illustrated the degree of crystallinity of the zeolite substrate along with the order of its structure (Maksod et al., 2017). The FTIR spectrum of the TiO2, showed two clear peaks, a broad peak at 3,500 cm−1 corresponding to the symmetric and asymmetric stretching vibrations of the hydroxyl group (Ti–OH) of the TiO2 particles and another at 1,634 cm−1 corresponding to the bending vibrations of adsorbed water molecules (Praveen et al., 2014; Maksod et al., 2017). The FTIR spectrum of the final catalyst Fe-TiO2/BEA, showed new peaks at the 945 to 900 cm−1 range that might correspond to anti-symmetric stretching vibrations of Ti–O–Si and Ti-O-Al as similarly reported by Li et al. (2005). The conserved FTIR peaks of the zeolite BEA in the final catalyst indicated that the structure of the zeolite was stable and partially affected by the TiO2 immobilization, which led to the formation of Ti-O-Si or Ti-O-Al, and this confirmed the incorporation of Ti in the zeolite structure in the final sample. The incorporation of Ti was due to the high calcination temperature, which caused the condensation of Si-OH or Al-OH bond with Ti-OH.
[image: Figure 4]FIGURE 4 | FTIR of TiO2, BEA, and Fe-TiO2/BEA. Inset: Magnified FTIR of TiO2, BEA, and Fe-TiO2/BEA.
3.1.5 UV-VIS DRS Analysis
Figure 5 represents the UV-VIS diffuse reflectance spectra of Fe-TiO2/BEA and TiO2 applied to study the optical properties of the catalysts BEA, Fe, and TiO2. The wavelength of the spectral onset increased from around 400 nm for TiO2 to around 595 nm for the modified TiO2 in a similar manner as reported previously for iron-modified TiO2 (Foura et al., 2017; Tsiampalis et al., 2019; Ali et al., 2017). The light absorbance of the final Fe-TiO2/BEA catalyst in the visible region of the light spectrum (400–575 nm) was higher than that of unmodified TiO2. Figure 5 presents the Tauc’s plot of both the TiO2 and the Fe-TiO2/BEA photocatalysts. The band gap energy of TiO2 was found to be 3.05 eV and was found to decrease to 2.23 eV after its immobilization on the BEA zeolite and applying the ion exchange process of the iron ions. We attribute this decrease in the band gap energy and eventually the increase in visible light absorption of the final catalyst, to the presence of the Fe3+ ions on the Fe-BEA/TiO2 in a similar manner as reported in other studies (Impellizzeri et al., 2014; Foura et al., 2017). We propose that, during the ion exchange process of the BEA/TiO2 with FeCl3, Fe3+ ions replaced the sodium compensating ions in the BEA zeolite, and since TiO2 was dispersed on the zeolite (confirmed by SEM images), we propose that Fe3+ ions were also impregnated on the surface of TiO2. Since XRD results confirmed the absence of any changes in the TiO2 lattice parameters of the Fe-TiO2/BEA catalyst, we confirm that the improved visible light absorption of the final catalyst was due to the role of the Fe3+ ions in reducing the band gap energy of the TiO2 as confirmed by Tauc’s plots and resulting in a red shift in its absorption spectrum to the visible light region (Ali et al., 2017; Maksod et al., 2017).
[image: Figure 5]FIGURE 5 | (A): UV-VIS DRS of TiO2 and Fe-TiO2/BEA. Inset: Tauc’s plots of (B): TiO2 and (C): Fe-TiO2/BEA.
3.2 Experimental Results
3.2.1 Adsorption of Tetracycline
During photocatalytic degradation process, pollutants migrate into the surface of the catalyst and adsorb on it, then they are mineralized and eventually desorbed from the surface of the catalyst (Ibhadon and Fitzpatrick, 2013). In fact, poor adsorption of TC on the surface of the catalyst can limit the rate of the adsorption; hence eventually limit the rate of the degradation. Figure 6 presents the adsorption of TC antibiotic on each of the BEA, TiO2, and Fe-TiO2/BEA under dark conditions, at room temperature with a catalyst dose of 250 mg/L. The obtained adsorption patterns by all samples followed the Langmuir adsorption isotherm, similar to what has been reported earlier by Liu et al. (2018). The Langmuir adsorption assumes a monolayer homogeneous adsorption that attains equilibrium saturation when a molecule occupies only a vacant adsorption site (Foo and Hameed, 2010), and the adsorption isotherm is characterized by an initial linear increase followed by a plateau reflecting the attained equilibrium saturation. After 300 min, the adsorption percentage of the tetracycline was the highest (33%) for the Fe-TiO2/BEA. Our observations were in agreement with the work of Liu et al. (2018) who also reported enhanced overall adsorption percentages of sulfadiazine antibiotic onto TiO2/zeolite compared to those of unmodified zeolite. In our work, the immobilization of TiO2 over BEA zeolite enhanced its adsorption capacity for TC from 10% to 33%. This was mainly due to the higher specific surface area (530 m2/g) of the Fe-TiO2/BEA catalyst as compared to TiO2 (90 m2/g). Similar results were reported in previous studies (Saadati et al., 2016b; Saqib et al., 2019), where TC adsorption over TiO2 was enhanced after the dispersion of TiO2 photocatalyst over the zeolite support.
[image: Figure 6]FIGURE 6 | Adsorption percentage of TC (20 mg/L) on BEA, TiO2, and Fe-TiO2/BEA (250 mg/L).
3.2.2 Photocatalytic Degradation of Tetracycline
3.2.2.1 Effect of the Initial Concentration of the Catalyst
Figure 7 shows the photolysis and photocatalytic degradation of tetracycline over TiO2 and Fe-TiO2/BEA under 10 W blue LED light at two different initial concentrations of the catalyst; 100 and 250 mg/L. The photolysis results indicated that nearly no TC was degraded in the absence of any catalyst under 10 W blue LED light. Almeida et al. (2022) reported no photodegradation of TC under visible light while Zarazua et al. (2017) reported very low degradation efficiency (∼15%) of TC photolysis. As shown in Figure 7, at all catalyst concentrations, Fe-TiO2/BEA resulted in higher degradation efficiency of the TC than the unmodified TiO2 at both 100 mg/L (77% compared to 54%) and 250 mg/L (90% compared to 70%) initial catalyst loading. Based on our obtained results, we could deduce that both the Fe-metal ion insertion and the zeolite support immobilization enhanced the degradation activity of the TiO2 under blue LED light. The simultaneous presence of Fe3+ ion exchanged zeolite of a large surface area synergistically enhanced the efficiency of the final catalyst by improving its TC adsorption and enhancing its visible light absorption (Foura et al., 2017). Previous studies (Ali et al., 2017; Foura et al., 2017) reported enhanced photocatalytic activity of the Fe-modified TiO2 under visible light by the presence of the Fe3+ ions. For example, Foura et al. (2017) reported that Fe-modification of TiO2/zeolite enhanced its photocatalytic degradation activity (98% after 60 min) for methylene blue dye under visible light as compared to TiO2/zeolite (30% after 60 min). An optimum concentration of the Fe-dopant was reported to be crucial to minimize the recombination effect of the charge carriers, via creating trapping species within the transfer route of the charge carriers (Ali et al., 2017; Foura et al., 2017). In order to better illustrate the role of the Fe3+ ions in enhancing the light absorption capacity of the BEA/TiO2, hence enhancing its photocatalytic activity, we propose a localized surface plasmon resonance mechanism (LSPR) as previously reported by Maksod et al. (2017). Fe3+ ions exchanged with Na+ cations in the zeolite and impregnated on the surface of the TiO2 absorb the visible light irradiation and form excited electrons. These electrons, due to LSPR, move into the conduction band (CB) of the TiO2 creating positive holes in the iron ions. The transferred electrons result in the formation of the superoxide anion radicals [image: image] that are eventually converted into [image: image] radicals. These [image: image] radicals are further transformed into hydroxyl radicals [image: image], which are key radicals for the photocatalytic degradation and complete mineralization of the TC (Jalloul et al., 2021).
[image: Figure 7]FIGURE 7 | The photolysis and photocatalytic degradation efficiencies of TC (20 mg/L) by TiO2 and Fe-TiO2/BEA catalysts at catalyst concentrations of 100 and 250 mg/L.
In regard to the role of the zeolite, we explain that its presence enhanced the performance of the TiO2 by increasing its surface area, hence increasing the adsorption of the pollutant molecules on the surface of the catalyst. Moreover, we propose that the zeolite had possibly as well inhibited the recombination effect of the charge carriers. For example, it was suggested that the surface of the zeolite can get saturated with electrons, hence can eventually act as a positive hole entrapper, which would consequently enhance the electron transfer into TiO2 (Rahman et al., 2018). Another significant role of the zeolite support was to prevent the aggregation of the TiO2 particles. Liu et al. (2018) and Saadati et al. (2016b) reported that the immobilization of TiO2 on the zeolite enhanced its efficiency as a photocatalyst by minimizing the aggregation of the TiO2 particles due to their uniform dispersion on the zeolite.
Moreover, Figure 7 shows that an increase in the catalyst concentration from 100 mg/L to 250 mg/L under 10 W, enhanced the overall photocatalytic performance of both the unmodified and modified TiO2, from 54% to 70% and from 77% to 90%, respectively. We mainly attribute this to the increase in the active sites of Fe-TiO2/BEA due to the increase in the catalyst’s concentration; which in turn led to an increase in the absorption of the light photons as well as the adsorption of the pollutant molecules. Higher number of hydroxyl and superoxide active radicals were then eventually generated by the increased number of charge carriers, leading to an increase in the number TC molecules degrading during the same reaction time (Ebrahimi et al., 2020). Kanakaraju et al. (2014) reported enhanced efficiency of zeolite supported TiO2 in the degradation of amoxicillin with an increase in the catalyst concentration up to 2 g/L, in agreement with the reporting of Ebrahimi et al. (2020) on the degradation of microcystin by zeolite immobilized TiO2.
3.2.2.2 Effect of Light Intensity
Figure 8 shows the photocatalytic degradation of tetracycline over TiO2 and Fe-TiO2/BEA under 10 W and 50 W blue LED light at an initial concentration of 250 mg/L. As compared to 10 W blue light, the performance of both catalysts under 50 W LED light was higher while the effect was more significant for the Fe-TiO2/BEA. The efficiency of the Fe-TiO2/BEA under 50 W was 100% after 90 min compared to only 60% under 10 W. For TiO2, its photocatalytic degradation efficiency under 50 W was only slightly higher, ∼40% after 90 min compared to 38% under 10 W light, which was in agreement with the UV-VIS DRS results, where Fe-TiO2/BEA exhibited a higher light absorption as compared to the unmodified TiO2.
[image: Figure 8]FIGURE 8 | The photocatalytic degradation efficiencies of TC (20 mg/L) by TiO2 and Fe-TiO2/BEA under 10 and 50 W light power.
Specifically for the Fe-TiO2/BEA, increasing the intensity of the light improved the photocatalytic degradation efficiency of the system. We attribute this to the generation of more electron/hole pairs in the iron metals, higher number of transferred electrons into the CB of TiO2, and eventually to the increased number of the active radicals. The effect of light intensity was previously discussed by Hussein (2012), who reported that under low (0–20 mW/cm2) and intermediate (25 mW/cm2) light intensities, the rate of the photocatalytic degradation increased linearly with a first order and half order, respectively. Similar results were obtained by Chen et al. (2019) and Das and Ahn (2022) who reported improved photocatalytic degradation of trichloroethylene and TC respectively as a result of increasing the power of the LED light.
To compare our observations with other results reported in literature, we collected and listed in Table 2 various studies including modified TiO2 for the photocatalytic degradation of pollutants under visible and Blue LED lights. When analyzing the reported results by other studies using zeolite immobilized catalysts for the degradation of antibiotics like ciprofloxacin (Liu et al., 2017), and oxytetracycline (Al-Harbi et al., 2015), we observe that increasing the power of the LED light source from 50 W (Liu et al., 2017) to 200 W (Al-Harbi et al., 2015) while using the same catalyst greatly enhanced the overall efficiency of the catalyst. In our work, we achieved 100% degradation efficiency for TC after 90 min, employing relatively low-power blue LED light of 50 W. These results are considered to be better when compared to those reported by Liu et al. (2017), for example, who reported 98% degradation of the oxytetracycline over TiO2-Fe2O3/Fe-doped zeolite X catalyst employing 200 W of blue LED light or Liu et al. (2017), who achieved 100% degradation of the ciprofloxacin antibiotic using 50 W LED, with a single wavelength of 455 nm after 3.5 h.
TABLE 2 | Previous photocatalytic degradation work using zeolite immobilized titania.
[image: Table 2]4 CONCLUSION
In this work, we prepared Fe3+-ion sensitized BEA zeolite supported TiO2 catalyst for the photo-catalytic degradation of tetracycline antibiotic under blue LED visible light. XRD, FTIR, and SEM confirmed the deposition of TiO2 mainly on the external sites of the zeolite and partially in its internal sites without modifying its morphology. The immobilized TiO2 catalyst exhibited higher surface area and better adsorption capacity as compared to the unmodified TiO2. The presence of Fe metal ions in the final catalyst enhanced its visible light absorption as confirmed by UV-VIS DRS. The photocatalytic degradation performance of Fe-TiO2/BEA was higher and faster under blue LED light as compared to pure TiO2. The improved efficiency of Fe-TiO2/BEA was mainly due to its enhanced visible light absorption, higher surface area, better TC adsorption, and lower charge carriers recombination effect. The photocatalytic degradation results of the TC, over the as-prepared catalyst, confirmed that the coupling of Fe3+ ion exchange with zeolite immobilization of TiO2 can be a promising method to extend the photocatalytic application of TiO2 semiconductor into visible light and enhance its overall adsorption and harvesting capacity for the pollutant. (Zhao et al., 2013).
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