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A B S T R A C T   

In this study, TiO2 supported over embryonic Beta zeolite (BEA) was prepared for the photo
catalytic degradation of Tetracycline (TC) antibiotic under visible light. The immobilization of 
sol-gel TiO2 over the zeolite increased its surface area from 33 (m2/g) to 226 (m2/g) and 
enhanced its adsorption efficiency from 8 % to 18 %. In order to expand the photocatalytic ac
tivity of TiO2 towards the visible light region (i.e. λ > 380 nm), two different metal sensitization 
techniques with Iron ions from aqueous solution of FeCl3 were explored. In the ion-exchange 
method, the substitutional cations within the TiO2/BEA structure were exchanged with Fe3+. 
Whereas, in the doping technique, solgel TiO2 was doped with Fe3+ during its synthesis and 
before its immobilization over Zeolite. Four different samples with 20, 40, 60, and 100 % w/w of 
TiO2/BEA ratio were prepared. After testing the various ion-exchanged photocatalysts under blue 
and white lights, only Fe–60%TiO2/BEA showed better activity compared to pure TiO2 under 
white light at TC initial concentration, Co = 20 ppm. For the doped immobilized Titania with 60 
wt% TiO2/BEA, three different doped photocatalysts were prepared with 3 %, 7 %, and 10 % per 
mole Fe/TiO2. All the Fe-doped TiO2/BEA photocatalysts showed better activity compared to 
pure TiO2 under white light. Under solar irradiations, the 3 % Fe-doped TiO2/BEA was able to 
degrade all TC within 120 min, while Fe–60%TiO2/BEA needed 200 min, and TiO2 needed more 
than 300 min. This enhanced performance was a result of both increased surface area due to 
immobilization over BEA as well as iron doping by Fe3+ that simultaneously increased the visible 
light absorption of TiO2 and minimized the charge carrier recombination effect.   

1. Introduction 

Antibiotic resistance is a concerning health threat affecting various species on the planet, including humans. The main reason 
behind this issue is the continuous discharge of antibiotics into the environment through untreated wastewater from hospitals, sewage, 
poultry, and livestock [1–3]. Tetracyclines are a group of antibiotics including chlortetracycline, oxytetracycline, tetracycline 
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hydrochloride, and tetracycline. Tetracyclines are the second most used antibiotic group worldwide wide due to their wide antimi
crobial spectrum and low cost [2,4]. Heterogeneous photocatalysis used under solar light has gained interest in the last few years for 
degrading organic pollutants including pharmaceuticals as an ecofriendly technology [5]. For the photocatalyst, TiO2 was reported as 
the best semiconductor to be employed for such application due to its low cost, non-toxicity, and stability [1,5]. However, TiO2 is 
highly active only under UV light due to its large band gap energy, and therefore it requires modifications to increase its visible light 
absorption and photocatalytic efficiency [6]. Metal doping has been proven to lower the band gap energy of TiO2 and increase its 
activity under solar light [6–8]. Ferric ion is known for its half occupied electronic d-shell (3 d5) with an ionic radius of 0.064 nm which 
is almost the same as that of TiO2 (0.068 nm) allowing it to be doped into the lattice structure of TiO2 [6]. For example, Tsiampalis et al. 
applied Fe-doped TiO2 for the photocatalytic degradation of sulfamethoxazole antibiotic under simulated solar radiation and reported 
the highest efficiency (95 % after 120 min) by the sample having 0.04 % molar ratio of Fe ions. The main reason for the enhanced 
activity of Titania was its lower band gap energy compared to TiO2 as a result of the formation of the dopant energy level of Fe2+/Fe4+

and the d-d transition of the ferric ions. Similarly, Ghoreishian et al. [9] prepared Fe–Sn co-doped TiO2 nanofibers for the degradation 
of tetracycline under 300 W xenon (Xe) lamp and reported a 96.96 % removal of TC, which was 1.86 times higher than the degradation 
efficiency of pristine TiO2. This improvement in the performance due to the doping was attributed to the lower band gap energy and 
suppressed charge carrier recombination effect. To increase the surface area and adsorption efficiency of TiO2, it is widely immobilized 
over inert porous non-organic substrates to help enhance the interactions between its active sites and the target molecules [10–13]. 
Zeolite is a porous material consisting mainly of aluminum and silica with a tetrahedron three-dimensional morphology, high surface 
area and pore volume, inertness, excellent stability, and transparency to light [7,14–18]. However, zeolites suffer from limited mass 
transfer due to low accessibility of their micropores. Researchers are now developing mesoporous amorphous zeolite prepared in a 
shorter time, with partially formed structures and larger pore opening to shorten the diffusion route into active sites, known as em
bryonic zeolites [19–21]. Embryonic zeolites are widely used as catalysts for various applications including 1,3,5-triisopropylbenzene 
dealkylation, synthesis of dimethyl ether, and removal of NOx [18,19,21]. Amorphous zeolites are easier and faster to prepare 
compared to fully crystalline zeolites. Various studies have reported preparing TiO2/zeolite photocatalysts for organic material 
degradation under visible light. For example, Foura et al. [7] used an Fe-doped TiO2/zeolite photocatalyst for methylene blue dye 
degradation under visible light and reported a degradation activity of (98 %) as compared to TiO2/zeolite (30 %) after 60 min. The 
study reported remarkable enhancement of 60 % in the adsorption efficiency of the final immobilized Titania as compared to TiO2. The 
enhanced photocatalytic degradation of the Iron-doped TiO2/zeolite was attributed to the increase in the surface area of this composite 
in addition to the improved visible light absorbance, as the iron content increased from 3 % to 10 %. Similarly, Rahman et al. [17] 
employed TiO2/mordenite natural zeolite for the photocatalytic degradation of methyl orange dye under solar light irradiations. In this 
work, the Titania-zeolite composites with various TiO2 contents had higher band gap energies compared to pure TiO2 as a result of 
quantum size effect. However, complete removal of the dye was accomplished after 200 min by 10 % TiO2/zeolite compared to only 
85 % by TiO2. In another study by Saadati et al. [22], TiO2/semnan natural zeolite was tested for the photocatalytic degradation of 
tetracycline antibiotic, and an enhancement in the surface area of TiO2 by 2 times and 87 % degradation after 90 min were reported. In 
this study, the immobilization of Titania over the zeolite lowered its band gap energy from 3.2 to 2.4 eV and improved its adsorption 
capacity. On the other hand, Kanakaraju et al. [23] also applied TiO2/zeolite for the photocatalytic degradation of Amoxicillin 
antibiotic and the complete removal was attained after 240 min. Liu et al. [24] studied the ability of TiO2/Fe2O3/zeolite to degrade 
ciprofloxacin antibiotic under visible LED light in the presence of persulfate. At pH 7 and 1 g/L of the catalyst dosage the Titania 
composite was able to completely degrade the antibiotic after 120 min in the presence of 5 mM of persulfate. This excellent efficiency 
of the photocatalyst was attributed to minimized charge carrier recombination effect and enhanced visible light activity. In our 
previous work [10], we prepared highly crystalline embryonic Beta zeolite (BEA) to be used as a support for TiO2 for the photocatalysis 
of antibiotics. However, the preparation of this meso-porous zeolite via a seed-assisted approach required a 3-day duration for the seed 
preparation followed by a 5-day thermal treatment for the BEA zeolite preparation. In the current study, we report the preparation of 
embryonic amorphous BEA zeolite using tetraethylammonium hydroxide precursor under 3 days and its utilization, for the first time, 
as a catalyst support. Particularly, we immobilized solgel TiO2 over embryonic BEA zeolite and studied its ability to be employed as an 
efficient Titania support in the photocatalytic degradation of tetracycline (TC) antibiotic. The weight of TiO2 was varied from 20 % to 
100 % to optimize the TiO2 percentage i.e., zeolite ratio in the final photocatalyst. Two methods to sensitize this photocatalyst by ferric 
ions were used to enhance its visible light absorption. The performance of the ion-exchanged and the doped Titania/zeolite composites 
were compared under blue, white, and real solar radiations. 

2. Materials and methods 

2.1. Materials and chemicals 

Titanium (IV) n-butoxide (>98 %, Acros Organics), colloidal silica: Ludox HS, (Sigma-Aldrich, 30 % SiO2, particle size 3–4 nm), 
sodium aluminate (Sigma-Aldrich), tetraethylammonium hydroxide (Sigma-Aldrich, 35 %), ethanol (Fisher Chemical, 99 %), nitric 
acid (BDH Laboratory supplies, 69 %), sodium hydroxide (Sigma-Aldrich), Tetracycline (Sigma-Aldrich), Iron (ІІІ) anhydrous chloride 
(BDH Laboratory supplies). All chemicals were used without further purification. 
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2.2. Preparation of the photocatalysts 

2.2.1. Preparation of TiO2 sol-gel 
TiO2 was prepared using the sol-gel method as described previously [10]. Two mixtures A and B were separately prepared before 

being mixed. Mixture A contained 4 mL of titanium (IV) butoxide and 2 mL of ethanol that were stirred for 30 min. Mixture B was 
composed of 0.4 mL of nitric acid, 2 mL H2O, and 17 mL of ethanol. Mixture B was gradually added into mixture A using a dropper 
(approximately 3 mL/min) under vigorous stirring until the clear solution turned into a white gel. The obtained gel was then dried in 
an oven at 80 ◦C for 3 h to remove any remaining water or ethanol. The obtained solid was first grinded then calcined in a muffle 
furnace for 5 h at 450 ◦C to induce the crystallization of TiO2. 

2.2.2. Preparation of BEA zeolite 
BEA zeolite was prepared from clear precursor suspensions of tetraethylammonium hydroxide with molar compositions: 9TEAOH: 

0.5Al2O3: 25SiO2: 295H2O in distilled water. First, the sodium aluminate was dissolved in TEAOH solution then the colloidal silica 
source (Ludox SM 30 % by weight) was added to the mixture while being stirred. After mixing the chemicals for 60 min, a hydro
thermal treatment was carried out at 100 ◦C for 3 days. High speed multistep centrifugation (10,000 rpm, 90 min) was used to purify 
the resulting suspensions. The collected solid product was then dried at 50 ◦C for 3 h and calcined at 550 ◦C for 6 h to be used as a 
photocatalyst support. 

2.2.3. Modification of the TiO2 sol-gel 

2.2.3.1. Preparation of TiO2/BEA. The preparation of TiO2/BEA photocatalyst was performed during the synthesis of the TiO2 sol-gel. 
An appropriate amount of zeolite was added into the clear TiO2 sol-gel suspension after adding mixture B into mixture A. After the 
formation of the white gel, it was dried in oven at 80 ◦C for about 4 h then moved into a furnace at 450 ◦C for 4 h. TiO2/BEA catalysts 
were prepared with 20 %, 40 %, 60 %, and 100 % w/w of TiO2. Here, 60TZ refers to a photocatalyst having 60 % w/w ratio of TiO2/ 
BEA. This sample was prepared to study the effect of Fe ions presence in enhancing the visible light absorption in the final catalysts, 
having the same weight percentage of TiO2. 

2.2.3.2. Preparation of ion-exchanged Fe–TiO2/BEA. The zeolite supported TiO2 (TiO2/BEA) was further subjected to an ion exchange 
treatment to incorporate Fe ions into the final catalyst. For this, 1.0 g of TiO2/BEA powder was added to 40 mL of 0.05 M iron chloride 
(FeCl3) solution and stirred for 20 min. The ion exchange step was repeated three times to ensure the highest possible exchange of the 
Fe ions. Specifically, the solid product was separated each time from the solution and then added into a fresh new solution of FeCl3. The 
recovered solid product from ion exchange was washed twice with double deionized water then dried in the oven at 80 ◦C for 4 h. The 
final dried sample was then calcined in a muffle furnace at 450 ◦C for 4 h. The final obtained ion exchanged sample was named XFeTZ 
where Z is the weight percentage of TiO2 with respect to the zeolite and X can be 20 %, 40 %, 60 %, or 100 %. 

2.2.3.3. Preparation of Fe-doped TiO2/BEA. For Fe-doped TiO2/BEA, a doping solution composed of an appropriate amount of 
anhydrous iron chloride dissolved in 8 mL of distilled water was gradually added into solution A and heated at 70 ◦C followed by the 
gradual addition of mixture B. After that, an appropriate amount of the zeolite nanoparticles was added into the transparent sol-gel and 
the suspension was kept under stirring conditions until a white gel was formed. The final product was dried at 80 ◦C for about 4 h 
followed by calcination at 450 ◦C for 4 h. Three doped samples were prepared with different mole percentages of Fe/TiO2. The samples 
were named as follows: 3FeTZ, 7FeTZ, and 10FeTZ where 3FeTZ corresponds to the sample with 3 % mol Fe/TiO2 immobilized over 
the zeolite with the weight percentage of TiO2/BEA being 60 %. The 60 % weight of TiO2 in the doped samples was selected based on 
the photocatalytic degradation results of the ion-exchanged samples indicating that the 60 % weight resulted in the highest efficiency. 

2.3. Catalyst characterization 

X-ray powder diffraction (XRD) (BRUKER, D8) in the range of 5◦<2θ < 80◦ with a step size of 0.02◦ was used to identify the 
crystalline phases of the various modified and non-modified samples. To determine the surface area and the pore volume of various 
prepared samples, Brunauer–Emmett–Teller (BET) was applied using (GEMINI VII 2390). In which, N2 adsorption/desorption iso
therms with the relative pressure range (P/P0: 0.04–0.99) at 77 K were obtained. To investigate the morphology of the surface 
structure of the photocatalysts, scanning electron microscope (SEM) using MIRA3 LMU by TESCAN was applied with 5 kV analysis 
voltage. Prior to analysis, the samples were coated with Gold (20 nm) using sputtering machine by (Quoum, Q150T ES). Thermog
ravimetric analysis performed using TGA 209 Libra (Netzsch) using nitrogen was also applied to test the thermal stability of the 
different photocatalysts. Bruker Tenor 27 FT-IR was used to collect the Fourier transform infrared (FTIR) spectra (4000-400 cm− 1) of 
the catalysts and confirm the existing bonds. 

2.4. Photocatalytic degradation experiments 

For the photocatalytic degradation tests, the reactor setup was assembled using a 1 L plastic beaker fully covered with aluminum 
foil to prevent any light interaction from the surroundings. The beaker was initially filled with 300 mL of TC solution (Initial 
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concentration, Co = 20 ppm) prepared the day before. 30 mg (equivalent to 100 mg/L catalyst loading) of the desired photocatalyst 
was added into the beaker and kept under moderate stirring using an 8 cm long magnetic bar to ensure perfect interaction between the 
photocatalyst’s particles and TC molecules. After the addition of the catalysts, the system was kept under dark conditions for 30 min to 
ensure adsorption/desorption equilibrium of the tetracycline molecules on the surface of the photocatalyst, then the light was turned 
on. Two LED lights were used as a source of illumination to activate the electrons in the catalyst, a blue LED light (450<λ < 495 nm) 
and a white LED light as a solar simulator. Solar reactions were performed in August in Beirut, Lebanon, American University of Beirut 
(Latitude 33.89 N, Longitude: 35.47603 E with average daily direct normal irradiation of 5.8 kWh/m2) between 12 noon and 5 p.m. 
At specific times, a 2 mL sample was withdrawn from the system and added to a 15 mL Falcon tube, which was then centrifuged at 
10,000 rpm for 10 min to separate the catalysts from the solution. The pure liquid was then added into new vials and analyzed by high 
performance liquid chromatography (HPLC) (AGILENT TECHNOLOGIES with ChemStation software). A C18 column (Viva 5 μ m, 150 
× 4.6 mm) by RESTEK was used and the analysis was done at λ = 357 nm. Initially, a calibration curve was plotted to find the exact 
concentration of TC in each sample. For the calculation of the overall photocatalytic efficiency of the photocatalyst Equation (1) was 
applied. The adsorption tests were conducted in the system following the same procedures but in the absence of any light illumination. 

TC degradation %=
C0 − Ct

C0
× 100 (1)  

Where Co and Ct are the initial and final concentration of TC at time t, respectively. 

3. Results and discussions 

3.1. Characterization of the catalysts 

3.1.1. Ion exchange method 

3.1.1.1. XRD analysis and TGA. Fig. 1 shows the XRD patterns of BEA zeolite, TiO2, and ion exchanged TiO2/BEA photocatalysts. The 
XRD plot of the prepared zeolite showed two main broad peaks at 2θ = 7.6◦ and 22.4◦ confirming the structure of the amorphous 
embryonic BEA zeolite [18]. The XRD diffraction patterns of TiO2 showed peaks at 2θ = 25.2◦, 36.98◦, 48.4◦, 54.9◦, 62.7◦, 68.8◦, and 
70.1◦ corresponding to the (101), (103), (200), (211), (204), (113), and (220) anatase phase planes, and 27.33◦, 36◦, and 41.2◦, 44.1◦, 
and 56.46◦ corresponding to (110), (101), (111), (210), and (220) for the rutile phase crystallographic planes based on (JCPDS 
21–1272) and (JCPDS 21–1276) spectrum standards [25]. Accordingly, the sol-gel TiO2 was observed in both anatase and rutile 
polymorphs consistent with those for solgel TiO2 calcined under mild temperatures 200 ◦C < T < 550 ◦C [17,23,26–29]. The XRD 
diffraction patterns of the FeTZ catalysts and the unmodified 60TZ photocatalyst possessed very low crystallinity as compared to TiO2. 
The main characteristic diffraction peaks for the TiO2/BEA photocatalysts corresponded to the BEA zeolite at 2θ = 7.6◦ and to anatase 
TiO2 at 2θ = 25◦, 36.98◦, 48.4◦, 54.9◦, 62.7◦. Therefore, both zeolite and TiO2 were present in the final photocatalyst, drawing the 
same conclusion reported by other zeolite supported TiO2 studies [7,15,22,24,27,29–32]. The typical peak of BEA at 2θ = 7.6◦

remained in the TiO2/BEA photocatalyst and its intensity increased confirming that the framework structure of the zeolite was 
conserved after the incorporation of Titania. This was a result of the incorporation of the TiO2 particles on the surface of this zeolite 
rather than completely in the pores of the zeolite [7,15,16,22,24,27,29–32]. Based on Fig. 1, no additional peaks corresponding to iron 
ions were observed, and this provides clear proof that Fe ions performed an ion exchange with the sodium ions in the zeolite and did 
not form ferric oxide on the surface [5]. 

The TGA thermograms of the zeolite and the titania photocatalysts is shown in the supplementary data (Fig. S1). TiO₂ was the most 
stable photocatalyst between 35 ◦C and 1000 ◦C, while zeolite only lost 5 % of its initial weight when heated up to 200 ◦C without any 
additional loss at higher temperatures. Based on the TGA thermograms of the immobilized TiO₂ photocatalysts, the prepared pho
tocatalysts were thermally stable between 35 ◦C and 1000 ◦C with weight loss of less than 5 %. 

Fig. 1. XRD patterns of BEA zeolite, TiO2, and TiO2/BEA ion-exchanged photocatalysts.  
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3.1.1.2. Specific surface area (BET) and N2 adsorption–desorption characterization. Table 1 presents the BET results of BEA zeolite, TiO2, 
and Titania ion-exchanged photocatalysts. The BEA zeolite possessed the highest surface area and pore volume among the catalysts. 
After immobilizing TiO2 on BEA, the surface area decreased (389.7–226.6 m2/g) and pore volume of 60TZ also decreased 
(0.917–0.509 cm3/g). This remarkable decrease in the pore volume and surface area was a result of mesopore clogging of the zeolite, 
only occurring when the pore diameter of zeolite is greater or equal to the titania particle size [26]. Maksod et al. [31], Liu et al. [29], 
and Foura et al. [7] reported a possible deposition of TiO2 particles in the pore structure of the zeolite leading to a partial blocking. As 
the weight percentage of TiO2 increased in the photocatalyst the surface area, as well as the pore volume, decreased. This was due to 
more deposition of TiO2 particles into the pores of the zeolite. The 60FeTZ sample exhibited a surface area slightly lower than the 
surface area of 60TZ, 214 and 226.63 m2/g, respectively; however, the latter had a higher pore volume (0.509 and 0.419 cm3/g). This 
was due to ion exchange of the sodium ions in zeolites by iron ions that may have slightly altered the pore structure of zeolite as 
described in previous studies [33,34]. All the Titania ion exchanged photocatalysts possessed higher surface areas and pore volumes as 
compared to TiO2, and this was consistent with what was reported in other studies [14,15,32,35]. This improvement of Titania’s 
surface area would lead to enhanced tetracycline adsorption as discussed by Saadati et al. [26]. Fig. 2, shows the N2 
adsorption-desorption isotherms of the prepared photocatalysts. All the photocatalysts showed type IV isothermals with hysteresis 
loops according to IUPAC isotherm classifications due to capillary condensations experienced in the meso-pores [36]. Similarly, the 
same H2 hysteresis loop type was recorded for the BEA zeolite and the prepared photocatalysts as a result of zeolite particles ag
glomerates that led to the formation of those meso-pores. This suggest that the meso-pores structure of BEA zeolite was conserved after 
Titania immobilization and iron ion exchange [10]. 

3.1.1.3. FTIR. FTIR was performed for all the samples to analyze the interaction between Titania and the zeolite. The FTIR of the 
zeolite shown in Fig. S2 represents a typical spectrum of amorphous zeolite, confirming the bonds corresponding to Si, Al, and O 
elements. The spectrum of the zeolite showed a band in the 950–1250 cm− 1 range corresponding to the antisymmetric stretching 
vibration of the Si–O bonds [7,29,37]; while the band between 440 and 470 cm− 1 was for the Si–O bending vibrations in the zeolite. 
The peak at 790 cm− 1 corresponded to the stretching of the vibrations Al–O [38]. The OH stretching and bending vibrations of silanol 
groups (Si–OH) were observed by the band at 3400 cm− 1 while the 1600 cm− 1 band was attributed to the bend vibrations of H–O–H 
bonds for the water molecules on the surface of the zeolite [33,39]. For TiO2, a remarkable band was observed at 500 cm− 1 corre
sponding to anatase titania and in agreement with the XRD of solgel TiO2 [40]. Rahman et al. [17] reported the same FTIR spectrum for 
TiO2 including two close bands for 2500 cm− 1. The spectrums of the ion-exchanged Titania photocatalysts possessed the same 
spectrum of the zeolite with lower intensities. As shown in Fig. S2, as the weight percentage of TiO2 increased the intensity of the main 
peaks of BEA decreased because the amount of BEA in the photocatalyst decreased and this was reported elsewhere [17]. The intensity 
of the 60FeTZ spectrum was lower than those for the 60TZ photocatalyst, although they had the same weight percentage of TiO2, this 
observation was reported by Bhat et al. [41] and was a result of metal ion exchange. The FTIR of the Titania photocatalysts showed a 
change in the shape of the spectrum between 500 cm− 1 and 900 cm− 1 caused by the strong interaction between TiO2 and the porous 
surface of the zeolite through Ti–O–Si bonds [17,42]. The existence of this bond was characterized by a band located around 960 cm− 1 

and whose intensity is highly affected by the amount of Ti in the photocatalyst [28,39]. In our photocatalyst, a wide peak with low 
intensity was detected at 965 cm− 1 as shown in Fig. S2. Based on other studies, the interaction between Titania crystalline particles and 
the surface of the porous zeolite may either be through chemical bonding or physical deposition [39]. Chong et al. [39] and Behravesh 
et al. [14] prepared TiO2 immobilized over zeolite and observed no chemical bonding based on FTIR patterns, whereas Saadati et al. 
[22] and Rahman et al. [17] reported chemical bonding as Ti–O–Si and/or Ti–O–Al. In our work, this was an additional proof of the 
successful immobilization of Titania on the surface of zeolite through chemical bonds. 

3.1.1.4. SEM surface morphology characterization. Fig. 3 shows the SEM images of all the prepared samples. The SEM images of the 
BEA zeolite, Fig. 3, a, showed indefinite morphology with a rough surface that was also observed in a study by Palcic et al. [18] and as 
expected based on the XRD pattern of the zeolite. Fig. 3, b, shows the structure of TiO2 having a smooth surface and composed of 
aggregates with sharp edges in a similar finding by other studies [10,28]. The SEM images of the ion exchanged and the unmodified 
TiO2/BEA in Fig. 3, c, d, e, f, and g showed similar morphology as BEA zeolite. This observation indicated that the surface structure and 
amorphous identity of embryonic zeolite was unaltered after the deposition of Titania photocatalyst and only additional roughness on 
the surface was observed. Saadati et al. and Kanakaraju et al. attributed this roughness to the deposition of the TiO2 particles as 
multi-sized clusters [23,26,43]. Fig. 3, h, shows the EDX elemental composition of the 60FeTZ photocatalyst and Fig. 3, i, j, k, l, n, and 

Table 1 
BET surface area (m2/g), pore volume (cm3/g), and crystallite size (nm) of BEA zeolite, TiO2, and TiO2/BEA ion-exchanged photocatalysts.  

Catalyst BET surface area (m2/g) External surface area (m2/g) Micro-pore volume (cm3/g) Meso-pore volume (cm3/g) Total Volume (cm3/g) 

TiO2 32.94 30.62 0 0.089 0.098 
BEA 389.78 326.15 0.028 0.917 0.945 
60TZ 226.63 214.29 0.015 0.509 0.524 
20FeTZ 278.38 227.1 0.013 0.595 0.608 
40FeTZ 246.34 207.89 0.01 0.401 0.511 
60FeTZ 214.36 189.40 0.008 0.419 0.427 
100FeTZ 176.25 161.77 0.005 0.368 0.373  
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n exhibits the surface distribution of O, Al, Si, Ti, Na, and Fe atoms for this photocatalyst. The presence of all those elements on the 
surface of the final photocatalyst proved the immobilization of Titania over the BEA zeolite, and the presence of the iron after ion 
exchange. 

3.1.2. Doping method 

3.1.2.1. XRD analysis and TGA. The XRD patterns of the Fe doped-TiO2/BEA photocatalysts showed very low crystallinity as 
compared to TiO2 (Fig. 4). All TiO2/BEA samples showed characteristic diffraction peak for the zeolite at 2θ = 7.6◦ and for anatase 
TiO2 at 2θ = 25◦, 36.98◦, 48.4◦, 54.9◦, 62.7◦ in a similar pattern as the ion-exchanged photocatalysts. This was also a clear proof that 
both zeolite and TiO2 were present in the final photocatalysts, and that the framework structure of the zeolite was not altered. For the 
doped samples, most of the doped Titania was deposited on the surface of the zeolite as anatase polymorphs [15,16,24]. 

Fig. S3 shows the TGA thermograms of the doped Titania photocatalysts. As compared to 60TZ, the further addition of Fe dopant 
into the supported Titania caused a slight weight loss of less than 5 %. This still indicated that all the doped Titania photocatalysts were 
thermally stable between 35 ◦C and 1000 ◦C just like the ion-exchanged samples. 

3.1.2. 1. Specific surface area (BET) and N2 adsorption–desorption characterization. Table 2 summarized the BET results of the Fe-doped 
Titania photocatalysts. The final doped immobilized titania samples showed significant increase in the surface area and pore volume as 
compared to pure TiO2 although part of the titania was deposited in the zeolite’s pores [14,35]. The 3 % Fe doping showed a surface 
area of 241.4 m2/g and a pore volume of 0.509 cm3/g less than that of the 7FeTZ catalyst. This increase in the surface area and pore 
volume is due to the presence of Fe dopant ions which results in larger particle sizes of the doped titania, minimizing the probability of 
their deposition in the meso-pores of zeolite [44]. However, for the highest Fe content (10 %), the BET surface area decreased to 
229.38 m2/g while the pore volume increased to 0.571 cm3/g indicating a lesser pore clogging. Based on Table 2, some of the doped 
photocatalysts possessed a larger surface area as compared to photocatalysts with the same zeolite content found in Table 1. As shown 
in (Fig. 5), the isotherms of all the Fe-doped TiO₂/BEA samples were type IV isothermals with hysteresis loops in accordance with the 
IUPAC isotherm classifications [36]. However, a conversion from H2 hysteresis to H1 hysteresis can be observed upon the deposition of 
doped Titania over the zeolite. This was a result of a minor change of the pore structure due to Fe doping [45]. 

3.1.2. 2. FTIR. The FTIR spectrum of the doped immobilized Titania photocatalysts was similar to that of the zeolite maintaining the 
same peaks but with lower intensities, Fig. S4. The modified catalysts also showed new close peaks around 2500 cm− 1 that corre
sponded to TiO2. From Fig. S4, a change in the shape of the FTIR of the doped catalysts between 500 cm− 1 and 900 cm− 1 with a very 
low intensity of the peak associated to the zeolite around 790 cm− 1 can also be observed. This indicates strong interaction between the 
Titania particles and the external pores of the zeolite, similar to observations of other ion-exchanged photocatalysts [17,42]. As shown 
in the FTIR spectrum of the 3FeTZ sample between 940 and 980 cm− 1, we can observe a peak at 965 cm− 1 with a very low intensity 
indicating a presence of Ti–O–Si bond. Therefore, it can be concluded that the solgel Titania photocatalyst was successfully immo
bilized over the amorphous BEA zeolite through chemical bonding while preserving the structure of zeolite. 

3.1.2. 3. SEM surface morphology characterization and EDX mapping. The SEM images of the doped Titania photocatalysts possessed a 
similar morphology as BEA zeolite as shown in Fig. 6, a, b, and c. This indicated that the structure and morphology of the zeolite was 
conserved upon the deposition of the doped Titania that also formed clusters on the zeolite’s surface similar to the ion-exchanged 
photocatalysts [23]. Fig. 6, d, shows the elemental composition of the 3FeTZ photocatalyst obtained from EDX while Fig. 6, e, f, g, 

Fig. 2. N2 Adsorption-Desorption Isotherm of BEA zeolite, TiO2, TiO2/BEA photocatalysts.  
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h, i, and j illustrate the distribution of Si, Al, Na, Ti, and Fe atoms on the surface of this photocatalyst. This was further evidence that 
doped Titania was successfully immobilized on the surface of the zeolite. 

3.2. Experimental results 

3.2.1. Ion exchange 

3.2.1.1. Adsorption of tetracycline of tetracycline. Fig. 7 shows the adsorption percentages of tetracycline (TC) antibiotic into BEA 
zeolite, TiO2, and Titania photocatalysts. 

All the obtained adsorption plots followed type I adsorption isotherm characterized by a rapid rate at the beginning of the 
adsorption that slowed down to reach a plateau after a certain duration. Similar adsorption patterns were reported by Lui et al. [29] 

Fig. 3. SEM picture of (a) BEA, (b) TiO2, (c) 60TZ, (d) 20FeTZ, (e) 40FETZ, (f) 60FETZ, (g) 100FETZ catalysts, (h) elemental analysis, (i) O, (j) Al, 
(k) Si, (l) Ti, (m) Na, and (n) Fe EDX mapping of 60FeTZ elements. 
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Fig. 3. (continued). 

Fig. 4. XRD pattern of BEA, TiO2, and Fe-doped TiO2/BEA photocatalysts.  
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who prepared TiO2/BEA catalysts to degrade sulfadiazine antibiotic. After 5 h, TiO2 was only able to degrade 8.22 % of the initial TC 
while BEA zeolite adsorbed 10.5 %. After the immobilization of TiO2 over the BEA zeolite, its adsorption efficiency increased in the 
order 40FeTZ~60FeTZ~60TZ > 20FeTZ>100FeTZ > BEA > TiO2. This resultant enhancement in the adsorption of TC was mainly 
attributed to the higher surface area and pore volume of the Titania photocatalysts as previously discussed in the BET section. For 
example, the 100FeTZ sample exhibited a lower surface area and accordingly resulted in a lower adsorption efficiency. The adsorption 
percentages of the remaining catalysts were around 17 %. This improved adsorption efficiency of the Titania photocatalysts was re
ported by other studies employing TiO2 immobilized over porous zeolite [16,26]. The mechanism of TC adsorption by TiO2 is highly 
controlled by the diffusion step and the presence of zeolite with the large surface area and porous structures facilitated this step. On the 
other hand, the adsorption of TC is linked to electrostatic interactions and bond formation between the functional groups in TiO2 and 
the amide, carbonyl, and phenol groups found in TC [46]. Therefore, higher adsorption efficiency is a result of a better diffusion, 
guaranteed by higher surface area and pore volume in addition to better electrostatic interactions with TiO2 imposed by higher 
concentrations of this photocatalyst. Accordingly, an optimal combination between the amount of TiO2 and the amount of the zeolite 
will lead to the highest adsorption efficiency as obtained by the 40FeTZ photocatalyst. 

3.2.1.2. Photocatalytic degradation of tetracycline under blue light. Under blue light that symbolizes the near visible region in the light 
spectrum, TiO₂ is very active as reported in literature because it exhibits a high band gap energy [47]. Therefore, many studies applied 
a variety of modification methods to improve the performance of TiO₂ under visible light by enhancing its visible light absorption [2,5, 
48]. As shown in Fig. 8, the degradation efficiency of TiO₂ under blue light was the highest as compared to the ion exchanged TiO2/BEA 
photocatalysts. Since TiO₂ is highly active under blue light, its active sites were responsible for the degradation of TC through a high 
rate of electron excitation. The presence of zeolite in the photocatalyst led to a reduction in the number of active sites, however it 
improved the interaction between TC molecules and the active sites of Titania due to enhanced adsorption. Specifically, for an 
equivalent catalyst weight, the presence of zeolite resulted in a lower quantity of TiO₂ within the reaction medium, as indicated by the 
weight percentage of TiO₂ in the samples when compared to pure TiO₂. This decrease in TiO₂ content led to a reduced generation of 
excited electrons and consequently lesser degradation rate of tetracycline as per the proposed mechanism in Fig. 10. 

3.2.1.3. Photocatalytic degradation of tetracycline under white light. White light indicates the solar spectrum and includes UV and visible 
light. Under white irradiations, TiO₂ exhibited lower activity as compared to the blue light due to its wide band gap and low visible 
light absorption according to Fig. 9. This meant that under white light, TiO₂ can only be activated by the UV part of the spectrum and 
degrade TC by radical formation due to electron excitation [49]. However, the iron ion exchanged was proven to be feasible to lower 
the band gap energy of the immobilized Titania photocatalyst and therefore enhance its visible light absorption [10]. Accordingly, the 
Fe ions can absorb the visible light and an excited electron can move from the Fe3+ ions into the conduction band of TiO₂ allowing the 
formation of the hydroxide radicals that can mineralize the TC molecules based on the localized surface plasmon resonance mechanism 

Table 2 
BET surface area (m2/g), pore volume (cm3/g), and crystallite size (nm) of BEA, TiO2, and Fe-doped TiO2/BEA photocatalysts.  

Catalyst BET surface area (m2/ 
g) 

External surface area (m2/ 
g) 

Micro-pore volume (cm3/ 
g) 

Meso-pore volume (cm3/ 
g) 

Total Volume in Pores (cm3/ 
g) 

3FeTZ 241.47 214.90 0.005 0.509 0.509 
7FeTZ 260.88 192.88 0.002 0.466 0.468 
10FeTZ 229.38 186.98 0.014 0.557 0.571  

Fig. 5. N2 Adsorption-Desorption Isotherm of BEA zeolite, TiO2, and Fe-doped TiO2/BEA photocatalysts.  
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Fig. 6. SEM picture of (a) 3FeTZ, (d) 7FeTZ, (e) 10FeTZ doped photocatalysts, (f) elemental analysis, (g) Si, (h) Al, (i) O, (g) Na, (k)Ti, and (l) Fe 
EDX mapping of 3FeTZ elements. 
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Fig. 7. Adsorption efficiency of BEA, TiO2, and ion-exchanged TiO2/BEA photocatalysts 100 mg/L dose and 20 ppm TC concentration.  

Fig. 8. Photocatalytic degradation efficiencies under blue LED light for BEA, TiO2, and ion-exchanged TiO2/BEA photocatalysts with 100 mg/L dose 
and 20 ppm TC concentration. 

Fig. 9. Photocatalytic degradation efficiencies BEA, TiO2, and ion-exchanged TiO2/BEA photocatalysts under white LED light and 20 ppm TC 
concentration and 100 mg/L photocatalyst dose. 
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as mentioned by Maksod et al. [31] and as presented in Fig. 10. Based on Fig. 9, the highest degradation efficiency was obtained by the 
60FeTZ sample with around 85 % degradation after 300 min compared to only 54 % by TiO₂. The higher degradation efficiency of 
60FeTZ as compared to 60TZ was due to the presence of the Fe ions in the photocatalyst that had enhanced its visible light absorption. 
Previous studies using immobilized TiO₂ showed an improved degradation activity of Titania photocatalysts as compared to Titania 
due to the suppression in the recombination of the charge carriers [17]. Where, this was the reason for the slight enhanced degradation 
efficiency of 60TZ as compared to TiO₂. Particularly, the surface of the zeolite can be saturated with excited electron that are capable of 
entrapping the positive holes and minimize the charge carrier recombination rate [17]. Additionally, zeolite immobilization may 
minimize the adverse effect of Titania aggregation in solution due to uniform distribution on its surface [10]. Accordingly, the 
excellent performance of 60FeTZ as compared to TiO2 was a result of zeolite acting as electron trapper and improving adsorption as 
well as ion exchange with ferric ions that decreased the band gap energy of Titania and enhanced its visible light absorption. For the 
other Titania photocatalysts, they all resulted in degradation efficiencies less than that of TiO2. Under white light, both TiO2 and the Fe 
content play important role in the degradation mechanism as illustrated in Fig. 10. Higher Fe content could lead to higher visible light 
absorption and this happened when the weight percentage of TiO2 was low and zeolite content was high in 20FeTZ [6]. However, this 
photocatalyst degraded the least amount of TC and this could be a result of not enough active sites in TiO2. The opposite was 
encountered in the 100FeTZ sample. Where, the Fe content was lower and the active sites of TiO2 were greater for a higher weight 
percentage. Based on our results, the efficiency of this photocatalyst was also low and this could be due to minimal visible light ab
sorption due to low Fe content and therefore lesser number of excited electrons [5]. Accordingly, there should be an optimal weight 
percentage of TiO2 that allows enough Na + ions in zeolite to be exchanged with Fe sensitizing metal ions to improve its visible light 
absorption. Rahman et al. [17] prepared TiO2/natural zeolite photocatalyst for the degradation of methyl orange dye under solar light. 
In this study, when the weight percentage of TiO2 was 2.5 % and 5 %, the performance of the immobilized Titania was less than that of 
TiO2 and showed an unstable trend. However, when the weight percentage of TiO2 was 10 %, the efficiency of the photocatalyst was 
much higher than TiO2. 

3.2.2. Doping 

3.2.2.1. Adsorption of tetracycline of tetracycline. Fig. 11 shows the adsorption of tetracycline antibiotic by Fe doped-TiO2/BEA 
photocatalysts. The adsorption efficiency of Titania was nearly doubled for the doped TiO2/BEA photocatalysts. This enhanced 
adsorption efficiency was mainly due to the increase in the surface area and pore volume of the photocatalysts as previously indicated 
by the BET analysis. The 7FeTZ exhibited the highest surface area (260.88 m2/g) and the highest final adsorption percentage (24 %). 
Similarly, the 10FeTZ resulted in the same adsorption percentage while having the highest pore volume. The adsorption efficiencies of 
the doped catalysts were higher than the efficiencies of the ion-exchanged photocatalysts as a result of higher surface area or higher 
pore volume for the same weight percentage of TiO₂. 

3.2.2.2. Photocatalytic degradation of tetracycline under blue light. As presented in Fig. 12, we observed that among the Fe-doped 
photocatalysts, only 3FeTZ resulted in a final efficiency higher than that of TiO₂ (97 %) and only 17 % of TC were degraded in the 
absence of any catalyst. This slight enhancement in the TiO₂ performance under blue light was mainly due to the fact that blue light 
represents near visible region and not a totally visible light where TiO₂ is known to have a very low activity [47]. 

Fig. 10. The proposed mechanism of TC degradation by TiO2/BEA ion-exchanged photocatalysts under visible light.  
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Fig. 11. Adsorption efficiency of BEA, TiO2, and Fe-doped TiO2/BEA photocatalysts with 100 mg/L dose and 20 ppm TC concentration.  

Fig. 12. Photocatalytic degradation efficiencies under blue LED light for BEA, TiO2, and Fe-doped TiO2/BEA photocatalysts with 100 mg/L dose 
and 20 ppm TC concentration. 

Fig. 13. Photocatalytic degradation efficiencies under white LED light for BEA, TiO2, and Fe-doped TiO2/BEA photocatalysts with 100 mg/L dose 
and 20 ppm TC concentration. 
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3.2.2.3. Photocatalytic degradation of tetracycline under white light. As shown in Fig. 13, under white light, considered a simulator of 
solar spectrum, all the Titania photocatalysts showed better degradation efficiencies as compared to the unmodified TiO₂. After 300 
min, TiO₂ only degraded 50 % of the initial TC in solution compared to 92 % by 3FeTZ, 71 % by 7FeTZ, and 61 % by 10FeTZ compared 
to only 11 % in the absence of any catalyst. Foura et al. and Ali et al. [5,7] reported a decrease in the band gap energy of TiO₂ when 
increasing the iron doping concentration and Foura et al. observed an enhanced photocatalytic performance upon increasing the Fe 
weight percent up to an optimal value beyond which the performance deteriorates. In our study, the presence of higher Fe content (7 % 
and 10 %) led to lower efficiencies than 3FeTZ due to the presence of excess trapping species in the transfer route of charger carriers 
that caused a slower movement of electrons [7]. Accordingly, for our application, the 3 % by mole TiO2/BEA was the optimal doping 
concentration. In comparison to the ion-exchanged photocatalysts, the doped photocatalysts exhibited superior performance when 
exposed to white light. This observation suggests that doping serves as a more effective sensitization method for augmenting the visible 
light activity of immobilized Titania. 

Iron doping had been widely applied for Titania to enhance its visible light absorption and photocatalytic degradation performance 
[5,7]. The Fe doping was proven not only to lower the band gap energy of TiO2 and consequently enhance its visible light absorption, 
but to also suppress the recombination effect of charge carrier (e–/h+) pairs when used in an optimal concentration [5–7]. We herein 
describe the role of Fe ions on the photocatalytic degradation of TC. In the Fe-doped TiO2, two kinds of energy levels were created. A 
reduction level characterized by Fe3+/Fe2+ located above the valence band of TiO2, and an oxidation level characterized by Fe4þ/Fe3þ

located below the conduction band of TiO2 [5]. During the photocatalytic reaction, unstable Fe2þ ions were created due to the 
migration of electrons from the conduction band of TiO2. Fe2+ would be transformed back to Fe3+ as a result of oxidation reaction with 
oxygen molecules that also created highly reactive superoxide ions O−

2 . The presence of Fe3+ dopant ion helped minimize the 
recombination effect of charge carriers by entrapping the positive holes h+ and creating Fe4+. The created Fe4+ would then convert 
OH− ions into hydroxide radicals ⋅OH and Fe3þ. The hydroxide and super oxide reactive species were responsible for tetracycline 
degradation [2] as shown in Fig. 14. 

3.2.3. Photocatalytic degradation of tetracycline under real solar irradiations 
Fig. 15 shows the photocatalytic degradation of TC under real solar irradiations by TiO2, 60FeTZ, and 3FeTZ. When testing the most 

efficient catalysts 60FeTZ and 3FeTZ under real solar irradiations, TC complete degradation occurred after only 150 min by 3FeTZ 
compared to 200 min by 60FeTZ and while approximately 97 % degradation was achieved by the unmodified TiO2 after 300 min. This 
indicated that 3FeTZ was the optimal photocatalyst among all doped and ion exchanged photocatalysts. As compared to white LED 
light, the efficiencies of both TiO2 and modified TiO2 were higher. This was due to higher energy and intensity of the solar light as 
compared to the low power of LED light used (50W). Similar finding was also reported by Chen et al. [50] who reported improved 
photocatalytic degradation of trichloroethylene as the power of the LED light increased. In this study by Chen et al., the improvement 
in the activity of the Titania was justified by the increase in the number of active hydroxide radicals as a result of stronger excitation 
energy provided by the light. For TC photocatalytic degradation, Das et al. [51] compared the efficiency of CdS nanorods under 50 and 
200 (W/m2) light intensities. The final removal efficiency after 60 min increased from 60.5 % to 80.1 %. Based on this information 
from similar studies and as illustrated in the proposed mechanisms in Figs. 10 and 14, more TC molecules will be degraded and higher 
activity of the photocatalyst will be obtained to increased number of excited electrons. The photocatalytic degradation results under 
solar irradiations are in consistence with those under white light. The best performing photocatalyst under white LED light was the 
3FeTZ followed by 60FeTZ. The enhanced performance of the doped and ion exchanged samples were explained based on the 
mechanism of degradation in the previous sections. 

4. Conclusion 

In this study, we synthesized Fe-sensitized TiO2 immobilized over embryonic BEA zeolite for the photocatalytic degradation of 
tetracycline antibiotic under visible light. The XRD, SEM, EDX, FTIR, and BET confirmed the deposition of the doped Titania mainly on 

Fig. 14. The proposed mechanism of TC degradation by Fe-doped TiO2/BEA photocatalyst under visible light.  
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the surface of the amorphous zeolite. Under dark conditions, the adsorption tests indicated that using zeolite as a support for Titania 
enhanced its adsorption efficiency towards pollutants and this was a result of the increase in the surface area of the Titania photo
catalysts. Under white light, all doped TiO2/BEA samples possessed better efficiencies as compared to ion exchanged samples and TiO2 
with 3FeTZ being the optimal photocatalyst. 3FeTZ was also observed as the best performing photocatalyst when tested under real 
solar irradiations. This improvement in the performance of Titania was a result of both enhanced adsorption due to zeolite and 
increased visible light harvesting due to Fe metal doping that was known to minimize the band gap energy, entrap the excited charge 
carriers (e− /h+ pairs), and suppress the recombination effect. We also conclude that using an amorphous large surface area zeolite, 
prepared easier and quicker than the crystalline, as a support for Titania was successful. Metal doped TiO2 immobilized over amor
phous zeolite with high surface area and high pore volume can be a promising method to develop a visible light active photocatalyst for 
degrading organic and pharmaceutical pollutants. 
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