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Abstract

:

A global freshwater pollution catastrophe is looming due to pollutants of emerging concern (PECs). Conventional water treatment methods are limited in removing PECs such as pharmaceuticals and dye house effluent from aquatic systems. This study provides an effective potential solution by developing an innovative wastewater treatment method based on solar-light-responsive semiconductor-based photocatalysts. A sol-gel synthesis technique was used to produce Fluorine-Sm3+ co-doped TiO2 (0.6% Sm3+) (FST3) photocatalysts. This was followed by loading multi-walled carbon nanotubes (MWCNTs) in the range of 0.25 to 1 wt% into the FST3 matrix. Solid state UV-visible spectroscopy measurements showed a bathochromic shift into the visible light region after the co-doping of TiO2, whereas XRD analysis confirmed the presence of predominantly anatase polymorphs of TiO2. The FT-IR and EDX results confirmed the presence of the F and Sm3+ dopants in the synthesised photocatalysts. XRD and TEM measurements confirmed that the crystallite sizes of all synthesised photocatalysts ranged from 12–19 nm. The resultant photocatalysts were evaluated for photocatalytic degradation of Brilliant Black BN bis-azo dye in aqueous solution under simulated solar irradiation. FST3 completely degraded the dye after 3 h, with a high apparent rate constant (Ka) value (2.73 × 10−2 min−1). The degree of mineralisation was evaluated using the total organic carbon (TOC) technique, which revealed high TOC removal (82%) after 3 h and complete TOC removal after 4 h. The incorporation of F improved the optical properties and the surface chemistry of TiO2, whereas Sm3+ improved the quantum efficiency and the optical properties. These synergistic effects led to significantly improved photocatalytic efficiency. Furthermore, incorporating MWCNTs into the F and Sm3+ co-doped TiO2 (0.6% Sm3+) improved the reaction kinetics of the FST3, effectively reducing the reaction time by over 30%. Recyclability studies showed that after 5 cycles of use, the FST3/C1 degradation efficiency dropped by 7.1%, whereas TiO2 degradation efficiency dropped by 33.4% after the same number of cycles. Overall, this work demonstrates a sustainable and efficient dye-removal technique.
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1. Introduction


There is an increase in the levels of organic pollutants in ground and surface water emanating from the discharge of various organic industrial effluents into the environment. These organic pollutants include dye house effluent, pharmaceutical compounds, and agrochemicals [1]. When discharged into the environment, organic pollutants can bioaccumulate and bioconcentrate along the food chain, resulting in both acute and chronic toxicity to animals and humans [2]. This is because they are resistant to self-decomposition and biodegradation in natural environments; thus, they are not efficiently eliminated by conventional water treatment methods that include flocculation, coagulation, membrane filtration, adsorption, and biodegradation [3].



Advanced oxidation processes (AOPs) have the capacity to mineralise recalcitrant organic pollutants into smaller, simpler, harmless molecules, such as CO2 and H2O [4,5]. TiO2 semiconductor photocatalysis has proved to be a desirable AOP treatment method relative to other methods. TiO2 is frequently used to photodegrade organic pollutants because it is relatively cheaper, non-toxic, and physically and chemically inert, and it has excellent electronic and optical properties. However, TiO2 has high carrier-charge recombination and a high band-gap energy of 3.2 eV [6]. This means it is only responsive to UV radiation, limiting its applicability under solar radiation [7]. Another challenge with the use of the powdered form of TiO2 is low photocatalyst recovery, due its high dispersibility in aqueous media [8]. In addition, TiO2 on its own requires post-treatment filtration to recover the photocatalyst, thus complicating the treatment setup.



Accordingly, several doping strategies have been developed to mitigate against the drawbacks of TiO2 photocatalysts. These include interstitial doping, where the dopant occupies an interstitial site in the TiO2 lattice [9,10], and substitutional doping with various anions, in which the O2− or Ti4+ vacancy in the TiO2 matrix is substituted by a dopant [11]. Specifically, doping TiO2 with F- results in band gap reduction [11], shape and morphological control [12,13], bulk fluorination [14], and surface fluorination [15,16]. Furthermore, TiO2 can be doped with different metal ions to manipulate its structure, electronic properties, and performance by modifying the properties. By acting as electron scavengers and increasing the interfacial charge transfer rate, metal dopants prevent electron charge-carrier recombination on the TiO2 surface [17,18]. In addition, they induce the formation of Schottky barriers at the semiconductor and the metal dopant interface, resulting in reduced electron recombination on the surface with positive holes [17,18]. Metal dopants or the resulting structural defects may introduce new intraband-gap energy states, which are responsible for improved visible light activity, and they may also tune the redox potential of the photoexcited species to align with that of TiO2 [17,18]. In the case of rare-earth metals, which have largely vacant f-orbitals with a tendency to complex with Lewis bases, they bond with functional groups of organic pollutants, concentrating the pollutant on the catalyst surface and thus enhancing surface adsorption [18,19]. Moreover, lanthanide photoluminescence properties of rare-earth-doped TiO2 improve the activity of TiO2 composites within the visible and near-infrared regions [20,21]. In this study, we used F−, Sm3+ co-doping of TiO2 to take advantage of all of the doping benefits.



Carbon nanotubes (CNTs) have shown different semiconducting, semimetallic and metallic characteristics due to their unique electronic properties. At different tube diameters and tube helicity, CNTs exhibit different electronic properties [22,23]. CNTs are good structural support materials on which TiO2 can be anchored, providing high tensile strength, increased adsorption capacity, improved light responsiveness, and increased electron mobility properties [24]. The adsorption capacity of CNTs is demonstrated by high adsorption capacity for dioxins, fluorine, and cadmium [22,23]. Incorporating CNTs into the TiO2 matrix to produce hybrid heterostructures has provided some insightful solutions to these challenges [25,26,27]. For instance, decorating the surfaces of CNTs with TiO2 has resulted in enhanced photocatalytic performance in the photodegradation of organic pollutants [28,29].



When TiO2 is coupled to CNT, there is an improvement in the photocatalytic degradation rate of dye through acting as electron sinks to eliminate or reduce generated carrier-charge recombination by trapping the photoexcited electrons from the TiO2 conduction band (CB) into the CNT matrix [29]. In this role, CNTs can act as photosensitisers because they can absorb visible light and generate delocalised electrons that can be injected into the CB of TiO2. Simultaneously, carbon atoms from the CNT structure can be a source of nonmetal dopants reducing the band gap of TiO2 by creating mid-gap energy states between the TiO2 CB and valence band (VB) [23]. Immobilisation of TiO2 on CNTs has been used to improve the photocatalyst recovery rate during photocatalysis while maintaining high dispersibility in solution [25,26]. This work focuses on analysing the effects of F, Sm3+ co-doping TiO2/multiwalled carbon nanotube hybrid heterostructures for improved electronic and optical properties, improved quantum efficiency, and improved photocatalyst recovery.



The novelty and significance of this study stem from the use of a photocatalytic material with remarkable activity and reusability when exposed to solar light for the degradation of a uniquely stable and recalcitrant pollutant, BN bis-azo dye, in water. The designed photocatalyst is a promising material for two reasons: (1) it is an economical water treatment method that can be dependent on an environmentally friendly, freely available, and inexhaustible source of energy in the form of naturally harvested solar light from the sun, and (2) the high photostability of the photocatalyst demonstrated after several cycles of use means that the risk of secondary pollution through photocatalyst leaching into the treated water is minimized, and a longer photocatalyst life cycle demonstrates a cost-effective water-treatment process.




2. Results


2.1. Characteristics of MWCNT /F, Sm3+ Co-Doped TiO2


2.1.1. Surface Functional Groups


Functional groups present on the sample surface can be interpreted from FTIR spectra (Figure 1a). In all the spectra there is a broad O-H stretch peak from 3200–3600 cm−1, which is attributed to adsorption of moisture by the photocatalyst. The intensity of the TiO2 O-H stretch peaks may thus signify the presence of high moisture content in the photocatalysts. The peaks at 1500 cm−1 signify the presence of -C-C- (stretch in ring), typical of the aromatic C-C- moieties of carbon nanotubes [30]. Around 1300 cm−1, there is a less intense peak that might be attributed to the -C-O stretching mode due to the presence of oxidised CNTs, confirming successful functionalisation of multiwalled carbon nanotubes (MWCNTs). The peak at 850 cm−1 might be due to the presence of the -C-H bond in the hexagonal rings of carbon nanotubes. High intensity peaks symmetrical around 750 cm−1 in all spectra are ascribed to the Ti-O stretching and O-Ti-O bending modes [31,32,33].




2.1.2. Optical Properties


Optical properties of photocatalysts were measured using the UV-visible spectroscopy absorbance method. The absorption wavelength of each material is determined by directly drawing a tangent to the UV-vis absorption spectra of the sample (Figure 1b).



Optical properties show a considerable increase in the wavelength absorption edge of the F, Sm3+ co-doped TiO2 (0.6% Sm3+), with an increase in the MWCNTs load (Table 1). This increase in the absorption wavelength is due to the fact that MWCNTs absorb light in the visible light region, and furthermore, CNTs can act as precursors for C dopants, which in turn reduces the TiO2 band gap [31,32]. Improved visible solar light absorption can also be ascribed to the synergistic effects of F, Sm3+ doping of TiO2 and the incorporation of MWCNTs; this results in combined effects of light harvesting.




2.1.3. Thermal Properties


The TGA curves for FST3, FST3/C1, FST3/C2, FST3/C3, and FST3/C4 show different trends of weight loss over the same heating temperature range (Figure 1c). The order of thermal stability is as follows: FST3 > FST3/C1 > FST3/C2 > FST3/C3 > FST3/C4. For all the samples, weight loss of approximately 1% (100% to 99% in the heating temperature range of 20 °C to 100 °C) experienced by the samples could be attributed to loss of H2O molecules in the form of moisture, H2O of crystallisation in the TiO2, and volatile organic residues from precursor molecules. Furthermore, a weight loss of approximately 1% experienced from 250 to 550 °C for all samples may be attributed to the loss of elementary dopants F and C (C liberated from MWCNTs). The onset of thermal degradation of oxidised MWCNTs starts at around 500 °C and degrades over a narrow temperature range. However, the various composites have different degradation onset temperatures. The 1% MWCNT composite starts to degrade at 550 °C, whereas 0.75% and 0.5% MWCNT composites start to degrade at 580 °C, and the degradation onset temperature of 0.25% and 0% MWCNT composites is further pushed to 630 °C. The general trend is that as the MWCNT loading on FST3 increased, there was a decrease in the thermal stability of the photocatalyst. The homogeneous distribution of thermally stable TiO2 on the surface of MWCNTs also results in efficient and uniform heat transfer across the nanocomposite, thereby delaying the onset of decomposition. The different weight losses shown by both catalysts indicate that they are thermally stable over a temperature range of up to 250 °C and can be used under the same thermal conditions without undergoing thermal decomposition or losing dopant elements.




2.1.4. Crystallinity


The XRD analysis of FST3 with varied MWCNT compositions shows almost identical peaks (Figure 1d). The XRD patterns mainly show the anatase phase with a higher degree of crystallinity. The anatase TiO2 peaks (labelled A in Figure 1d) were observed at 2θ positions 25.3°, 38.1°, 48.3°, 54.2°, 55.3°, 62.9°, and 75.4°, corresponding to the crystal planes of (101), (004), (200), (105), (211), (204), and (215), respectively [34]. The MWCNT fingerprint peaks occur at 2θ positions 26.0° and 43.4°, but all the composites did not reflect these MWCNT peaks because they are present in low concentrations. Moreover, the 26.0° peak might be overlapped by the broader shoulder of the anatase TiO2 peak at 25.3°, since they are close to one another [35]. There are no visible Sm3+ peaks on all the spectra because Sm3+ is present in low quantities. Overall, there is a marginal increase in crystallite size as the MWCNT loading increases (Table 2). This can be attributed to agglomeration of both MWCNT and TiO2 at higher MWCNT loading, which is also confirmed by TEM analysis (Figure 1c). When agglomeration occurs separately, there is phase separation of TiO2 from MWCNT, which may result in an increase in average particulate size of TiO2 as MWCNT loading increases. Increasing MWCNT resulted in low dispersibility of TiO2 on MWCNT walls. Alternatively, at low MWCNT loading, the rate of hydrolysis and condensation reaction of TTIP is faster due to the limited number of carboxylate sites, resulting in the formation of relatively small TiO2 particles [36].




2.1.5. Surface Morphology and Elemental Composition


The SEM micrograph shows the surface morphology of FST3/C1 containing low (0.25%) MWCNT loading (Figure 2a). The particles show a relatively high degree of agglomeration. The MWCNTs are not visible on the micrograph, possibly because of either their presence in small quantities, or they may be covered by TiO2 particles. The complete wrapping of MWCNT by TiO2 particles is appropriate for improving the photoactivity of the photocatalyst. Elemental composition shows the presence of Ti, C, O, F, Sm, and Si (Figure 2b). Fluorine and Sm3+ are present in small quantities, confirming the presence of the main dopants. The C confirms the presence of MWCNT, whereas the presence of Si may be due to contamination arising from borosilicate-based glassware.




2.1.6. Internal Morphology


The internal morphology of FST3/C1 may be attributed to the presence of MWCNTs and F, Sm3+ co-doped TiO2 clusters (Figure 3a). Most of the CNTs are completely covered by F, Sm3+ co-doped TiO2 matrices, whereas some isolated tubes remain uncovered. Bare MWCNTs are rod-like structures showing an off-whitish colour, and the homogeneous dispersion of F, Sm3+ co-doped TiO2 on MWCNTs is confirmed by dark rods. Some of the MWCNTs are not uniformly decorated with TiO2 clusters due to flaking-off of doped TiO2 and loss of moisture during calcination at high temperatures. The selected area electron diffraction pattern of FST3/C1 (Figure 3b) shows the index of diffraction rings, confirming the presence of a crystalline TiO2 anatase phase, a finding corroborated by XRD results [37]. The particle size distribution ranged from 15 to 20 nm, which is also confirmed by XRD crystallite size. This narrow size-distribution range reveals a relatively higher uniformity of doped TiO2 particle sizes.




2.1.7. Specific Surface Area


The specific surface area (SSA) of the photocatalysts was evaluated using the N2 adsorption and desorption isotherm methods after degassing at 200 °C. The results showed that an increase in MWCNT loading was accompanied by an increased SSA of the co-doped TiO2/MWCNT composite. This is because MWCNTs have a higher SSA. The SSA followed the order of MWCNT > FST3/C4 > FST3/C3 > FST3/C2 > FST3/C1 > FST3 (Table 3). Large SSA, which is good for a dispersing template, does not guarantee higher photocatalytic activity, as supported by the photocatalytic activity results. A previous study reported increased surface area for multi-doped TiO2 on incorporating MWCNTs and further confirmed that this had an insignificant effect on the photocatalytic activity of the resulting composite [38].






3. Discussion


3.1. Photodegradation Studies


The photodegradation of Brilliant Black BN azo dye under irradiation of simulated solar light was measured, and Figure 4a shows the Brilliant Black BN degradation rates by samples of different MWCNT loadings on F, Sm3+ co-doped TiO2 (0.6% Sm3+) (Figure 4a and actual values provided in Table 4). The general trend shows that the Brilliant Black BN degradation rates decreased with an increase in the MWCNT loading. The results showed the increase in degradation efficiency in the following order: FST3/C1 > FST3/C2 > FST3 > FST3/C3 > FST3/C4 (Figure 4a,b). This trend is explained by the fact that MWCNTs have both metallic and semimetallic properties, acting as semiconducting material with an optical absorption band in the visible light region [39]. The implication is that an increase in MWCNT loading results in increased optical absorption in the visible spectrum. This is confirmed by the UV-Vis data and approximated absorption wavelengths for various MWCNT loadings. In addition, MWCNTs can act as TiO2 photosensitisers, injecting photoexcited electrons into the CB of TiO2, or electron sinks, capturing photoexcited electrons from the CB to avoid carrier-charge recombination [40]. Doping TiO2 with Sm3+ can also aid in concentrating the dye molecules on the surface of the photocatalyst and in increasing the adsorption of the dye. The electronic configuration of Sm3+ ([Xe] 4f5) implies there are vacant f-orbitals capable of forming dative bonds with the sulphonic, hydroxyl, and aminated groups of the dye molecules [19]. Therefore, all of these effects result in increased removal rates on incorporating MWCNT into the TiO2 matrix [41]. However, an excessive increase in MWCNT results in diminishing the photocatalytic degradation rate. This may be attributed to aggregation and phase separation of both TiO2 and MWCNT, which lead to nonuniform dispersion of TiO2 on the MWCNT walls. An increase in MWCNTs results in agglomeration, which in turn decreases the active sites for photocatalysis [42].



Optimisation of CNT loading on TiO2 photocatalyst for removal of organic pollutants is widely reported in the literature. For example, a previous study reported a comparative analysis of two different synthesis methods and found that the solvothermal synthesis method produced uniformly dispersed nanocrystals on MWCNTs compared to those produced by a sol-gel method [43]. The resultant photocatalytic activities showed that the morphological structure of TiO2/MWCNTs impacts the rate of degradation of organic pollutants. Sol-gel synthesised MWCNT/TiO2 (20% MWCNT) showed higher photocatalytic degradation of methylene blue (MB) than pure TiO2. However, MWCNT/TiO2 (20% MWCNT) synthesised through a solvothermal method showed higher photocatalytic activity during degradation of MB relative to MWCNT/TiO2 synthesised by a sol-gel method [43]. The superior photoactivity of the solvothermal synthesised MWCNT/TiO2 over the sol-gel-synthesised composite was attributed to the uniform distribution of TiO2 particles on the MWCNT surface and a higher SSA. In another study, Hamadanian et al. [44] synthesised PbS/MWCNT and TiO2/MWCNT by a simple wet process for the photocatalytic degradation of methyl orange. Degradation rates during the photocatalysis were 100 and 61.42% for TiO2/MWCNT and PbS/MWCNT, respectively, after 30 min of visible light irradiation [44,45].



The correlation coefficient of the two results (degradation rate after 120 min and rate constant) shows a strong relationship (R2 = 0.8137). Thus, both results confirm pseudo-first-order kinetics.



The reaction kinetics of the present study were compared to previous studies that used similar experiments to determine photocatalyst efficiency [31,36,38,46] (Table 5). Kuvarega et al. used solar light irradiation to degrade an initial concentration of 100 mgL−1 EY using an N, Pd3+-TiO2-MWCNT photocatalyst and obtained the highest Ka of all the experiments compared [36]. Despite using a higher initial concentration (50 mgL−1) than other experiments (20 mgL−1) [31,38,46], the photocatalyst in the present study performed better. The underlying reason for this could be that whereas this study used solar light, which has a broader spectrum that includes UV, visible, and NIR wavelengths, other studies used visible light as a light source. The difference in chemical structures of the target dyes may also be a contributing factor in the variation in photocatalytic performances of the different photocatalysts.



To understand the degradation mechanism of Brilliant Black BN, the chemical structure must first be understood. Brilliant Black BN is a bis-azo-colored organic molecule (Figure 5), with extensive use in food, textile dying, drug manufacturing, and metal spraying in the automobile industries. As a result, its widespread use causes issues such as low water visibility, which leads to aquatic ecological challenges [47]. The presence of two azo groups in dye prompts an allergic reaction in people with salicylate intolerance. In addition to being a histamine liberator with a tendency to amplify the symptoms of asthma, its combination with benzoates has adverse health effects in children, leading to hyperactivity. There are sufficient grounds for suspicion that bacteria in intestines can decompose these compounds into much more dangerous metabolites [48]. Thus, it is of great significance to this study to investigate an effective way to treat Brilliant-Black-BN-polluted wastewater.



When solar light is irradiated on the sample, it interacts with the solid FST3/C1 in aqueous solution to break down Brilliant Black BN into smaller and simpler molecules through free radical attack (Figure 6). The final products of complete photodegradation are inorganic ions, CO2, and H2O, which are non-toxic. The MWCNTs decorated with F, Sm3+ co-doped TiO2 are responsive to solar light; when these MWCNTs are radiated with visible light, their electrons undergo photoexcitation. The photoexcited electrons of the MWCNTs are in turn injected into the TiO2 CB simultaneously, leaving a positive hole in the VB [49,50,51]. At the photocatalyst/aqueous solution interface, the photogenerated electrons in the CB attack the O2 molecules to produce superoxide radicals (·O2) [45]. Due to the generation of electrons and positive holes, oxidation-reduction reactions take place at the surface of semiconductors. In the oxidative reaction, the positive holes react with the moisture (H2O molecules) on the surface and produce hydroxyl radicals. Moisture causes the formation of a dense layer of hydroxyl groups on the photocatalyst surface, which improves photocatalyst dispersibility in water and promotes the formation of hydroxyl radicals. This can activate dye sensitization, because the intensity of the TiO2 O-H stretch peaks in the FTIR spectra indicate the presence of high moisture content in the photocatalysts. Overall, this improves the photocatalyst performance [52].



Oxidative and reductive reactions are possible due to the catalytic effect. The dye molecule is broken down into simpler molecules by .OH radicals generated during the TiO2/UV photocatalytic process. The presence of Sm3+ and MWCNT results in improved quantum efficiency of TiO2 because MWCNT and Sm3+ act as electron capture centres for reduced carrier-charge recombinations. Introduction of F dopant into the TiO2 matrix and incorporation of MWCNT enhance the visible light absorption by band-gap reduction and the cumulative visible light absorption ability due to the intrinsic ability of MWCNTs. Colloidal quantum dots also provide an insightful understanding into the photocatalytic performances of F and Sm3+ doping on TiO2/MWCNT hybrid structures due to their photoluminescence properties. Furthermore, their optoelectronic, electrical, and quantum properties are tuneable [53]. This makes use of colloidal quantum dots useful in optoelectronics and quantum photochemistry.




3.2. Reusability of the Photocatalyst


The photochemical stability of FST3/C1 during photocatalysis of Brilliant Black BN was evaluated by recycling the same catalyst for five cycles, whereas the photocatalytic degradation rate of the catalyst was measured after each cycle. Comparing the performance of FST3/C1 to that of pristine TiO2 showed significant stability after five cycles, with the dye degradation rate decreasing from 99.8% in the first cycle to 92.7% in the fifth cycle (Figure 7a). This 7.1-percentage-point drop can be attributed to the 9-percentage- point mass loss of the photocatalyst (Table 6). For pristine TiO2, the degradation rate dropped from 64.6% in the 1st cycle to 31.2% in the fifth cycle, a 33.4 percentage point drop in degradation efficiency. This can be attributed to the 39.2% loss of photocatalyst (Table 6). For both photocatalysts, there is a correlation between the drop in photocatalytic degradation and photocatalyst mass loss during photocatalyst recovery. Titania has low recoverability relative to the FSTiO2/C1 hybrid photocatalyst because pristine TiO2 is highly dispersible in aqueous solution, whereas immobilisation of TiO2 nanoparticles on MWCNTs improves the recoverability of the photocatalyst without compromising the dispersibility.



XRD analysis was used to examine the stability of the catalysts’ crystal structure for pristine TiO2 and co-doped TiO2/MWCNTs composite before and after the five cycle experiments. The XRD spectra results for pristine TiO2 before photocatalysis (T), pristine TiO2 after five cycle use (TA5C), composite catalyst F, Sm3+ co-doped-TiO2/MWCNTs before use (FST3/C1)—already shown in Figure 1d—and composite catalyst F, Sm3+ co-doped-TiO2/MWCNTs post-photocatalysis (FST3/C1/A5C) are shown in Figure 7b. The results indicate that the crystal structure of all the photocatalysts did not change significantly after the fifth cycle, with only a marginal decrease in the XRD peak intensity detected for the two used photocatalysts (TA5C and FST3/C1/A5C) (Figure 7b). In this regard, all the catalysts can be classified as photostable, as reported in a similar study [54]. All the photocatalysts maintained stable anatase TiO2 polymorphs shown by their sharp peaks labelled A (Figure 7b).




3.3. Total Organic Carbon


There is a possibility of producing intermediate products such as nitrated polyaromatic compounds, which are known to be toxic, mutagenic, teratogenic, and carcinogenic [55]. Thus, monitoring total organic carbon (TOC) during dye degradation is critical for determining the degree of mineralisation, photodegradation products, and byproducts. Ideally, photodegradation of dyes should completely mineralise the dye molecules to simpler and nontoxic compounds such as CO2, H2O, and inorganic ions [38]. The TOC concentration was determined to be 15 mgL−1 at an initial concentration of 50 mgL−1 Brilliant Black BN. After three hours of irradiation, photodegradation of Brilliant Black BN with FST3/C1 resulted in TOC removal of 82% (Figure 8). This was a significantly higher proportion of TOC removal, but the residual TOC concentration of 2.7 mgL−1 was significantly higher than the maximum permissible limit of 0.05 mgL−1. Continued degradation up to four hours irradiation resulted in complete TOC removal, demonstrating complete mineralisation. However, this needs to be confirmed and corroborated with data from techniques such as mass spectroscopy.





4. Materials and Methods


4.1. Materials


Analytical reagent (AR) grades of titanium isopropoxide (TTIP) (97%), samarium nitrate hexahydrate (Sm(NO3)3.6H2O) (99.9%), formic acid (90%), 2-propanol anhydrous (99.5%), multiwalled carbon nanotubes (MWCNTs) (purity > 99.5%), Brilliant Black BN (40%), ammonium fluoride (NH4F) (98%), and concentrated HCl (32%) were supplied by Sigma Aldrich, Taufkirchen, Germany and used without further treatment. Milli-Q deionised water (DI) was used throughout.




4.2. Functionalisation of MWCNTs


To introduce oxygen-carrying groups on the surface of MWCNTs, commercial MWCNTs (0.5 g) were added to a mixture of 2 mL 98% H2SO4 and 5.5 mL 70% HNO3 and sonicated for 15 min, followed by continuous stirring for 6 h at 110 °C under reflux. The mixture was then cooled to room temperature and diluted with DI water (1 L) followed by filtration through a 0.2 µm Teflon filter under vacuum. The oxidized MWCNTs were dispersed into DI water (1 L) and further washed with acid until a pH of approximately 7 was reached.




4.3. Preparation MWCNT/F, Sm3+ Co-Doped TiO2 (0.6% Sm3+)


The F, Sm3+ co-doped TiO2/MWCNT photocatalyst was prepared using the one-pot sol-gel method (Figure 9). To 2-propanol (50 mL) was added an appropriate mass of MWCNTs, followed by sonication at 40 °C for 30 min. Thereafter, TTIP (10 mL) was added to the MWCNT solution, followed by further sonication for 30 min to form solution A. Samarium nitrate hexahydrate (46.4 mg) and NH4F (510.2 mg) was dissolved in a mixture of 2-propanol (30 mL), formic acid (10 mL), DI water (10 mL) and HCl (3 mL) by continuously stirring for 30 min to make solution B. Solution B was added drop-wise to solution A and continuously stirred for 1 h until a white sol-gel was observed. The resultant sol-gel was aged for 24 h, followed by oven-drying overnight at 80 °C, after which the sample was calcined in a muffle furnace at 450 ºC. The mass of Sm(NO3)3.6H2O weighed represented 0.6% Sm3+ dopant on TiO2, whereas different proportions of MWCNT were weighed to give 0.25%, 0.5%, 0.75% and 1% MWCNT loadings (Table 7).




4.4. Material Characterisation


4.4.1. Fourier Transform Infrared Spectroscopy and Raman Spectroscopy


The KBr disc method was used with the sample/KBr ratio of 1:20 to allow TiO2-containing powders to be IR transparent. All FTIR analyses were performed using an FTIR spectrophotometer (Frontier, PerkinElmer, Midrand, South Africa). Raman spectra were collected on a Raman II FT-Raman module spectrometer coupled to a VERTEX 70 FT-IR spectrophotometer (Ettlingen, Germany), with 64 scans at a resolution of 4 cm−1 and scanning range of 20–700 cm−1 [56].




4.4.2. Ultraviolet-Visible Spectroscopy


The light response of the photocatalysts was recorded on a UV-Vis-NIR spectrometer (PerkinElmer, Midrand, South Africa Lambda 1050 UV-Visible-NIR) in the range of 200–800 nm using the 150 mm sphere-reflectance method. Deuterium and Tungsten lamps were used as UV and visible/NIR light sources, respectively. The operating parameters were a slit width of 4 mm and a photomultiplier response of 0.2 s, whereas BaSO4 was used as a reflectance. The band gaps (Eg) of the semiconductor materials were calculated from the UV-Vis DRS spectrum (Equation (1)) [56].


   E g  =   h c  λ  =   1240  λ   



(1)




where h is Planck’s constant and c and λ are the speed and wavelength of light, respectively.



Kubelka–Munk (Equation (2)) is an absorption coefficient for predicting reflectance based on radiation transfer [30,31].


  F  R  =       1 − R    2    2 R    



(2)




where F(R) is the Kubelka–Munk function, and R is the percentage reflectance.



Tauc plots were used to estimate the band gaps for different photocatalysts. The optical quantities F(R), hv, and Eg are related by Equation (3):


      F  R  × h v     1 / n   = A     h v − E g    n   



(3)




where F(R) is the Kubelka–Munk function, hv is the photon energy, Eg is the band-gap energy, n is the band gap under which electrons can undergo transition, and n can be ½, 2, 3/2, or 3, corresponding to direct allowed transition, allowed indirect, forbidden direct, and forbidden indirect transitions, respectively.




4.4.3. Microscopy


The samples for microscopy analyses were prepared placing the powdered specimen on the adhesive carbon tape, which was then stuck to the sample holder and sputter-coated with 10–15 nm of graphite before being observed under the microscope. Scanning electron microscopy (SEM) analyses were performed on a JOEL IT 300 equipped with an Oxford energy-dispersive X-ray detector. Information on the elemental composition of the sample was obtained using a JOEL IT 300 with an Oxford EDX detector.



For transmission electron microscopy (TEM), samples were prepared by sonicating the samples in methanol for 10 min and small droplets of the suspension were then deposited onto the lacy carbon-supported copper grids. The grids were allowed to dry before mounting the samples on the sample holder for TEM analysis. TEM analysis subsequently was performed using a JEOL JEM2100 transmission electron microscope (Tokyo, Japan).




4.4.4. Thermogravimetric Analysis


A thermogravimetric analyser (TGA) coupled to a differential scanning calorimetry (DSC) and TGA mode on a SDT Q600 (Selb, Germany) was used to investigate the thermal properties of different photocatalysts. Data analysis was performed through TA Universal analysis, software Q series Q600. Samples were analysed at a heating rate of 10 °C/min under N2 (20 mL/min) over a temperature range of 20 to 900 °C.




4.4.5. X-ray Diffraction Analysis


Powdered samples were mounted onto a silica sample holder using a bracket sample stage. The powder X-ray diffraction of the sample was performed using a Rigaku SmartLab, Japan X-ray diffractometer using Cu Kα radiation source (λ= 1.5406 Å) in the wide-angle spectra range of 20–80°. The crystallite sizes (D) were determined using the Scherrer equation (Equation (4)).


  D =   K λ   β C o s θ    



(4)




where K is a dimensionless constant, 2θ is the diffraction angle, λ is the wavelength of the X-ray radiation, and β is the full width at half maximum (FWHM) of the diffraction peak [57,58,59].




4.4.6. Specific Surface Area


Specific surface area and porosity were measured using the TriStar II 3020, Selb, Germany. The analysis was carried out using the standard N2 absorption method at a degassing temperature of 195 °C, the equilibration interval being 5 s, and no thermal correction was done.





4.5. Evaluation of Catalytic Activity


The photocatalytic activity of all samples was evaluated by measuring the photocatalytic degradation of Brilliant Black BN under solar light irradiation. For every sample, 100 mg of photocatalyst in 100 mL of 50 mg/L Brilliant Black BN was mixed and stirred in darkness for 1 h to attain absorption equilibrium before solar light irradiation. The pH of this solution was measured to be equal to 6.8. A solar simulator (HAL–320) supplied by ASAHI SPECTRAL, Japan was used to generate the required spectral irradiance for photocatalysis. The 300 W compact Xenon lamp was the light source, and a light intensity of 60% was used.



Aliquots of 4 mL were drawn using a 10 mL syringe and filtered through the GH Polypro membrane (GHP) syringe disc filter. Filtered samples were analysed for absorbance using the UV-visible spectrophotometer at a wavelength of 574.9 nm. A calibration curve was obtained using different concentrations ranging from (5–50 mg/L) and used to determine the concentration of the samples sampled at different sampling intervals. The concentration of Brilliant Black BN at time (t) was calculated using Equation (5) [59,60]:


  % B N   D e g r a d a t i o n =      C 0  −  C t       C 0    × 100  



(5)




where Co is the initial dye concentration, and Ct is dye concentration at time t.




4.6. Catalyst Reusability


To evaluate the reusability of both pure TiO2 and F, Sm3+ co-doped TiO2/MWCNTs photocatalysts, the photodegradation experiments were repeated 5 times using the same recovered catalyst and freshly prepared 50 mg/L Brilliant Black BN dye solution. All the experimental conditions and parameters were kept constant. After every photodegradation cycle, the catalyst was rinsed with DI water to remove all organic contaminants that may lead to cross-contamination. The catalyst was recovered by vacuum filtration through a 0.2 µm Teflon filter and the performance was measured by evaluating the percentage degradation after every cycle. The photochemical stability of the photocatalysts was evaluated before and after each photodegradation cycle using XRD spectroscopy and SEM techniques [61,62].





5. Perspectives, Future Outlook and Prospective Studies


The photocatalytic effects and reusability of F, Sm3+ co-doped TiO2/MWCNTs heterostructure in the degradation of BN bis-azo dye have been investigated in this study. The characterization was performed in detail, including the EDX elemental composition. However, there is a need to comprehend the various oxidation states of the various elements present in the photocatalyst using X-ray Photoelectron Spectroscopy (XPS) [63]. Additionally, the FTIR spectra indicate a dense network of hydroxyl groups on the photocatalyst surface, which needs to be confirmed by electron spin resonance (ESR) analysis. Although the optical properties of the photocatalyst are thoroughly discussed, there is a need to further relate the optical properties to the electronic structure of the designed photocatalyst, including band potential values, mid-gap-states energy levels, and the alignment of band potential levels with redox potential values of the various reactions occurring during the course of photomineralisation. This can be accomplished through the use of density functional theory (DFT), flat-band potential (Efb) by the Mott–Schottky (M-S) test, and electron paramagnetic resonance (EPR) [64,65]. The complete TOC removal needs to be followed up with molecular determination using mass spectrometry. All of these gaps are being combined as part of a consolidated plan for current and future work, which will be primarily focused on electrophotocatalysis.




6. Conclusions


A modified sol-gel synthesis method was successfully used to fabricate F, Sm3+ co-doped TiO2/MWNCT hybrid photocatalyst principally consisting of anatase phase. The UV-Vis absorption spectra showed increased optical absorption properties with an increase in MWCNT loading. The crystallite sizes ranged from 15.4 to 18.4 nm, as confirmed by the XRD measurements. An excessive increase in MWCNT loading onto TiO2 resulted in the reduction in photocatalytic activity, which might be ascribed to effects of agglomeration. The synergistic effects of incorporating different dopants F, Sm3+ and incorporation of MWCNT resulted in better photocatalytic activity relative to co-doped TiO2, but further increases of MWCNT loading to above 0.5% (wt.%) resulted in significant reduction in photocatalytic activity. The FST3/C1 composite with the lowest percentage of MWCNT (0.25% loading) exhibited the maximum photocatalytic activity (complete degradation) after 2 h of irradiation. These findings confirm the unique properties of CNTs and their potential application in water treatment. A comparison of reusability between pure TiO2 and FST3/C1 showed a 33.4% and 7% drop in photocatalytic activity, respectively, after 5 cycles of use, attributed to photocatalyst recovery after use. Overall, this is a promising method for the treatment of wastewater contaminated with azo dyes and has the potential to reduce both operating and disposal costs.
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Figure 1. (a) FTIR spectra of different MWCNT loadings/F, Sm3+ co-doped TiO2 (0.6% Sm3+); (b) UV- Vis spectra for FST3/MWCNT with different MWCNT loadings used for direct approximation of absorption wavelength. The red lines were used as extrapolation tangents for band-gap estimation; (c) TGA thermograms for FST3/MWCNT with different MWCNT loadings; and (d) XRD spectra for FST3/MWCNT with different MWCNT loadings. 
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Figure 2. SEM/EDX images of FST3/C1: (a) SEM micrograph; and (b) EDX spectra. 
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Figure 3. (a) TEM micrograph of FST3/C1; and (b) SAED diffraction ring patterns of FST3/C1. 
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Figure 4. (a) Brilliant Black BN degradation rates for different MWCNT loadings on F, Sm3+ co-doped TiO2 (0.6% Sm3+) line plots with error bars; and (b) pseudo-first-order rate constants for degradation of Brilliant Black BN using photocatalysts with different MWCNT loadings on F, Sm3+ co-doped TiO2 prediction lines with 95% confidence intervals. 
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Figure 5. Chemical structure of Brilliant Black BN. 
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Figure 6. Proposed synergistic effects of F and Sm3+ doping on TiO2-MWCNT hybrid structures. 
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Figure 7. (a) Reusability/ recycling experiments for F, Sm3+ co-doped TiO2/MWCNT and pure TiO2 photocatalysts, and (b) XRD spectra for F, Sm3+ Co-doped-TiO2/MWCNTs composites after photocatalytic reaction to check the stability of the catalyst. 
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Figure 8. A circular bar chart depicting the removal of TOC with increasing degradation time. 
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Figure 9. The synthesis route for F, Sm3+ co-doped TiO2/MWCNTs using the sol-gel method. 
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Table 1. Estimated absorption wavelengths and calculated band gaps for different MWCNT loadings.
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	Sample
	Absorption Wavelength [nm]
	Band Gap (Eg) [eV]





	FST3
	517
	2.40



	FST3/C1
	525
	2.36



	FST3/C2
	520
	2.38



	FST3/C3
	540
	2.29



	FST3/C4
	550
	2.25
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Table 2. Crystallite size and lattice strain for different MWCNT loading on anatase TiO2.
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	Sample
	Crystallite Size (D) [nm]
	Lattice Strain (η)





	FST3
	15.45
	0.0107



	FST3/C1
	17.72
	0.0093



	FST3/C2
	17.72
	0.0093



	FST3/C3
	18.10
	0.0091



	FST3/C4
	18.49
	0.0089
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Table 3. SSA for different MWCNT loading on F, Sm3+ co-doped TiO2 sample.
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	Sample
	SSA [m2/g]





	98% MWCNT *
	216



	FST3
	19.4



	FST3/C1
	47.9



	FST3/C2
	50.7



	FST3/C3
	57.1



	FST3/C4
	61.8







* Data extracted from Sigma Aldrich certificate of conformance.
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Table 4. Degradation rates and rate constants for different MWCNT loadings on F, Sm3+ co-doped TiO2 after 2 h of solar irradiation.
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	Sample
	Degradation Rate after 120 min [%]
	Rate Constant (Ka) [min−1]





	FST3
	93.1
	2.18 × 10−2



	FST3/C1
	100.0
	3.70 × 10−2



	FST3/C2
	98.5
	2.76 × 10−2



	FST3/C3
	91.9
	1.94 × 10−2



	FST4/C4
	79.0
	1.25 × 10−2
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Table 5. Comparing the photocatalytic results in our study with other non-metal, metal multi-doped TiO2-MWCNT heterostuctures for photocatalytic activity enhancement.
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	Sample
	Target Dye

Pollutant
	Initial Concentration [mg/L]
	Source of Light
	PC Kapp

[min−1]
	Ref





	N,S-Nd3+-TiO2-MWCNT
	Eosin blue shade
	20
	Visible
	1.4 × 10−2
	[31]



	N,S-Nd3+-TiO2-MWCNT
	Eriochrome Black T
	20
	Visible
	8.0 × 10−3
	[31]



	N, Pd3+-TiO2-MWCNT
	Eosin Yellow
	100
	Solar
	3.42 × 10−2
	[36]



	N, Pd3+-TiO2-MWCNT
	Eosin Yellow
	100
	Visible
	5.18 × 10−3
	[36]



	N,S-Nd3+-TiO2-SWCNT
	Eosin blue shade
	20
	Visible
	1.5 × 10−2
	[38]



	N,S-Nd3+-TiO2-MWCNT
	Naphthol blue black
	20
	Visible
	1.33 × 10−2
	[46]



	F, Sm3+-TiO2-MWCNT
	Brilliant Black BN
	50
	Solar
	2.73 × 10−2
	Our study
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Table 6. Photocatalyst recovery after five cycles of use.






Table 6. Photocatalyst recovery after five cycles of use.





	Sample
	Initial Mass [g]
	Final Mass [g]
	Recovery [%]





	T
	0.102
	0.062
	60.8



	FST3/C1
	0.1
	0.91
	91
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Table 7. Prepared photocatalysts and their notations.
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	Sample
	Notation





	Pristine TiO2
	T



	F, Sm3+ co-doped TiO2 (0.6% Sm3+)
	FST3



	F, Sm3+ co-doped TiO2 (0.6% Sm3+)/0.25%MWCNT
	FST3/C1



	F, Sm3+ co-doped TiO2 (0.6% Sm3+)/0.5%MWCNT
	FST3/C2



	F, Sm3+ co-doped TiO2 (0.6% Sm3+)/0.75%MWCNT
	FST3/C3



	F, Sm3+ co-doped TiO2 (0.6% Sm3+)/1%MWCNT
	FST3/C4



	Pristine TiO2 after 5-cycle use
	TA5C



	F, Sm3+ co-doped TiO2 (0.6% Sm3+)/0.25%MWCNT after 5-cycle use
	FST3/C1/A5C
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