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Organic-based pollutants are extensively released from various industries and they potentially harm the environment and human health. Photocatalysis is regarded as one of the most promising techniques for removal of organic contaminants from wastewater. Therefore, in this study, iron oxide-based nanocomposites were synthesized by an emerging green and sustainable method using Ethiopian endemic plant extract, Echinops kebericho M. as a capping and stabilizing agent. The phytoextract-assisted synthesized nanoparticles (NPs) α-Fe2O3 and nanocomposites (NCs) α-Fe2O3/MgO calcinated at a temperature of 400°C were characterized and used for their photocatalytic activities toward gentian violet (GV) dye degradation using ultraviolet–visible spectroscopy (UV-vis) at optimized catalyst dose, initial GV concentration, pH, and time conditions. The X-ray diffraction (XRD) analysis result revealed that the mean crystal size of α-Fe2O3 and α-Fe2O3/MgO is 11.2 and 15.4 nm, respectively. Characterization results of scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS), transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), and X-ray photoelectron spectroscopy (XPS) clearly showed the successful deposition of MgO on α-Fe2O3. The maximum degradation of GV, 96.2%, was observed by using α-Fe2O3/MgO after 60 min under visible light irradiation. Thus, synthesized NCs were shown to have better GV degradation efficiency in a shorter time as compared to the previously reported nanomaterials. The results revealed photocatalytic degradation using endemic plant extract-assisted synthesized NCs, α-Fe2O3/MgO, is considered a greener, simple, and more efficient method for the removal of organic dyes.
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1 INTRODUCTION
Currently, environmental pollution is a severe problem across the world. Specifically, persistent organic pollutants in aquatic ecosystems cause harmful effects on both the environment and human health worldwide (Kezzim et al., 2017; Kurniawan et al., 2020). Numerous classes of lethal water pollutants are generated by the textile, pharmaceutical, food, printing, and paint industries. These contaminants can persist for a long period of time in the environment, and they can accumulate and relocate from one place to the other through different means (Ritter et al., 2001). Discharging of colored effluents containing gentian violet (GV) into the environment causes a potential threat to living things and the environment. GV is a triphenylmethane cationic dye widely used for paper printing and Gram staining, in detergents and antiseptics, and as anti-freezer and fertilizer agents. Its complex aromatic structure makes it recalcitrant to biodegradation and stable to light, heat, and oxidizing agents (Kanagamani et al., 2019). Hence, it is persistent in the environment, and exposure to GV causes eye irritation and respiratory tract inflammation; long-term exposure leads to kidney damage, permanent blondness, cancer, and gastrointestinal tract problems (Abdi et al., 2020; Kanagamani et al., 2019). Moreover, the presence of trace quantities of the GV dye (>1.0 mg/L) affect the aesthetic quality and transparency of water bodies, rendering the receiving water body unfit for use (Nayak and Pal, 2021).
Over the past years, different techniques for efficient removal and degradation of organic dyes from wastewater have been studied (Fakhri et al., 2015; Huang et al., 2020; Wang et al., 2020; Zhang et al., 2020), such as coagulation–flocculation (Lau et al., 2014), advanced oxidation processes (Zhou and He, 2007), membrane filtration (Nikooe and Saljoughi, 2017), chemical reduction (Chowdhury et al., 2018), photocatalysis (Bozkurt Çırak et al., 2019; Chen et al., 2020; Linsebigler et al., 1995; Priya et al., 2020), and adsorption (Rashid et al., 2017; Yang et al., 2016; Zhang et al., 2021; Zhou S. et al., 2021). Indeed, photocatalytic degradation is a highly promising and applicable technique for the removal of organic-based pollutants from wastewater. For removal and elimination of organic contaminants, photocatalytic degradation offers several advantages, including ease of operation, flexibility of material design, and the capability to produce high-class treated effluents (Zhou S. et al., 2021). The method is cost-effective, environmentally friendly, and able to operate at low temperatures, making it a suitable technology for wastewater treatment (Nguyen et al., 2018). Furthermore, photocatalytic degradation does not leave any harmful residues and can be applied immediately to diverse organic pollutant mixtures (Ahmad et al., 2021; Kanagamani et al., 2019; Khurram et al., 2020; Sarma et al., 2019).
Photocatalytic degradation is a technology that uses active photocatalysts, mainly metal oxides, in UV or visible irradiation to degrade organic substances through photodegradation mechanisms (Chen et al., 2020; Zhou Y. et al., 2021). The energy source for photocatalytic degradation is abundant and nonpolluting light (Zhou S. et al., 2021). Currently, a number of metal oxide semiconductors have been studied and applied for photocatalytic degradation of organic pollutants, such as CuO (Weldegebrieal, 2020), ZnO (Sun et al., 2020), SnO2 (Luque et al., 2020), and TiO2 (Nguyen et al., 2018). Among the large family of metal oxides, hematite (α-Fe2O3) is one of the most effective visible-light-driven photocatalysts with better chemical stability, high crystallinity, cost-effectiveness, eco-friendliness, and absorbance of the majority of visible light (1.9–2.2 eV) (An et al., 2022). However, its single component reveals less light absorption and a fast electron–hole pair recombination rate due to the lesser band gap that limits its use in photocatalytic application (Schöttner et al., 2019), which has been improved by combining it with other metal oxides (Allawi et al., 2020).
A number of reported hematite-based hetero-structured materials, such as α-Fe2O3@ZnO (Suresh et al., 2018), α-Fe2O3/g-C3N4 (Yang et al., 2022), SnFe2O4/α-Fe2O3 (Jia et al., 2020), SnO2/α-Fe2O3 (Ma et al., 2021), and BiVO4/α-Fe2O3 (Ma et al., 2021), have shown enhanced photocatalytic efficiency than a single α-Fe2O3 oxide. MgO has shown remarkable potential in combination with various semiconductors to create binary heterojunctions with excellent photocatalytic activity. Specifically, at the interface of these heterojunctions, the photoinduced electrons can efficiently transfer from MgO to the other semiconductor. This electron transfer process enhances the lifetime of light-generated charge carriers and increases the overall light absorption. The primary significance of coupling α-Fe2O3 with MgO is to enhance the surface area development of α-Fe2O3 and reduce the recombination of photoinduced electron–hole pairs in α-Fe2O3 (Allawi et al., 2020; An et al., 2022). Combining α-Fe2O3 with MgO not only enhances the photocatalytic degradation activity but also favors creating eco-friendly nanocomposites with reduced toxicity. These nanocomposites have shown promising potential in various applications, particularly in the field of environmental remediation. By utilizing this combination, we can effectively degrade pollutants and contaminants while minimizing the environmental impact and promoting sustainable practices (Weldegebrieal, 2020; Xue et al., 2021).
Currently, great attention is being paid to using eco-friendly methods for the synthesis of nanoparticles. This is achieved mostly by the use of plant extracts. The method provides numerous advantages, including high yields, simplicity, short reaction times, easy inspection, and mild reaction conditions (Hatamifard et al., 2016; Nair et al., 2022). These favorable features enable the formation of crystalline nanoparticles with diverse shapes and morphology. The photocatalytic activity of nanomaterials is known to be influenced by various properties such as size, morphology, chemical composition, and surface structure. It is worth noting that these critical characteristics are directly affected by the synthesis methods employed (Kianfar and Universitesi, 2020). Moreover, various studies have reported the use of plant extracts during the synthesis of metal oxide nanocomposites for improving their catalytic properties (Chandran et al., 2014; Song et al., 2020; Wang et al., 2016; Wu et al., 2017; Xue et al., 2021). In line with these approaches, the specific plant material utilized in our study is Echinops kebericho M., an endemic plant found in Ethiopia and belonging to the Asteraceae family. This plant contains various phytochemicals, including alkaloids, flavonoids, and terpenoids, which are responsible for its therapeutic properties (Deyno et al., 2021).
By incorporating the Echinops kebericho M. plant extract in the synthesis process, we aim to leverage its unique phytochemical composition to enhance the catalytic properties of the resulting nanocomposites. This plant extract holds promise for providing additional benefits and functionalities to the synthesized nanoparticles, thereby contributing to the expanding field of eco-friendly and sustainable nanoparticle synthesis.
2 MATERIALS AND METHODS
2.1 Chemicals used for green synthesis
Ferric nitrate (Fe(NO3)3·9H2O 98%), magnesium nitrate (Mg(NO3)2·6H2O 98%), and methanol (CH3OH 99.9%) obtained from Loba Chemie Pvt Ltd. and gentian violet (C25N3H30Cl 99.9% Sigma Aldrich) from Fine Chemical General Trading PLC in Addis Ababa, Ethiopia, were used for the synthesis of the composites. All the chemicals used were of analytical grade and applied without further purification.
2.2 Preparation of Echinops kebericho M. crude extract
The plant sample was collected from Bole Arabsa, Addis Ababa, Ethiopia (located 8.97202° 8° 58′19″ north 38° 53′26″ east). Echinops kebericho M. tuber (20 g) was thoroughly washed with tap water and then with distilled water to remove dirt and other contaminants. After air-drying, the tuber was finely cut into small pieces and ground using a pulverizer (051701, B0B1HYP8VP, MYFULLY). The powder was extracted using distilled water in which the flask containing the powder and distilled water in a 1:5 ratio was refluxed at 100°C for 3 h. The obtained crude extract was filtered via Whitman Filter paper and cooled for further use (Beressa et al., 2020; Deyno et al., 2021; Navada et al., 2021).
2.3 Synthesis of Fe2O3 and Fe2O3/MgO nanocomposites
Prior to the synthesis of α-Fe2O3/MgO, a bare α-Fe2O3 control was prepared as follows: 0.05 M precursor solution of Fe(NO3)3·9H2O (100 mL) was stirred using a magnetic stirrer. Subsequently, 10 mL of Echinops kebericho M. extract was added dropwise with vigorous stirring at room temperature (See Figure 1). This gradual addition of the plant extract induced a remarkable transformation in the precursor solution, turning it into a deep brown color and resulting in the formation of a precipitate. To allow for complete reaction and precipitation, the resulting mixture was left undisturbed overnight. Then, the mixture was carefully separated to isolate the precipitate. To ensure the removal of any impurities, the separated precipitate was washed multiple times with double-distilled water and methanol. This rigorous washing procedure aimed to achieve a high purity level for the final product. Following the washing steps, the precipitate was subjected to a drying process to eliminate the residual moisture in an oven set to a temperature of 80°C for 8 h. To complete the synthesis of the desired nanocomposites, the powdered product obtained from the previous steps was subjected to annealing. The product was annealed at an optimized temperature of 400°C for a duration of 3 h. This annealing process played a crucial role in the formation and stabilization of the α-Fe2O3 nanoparticles. In a typical experimental setup, phytoextract-assisted α-Fe2O3/MgO nanoparticles with a molar composition of 2:1 were prepared using the homogenous co-precipitation method. This method ensured the formation of a well-dispersed and uniform nanocomposite structure, leveraging the use of the Echinops kebericho M phytoextract. The aforementioned detailed procedure aimed to achieve precise control in the synthesis of α-Fe2O3 as a basis for the subsequent synthesis of α-Fe2O3/MgO nanocomposites (Azhari et al., 2010). To synthesize α-Fe2O3/MgO NCs, a 0.05 M precursor solution (100 mL) of iron nitrate (Fe(NO3)3·9H2O) salt was prepared in a 500-mL beaker. A 0.025 M Mg (II) nitrate (Mg(NO3)2·6H2O) solution was added into the beaker containing ferric nitrate aqueous solution, followed by dropwise addition of 10 mL of Echinops kebericho M. extracts with vigorous stirring at room temperature to ensure a homogenous reaction. The precursor solution turned to deep brown, and a precipitate was formed after the addition of the plant extract, which reveals the development of heterojunction metal oxides. The resulting mixture was kept undisturbed for the whole night in order to allow the precipitate to settle down. The precipitate was separated and washed several times with double-distilled water (DDW) and methanol for removing the impurities. The obtained precipitate was oven-dried for 8 h at 80°C and ground by using a mortar and pestle. Finally, the obtained product was annealed at 400°C for 3 h to form α-Fe2O3/MgO nanocomposites for the photodegradation of GV (Hao et al., 2015; Munawar et al., 2021; Naga et al., 2019; Suresh et al., 2018).
[image: Figure 1]FIGURE 1 | Schematic diagram of synthesis of α-Fe2O3/MgO.
2.4 Characterization of α-Fe2O3/MgO NCs
The structural analysis of α-Fe2O3/MgO NCs was carried out using the X-ray diffraction machine (XRD-7000S Shimadzu, Japan) with a nickel-filtered Cu radiation (CuKα, λ = 1.54056 Å). The scanning 2θ range was 10–80 and the accelerating voltage and filament current were maintained at 40 kV and 30 mA, respectively (Fierro and Spivey, 2015). The diffraction data pattern was analyzed by search match against the International Center for Diffraction Database (ICDD) using the software X'Pert HighScore Plus (Ekow et al., 2020).
Sizes of the NCs were calculated by Scherrer’s equation using the (101) reflection of α-Fe2O3/MgO (Hao et al., 2015). The morphology of the solids and particle size distribution were determined by scanning electron microscopy coupled with electron-dispersive X-ray spectroscopy SEM-EDS (Hitachi, TM1000) and transmission electron microscopy (TEM, FEI Tecnai G20, United States). The X-ray photoelectron spectroscopy (XPS) method was applied to inspect the elemental composition of the synthesized NCs. The Brunauer–Emmett–Teller (BET) micromeritics (ASAP 2420, United States) method was used for surface area measurements. The functional group analysis of the prepared sample was conducted using Fourier transform infrared spectroscopy (FTIR-8400S/Shimadzu, Japan). The FTIR analysis was performed over a frequency range of 400–4,000 cm−1, with a resolution of 2 cm−1. The band gaps of the synthesized nanocomposites were determined using UV–vis absorption spectrophotometry (Jenway 67, United Kingdom).
2.5 Photocatalytic activity of α-Fe2O3/MgO
The photocatalytic activity of the synthesized materials was assessed by measuring the rate of GV removal in an aqueous solution under visible light irradiation emitted by an LED lamp (58 W, λmax = 546 nm), within a photoreactor (Hu et al., 2019). The effects of catalyst load, pH, initial GV concentration, and time that control the photocatalytic efficiency of the nanocomposite were also optimized. Reaction suspensions were prepared by adding the required amount of the photocatalyst (50–125 mg L−1) with 100 mL of the GV solution, which had varying initial concentrations (ranging from 5 to 20 mgL−1) in the range of 5 mL, and adjusted to different pH levels within the range of 3–10. The photocatalytic reactions were then conducted under irradiation for specific time intervals of 20, 40, and 60 min. To establish adsorption/desorption equilibrium, the GV solution containing α-Fe2O3/MgO NCs was stirred in the dark for 30 min prior to irradiation. Subsequently, the solution was subjected to visible light illumination, while being continuously stirred (Zhou Y. et al., 2021). At regular time intervals, 5-mL aliquots were collected from each sample, followed by centrifugation and filtration to remove any particulate matter. The absorbance of the treated samples was then measured using a UV–vis spectrophotometer (Jenway 67, United Kingdom) to analyze the photodegradation of GV. The percent degradation of each sample was calculated using Equation 1. The relation given by Peng et al. (2019):
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where A0 and At are the initial absorbance and the absorbance of the sample at time t, respectively.
3 RESULTS AND DISCUSSION
3.1 Characterization of α-Fe2O3 and α-Fe2O3/MgO NCs
3.1.1 XRD analysis result
Figures 2A, B show the XRD patterns of Echinops kebericho M. extract-assisted α-Fe2O3 and α-Fe2O3/MgO. The diffraction peaks at 24.138 (012), 33.153 (104), 35.612 (110), 43.473 (202), 54.005 (116), 57.508 (122), and 62.385 (214) lattice planes in Figure 2A indicate the formation of rhombohedral (hexagonal) α-Fe2O3 NPs (JCPDS card no. 00-024–0072) (Saima et al., 2022). The diffraction peaks at 30.195 (022), 35.566 (131), 37.204 (222), 43.227 (040), 53.632 (242), 57.174 (151), and 62.788 (044) lattice planes in Figure 2B confirm the formation of cubic α-Fe2O3/MgO NCs (JCPDS card no. 96-900-3785) (Azhari et al., 2010). XRD analysis of α-Fe2O3/MgO showed that the peaks at angles 30.195o, 35.612o, 43.473o, 54.005o, 57.508o, and 62.385o correspond to the peaks of α-Fe2O3, confirming successful formation of α-Fe2O3/MgO NCs, as shown in Figure 2B. The existence of some weak peaks may be due to residuals from the synthesis processes of the NCs. The addition of MgO to α-Fe2O3 introduces a foreign material into the lattice structure of α-Fe2O3, leading to lattice strain and lattice parameter modifications. These changes can affect the diffraction pattern observed in XRD, resulting in altered peak intensities and shifts in the theta angle. This effect confirms the deformities of a crystalline lattice characteristic of the host metal oxide due to a combination with another material (Panchal et al., 2019). Therefore, the observed changes in the peak characteristics of the nanocomposites suggest the presence of deformities or distortions in the crystalline lattice of α-Fe2O3 caused by the combination with MgO. By applying (Equation 2) the Debye–Scherrer equation, the crystalline sizes of the synthesized α-Fe2O3 and α-Fe2O3/MgO were determined to be 11.2 and 15.4 nm, respectively. These results indicate that the nanocomposites were successfully synthesized with small particle sizes, resulting in a notable enhancement of the surface area-to-volume ratio. As a result, the photocatalytic activity of the NCs was greatly enhanced. Moreover, the formation of aggregates between α-Fe2O3 and MgO contributed to the improved surface porosity and enhanced photocatalytic activity of α-Fe2O3. The Debye–Scherrer equation is a fundamental equation used to estimate the average crystalline size of nanoparticles or nanocrystalline materials based on X-ray diffraction data. It relates the size of the crystalline domains (D) to the peak broadening (β), the wavelength of the X-ray radiation (λ), and the scattering angle (θ) using the following equation:
[image: image]
where D represents the crystalline size, K is the shape factor (usually taken as 0.9), λ is the X-ray wavelength, β is the full-width at half maximum (FWHM) of the diffraction peak, and θ is the Bragg angle.
[image: Figure 2]FIGURE 2 | XRD patterns of (A) α-Fe2O3 and (B) α-Fe2O3/MgO.
3.1.2 FTIR analysis
Figures 3A, B present the FTIR spectra of α-Fe2O3 and α-Fe2O3/MgO NCs in the wavenumber range of 400–4,000 cm−1, respectively. The bands observed at 434 cm−1 in Figure 3A and 520 cm−1 in Figure 3B correspond to the stretching vibrations of Fe-O and Mg-O bonds, respectively (Allawi et al., 2020). These bands provide information about the chemical bonding between α-Fe2O3 and MgO in the nanocomposites. A notable observation is that the relative intensity of these bands decreases when transitioning from α-Fe2O3 to α-Fe2O3/MgO, indicating changes in the bonding environment. The decrease in intensity suggests reduced abundance or strength of the Fe-O and Mg-O bonds in the nanocomposites compared to pure α-Fe2O3. This change in intensity can be attributed to the incorporation of MgO, which alters the chemical composition and bonding characteristics of the nanocomposites. Furthermore, the band positions for these vibrations exhibit a shift toward higher wavenumbers in the α-Fe2O3/MgO nanocomposites compared to α-Fe2O3. The shift in wavenumber suggests changes in the bond strength or bond lengths associated with the Fe-O and Mg-O stretching vibrations. The incorporation of MgO into the α-Fe2O3 lattice introduces structural modifications, which affect the vibrational properties and result in observed shifts in the FTIR spectra. In addition to the Fe-O and Mg-O stretching vibrations, bands in the range of 1700–1,650 cm−1 and 1,114–1,100 cm−1 are also observed. These bands correspond to specific molecular vibrations: the O-H bending vibration and the M-OH stretching vibration, respectively (Allawi et al., 2020; Sughra et al., 2022), altogether confirming the successful deposition of MgO on α-Fe2O3 and the successful development of α-Fe2O3 and α-Fe2O3/MgO. The presence of these bands confirms the existence of hydroxyl (OH) groups in the nanocomposites, which may be attributed to the adsorbed moisture or surface hydroxyl species. Taken together, the FTIR analysis provides valuable information about the chemical bonding and structural characteristics of α-Fe2O3 and α-Fe2O3/MgO nanocomposites. The observed changes in band intensity, shifts in wavenumber, and the presence of specific vibrational bands indicate the successful deposition of MgO on α-Fe2O3, as well as the successful development of α-Fe2O3 and α-Fe2O3/MgO nanocomposites.
[image: Figure 3]FIGURE 3 | FTIR spectra of (A) α-Fe2O3 and (B) α-Fe2O3/MgO nanocomposite.
3.1.3 SEM-EDS and TEM analysis results
Figures 4A–L show the SEM and TEM images of α-Fe2O3 and α-Fe2O3/MgO, as well as the corresponding EDS of α-Fe2O3/MgO NCs. In Figure 4A, the SEM micrograph reveals the formation of plate-shaped nano-clusters with a uniform and stable morphology in α-Fe2O3 powder. This demonstrates the successful development of α-Fe2O3 with desirable structural characteristics. Moving to Figure 4E, the SEM micrograph of α-Fe2O3/MgO exhibits the growth of ultrafine particles on the surface of α-Fe2O3, resulting in a nanoplate–road composite structure. The distortion of the plate-shaped nano-clusters of α-Fe2O3 into the nanoplate–road-like structure is attributed to the introduction of ultrafine MgO particles and the formation of a strong interface between the two materials. This observation is supported by the X-ray diffraction (XRD) analysis presented in Figure 2B. The close interface between α-Fe2O3 and MgO in the nanocomposite facilitates efficient electron transfer, thereby enhancing the lifetime of light-generated charge carriers. This characteristic contributes to improved photocatalytic degradation performance. The presence of MgO not only alters the morphology but also enhances the electron transfer properties of α-Fe2O3, leading to better photocatalytic activity. Furthermore, the EDS mapping shown in Figures 4O–Q provides clear evidence of the presence and distribution of the targeted elements (Fe, Mg, and O) throughout the microstructure of the composite. This confirms the successful incorporation of both Fe and Mg elements within the composite, further supporting the formation of the α-Fe2O3/MgO nanocomposite.
[image: Figure 4]FIGURE 4 | SEM (A), TEM (B), HRTEM (C, I–K), and STEM (D) profile/micrographs of α-Fe2O3 and SEM (E), TEM (F), HRTEM (G, L–N), and STEM (H) profile/micrographs of α-Fe2O3/MgO, as well as the EDS profile (O–Q) of α-Fe2O3/MgO.
The TEM analysis of α-Fe2O3 and α-Fe2O3/MgO nanocomposites, depicted in Figures 4B, F, provides detailed insights into their morphological and structural characteristics. The TEM image in Figure 4B reveals the hexagonal rhombohedral morphology of α-Fe2O3 nanoparticles. The well-defined shapes and uniformity of the particles indicate a high degree of crystallinity and stability in the structure. The TEM image in Figure 4F illustrates a cubic asymmetry morphology of α-Fe2O3/MgO, indicating the influence of MgO on the overall structure of the nanocomposite. The introduction of MgO leads to changes in the particle shape and arrangement within the α-Fe2O3 matrix, resulting in a modified morphology. The particle size distribution as analyzed from TEM by ImageJ software was 8–28 and 11–36 nm with a respective average size of 11.6 and 15.9 nm for α-Fe2O3 and α-Fe2O3/MgO, respectively, which is in agreement with the calculated values from XRD analysis using the Debye–Scherrer equation. Furthermore, HRTEM profiles were used to determine the d-spacing, which represents the space between each unit cell or particle. The HRTEM analysis, performed using ImageJ software, yielded d-spacing values of 0.12 nm for pure α-Fe2O3 nanoparticles and 0.16 nm for α-Fe2O3/MgO nanocomposites. These values indicate the presence of surface porosity and suggest the formation of aggregates between α-Fe2O3 and MgO. The increased d-spacing in the nanocomposite further supports the enhanced surface area and photocatalytic activity of α-Fe2O3 due to the presence of MgO (Albouchi et al., 2023).
3.1.4 XPS analysis results
The X-ray photoelectron spectroscopy (XPS) method was applied to inspect the elemental composition information of the synthesized NC products. The wide-scan survey XPS profile in Figure 5A revealed the existence of Fe, Mg, and O elements in synthesized α-Fe2O3/MgO NCs. This implies the successful deposition of MgO on Fe2O3. The high-resolution XPS spectra of Fe 2p in Figure 5B displayed two high-intensity peaks at 711.8 and 726.1 eV, which were allotted to Fe 2p3/2 and Fe 2p1/2, respectively (Zhang et al., 2019). Moreover, a satellite peak at ∼719.2 eV confirmed the presence of Fe (III) of α-Fe2O3 (An et al., 2022). The high-resolution O 1s spectrum in Figure 5C shows an intense peak at 529.4 eV, which corresponds to the lattice oxygen atom in the NCs, which indicates that the valence state of O is (−2) (consistent with metal–oxygen bonds) oxygen defect sites (Khurram et al., 2020). The intense peak at 1,303.9 eV in Figure 5D is typical to Mg2+ species in the synthesized nanocomposite (Kumar et al., 2020; Bagus et al., 2020; Xu et al., 2021).
[image: Figure 5]FIGURE 5 | XPS profile of the full-scan survey of (A) α-Fe2O3/MgO, (B) core level bands of Fe 2p, (C) O 1 s, and (D) Mg 1 s.
3.1.5 UV–visible absorption spectra of α-Fe2O3 and α-Fe2O3/MgO NCs
The absorption spectra were used to study the energy band and the type of electronic transition. The UV–visible absorption spectra of α-Fe2O3 and α-Fe2O3/MgO NCs are shown in Figure 6. The UV–visible absorption spectra of α-Fe2O3 and α-Fe2O3/MgO in Figure 6 exhibit prominent peak regions between 340–376 and 470–570 nm, on the bases of the type of possible transitions responsible for producing the absorption band. These implies that the plant extract was stabilized and capped the surface of nanoparticles without the effect of surface plasmon resonance (Warren and Grzybowski, 2012; Ullah et al., 2018). The first absorption band region is formed due to the charge transfer of non-bonded electrons from O (2p) to the metal Fe (III) and Mg (II). This is responsible for the absorption of hematite in the visible region (Khurram et al., 2020). The second absorption band region is formed due to the d-d transition of the two magnetically coupled ions (Wang et al., 2005). Based on the spin selection rule, these transitions are allowed transitions. The absorption peak of α-Fe2O3 was shifted to the higher wavelength for α-Fe2O3/MgO. This is due to the incorporation of metal oxide in the α-Fe2O3 nanoparticles, which causes a variation in the band gap energy (Eg). The red-shift indicated increased absorption intensity within the visible region, which implied these composites can make excellent application in the visible irradiation. The spectra allowed observing the red-shift in the location or wavelength from the α-Fe2O3 nanoparticle which was annealed at 400°C (Hao et al., 2015; Mallick and Dash, 2013).
[image: Figure 6]FIGURE 6 | UV–vis spectra of: (A) α-Fe2O3 and α-Fe2O3/MgO, Tauc’s plot of (B) α-Fe2O3 and (C) α-Fe2O3/MgO.
The band gap energy of the synthesized material can be calculated by Tauc’s plot method through Equation 3 given below:
[image: image]
where [image: image] is the absorption coefficient; [image: image] is Planck’s constant; [image: image] is the photon frequency; A is a proportionality constant; [image: image] is the band gap energy; and γ is a constant that indicates the nature of the electronic transition (i.e., γ = 2 for direct allowed transition and γ = ½ for indirect allowed transition). The nature of electronic transition can be determined by Tauc’s plot method [image: image] versus (h [image: image]). By comparing Tauc's equation with the straight-line equation, setting the y-axis to zero allows the x-axis intercept to be determined. Extrapolating the linear region of the plot to this x-axis intercept provides the band gap energy (Noruozi and Nezamzadeh-ejhieh, 2020). As shown in Figure 6, the band gap energy of synthesized α-Fe2O3 and α-Fe2O3/MgO at 400°C annealing temperature is 2.1 eV and 2.9 eV, respectively. It can be observed that the Eg value of α-Fe2O3 is increased by forming aggregates with MgO. This higher Eg value of α-Fe2O3/MgO will improve the photocatalytic activity by increasing the lifespan of light-generated charge carriers and the extent of light absorption.
3.1.6 BET surface analysis
The specific surface area and porous nature of the green-synthesized α-Fe2O3 and α-Fe2O3/MgO nanocomposites were characterized using the Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods, as shown in Figures 7A, B, respectively. The specific area and porous nature/surface characteristics of the green-synthesized α-Fe2O3 and α-Fe2O3/MgO NCs examined by BET and BJH methods are presented in Figures 7A, B, respectively. The BET pattern confirmed that both nanomaterials exhibit a mesoporous nature of a type IV sorption isotherm plot with H2 hysteresis loop (P/P0 > 0.4) (Rouquerol et al., 2013). The presence of the hysteresis loop suggests the existence of percolation phenomena, characterized by narrow ink-bottle-like pores within the nanomaterials. The particle size, pore volume, and BET surface area of α-Fe2O3 and α-Fe2O3/MgO nanocomposites are summarized in Table 1. These parameters provide further confirmation of the catalytic activity of the nanomaterials. Overall, the BET and BJH analyses of the α-Fe2O3 and α-Fe2O3/MgO nanocomposites demonstrate their mesoporous nature and confirm the presence of percolation phenomena. The particle size, pore volume, and BET surface area measurements provide valuable insights into the catalytic activity and surface characteristics of the nanomaterials.
[image: Figure 7]FIGURE 7 | N2 adsorption/desorption isotherms with inset corresponding to the BJH plot of α-Fe2O3 (A) and α-Fe2O3/MgO (B) nanocomposite.
TABLE 1 | BET parameters of the phytoextract-assisted synthesized nanocomposite.
[image: Table 1]3.2 Photocatalytic activities of the synthesized NCs
The photocatalytic degradation activity of the synthesized materials was evaluated by measuring the rate of removal of GV in an aqueous solution under optimized conditions of catalyst dosage, pH, GV concentration, and time. The results of this evaluation are presented in Figures 8A–E.
[image: Figure 8]FIGURE 8 | UV–visible spectra of photodegradation of GV at different (A) catalyst dose, (B) pH, (C) initial GV concentration, and (D) effect of different scavengers on the photocatalytic degradation of GV.
3.2.1 Effect of catalyst load
The optimal dosage of the photocatalyst for achieving efficient degradation was determined through a systematic variation in the photocatalyst amount within the range of 50–125 mgL−1 and evaluated in the presence of an initial dye concentration of 10 mgL−1, an irradiation time of 120 min, and at pH of 7. The results indicate that there was a noticeable increment in the photodegradation efficiency up to a photocatalyst dosage of 100 mgL−1. However, beyond this optimal value, the efficiency remained relatively constant. The maximum photocatalytic degradation efficiency of the NC observed at 100 mgL−1 catalyst load was 88.8% of the GV. The experimental trend can be attributed to the presence of an increased number of active sites as the photocatalyst dosage is increased within a given reactor design. However, further increases in the dosage led to a decline in the photodegradation efficiency due to the aggregation of particles, which repressed the availability of active sites. Additionally, when the dosage exceeded the optimal value, it resulted in a light screening effect that reduced the surface area of the nanocomposite exposed to light illumination, consequently diminishing the photocatalytic efficiency (Ahmad et al., 2021; Sajid et al., 2018; Sanakousar et al., 2021).
3.2.2 Effect of pH
The pH of the solution plays a crucial role in the photocatalytic degradation of organic pollutants as it directly affects the surface-charge properties of the photocatalysts (Hanafi and Sapawe, 2020). The efficiency of the synthesized photocatalyst in degrading GV from the aqueous solution was evaluated at a dye concentration of 10 mgL−1, utilizing an optimized catalyst load of 100 mgL−1, an irradiation time of 120 min, and a pH range of 3–10, and the results are presented in Figure 8B. The synthesized phytoextract-assisted NC exhibited high activity for GV photodegradation in alkaline solutions, and more than 97% of GV was degraded. Alternatively, the degradation efficiency decreased with decreasing pH of the solution. The lower removal efficiency at lower pH might be allied with the GV adsorption capacity of the photocatalyst. At different pH values, GV will have different forms. The photocatalyst surface is negatively charged at higher pH, and the GV cations were electrostatically drawn further toward the catalyst surface, resulting in GV dye degradation. The maximum degradation efficiency of the synthesized material 97.4% was observed at pH 10 (Sanakousar et al., 2021).
3.2.3 Effect of initial GV load
The impact of the initial dye concentration on the efficiency of photocatalytic degradation was investigated within a concentration range of 3–20 mgL−1 for the GV solution. The experiment utilized an optimized catalyst load of 100 mgL−1, an irradiation time of 120 min, and an optimized pH of 10. The result depicted in Figure 8C demonstrates that as the concentration of the solution increases, the efficiency of photocatalytic degradation by the catalyst tends to decrease. This observation confirms the existence of an optimal dye coverage level that facilitates efficient reactions at the active sites. At an initial concentration of 3 mgL−1, the GV exhibited the highest percentage degradation (99.1%). Above that, due to inefficient adsorption on the surface of the photocatalyst, GV exhibits limited interactions with photons from the light source. Consequently, this leads to a decrease in the overall efficiency of the photodegradation process (Sanakousar et al., 2021). As the concentration levels increase, the probability of photocatalyst excitation weakens, and the dominant effect becomes the screening effect. Consequently, this leads to a decrease in the efficiency of degradation.
The percent photocatalytic degradation efficiency of α-Fe2O3/MgO as a function of time was monitored and compared with that of pure α-Fe2O3 under optimized conditions of catalyst load 100 mgL−1, GV concentration of 3 mgL−1, and pH of 10 (Figures 9A–D). The maximum degradation efficiency of GV (96.5%) was obtained using α-Fe2O3/MgO NC after 60 min of irradiation Figures 9A–D. The degradation rate for photocatalytic performance has followed a pseudo-first-order kinetic model with the rate of 0.025 min−1 and 0.05 min−1 for α-Fe2O3 and α-Fe2O3/MgO, respectively. Even though the observed results confirmed a higher photocatalytic degradation efficacy of the composite than that of bare α-Fe2O3 against GV, compared to previously reported values of NCs (Kossar et al., 2020; Sanakousar et al., 2021), both α-Fe2O3 and α-Fe2O3/MgO showed better degradation efficiency in a shorter period of visible light irradiation (Abdi et al., 2020; Kossar et al., 2020; Sanakousar et al., 2021). The observed difference in the degradation efficiency may be due to the Echinops kebericho M. plant extract used in the preparation of nanomaterials, which has contributed to its enhanced efficiency by producing special surface characteristics.
[image: Figure 9]FIGURE 9 | UV–visible spectra for degradation of GV by (A) α-Fe2O3 and (B) α-Fe2O3/MgO and % degradation efficiency of (C) α-Fe2O3 and (D) α-Fe2O3/MgO.
3.2.4 Effect of scavengers
The graph (Figure 8D) shows the degradation efficiency of GV in the presence of different scavengers (EDTA, methanol, and sodium bicarbonate) compared to a blank (control experiment with no scavenger). We investigated the effect of free radical scavengers on the degradation of GV. The results indicate that the addition of EDTA and methanol to the reaction mixture significantly inhibits the degradation of GV. The degradation efficiency of GV in the presence of EDTA was 43.3%, and in the presence of methanol, it was 44.3%. On the other hand, sodium bicarbonate had no effect on the degradation of GV. The decline in oxidation in the presence of scavengers is related to their higher affinity to react with free radicals. Therefore, the scavenger agents EDTA and methanol were found to have a higher affinity for free radicals, which led to a decrease in the degradation efficiency of GV. Overall, the result indicates that the addition of certain scavengers can affect the degradation efficiency of GV, which is important information for further research and development of methods to control the degradation of organic-based pollutants.
3.2.5 Mechanism of photocatalytic degradation of the GV dye
The photocatalytic degradation mechanism of α-Fe2O3/MgO can be further elucidated to provide a detailed understanding of the processes involved. When the surface of α-Fe2O3/MgO is exposed to visible light, it activates the excitation of electrons from the valence band (VB) to the conduction band (CB), as described by Equation 4. This excitation process leads to the formation of electron–hole pairs, which are crucial for the subsequent degradation reactions.
[image: image]
Once an electron is excited and occupies the CB, it can react with oxygen molecules (O2) present in the surrounding environment, resulting in the formation of superoxide radical anions (O2·−), as shown in Equation 5.
[image: image]
Furthermore, the superoxide radical anion can undergo protonation to form hydroperoxyl radicals (HOO·), as shown in Equation 6.
[image: image]
On the other hand, the positively charged hole (h+) in the VB can react with hydroxide ions (OH−) or water molecules (H2O), leading to the generation of hydroxyl radicals (OH·) as shown in Equation 7.
[image: image]
The superoxide radical anion (O2·-), hydroperoxyl radical (HOO·), and hydroxyl radical (OH·) formed in the previous steps can then react with the GV dye molecules, initiating their degradation. This degradation process involves various reactions and leads to the formation of several byproducts, as depicted in Equation 8 (Kanagamani et al., 2019; Kossar et al., 2021).
[image: image]
The enhanced surface characteristics and band gap energy of α-Fe2O3/MgO, which has been adjusted from 2.1 to 2.9 eV, play a vital role in the photocatalytic degradation. The increased band gap energy allows for improved light absorption, enabling the nanocomposite to harness a broader range of visible light for photocatalysis. Additionally, the optimized surface characteristics of α-Fe2O3/MgO contribute to efficient electron–hole pair separation, minimizing their recombination rates. This prolonged lifetime of the electron–hole pairs enhances the availability of reactive species, thereby facilitating the efficient degradation of the GV dye.
The photocatalytic degradation mechanism of α-Fe2O3/MgO involves the excitation of electrons, generation of superoxide radical anions and hydroxyl radicals, and subsequent reaction with the GV dye molecules. The enhanced surface characteristics and band gap energy of α-Fe2O3/MgO enable effective light absorption and decline of electron–hole pair recombination, thereby facilitating the efficient degradation of the GV dye.
4 CONCLUSION
The synthesis of phytoextract-assisted α-Fe2O3 and α-Fe2O3/MgO nanocomposites using the Echinops kebericho M. plant, endemic to Ethiopia, via the co-precipitation method, followed by calcination at 400°C, allowed for a comprehensive investigation of their structural, morphological, elemental, optical, and photocatalytic properties. The morphological analysis revealed that both α-Fe2O3 and α-Fe2O3/MgO nanocomposites exhibited a hexagonal structural arrangement, with the band gap energy of α-Fe2O3 and α-Fe2O3/MgO measured to be 2.1 and 2.9 eV, respectively. The results of the structural and elemental analysis confirmed that the deposition of MgO on α-Fe2O3 led to improved crystal size and pore properties. This successful deposition of MgO on α-Fe2O3 is of crucial importance as it contributes to the enhanced photocatalytic activity observed in the nanocomposite. In particular, the α-Fe2O3/MgO nanocomposite demonstrated a significantly higher photocatalytic degradation efficiency (96.2%) of GV dye from aqueous solution compared to bare α-Fe2O3 (80.2%). This improvement in degradation performance can be attributed to the elongated lifespan of light-induced charge carriers and a higher amount of light absorbed on the semiconductor surfaces, facilitated by the presence of MgO. The photocatalytic degradation reactions of the synthesized nanocomposites followed a pseudo-first-order kinetics model. Moreover, it is remarkable that both α-Fe2O3 and α-Fe2O3/MgO exhibited improved degradation efficiency within a shorter period of visible light irradiation compared to previously reported values. These findings highlight the promising application of Echinops kebericho M. plant extract-assisted nanocomposites in wastewater treatment. Considering the future directions for research, it is recommended to focus on the development of photocatalysts that efficiently degrade organic pollutants in wastewater, especially those that may contain radical scavengers. It is important to ensure that the photocatalysts possess improved stability and resistance to radical scavengers, thereby ensuring efficient and sustainable wastewater treatment. In summary, phytoextract-assisted α-Fe2O3 and α-Fe2O3/MgO nanocomposites exhibited favorable structural, morphological, elemental, optical, and photocatalytic properties. The incorporation of MgO resulted in enhanced photocatalytic degradation efficiency, making the nanocomposite a promising candidate for wastewater treatment applications. Further study should consider the development of photocatalysts that efficiently degrade organic pollutants from a wastewater that might contain radical scavengers that possess improved stability and resistance to radical scavengers, ensuring efficient and sustainable wastewater treatment.
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