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The development of efficient green-photocatalysts represents a promising alternative for eliminating organic contaminants found in water. In this work, the photocatalyst α-ferrous oxalate dihydrate (α-FOD) was synthesized using Ecuadorian black sands as an iron-rich precursor and was further used for phenol degradation for the first time. The synthesis was performed under hydrothermal conditions using aqueous oxalic acid at 135°C and reaction times of 4 and 12 h. Also, ethanol and ethylene glycol were evaluated as co-solvents in the synthesis reaction. The characterization performed showed that synthesized photocatalysts were mainly composed of monoclinic FOD (crystallinity indexes between 75 and 87%) in the form of mesoporous particles with specific surface areas between 19.6 and 46.1 m 2 /g. The optical band gap energy was estimated in the range of 2.31 -2.49 eV, which demonstrated visible light response. Indeed, under visible light irradiation, the photocatalytic activity of synthesized materials showed over 92% phenol removal within a short time (6 h) with a photocatalyst dose of 0.5 g/L. These results suggest that the photoactive green materials synthesized herein from a low-cost precursor can be used for the removal of organic contaminants under solar light irradiation.

Introduction

Industrial and agricultural wastewater continuously enters the environment, threatening a vast array of living organisms in addition to human health. Organic pollutants, for example, are commonly present in such effluents, which contaminate waterbodies and cause a number of ecotoxicological effects [START_REF] Boyd | Water quality: An Introduction[END_REF][START_REF] Negrete-Bolagay | Persistent organic pollutants: The trade-off between potential risks and sustainable remediation methods[END_REF]. Among organic pollutants, phenol and its derivatives (hydroquinone, resorcinol, bisphenols, chlorophenols, etc.) are ubiquitous contaminants in wastewaters from petroleum refining, petrochemical, pharmaceutical, agricultural, textile, and pesticide factories [START_REF] Aljuboury | Phenol Degradation of Industrial Wastewater by Photocatalysis Article Type : Research Article Phenol Degradation of Industrial Wastewater by Photocatalysis[END_REF][START_REF] Kashif | Parameters effect on heterogeneous photocatalysed degradation of phenol in aqueous dispersion of TiO2[END_REF][START_REF] Firdaus | Effect of pH on Phenol Degradation Using Green Synthesized Titanium Dioxide Nanoparticles[END_REF]. These phenolic compounds are considered potential carcinogenic agents, and some of them are endocrine disruptors in humans [START_REF] Aker | Phenols and parabens in relation to reproductive and thyroid hormones in pregnant women[END_REF][START_REF] Iurascu | Phenol degradation in water through a heterogeneous photo-Fenton process catalyzed by Fe-treated laponite[END_REF]. Continuous exposure to phenol can cause damage to the human gastrointestinal and central nervous systems, kidneys, liver, lungs, and heart [START_REF] Gami | Phenol and its toxicity[END_REF][START_REF] Iurascu | Phenol degradation in water through a heterogeneous photo-Fenton process catalyzed by Fe-treated laponite[END_REF][START_REF] Weber | Phenol, in: Ullmann's Encyclopedia of Industrial Chemistry[END_REF]. Also, at very low concentrations (5 to 25 mg/L), phenolic compounds can produce mutagenicity in living cells and be lethal for some aquatic species, altering the marine ecosystem [START_REF] Fseha | Phenol contaminated municipal wastewater treatment using date palm frond biochar: Optimization using response surface methodology[END_REF][START_REF] Panigrahy | A comprehensive review on eco-toxicity and biodegradation of phenolics: Recent progress and future outlook[END_REF]. Due to their high toxicity, chemical stability, solubility in water, and recalcitrant and persistent nature, phenolic compounds are regarded as contaminants of priority concern for the United States Environmental Protection Agency (USEPA) [START_REF] Anku | Phenolic Compounds in Water: Sources, Reactivity, Toxicity and Treatment Methods[END_REF] and the European Union [START_REF] Al-Hamdi | Chapter 4. Photocatalytic activities of antimony, iodide, and rare earth metals on SnO2 for the photodegradation of phenol under UV, solar, and visible light irradiations[END_REF]. Currently, industrial effluents with phenol concentrations (3 to 6900 mg/L) that highly exceed the permitted limit in drinking water (0.5 to 5 µg/L) [START_REF] Krastanov | Microbial degradation of phenol and phenolic derivatives[END_REF] have been reported [START_REF] Panigrahy | A comprehensive review on eco-toxicity and biodegradation of phenolics: Recent progress and future outlook[END_REF]. Therefore, effective wastewater treatments are required to mitigate phenol adverse effects and reduce risks to human health and wildlife.

Heterogeneous photocatalysis has emerged as an effective alternative for degrading organic pollutants in wastewater (Tahir et al., 2020a). In this technology, light irradiation produces electron-hole pairs at the surface of a semiconductor (photocatalyst), which in turn leads to oxidation and reduction reactions. In aqueous media, these reactions produce highly reactive radicals such as hydroxyl and superoxide, which oxidize pollutants, degrading them into less toxic intermediate compounds or generating carbon dioxide by mineralization [START_REF] Naseri | Chapter 28. Heterogeneous photocatalysis by organic materials: from fundamental to applications[END_REF]Tahir et al., 2020b). Various photocatalysts have been synthesized and studied for the degradation of organic pollutants; however, the large band gap energy associated with common photocatalysts like TiO2 limits their light absorption to the UV range and diminishes their photocatalytic efficiency (Tahir et al., 2020a). Recently, efforts have been focused on developing photocatalysts that work efficiently under visible radiation [START_REF] Senthil | A facile single-pot synthesis of visible-light-driven AgBr/Ag2CO3 composite as efficient photocatalytic material for water purification[END_REF][START_REF] Senthil | A facile synthesis of nano AgBr attached potato-like Ag2MoO4 composite as highly visible-light active photocatalyst for purification of industrial waste-water[END_REF]Senthil et al., , 2019cSenthil et al., , 2019bSenthil et al., , 2019a;;[START_REF] Wang | Photocatalytic hydrogen evolution and bacterial inactivation utilizing sonochemical-synthesized g-C3N4/red phosphorus hybrid nanosheets as a wide-spectral-responsive photocatalyst: The role of type I band alignment[END_REF][START_REF] Wang | Earth-abundant Ni2P/g-C3N4 lamellar nanohydrids for enhanced photocatalytic hydrogen evolution and bacterial inactivation under visible light irradiation[END_REF]. As visible light represents 43% of solar radiation [START_REF] Primo | Chapter 06. Solar Photocatalysis for Environment Remediation[END_REF], it is a convenient, cost-effective, secure, and practical irradiation source for photocatalytic processes. Iron-and bimetallic-based photocatalysts, for example, have been used for heterogeneous photo-Fenton-like processes for phenol degradation under visible irradiation [START_REF] Brillas | Benchmarking recent advances and innovative technology approaches of Fenton, photo-Fenton, electro-Fenton, and related processes: A review on the relevance of phenol as model molecule[END_REF]. As such, Niu et al. reported that a Fe-S co-doped TiO2 catalyst obtained via the sol-gel method degraded 99.4% of phenol within 10 h of visible irradiation [START_REF] Niu | Visible light activated sulfur and iron co-doped TiO2 photocatalyst for the photocatalytic degradation of phenol[END_REF]. Likewise, Norouzi et al. reported that Ag/TiO2 nanofibers obtained by electrospinning and calcination exhibited 82.6% phenol photodegradation upon 10 h of visible light exposure [START_REF] Norouzi | Photocatalytic degradation of phenol under visible light using electrospun Ag/TiO2 as a 2D nano-powder: Optimizing calcination temperature and promoter content[END_REF]. Although many of the photocatalysts studied have been shown to be effective, their manufacture involves relatively high costs and processes that are hazardous for the environment or are not practical beyond the laboratory scale [START_REF] Xu | Promises and Challenges in Photocatalysis[END_REF]. Lately, ferrous oxalate dihydrate (FOD) has been investigated as an emerging photocatalyst for water remediation due to its low toxicity, high catalytic activity, visible light response, and ease of synthesis [START_REF] Li | Preparation of CuS with Flower-Like Morphology by Water/Ethanol Solvothermal Synthesis[END_REF][START_REF] Liu | Fenton-like reaction and photocatalysis using ferrous oxalate and G-C3 N4 enhancing reactive oxygen species for dye wastewater degradation under visible-light irradiation[END_REF][START_REF] Wang | α-Ferrous oxalate with different micro scale: Synthesis and catalytic degradation effect to rhodamine B[END_REF]. FOD produced from innocuous reagent-grade chemicals, for example, has shown excellent photocatalytic activity under visible irradiation against various ionic and cationic dyes [START_REF] Kim | Photoreaction characteristics of ferrous oxalate recovered from wastewater[END_REF][START_REF] Liu | Fenton-like reaction and photocatalysis using ferrous oxalate and G-C3 N4 enhancing reactive oxygen species for dye wastewater degradation under visible-light irradiation[END_REF][START_REF] Vedrenne | A ferrous oxalate mediated photo-Fenton system: Toward an increased biodegradability of indigo dyed wastewaters[END_REF][START_REF] Wang | α-Ferrous oxalate with different micro scale: Synthesis and catalytic degradation effect to rhodamine B[END_REF] as well as pathogenic bacteria [START_REF] Moradi | Visible light photocatalytic inactivation of Escherichia coli by natural pyrite assisted by oxalate at neutral pH[END_REF]. Besides, Fenton and visible-light-induced photo-Fenton degradation of organic dyes have also been attributed to FOD [START_REF] Li | α-Ferrous oxalate dihydrate: An Febased one-dimensional metal organic framework with extraordinary photocatalytic and Fenton activities[END_REF][START_REF] Vedrenne | A ferrous oxalate mediated photo-Fenton system: Toward an increased biodegradability of indigo dyed wastewaters[END_REF]. In addition, in alignment with the circular economy model, the possibility of FOD synthesis directly from ferrotitaniferous mineral sands using subcritical water (sCW) and oxalic acid as a green reaction medium has been explored by our research group [START_REF] Galeas | Photocatalytic activity of Fe/Ti-based compounds obtained from ferro-titaniferous mineral sands via a simple soft chemistry route[END_REF][START_REF] Valdivieso-Ramírez | One-Step Synthesis of Iron and Titanium-Based Compounds Using Black Mineral Sands and Oxalic Acid under Subcritical Water Conditions[END_REF]. Since ferrotitaniferous mineral sands have been considered a local low-cost material ($24 per ton) [START_REF] Lagos | Towards iron-titanium oxide nanostructures from ecuadorian black mineral sands[END_REF], optimizing their utilization as a precursor to obtain FOD-based visible-light-sensitive photocatalyst via an eco-friendly hydrothermal method like sCW processing is still of great interest. To the best of our knowledge, neither the synthesis of FOD-based photocatalysts from ferrotitaniferous mineral sands using sCW and co-solvents nor their photocatalytic activity towards the degradation of phenol-based contaminants have yet been reported. Therefore, the objective of this research was to evaluate whether the addition of ethanol or ethylene glycol to the sCW + oxalic acid reaction system can influence the physical properties and photocatalytic activity of the synthesized materials. Thus, the crystallographic structure, particle size, morphology, specific surface area, and band gap of the photocatalysts were determined. Finally, the photocatalytic activity of the FOD-based photocatalysts synthesized from ferrotitaniferous mineral sands was studied for phenol degradation under visible light irradiation and reported for the first time.

Materials and methods

Materials

Ecuadorian iron-rich black mineral sand with an estimated composition of 0.6FeTiO3•0.4Fe2O3 [START_REF] Lagos | Data on phase and chemical compositions of black sands from "El Ostional" beach situated in Mompiche, Ecuador[END_REF] was used as the precursor for FOD synthesis. Oxalic acid dihydrate (99.0%) was purchased from DQI S.A., ethanol (99.9%) from Supelco, ethylene glycol (99.9%) from Merck, and phenol (>99.5%) from Sigma-Aldrich. Ultrapure water from an Aquelix 5 system (18.2 MΩ-cm, Merck-Millipore) and nitrogen gas (99.9% purity) from Linde were used for the hydrothermal synthesis.

Synthesis of FOD-based photocatalysts

Hydrothermal synthesis of FOD-based photocatalysts from iron-rich mineral sands was performed using a stirred high-pressure reactor system (Berghof BR-500, Germany) equipped with a 500-mL PTFE-lined reactor vessel. Briefly, 1.75 g of the iron-rich mineral sand (38 µm of particle size) and 300 g of a 1.0 M oxalic acid solution were loaded into the reactor vessel. Then, the system was pressurized with N2 up to 18 bar prior to heating. The reaction temperature, time, and stirring speed were set to 135 °C, 4 or 12 h, and 700 rpm, respectively. Once the reaction time was over, the reaction system was cooled down and depressurized. The resulting suspensions were vacuumfiltrated, and filtrates and solid residues were collected separately. The desired solid residues containing FOD were further washed until a neutral pH was reached prior to oven drying at 80 °C for 12 h. The dried solids were stored for further characterization and photocatalytic testing, while the filtrates were analyzed for iron and titanium contents. Also, the effect of co-solvents such as ethanol and ethylene glycol on the hydrothermal synthesis of FOD-based photocatalysts was investigated. The control sample refers to the reaction synthesis carried out at the mildest conditions of 85°C/4 h and 0.72 bar (ambient pressure in Quito) using a simple mixing method. Fig. S1 shows a schematic diagram of the synthesis process of the photocatalysts. Temperature and pressure profiles in the hydrothermal reaction system are presented in Fig. S2. The different reaction parameters used for the synthesis of FOD-based photocatalysts are detailed in Table 1.

Table 1

In addition, the photocatalyst yield was calculated based upon the theoretical yields of FOD dihydrate and titanium dioxide obtained from the complete conversion of the precursor, which is made up of 50.5 % Fe and 18.5 % Ti by weight.

Characterization of the synthesized photocatalysts

The phase composition and polymorphism of as-synthesized photocatalysts were analyzed by Xray diffraction (XRD) on a Bruker D2 Phaser X-ray diffractometer with CuKα radiation (λ = 1.54184 Å), using a 0.02° step size and 0.250 s/step, with a LYNXEYE XE-T detector (1D-mode).

Phase identification was achieved by matching XRD patterns obtained from as-synthesized photocatalysts with the standard X-ray diffraction cards JCPDS No. 72-1305 and 23-0293, which correspond to monoclinic alpha ferrous oxalate dihydrate (α-FeC2O4•2H2O). The crystallinity indexes (C.I.) were calculated using the software Bruker Diffrac.EVA V4.3.1. This software uses the background function to estimate the amorphous area with a 0.01 curvature and computes the crystallinity of the samples by dividing the crystalline area (calculated by the difference between total and amorphous areas) by the total area of the diffractogram. The morphology of the synthesized photocatalysts was observed by scanning electron microscopy (SEM) in a Thermo Fisher Scientific Phenom ProX microscope operated at 10 kV, while their particle size distribution was determined by laser diffraction using a Horiba LA-950V2 laser scattering analyzer. Specific surface area and pore volume of photocatalysts were determined by the nitrogen adsorption-desorption method at low temperature, BET equation, and BJH pore size distribution analysis. Prior to adsorption-desorption measurements, photocatalysts were degassed at 150°C under 5 Torr vacuum for 3 h in a Quantachrome Instruments Novatouch LX-1. Also, UV-Vis diffuse reflectance spectroscopy (DRS) was used to determine the band gap of the photocatalysts in a Perkin Elmer UV/VIS Lambda 365 [START_REF] Blitz | Chapter 5. Diffuse Reflectance Spectroscopy[END_REF]. Commercial titanium dioxide (>99%, anatase phase, and 325 mesh) from Sigma Aldrich was used as the reference material for band gap estimation, and its UV-Vis diffuse reflectance spectrum is shown in Fig. S7.

Filtrates of the corresponding synthesis reactions were analyzed by atomic absorption in a Perkin

Elmer Aanalyst 300 atomic absorption spectrometer to determine their iron and titanium contents.

Photocatalytic testing

The photocatalytic activity of as-synthesized catalysts was evaluated for phenol degradation under visible light irradiation in batch mode. The photocatalytic test was conducted in a chamber equipped with an 18 W visible lamp (Sylvania, LED panel SQ 18WDL) positioned over an orbital shaker set at 150 rpm (TECNAL, TE-1400), as depicted in Fig. S3. The spectral distribution of the 18 W visible lamp is provided in Fig. S4. Briefly, 25 mg of the photocatalyst (0.5 g/L) was dispersed in 50 ml of phenol solution (10 mg/L, neutral pH) with ultrasonication for one minute (GT SONIC, QTD10). The resulting suspension was placed inside the testing chamber in darkness for 1 hour at 150 rpm. Next, the visible light irradiation source was activated for 6 hours. Once irradiation time elapsed, an aliquot of the suspension was taken and syringe-filtered for further phenol quantification by High-Performance Liquid Chromatography (HPLC). The HPLC analysis was carried out on an Agilent HPLC L1120 equipped with an Agilent Zorbax Eclipse Plus C18 column (4.6 x 150 mm, 5 μm particle size). Duplicate HPLC injections were performed for every sample, and results were evaluated by one-way analysis of variance (ANOVA). Also, a pairwise comparison of means was assessed by Tukey´s multiple range test (p<0.05) using Minitab software package v.17 (Minitab Inc., State College, PA, USA).

In addition, adsorption tests without light exposure and photolysis tests without photocatalyst were also performed. All the experiments were performed by duplicate.

Reusability and stability tests

The reusability of the material obtained at 135 °C/12 h (HT-12) were estimated by recycling the photocatalyst three times under the same conditions as the photocatalytic tests above mentioned (dosage: 0.5 g/L, initial phenol concentration: 10 mg/L, 150 rpm, first hour in the dark followed by 6 hours of visible light irradiation). The photocatalyst particles were recovered by filtration after each cycle and washed with a water/ethanol solution (50 vol%) to perform the successive tests for phenol degradation. In addition, the fresh and used photocatalysts were analyzed by Raman spectroscopy using a LabRAM HR Evolution confocal microscopic Raman spectrometer (HORIBA Scientific, France) with a 633 nm laser irradiation set at 12.5 mW of power to confirm possible changes in the composition of the materials after the photocatalysis test.

Results and discussion

Synthesis of FOD-based photocatalysts

According to Fig. 1a, FOD-based photocatalysts were indeed synthesized from black sands under hydrothermal conditions. Also, the colors of FOD-based photocatalysts varied from pale green to pastel yellow, probably due to differences in phase composition, crystallinity, and particle size, all of which reflect different synthesis conditions. Likewise, in Fig. 1b, the colors of filtrates from synthesis reactions varied from yellow to transparent, suggesting that long reaction times and cosolvents alter the concentration of dissolved yellowish iron ions in the reaction medium. In addition, it is observed that dissolution of the complex iron-rich mineral sand precursor in the aqueous oxalic acid medium occurs prior to FOD synthesis (SM-4 filtrate). As such, sequential reactions corresponding to the acid dissolution of the individual iron-bearing compounds, hematite and ilmenite, into ferric ions Fe 3+ and further reduction to ferrous ions Fe 2+ to finally precipitate as FOD have been reported [START_REF] Lee | Dissolution of iron oxide using oxalic acid[END_REF][START_REF] Santawaja | Sustainable Iron-Making Using Oxalic Acid: The Concept, A Brief Review of Key Reactions, and An Experimental Demonstration of the Iron-Making Process[END_REF]. Thus, FOD synthesis from iron-rich black mineral sand (as Fe1.4Ti0.6O3.0) with hot aqueous 1.0 M oxalic acid can be represented by Eq. (1). 

(s) + 9H 2 C 2 O 4 (s) + 5H 2 O → 7FeC 2 O 4 • 2H 2 O (s) + 4CO 2 (g) + 3TiO 2 (s) (1) 
The photocatalysts' yields as well as iron and titanium concentrations in the corresponding filtrates are displayed in Table 2.

Table 2 According to Table 2, the control reaction (SM-4) had the lowest photocatalyst yield (20.4%), followed by hydrothermal reactions at 4 and 12 h with photocatalyst yields of 66.5 % and 79.1 %, respectively. There was a 3.2-fold yield increment when the reaction temperature was increased from 85 ⁰C (SM-4) to 135 ⁰C (HT-4), whereas a 1.2-fold increment was apparent when the reaction time was increased from 4 h (HT-4) to 12 h (HT-12). This suggests that the synthesis reaction is temperature-dependent. Also, the highest photocatalyst yield (80.8 %) was obtained when ethanol was added as a co-solvent, suggesting that this addition can modify the reaction environment through solvent effects [START_REF] Mabesoone | Solute-Solvent Interactions in Modern Physical Organic Chemistry: Supramolecular Polymers as a Muse[END_REF]. As a result, this can facilitate the solvation of oxalic acid, the dissolution of the precursor, and the consequent precipitation of FOD together with TiO2, increasing the photocatalyst yield. Hence, ethanol addition to hydrothermal reaction systems has been associated with ethanol self-aggregation, the formation of micro-heterogeneities, and an increase in nucleation rates [START_REF] Li | Preparation of CuS with Flower-Like Morphology by Water/Ethanol Solvothermal Synthesis[END_REF]. Interestingly, precipitation of TiO2 from iron-rich mineral sands has been previously reported in hot, pressurized 1.0 M oxalic acid, but at a high temperature of 155 ⁰C [START_REF] Valdivieso-Ramírez | One-Step Synthesis of Iron and Titanium-Based Compounds Using Black Mineral Sands and Oxalic Acid under Subcritical Water Conditions[END_REF]. Then, ethanol addition to the aqueous oxalic acid reaction medium can lead to TiO2 production at temperatures below 155 ⁰C. In addition, the corresponding filtrate depleted of iron (0.4 %) and titanium (35.7%), indicates that most of the iron and titanium that were solubilized in the pressurized aqueous oxalic acid + ethanol medium at 135 ⁰C were partially converted to FOD and TiO2, respectively.

On the other hand, the addition of ethylene glycol as a co-solvent led to the lowest photocatalyst yield (72.4%) among hydrothermal reactions carried out at 135⁰C. This suggests that adding ethylene glycol diminishes the solvation capacity of the oxalic acid reaction medium, hinders the dissolution of the precursor, and therefore limits the precipitation of FOD. 

Characterization of the as-synthesized FOD-based photocatalysts

Figure 2

The effect of co-solvent addition to pressurized aqueous oxalic acid medium at 135⁰C on FOD synthesis is depicted in Fig. 2d-e. The addition of ethanol led to FOD with the highest crystallinity index (86.9%), 2.3% higher than that obtained by the pressurized aqueous oxalic acid medium alone. Also, the XRD pattern in Fig. 2d shows that besides strong peaks at 2θ angles that correspond to monoclinic FOD, an additional peak at 2θ = 25.2° can also be identified. Such a peak could be attributed to the formation and precipitation of TiO2 in the anatase phase. Since the peak at 25.2° is the most representative and intense in the anatase XRD pattern (Rosli et al., 2018), its less intense peaks are difficult to identify, probably due to their overlap with the FOD peaks.

Further, the precipitation of anatase along the hydrothermal reaction is consistent with the relatively high solubility of oxalic acid in ethanol, which could impact its dissociation rate, facilitating the dissolution of the precursor and the subsequent formation and precipitation of both FOD and TiO2. In sum, it can be inferred that the highest photocatalyst yield obtained by ethanol addition at 135⁰C as well as the low titanium content present in its filtrate (Table 2) are the result of TiO2 precipitation.

The addition of ethylene glycol to the pressurized aqueous oxalic acid medium at 135 ⁰C had the opposite effect of ethanol, resulting in FOD with the lowest crystallinity index (83.9 %) and purity.

As such, the XRD pattern in Fig. 2e shows that the major phases in the photocatalyst HT-EG-12 are FOD and the precursor (ilmenite-hematite solid solution). The latter compound is represented by peaks at 2θ angles of 23.9°, 32.9°, 35.4°, 40.5°, 49.1°, and 53.6°. This is consistent with the lowest iron and titanium contents in its filtrate (Table 2), suggesting that the addition of ethylene glycol hinders the dissolution of the precursor under hydrothermal conditions and limits its conversion to the desired FOD.

Fig. 3 shows SEM micrographs and particle size distribution curves of the synthesized materials and the precursor (milled iron-rich mineral sands). SEM micrographs at a higher magnification than those in Fig. 3 are presented as supplementary material (Fig. S5). The corresponding particle size distribution parameters D10, D50, D60, D80, D90, the coefficient of uniformity, and the span are shown in Table S2.

Figure 3

According to SEM micrographs in Fig. 3a-e, temperature and co-solvent did influence the morphology of the resulting photocatalysts. At 85°C/4 h, the morphology of the photocatalyst resembles that of prism-like particles ordered in compact clusters (Fig. 3a). At 135 °C, regardless of the reaction time, the particles of photocatalysts are loosely agglomerated and exhibit the characteristic bipyramidal shape of α-FOD (Fig. 3b-c) reported by previous authors [START_REF] Liu | Preparation of β-ferrous oxalate dihydrate layered nanosheets by mechanochemical method and its visible-light-driven photocatalytic performance[END_REF][START_REF] Ogasawara | Kinetic modeling for thermal dehydration of ferrous oxalate dihydrate polymorphs: A combined model for induction period-surface reaction-phase boundary reaction[END_REF]. Likewise, using ethanol as a co-solvent at 135 °C also altered the morphology of particles, as irregular polygon-like particles and long symmetrical bipyramidal incomplete structures [START_REF] Berranger | From raw iron to semi-product: Quality and circulation of materials during the iron age in france[END_REF] were observed. Interestingly, these bipyramidal structures appear to be the result of the aggregation of small, irregular, polygon-like particles (Fig. 3d). Conversely, adding ethylene glycol as a co-solvent led to very small particles (< 10 nm) that resemble irregular prisms and tiny dumbbells [START_REF] Lee | Bipyramid-templated synthesis of monodisperse anisotropic gold nanocrystals[END_REF]. Then, the addition of ethylene glycol to the pressurized aqueous oxalic acid medium at 135 ⁰C proved to be a feasible alternative to fine-tune the size and morphology of FOD particles. As such, ethylene glycol has been used as a surfactant to obtain nanosized compounds with controlled morphology [START_REF] Jia | Thermal decomposition of ferrous oxalate nanowires to porous nanowire-like α-Fe2O3 with a good gas-sensing properties[END_REF][START_REF] Zhou | Room temperature synthesis of rod-like FeC2O4• 2H2O and its transition to maghemite, magnetite and hematite nanorods through controlled thermal decomposition[END_REF].

Regarding the particle size, Fig. 3a1-c1, show that aqueous oxalic acid at hydrothermal conditions (135 ⁰C) led to photocatalysts with a smaller median particle diameter (D50) than that of the control reaction carried out at 85 ⁰C. As such, the D50 values of photocatalysts HT-4, HT-12, and SM-4 were 6.4, 7.5, and 9.7 µm, respectively. Also, photocatalyst SM-4 exhibited the widest particle size distribution, corresponding to a span value of 12.5 µm. The span values of photocatalysts HT-4 and HT-12 were 8.2 and 7.8 µm, respectively. Unlike the relatively large D50 values of photocatalysts obtained with aqueous oxalic acid alone, those obtained with aqueous oxalic acid plus co-solvent displayed considerably smaller D50 values. Fig. 3d1 shows that the addition of ethanol led to a photocatalyst with the smallest D50 and span values of 3.7 µm and 3.4 µm, respectively. In addition, particles with a small D50 value (4.3 µm) were also obtained with ethylene glycol as a co-solvent. However, the span value of the photocatalyst obtained using ethylene glycol as a co-solvent was 1.5-fold greater than that of the photocatalyst obtained with ethanol. This suggests that HT-EG-12 is more sensitive to forming coarse particulates. Although reaction parameters influence the particle diameter of the synthesized materials, the observed broad particle size distribution curves could also be attributed to the precursor's wide particle size range (Fig. 3f1). As a result, dissolution of the precursor can proceed at different rates, altering nucleation and crystal growth, leading to photocatalysts with broad particle size distributions.

On the other hand, the specific surface area and pore size of FOD-based photocatalysts were estimated by the BET method and BJH pore size distribution analysis, respectively. The results are summarized in Table 3. The corresponding N2 adsorption-desorption isotherms are presented as supplementary material in Fig. S5.

Table 3

As can be observed in Table 3, the photocatalysts studied showed specific surface areas considerably higher than that of the precursor, regardless of the synthesis parameters used. All of these photocatalysts exhibited type IV isotherms (Fig. S6), which are associated with mesoporous materials. Nonetheless, temperature and reaction time did influence the specific surface area of photocatalysts. As such, the photocatalyst obtained at 135 ⁰C/12 h exhibited the largest surface area (26.04 m 2 /g) and pore volume (0.09 cm 3 /g) compared to those of photocatalysts obtained at 135⁰C/4 h and 85⁰C/4 h. Interestingly, the photocatalyst obtained under hydrothermal conditions at 135⁰C/4 h exhibited a smaller surface area (19.62 m 2 /g) than that of the photocatalyst obtained at 85⁰C/4h but at ambient pressure (21.15 m 2 /g). This can be explained considering that the synthesis at 85⁰C/4h resulted in a lower reaction yield, larger D50 particle diameters, and a smaller average pore radius, compared to those obtained in the synthesis at 135⁰C/4 h.

The specific surface area of the photocatalysts was also influenced by using co-solvents. The specific surface area of the photocatalyst obtained with aqueous oxalic acid + ethanol was 1.11fold larger than that of the photocatalyst obtained with hot pressurized aqueous oxalic acid alone, with a smaller pore radius (5.8 nm). The addition of ethylene glycol, however, led to a photocatalyst with the largest specific surface area. This surface area was 1.8-fold larger than that of the photocatalyst obtained with hot pressurized aqueous oxalic acid, but with the largest total pore volume (0.12 cm 3 /g) and the smallest average pore radius (5.3 nm). Then, the addition of cosolvents to a hot, pressurized aqueous oxalic acid reaction system can be a green alternative to modify not only the phase composition, morphology, and particle size of FOD-based photocatalysts but also their surface area and pore size.

On the other hand, the influence of the reaction parameters on the band gap energy of assynthesized oxalate dihydrate-based photocatalysts was evaluated based on the Kubelka-Munk theory using UV-vis diffuse reflectance spectroscopy [START_REF] Makuła | How To Correctly Determine the Band Gap Energy of Modified Semiconductor Photocatalysts Based on UV-Vis Spectra[END_REF]. Kubelka-Munk theory is a simple approach for estimating the band gap energy of a semiconductor. For this purpose, the linear part of the plot [F(R)× hυ] n vs. hυ] is extrapolated, where hυ is the photonic energy, R is the reflectance, F(R) is proportional to the extinction coefficient (α), and n is equal to 2 for direct allowed transitions and 1/2 for indirect allowed transitions. However, for α-FOD, there is controversy in the literature regarding its transition type. For example, some researchers reported direct band gaps [START_REF] Conde-Morales | Different Iron Oxalate Sources as Catalysts on Pyrazinamide Degradation by the Photo-Fenton Process at Different pH Values[END_REF][START_REF] Sarmah | Synthesis, Characterization, and Photocatalytic Application of Iron Oxalate Capped Fe, Fe-Cu, Fe-Co, and Fe-Mn Oxide Nanomaterial[END_REF], while others calculated it as an indirect band gap [START_REF] Fan | α-Ferrous oxalate dihydrate: a simple coordination polymer featuring photocatalytic and photo-initiated Fenton oxidations[END_REF][START_REF] Li | α-Ferrous oxalate dihydrate: An Febased one-dimensional metal organic framework with extraordinary photocatalytic and Fenton activities[END_REF][START_REF] Zhang | Ferrous oxalate dehydrate over CdS as Z-scheme photocatalytic hydrogen evolution[END_REF]. Nevertheless, in this work, both types of transitions adjusted well to the linear fit in all synthesized photocatalysts.

It is important to note that other iron-based semiconductors have been reported as exhibit both direct and indirect band transitions, including hematite [START_REF] Kocher | Nickel-induced structural, optical, magnetic, and electrical behavior of α-Fe2O3[END_REF], doped hematite [START_REF] Popov | Influence of Cr doping on the structural, magnetic, optical and photocatalytic properties of α-Fe2O3 nanorods[END_REF], goethite [START_REF] Zhang | Sizedependent bandgap of nanogoethite[END_REF], and pyrite [START_REF] Moradi | Visible light photocatalytic inactivation of Escherichia coli by natural pyrite assisted by oxalate at neutral pH[END_REF]. Estimated indirect bandgaps of the photocatalysts are reported herein, as there is more evidence in the literature of α-FOD band gap calculation considering the indirect transition. In addition, the estimation of band gap values using the direct transition are presented in the supplementary (Fig. S8). The band gap energies of the photocatalysts and their corresponding wavelengths, calculated by the Planck-Einstein relation, are detailed in Table 4.

Table 4

According to Table 4, all the synthesized photocatalysts show absorption in the visible light range, with narrow band gap energies ranging from 2.31 to 2.49 eV. Previous studies have reported band gap values for α-FOD in the range of 1.90 to 2.41 eV [START_REF] Conde-Morales | Different Iron Oxalate Sources as Catalysts on Pyrazinamide Degradation by the Photo-Fenton Process at Different pH Values[END_REF][START_REF] Fan | α-Ferrous oxalate dihydrate: a simple coordination polymer featuring photocatalytic and photo-initiated Fenton oxidations[END_REF][START_REF] Li | α-Ferrous oxalate dihydrate: An Febased one-dimensional metal organic framework with extraordinary photocatalytic and Fenton activities[END_REF][START_REF] Liu | Preparation of β-ferrous oxalate dihydrate layered nanosheets by mechanochemical method and its visible-light-driven photocatalytic performance[END_REF][START_REF] Zhang | Ferrous oxalate dehydrate over CdS as Z-scheme photocatalytic hydrogen evolution[END_REF]. These values fall within the range of the ones estimated herein. However, the reported variation in band gap values might be due to discrepancies in the semiconductor transition type as well as in the different methods adopted for band gap estimation. In addition, the observed shift in the absorption edge of as-synthesized photocatalysts could be attributed to differences in the morphology and size of particles as well as the presence of impurities [START_REF] Cañas-Martínez | Photo-oxidative and photoreductive capabilities of ilmenite-rich black sand concentrates using methyl orange as a probe molecule[END_REF][START_REF] Zhang | Sizedependent bandgap of nanogoethite[END_REF]. As such, photocatalysts obtained at 135 ⁰C/12 h that exhibited only the FOD phase (Fig. 2c) had the lowest band gap energy (2.31 eV). The photocatalyst obtained at 135 ⁰C/12 h + ethylene glycol that exhibited both phases, the FOD and the precursor, shows the highest band gap value of 2.49 eV. Finally, TiO2 photocatalyst showed an indirect bandgap energy of 3.25 eV, which is in accordance with the value reported in the literature (Grabowska et al., 2018), suggesting that the methodology used for the band gap estimation is accurate.

Photocatalytic performance

The photocatalytic activity of synthesized FOD dihydrate-based photocatalysts was evaluated for phenol degradation under visible light irradiation. The percentage of phenol removal by photocatalysts is shown in Fig. 4a (TiO2 was used as a reference).

Figure 4

According to Fig. 4a, in general, the synthesized photocatalysts exhibited both photocatalytic activity and capacity for adsorption. As such, all synthesized α-FOD-based materials exhibited excellent photocatalytic response under visible light, reaching between 92.1 and 93.8% phenol removal after 6 h of light exposure. These results reveal that all the synthesized photocatalysts are indeed visible light-responsive, as predicted by the estimated band gap values ranging from 2.31 to 2.49 eV. Also, the means of phenol removal were not significantly different (Tukey's HDS, p < 0.05), suggesting that reaction parameters were unlikely to affect the photocatalytic activity of the synthesized materials and that FOD is the most photoactive fraction regardless of its quantity. In addition, the photolysis experiment (phenol solution without photocatalyst under the same irradiation conditions) showed a phenol removal of approximately 4.7%, whereas photodegradation of phenol by TiO2 was negligible, as expected.

Unlike the photocatalytic activity of synthesized photocatalysts, reaction conditions significantly affected their capacity to adsorb phenol (Tukey's HDS, p < 0.05). After 1 h of adsorption, for example, photocatalyst obtained at 135 °C/4 h exhibited a significantly lower phenol removal (16.1±2.2 %) compared to that of photocatalyst obtained at 135 °C/12 h + ethanol (23.4±1.0 %).

This fact can be associated with the large specific surface area of photocatalyst HT-EtOH-12 compared to that of photocatalyst HT-4 (Table 3). Also, after 6 hours of adsorption, the photocatalyst obtained at 135°C/12 h + ethylene glycol exhibited a significantly lower phenol removal (22.1±2.1 %) compared to that of photocatalyst obtained at 135 °C/12 h + ethanol (30.1±2.7 %). Although the specific surface area and pore volume of the photocatalyst HT-EG-12 were higher than those of the photocatalyst HT-EtOH-12, its capacity to absorb phenol was not efficient. This indicated that adsorption depends not only on the surface characteristics of the adsorbents but also on their chemical composition and surface functional groups [START_REF] Anku | Phenolic Compounds in Water: Sources, Reactivity, Toxicity and Treatment Methods[END_REF]. Therefore, since HT-EG-12 contains FOD along with the black sand precursor, the latter compound could have minimized phenol adsorption.

Based on the results described, the photocatalyst HT-12 was selected among all the synthesized photocatalysts for further photocatalytic testing. Photocatalyst HT-12 exhibited a high reaction yield, the lowest band gap energy, and did not require additional reagents like co-solvents. Thus, it was studied in detail for phenol removal as a potential economically attractive photocatalysis that works in the visible light region. As such, Fig. 4b depicts the photocatalytic performance of photocatalyst HT-12 with time. Also, an adsorption experiment was carried out to illustrate the difference between the adsorptive performance and photocatalytic activity with time. The photocatalytic removal of phenol fits a pseudo-first-order kinetic model. The kinetic coefficient k is given by the slope of the plot of ln (Ct/C0) vs. irradiation time (Fig. S9), where C0 is the initial phenol concentration and Ct is the actual concentration at a given irradiation time. The calculated kinetic coefficient was 0.444 h -1 (R 2 =0.985).

To the best of our knowledge, no research studies have used FOD for phenol degradation under visible light irradiation. Nonetheless, a few investigations have been found in the literature concerning dyes photodegradation. Even though it is difficult to compare the performance of photocatalysts under different experimental conditions, Table S3 shows the photodegradation capacity of FOD used for dye degradation by visible light driven photocatalysis and the results obtained by photocatalyst HT-12 synthesized in this work. Furthermore, there are several works focused on the visible-driven photocatalysis of phenol as a model molecule by using different complex catalysts. For example, Ag/TiO2 nanofibers (dosage of 1.5 g/L) were used as photocatalysts to degrade phenol in solutions with an initial concentration of 5 mg/L. As a result, after 10 h of visible light irradiation, a phenol degradation of 82.65% and a first-order kinetic coefficient of 0.168 h -1 were reported [START_REF] Norouzi | Photocatalytic degradation of phenol under visible light using electrospun Ag/TiO2 as a 2D nano-powder: Optimizing calcination temperature and promoter content[END_REF]. Also, a sulfur and iron co-doped TiO2

photocatalyst (1 g/L) was used to degrade 99.4% of phenol within 10 h of visible light irradiation, starting from a 20 mg/L solution [START_REF] Niu | Visible light activated sulfur and iron co-doped TiO2 photocatalyst for the photocatalytic degradation of phenol[END_REF]. Similarly, the photocatalytic degradation of phenol in an aqueous dispersion of core-shells of copper and TiO2 nanostructures (Cu@TiO2) was studied under visible irradiation. A starting phenol concentration of 10 mg/L and a photocatalyst dosage of 0.25 g/L were used. As a result, a first-order kinetic coefficient of 0.0618 h -1 was reported [START_REF] Albornoz Marin | Photocatalytic degradation of phenol by core-shell Cu@TiO2 nanostructures under visible radiation[END_REF]. Overall, phenol photodegradation reported in the literature using complex photocatalysts is comparable to the values obtained herein (92.7%). In this work, however, a simple α-FOD-based photocatalyst HT-12 obtained from black sands was used in a low dosage range of 0.5 g/L to photodegrade phenol within a short exposure time to visible light of 6 h. Therefore, the α-FOD-based photocatalyst HT-12 can be used as a simple yet effective green-synthesized photocatalyst to remove phenol and potentially its derivatives from wastewater.

Reusability and stability and of the photocatalyst

The results obtained from the reusability tests are displayed in Fig. S10a and exhibit that the recycled HT-12 photocatalyst's activity remained almost unchanged after three cycles. It is important to note that the nominal initial concentration for phenol solution is 10 mg/L; however, it is clearly seen that the real concentrations are above this value and have little difference among cycles due to experimental issues. For this reason, the concentration profiles differ, and the phenol degradation rate in the first cycle is smaller than in the second cycle. Raman spectra of fresh and used photocatalysts are shown in Fig. S10b. It is observed that the Raman spectrum intensity decreases, probably due to surface leaching [START_REF] Guo | Efficient persulfate activation by hematite nanocrystals for degradation of organic pollutants under visible light irradiation: Facet-dependent catalytic performance and degradation mechanism[END_REF], however there is no evident change in the position of the bands at 203.8, 245.5, 521.5, 584.0, 854.3, 913.1, and 1468.5 cm -1 which correspond to α-FOD. These results corroborate that the synthesized photocatalysts are stable and can be effectively reused in visible light-driven photocatalytic processes for phenol degradation.

Conclusion

Monoclinic α-FOD-based photocatalysts were synthesized from an iron-rich black mineral sand (0.6FeTiO3•0.4Fe2O3) with 1.0 M oxalic acid solutions by a hydrothermal route. Reaction yields were dependent on the reaction time and the addition of co-solvents and ranged from 66.5 to 80.1%. XRD analysis demonstrated the presence of α-FOD as the major phase in the as-synthetized photocatalysts, with crystallinity indexes ranging from 74.9 to 86.9%. The morphology of the powdered photocatalysts was predominantly of square bipyramidal shape, except for particles from the photocatalyst synthesized using ethylene glycol as a co-solvent. In this case, the formation of agglomerates of tetragonal prism shape was evident. Particle sizes ranged from submicronic to a few micrometers, and all the photocatalysts were mesoporous structures with differences in specific surface area. Narrow band gaps, corresponding to absorption in the visible spectrum range, were estimated. All the synthesized photocatalysts showed good performance, as evidenced by photodegrading over 92% of a phenol solution with an initial concentration of 10 mg/L under 6 h of visible light irradiation and a photocatalyst dosage of 0.5 g/L. Also, the photocatalyst demonstrated to be stable after three cycles of photocatalytic process under visible light irradiation.

These results suggest that the photocatalysts obtained could be potentially employed as photoactive materials in real solar applications for organic pollutant degradation and, at the same time, contribute to the revalorization of Ecuadorian black sands.

Figure 1

 1 Figure 1 5Fe 1.4 Ti 0.6 O 3.0 (s) + 9H 2 C 2 O 4 (s) + 5H 2 O → 7FeC 2 O 4 • 2H 2 O (s) + 4CO 2 (g) + 3TiO 2 (s)(1)

Fig. 2

 2 Fig.2shows the XRD patterns and crystallinity indexes (C.I.) of the synthesized photocatalysts.All these photocatalysts exhibited to some extent the characteristic peaks of the monoclinic α-FOD with different lattice parameters of either a = 9.83702 Å and ß = 104.766 ° (JCPDS file No. 23-0293) or a = 12.06000 Å and ß = 127.970 ° (JCPDS file No. 72-1305). As temperature increased from 85 ⁰C to 135 ⁰C, while keeping the 4 h reaction time constant (Fig.2a-b), a 5.5% crystallinity increment was observed. Additionally, at 85 ⁰C, peaks corresponding to both FOD and the precursor are identified on the XRD pattern, whereas at 135 ⁰C, only peaks that are characteristic of FOD are apparent. This suggests that reactions occur faster at high temperatures, facilitating the dissolution and conversion of the precursor into FOD. This is consistent with the increased photocatalyst yield obtained at 135 ⁰C/4 h (66.5 %) when compared to that of the reaction at 85 ⁰C/4 h (20.4 %). Conversely, the effect of reaction time at a set temperature of 135 ⁰C is shown in Fig.2b-c. As reaction time increases from 4 to 12 h, a 4.2 % crystallinity increment is observed, as is the presence of FOD with both monoclinic lattice systems. Then, it can be inferred that longer reaction times induce a high degree of structural order in the FOD crystal as well as the formation of another monoclinic lattice system (JCPDS file No. 72-1305) with increased values of α (12.06000 Å) and ß (127.970⁰).
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