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Abstract

:

Featured Application


Based on the present experimental results, which consider satisfactory photocatalytic degradation activity and good charge separation, the ternary heterostructures can be further tested in a dynamic system for wastewater treatment applications.




Abstract


Ternary composites of TiO2–CuxS–fly ash were used in simultaneous adsorption and photocatalysis processes for the removal of organic (dye) pollutants. Composites of semiconductor (TiO2, CuxS) nanomaterials hosted within matrices of fly ash, such as film heterostructures, are promising materials for advanced wastewater treatment. The combination of adsorption and photocatalysis processes was investigated in the removal of methylene blue (MB), considered as a standard in photocatalysis. Ternary film heterostructures obtained by doctor blade technique allows overcoming the separation step of particles from treated wastewater. The comparison between the adsorption and photodegradation tests performed with TiO2–CuxS–fly ash showed that in dark conditions, the MB removal was 75% after 360 min, while in the presence of UV radiation, almost total dismissal of MB was achieved in the same treatment period. The degradation rate of MB, when H2O2 is used as an electron acceptor, could reach 90% in adsorption and 99% in simultaneous adsorption/photocatalysis processes. The adsorption isotherm was found to follow the Langmuir and Freundlich models.
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1. Introduction


Fly ash is a by-product generated by coal-fired power plants generating electricity, which is one of the earth’s most significant sources of air pollution worldwide and leads to waste management proposals [1].



Nowadays, fly ash can be recycled and reused in different engineering applications, in the cement industry and in wastewater heavy metal adsorption, reducing environmental footprint [2]. The wastewater from industry and householders has a multi-pollutants composition requiring simultaneous advanced treatment processes, such as adsorption and photocatalysis [3]. These processes can be performed sequentially, with the disadvantage that they increase the technological costs [4,5]. The integration of adsorption and photocatalysis in a one-step treatment process can enhance the overall removal efficiency [6]. Advanced oxidation processes (AOPs) represent a suitable alternative to the traditional organic removal methods in terms of sustainability [7]. Various photocatalysts were studied in AOP, starting with monocomponent structures such as TiO2 [8,9], ZnO [10,11], SnO2 [12,13], and WO3 [14,15], which have the disadvantage of limited light absorption range [16,17], low chemical stability [18,19], and high charge carriers recombination rate [20,21]. In order to overcome these issues, complex photocatalysts multi-component structures based on metal oxides [22], metal sulphur [23], graphene [24], and polymers [25] were reported. Coupling semiconductors (oxide and sulfide) with a clear difference between the valence band and conduction band energies (the two difference-shifts being in the same direction) is a common strategy to minimise recombination [26]. These materials have relatively good photocatalytic efficiency, but the competition between adsorption and photocatalytic degradation should be optimised in order to decrease the operation time and to increase the materials lifetime. The heterojunctions are used as photocatalyst due to their carrier-injecting ratio properties, improved light excitation response, and efficient separation of photoexcited electron-hole pairs, inducing a higher photocatalytic reaction rate and overall output [27]. However, there are still issues related to the treatment of highly concentrated organic pollutants, which can not be avoided based only on photocatalytic processes.



A range of VIS-active photocatalysts is those based on tandem or diode type structures, displaced by the association of two semiconductors (n-n type or n-p type). These materials are relatively good adsorption substrates, but the competition between the two processes should be optimised so that the adsorption of organic compounds to be followed by photolysis and adsorption of inorganic compounds does not distort the properties of VIS-activated photocatalyst.



Titanium dioxide was largely investigated as the photocatalyst for wastewater pollutant decontamination [28], although the process efficiency is low under VIS irradiation [29,30] due to the bandgap of 3.2 eV and easy recombination of the generated hole and electrons pairs [31]. Several paths are followed: (i) properties that have an impact in photocatalysis, including chemistry defects about electronic structure, semiconductor properties, composition, and morphology, will be optimised; (ii) TiO2 must be coupled with other semiconductors and designed multi-layered materials [32], such as TiO2/CuxS [33], ZnO/TiO2 [34], WO3/TiO2 [35], TiO2/Fe2O3, [36], and TiO2/SnO2 [37]. Coupling semiconductors (oxide and/or sulfide) with a clear difference between the energy of the valence bands as well as between the energy of the conduction bands (the two difference-shifts being to the same direction) is a common strategy to minimise recombination.



Ternary materials for wastewater treatment are also investigated by other authors: MoS2/g-C3N4/graphene oxide (GO) [38], reduced graphene (rGO)/TiO2/ZnO [39], TiO2-Au-CdS [40], Fe3O4@TiO2/reduced graphene [41], TiO2/WO3/g-C3N4 [42] Fe3O4/TiO2/SiO2 from industrial fly ash as starting materials [43], α-Fe2O3-TiO2/fly ash cenospheres [44], SnO2-TiO2/fly ash cenospheres [45], g-C3N4/N-TiO2/Fly Ash Cenospheres [46], Fly ash/Cu/TiO2 [47].



Therefore, the paper proposes an approach based on the removal of organic wastewater pollutants using simultaneous photocatalysis and adsorption processes. These technologies will simplify the treatment process but require good control of the key parameters. The ternary TiO2–CuxS–fly ash structure was developed considering a future implementation in large scale applications, requiring (a) simple fabrication methods, (b) possibility to tailor the morphology, (c) sustainability and (d) good chemical stability. The heterostructure materials were selected based on the composition and crystalline structure compatibility.




2. Materials and Methods


2.1. Materials Preparation


The ternary TiO2–CuxS–fly ash heterostructures were obtained by mixing three types of fly ash–TiO2 (FA–TiO2) powders, synthesized by hydrothermal method, and CuxS powder synthesized by photochemical precipitation. The raw fly ash is a class “F” fly ash (FA), collected from the Central Heat and Power (CHP) Plant Brasov (Brasov, Romania) [48]. The powders’ synthesis methods were previously reported [49,50]. The CuxS powder was synthesised by photochemical methods using sodium thiosulfate (ACS grade) and copper sulfate (ACS grade) solutions in a weight ratio of 1:1. The pH was adjusted to 3.0 by adding HNO3 65% solution; green precipitates were formed in the solution. After 24 h of UV irradiation, the black precipitates were washed and dried at 110 °C for 24 h. The dry CuxS powder was calcined at 350 °C in a furnace for 3h. The CuxS powder was optimised in our previous papers [49,51]. The FA–TiO2 composites were obtained by hydrothermal method using 20–40 μm FA fractions and TiO2 photocatalyst (Degussa P25, 80% anatase, 20% rutile). The FA-TiO2 composites (Fly1, Fly 2 and respective Fly3) were obtained in an autoclave from the slurry of the powder mixture (weight ratio FA:TiO2 = 3:1, 1:1 and respective 1:2) and NaOH 2N, under stirring (300 rpm) for 24 h, at 5 atm pressure and 150 °C. After filtration, washing and drying at 105–120 °C, the dried substrates were obtained and further used in photocatalytic and adsorption experiments.



In the preparation process, the FA–TiO2 and copper sulfide powders were mixed. A schematic diagram was used to explain the preparation method (see Figure 1). Mixing the constituents with ethanol in a weight ratio of 5:1:8, a paste was obtained. The paste was smeared on a microscopy glass substrate (sample of 1.5 × 2.5 cm2) which was previously cleaned using ethanol, distilled water, and acetone in continuous sonication process. After drying in the air for about 30 min, the films were annealed in an oven at 300 °C for 1 h.




2.2. Materials Characterisation


The X-ray diffraction (XRD) measurement was used to analyse the phase compositions. The analysis was made at room temperature by using XRD diffraction (Brucker D8 Discover X-ray diffractometer, Berlin, Germany), at 40 kV and 40 mA equipped with a Cu tube for generating CuKα radiation, λ = 0.15406 nm), the incident beam in the 2-Theta mode over the range of 20–70°, scan step of Δθ = 0.025°, and Δt = 1.5 s.



Surface topography, roughness, and fractal distribution of the films were investigated with atomic force microscopy (AFM), (NT-MDT model BL222RNTE). The AFM images were taken in the semicontact mode with Si-tips (NSG10, force constant 0.15 N/m, tip radius 10 nm), and the results were processed with the dedicated software (NT-MDT, Nova Soft). The fractal analysis of the 2D AFM images of the film samples was performed using the SPIP software. Scanning electron microscopy (SEM) (Hitachi model S-3400N Type II) in BSE regime at low vacuum (50 Pa, 15 kV) was used to investigate the morphology of the sample. Energy-dispersive X-ray spectroscopy measurements (EDS) (Thermo, Ultra Dry, Noran System 7, NSS Model, NY, USA) were done for elemental analysis, based on energy values corresponding to each element in the samples.



The point of zero charge of materials (pHpzc) was performed by mass titration using 100 mL 0.1 M NaOH solution, and 0.2 g powder (representative for each sample) was added. In the second step, the solution was titrated with 0.1 M HNO3 solution, and the pH values measured after 5 min of stirring. The pH of each suspension was then measured using a digital pH meter. Based on the curve obtained after plotting the pH versus mass fraction, the pHpzc was validated. The method was previously developed and explain [49].




2.3. Experimental Setup of Adsorption and Photocatalysis


In order to better understand how simultaneous adsorption and photodegradation processes take place, the experiments were carried out based on the classical photocatalytic degradation models. The methylene blue (MB) degradation measurement was standardised in DIN 52980 as a typical measurement to confirm the photocatalytic activity [52]. The ternary heterostructures, were added in 50 mL of aqueous methylene blue solution (concentration of 4 mg L−1) and irradiated into a photoreactor equipped with two UV blacklight lamps (F18 W/T8 black light tubes, typically 340–400 nm, with λmax = 365 nm, flux intensity 3 lx, Philips, Bucharest, Romania), and four VIS lamps (TL-D Super 80 18 W/865 lamps, white cold light tubes, typically 400–700 nm, with λmax = 565 nm, flux intensity 28 lx, Philips). Before illumination, to ensure the adsorption equilibrium, the heterostructures were kept in the dark in MB solution for 30 min. The adsorption experiments were performed in the same condition in the dark. At given time intervals, 5 mL of the sample was withdrawn and filtered (Millipore Millex-GN 0.2 µm), and the solution absorbance was spectrophotometrically measured at a maximum absorption wavelength of 665 nm (Perkin Elmer Lambda 940 spectrophotometer, Waltham, MA, USA) equipped with a quartz cell. The dye degradation efficiency was calculated as a relative percentage of dye concentration to its initial concentration.




2.4. Adsorption Isotherm Models


The adsorption capacity of MB on ternary materials was calculated using the following expression:


   q e  =    (   C 0  −  C t   )  × V  m   



(1)




where qe (mg/g) is the amount adsorbed at time t (minute), and C0 and Ct (mg/L) are the initial and at time t dye concentrations, respectively. V is the volume of solution (L), and m is the number of adsorbent materials (g).



The equilibrium relationship between dyes adsorbed and many equations described un-adsorbed amounts. Freundlich and Langmuir’s models were tested to provide the best description of dye adsorption [53,54,55,56,57].



The Langmuir model predicts whether the adsorption is favourable or unfavourable; the model describes monolayer adsorption to a surface very well. The Langmuir expression and the linearised form are presented in Table 1. A plot of Ce/qe versus Ce should indicate a straight line of slope 1/qmax and intercept of 1/KL×qmax. A dimensionless constant separation factor (SF) is the characteristic of Langmuir isotherm, expressed by Equation (2). The value of SF represents the nature of the adsorption process, which is unfavourable if SF > 1, linear if SF = 1, favourable if 0< SF < 1, and irreversible if SF = 0 [58,59].


   S F  =  1  1 +  K L  ×  C 0     



(2)







The Freundlich model corresponds to a heterogeneous adsorbent surface. The empirical and linearised form of the Freundlich equation can be written as presented in Table 1 [60], where KF and n are indicators of adsorption capacity and adsorption intensity, respectively. A plot of ln(qe) versus ln(Ce) should indicate a straight line of slope 1/n and intercept ln KF.





3. Results and Discussion


3.1. Heterostructures Composition and Crystallinity


The ternary heterostructures’ composition and crystallinity are considered key properties in developing high efficient photocatalytic and adsorbent materials [61]. The diffraction analysis of Fly ash-TiO2 structures (named Fly 1, Fly2 and respectively Fly 3) (see Supplementary materials, Figure S1) shows the presence of crystalline oxides such as SiO2 (monoclinic), Al2O3 (hexagonal) and Fe2O3 (hematite, rhombohedric) from FA, TiO2 (anatase, rutile) from Degussa powder, and Cu2S (chalcocite) and CuS (covellite) from the powder obtained by the photochemical method (Figure 2). Even if the samples were thermally treated at 300 °C, there is no proof of formation of CuxO or other mixed oxides. However, due to the similarity of the metal ionic radius (   r  A  l  3 +     = 0.050   nm  ,    r  F  e  3 +     = 0.06   nm  ,    r  T  i  4 +     = 0.068   nm  , and    r  C  u  2 +     = 0.072   nm  ), the doping between heterostructure materials cannot be excluded. Materials compatibility is a pre-requisite in obtaining uniform and homogeneous interfaces that can facilitate the charge carrier’s mobility through the structure.



Energy-dispersive X-ray spectroscopy (EDS) technique was employed to get information about the elemental composition of the ternary TiO2–CuxS–FA structures. The percentage weight and atomic content of various elements of the surface determined by EDS are shown in Table 2. This information is essential, considering that photocatalysis and adsorption processes are dependent on surface chemistry [62]. Based on the EDS results, titanium oxide is the most surface-abundant, which is a positive aspect due to the well-known photocatalytic efficiency of this material [63]. Additionally, the sample’s surface contains all components required for heterostructure activation in UV radiation. Sample C10 is the most suitable zeolite material because the Si/Al ratio is 2.60, which is closest to the value recommended in the literature of 2.10 [64,65].




3.2. Heterostructures Morphology and Point of Zero Charge (pHPZC)


The morphology is an important property that can influence both photocatalytic efficiency and adsorption that take place at the heterostructure’s interface with the working environment. The AFM images presented in Figure 3 show that meso- and micro-particles are agglomerated in large aggregates depending on the heterostructure composition.



Sample A10 presented a porous morphology with an average pore size around 1 μm (Figure 3a), which is considered suitable for photocatalytic application due to the scattering effect [49]. By decreasing the FA quantity and increasing the TiO2 ratio, the pore size value decreases significantly (~600 nm for sample B10, see Figure 3b, and ~250 nm for sample C10, see Figure 3c); even if the size of the pores decreases, the number of pores increases, which is in accordance with other reports [66], suggesting the possibility of tailoring the morphology based on the heterostructure components ratio.



The Scanning electron microscopy (SEM) images (see Figure 4) indicate that all three samples contain aggregates of various shape and size un-homogenously distributed on the surface. This morphology is characteristic for ternary heterostructures [65] where metal oxides or sulfur compounds (TiO2, Cu2S) adhere to the fly ash particle surfaces. Most of the particles have a spherical shape, with sizes ranging from 200 to 500 nm dispersed over the whole matrix of materials. By maximising the surface area, it is possible to increase the photocatalytic efficiency due to the larger interface between the samples and the aqueous environment.



Suitable charged surfaces and porous morphologies are considered prerequisites for high efficient photocatalytic and adsorption processes [67]. The photocatalysis and adsorption reaction on the nanostructures materials are influenced by a few factors: (i) the pH of the pollutant, (ii) the ionizing capacity of the solute (acidity, pKa), and (iii) the zero point charge of materials (pHPZC). The values of pHPZC calculated based on Figure 5, i.e., 6.43 for sample A10, 6.32 for Sample B10 and 6.25 for Sample C10, indicated an amphoteric surface of nanostructures favourable for adsorption and photocatalysis.




3.3. Adsorption and Photocatalytic Processes


Heterogeneous photocatalytic processes comprise several steps, such as physical [51] or chemical [68] adsorption, chemical reactions occurring between the species formed at the catalyst surface followed by degradation and reaction products formation (such as halides, metals, inorganic acids, organic compounds), and adsorption/desorption of these products. Therefore, the description of heterogeneous photocatalysis with specific adsorption modelling tools also involves the consideration of secondary chemical processes (pseudo-adsorption) [69], to which is added the influence of substrate morphology, especially in the inter-particle diffusion stage.



Since the adsorption step determines the rate in heterogeneous photocatalytic processes, its study becomes necessary for understanding the photodegradation mechanism. The adsorption mechanism involved four steps: (a) surface pollutant diffusion, (b) the mass transfer between the substrate and liquid phase, (c) catalyst surface pollutant adsorption, and (d) adsorbed molecules diffusion through catalyst pores [70,71,72].



Due to the strong adsorption of dye molecules on the ternary heterostructure surface, the photocatalysis process takes place at a considerable rate higher than Fly ash-TiO2 materials (see in the Suplementary material Figure S2 for adsorption process and Figure S3 for adsorption/photocatalysis process). MB adsorption was firstly conducted in a dark condition (see Figure 6), followed by its photocatalytic degradation with and without the addition of H2O2 under UV irradiation (see Figure 7).



The adsorption behaviour can serve as an essential role in the photocatalytic degradation reaction. The need for kinetic investigations in heterogeneous photocatalysis is closely related to the photoreactor design as well as the choice of that reaction mechanism sequence with a determining effect on the photoreactor performance. The highest adsorption efficiency (in the dark) was 75% (without H2O2) and 90% (with H2O2), both corresponding to sample C10 due to its morphology, characterised by a high number of small pores. Under UV irradiation, the sample A10 becomes more efficient (96% without H2O2 and 99% with H2O2) due to the higher TiO2 content and the presence of larger pores allowing a multi-scattering effect [73].



Sample A10 have a better suppression of the electron-hole recombination, which allows the generation of oxidative species (h+, HO·) [74]. It is known that fast electron-hole pairs recombination correlated with lacking efficient export channels induce a significant reduction of the photocatalytic efficiency [75,76]. The superoxide radicals (HO·) generated in the presence of surface holes (h+) present a strong ability of oxidative degradation and are used as active species in MB degradation reaction. Based on the present experimental results which consider satisfactory photocatalytic degradation activity and good charge separation, the ternary heterostructure can be further tested in dynamic system applications.



The superoxide radicals (HO) generated in the presence of surface holes (h+) present a strong oxidative degradation ability and are used as active species in MB degradation reaction. Based on the present experimental results, which consider satisfactory photocatalytic degradation activity and good charge separation, the ternary heterostructure can be further tested in dynamic system applications.



The main oxides present in fly ash are mullite (2SiO2∙3Al2O3), α-quartz (SiO2), hematite (α-Fe2O3), and magnetite (Fe3O4), which comprise over 70% of the fly ash. The majority of oxides present in fly ash are photocatalytic inactive; fly ash is a good adsorbent in dye removal. The magnetite and hematite, together with hydrogen peroxide, act as in situ Fenton reactive, which improves the efficiency of dyes degradation. The results presented in Figure 6b and Figure 7b demonstrate that in situ Fenton and photo-Fenton homogeneous processes, caused by the Fe2+, Mn3+ and Cu2+, on the surface of the fly-ash-based material increase the MB degradation very quickly. Under UV irradiation, the effect of H2O2 is much stronger, and the efficiency strongly increases, suggesting these materials be recommended for wastewater remediation.



Fenton is a homogeneous process that consists of ferrous, cuprous and cupric ions and hydrogen peroxide reaction that generated hydroxyl radical as in Equations (3)–(5) [77,78]. The hydroxyl radicals degrade dye molecules, resulting in intermediates and mineralisation products as in Equation (6).


    Fe   2 +   +  H 2   O 2  →   Fe   3 +   +   OH  −  +   HO  ·   



(3)






    Cu   2 +   +  H 2   O 2  →   Cu  +  +   HO  2 ·  +  H +   



(4)






    Cu  +  +  H 2   O 2  →   Cu   2 +   +   HO  ·  +   HO  −   



(5)






    HO  ·  + dyes → intermediates → inorganics  



(6)







The heterojunctions are used for photocatalyst due to their carrier-injecting-ratio properties, improving the light response and achieving more efficient separation of photoexcited electron-hole pairs and thus achieving a higher photocatalytic reaction rate and overall output. These hybrid materials consist of a wide range of oxides from fly ash (SiO2, Al2O3, Fe2O3), TiO2 Degussa P25, and copper sulfides (CuS, Cu2S); will take advantage of the very stable TiO2 photocatalyst; and, coupled with the VIS response of the copper sulphide (CuxS, 1 < x < 2) photocatalyst, will yield a hybrid photocatalyst which provides excellent photocatalytic performance in visible light and cost-effectiveness [79].




3.4. Adsorption Isotherms


Two isotherm models, Langmuir and Freundlich, are often used to determine the maximum pollutant capacity and to identify the adsorption process, the data were fitted to match the experimental data. The isotherm parameters and the values of the correlation coefficients (R2) are summarised in Table 3.



The adsorption equilibrium data fit the Langmuir isotherm. The results show that the value of R2 obtained from both isotherms was in the range of 0.817 and 0.977, assuming that the adsorption of MB is monolayered chemisorption. The maximum monolayer adsorption capacity was 1 mg·g−1 for sample C10 when H2O2 was used. The separation factor SF was in the range of 0.029 and 0.413 for all samples, showing that the adsorption of MB on fly ash-TiO2 based materials is favourable. The adsorption mechanism of MB on ternary materials surface can be explained to the electrostatic interaction between negative charge of materials and positively charge of dye, showing that the process is chemisorption.



The constants of the Freundlich model, KF and 1/n ranged from 1.488 to 6.958 and from 0.516 to 3.3, respectively. If 1/n has a value between 0 and 1, then the adsorption is favourable. The MB adsorption on the A10, B10, and C10 samples were favourable in the absence of H2O2. The high correlation coefficients values of Freundlich model from 0.81 to 0.977 indicate a high affinity between the materials surface and MB. These results indicated that some heterogeneity in the surface of the materials plays a role in the adsorption process, which is in agreement with the presence of both CuxS and TiO2 in the adsorbent structure.





4. Conclusions


Fly ash is a solid waste generated in the combustion of coal. A strategy proposed to prevent environmental pollution is to use FA in wastewater environmentally friendly applications, such as photocatalysis. The majority of raw FA consists of numerous metal oxides such as silica (SiO2), alumina (Al2O3), calcium oxide (CaO), magnesium oxide (MgO), iron oxide (Fe2O3), and titania (TiO2) with good photocatalytic activity. In this work, considering the intelligent management of fly ash, this raw material was used in ternary TiO2–CuxS–FA heterostructure with application in advanced wastewater treatment. The TiO2–CuxS–FA heterostructures give the possibility to get simultaneous adsorption and photocatalytic unit operations in a single reactor. The modelling of such a system must adequately take into account the dual functionality of materials, to set linking between adsorption and photodegradation mechanisms. The comparison between the adsorption and photodegradation tests performed with TiO2–CuxS–FA with different TiO2 ratios showed that in dark conditions, the methylene blue removal was 75% after 360 min, while in the presence of UV light, the efficiency was 96% after the same treatment period. The degradation rate of MB, when H2O2 is used as an electron acceptor, could reach 90% in adsorption and 99% in combined adsorption/photocatalysis processes. The adsorption isotherm was found to follow the Langmuir and Freundlich models.
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Figure 1. Synthesis of ternary TiO2–CuxS–fly ash (FA) heterostructures. 
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Figure 2. X-ray diffraction (XRD) patterns for ternary TiO2–CuxS–FA heterostructures. 
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Figure 3. The AFM images and distribution curves of ternary heterostructures: (a) sample A10, (b) sample B10, (c) sample C10. 
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Figure 4. SEM images of ternary TiO2–CuxS–FA heterostructures: (a) Sample A10, (b) Sample B10, (c) Sample C10. 
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Figure 5. pH changes in the photocatalyst films vs. total HNO3 0.1M volume (black line) and the derivative curve (dpH/dV, blue line), (a). sample A10, (b). sample B10, (c). sample C10. 
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Figure 6. The adsorption process on ternary TiO2–CuxS–FA materials: (a) without H2O2 and (b) with H2O2. 
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Figure 7. The adsorption/photocatalysis process on ternary TiO2–CuxS–FA materials: (a) without H2O2 and (b) with H2O2. 
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Table 1. The adsorption isotherm models.
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	Isotherm Models
	Math Expression
	The Linearised Form
	Plots
	Parameters





	Langmuir
	    q e  =    q  max   ×  K L  ×  C e    1 +  K L  ×  C e      
	      C e     q e    =  1   K L  ×  q  max     +    C e     q  max       
	      C e     q e       vs  .      C   e    
	qmax = maximum amount of dye per gram of catalyst (mg·g−1)

KL = the Langmuir adsorption constant (L·mg−1)



	Freundlich
	    q e  =  K F  ×  C e     1 / n     
	     lnq  e  =   lnK  F  +  1 n  ×   lnC  e    
	lnqe vs. ln Ce
	KF = the Freundlich adsorption constant (mg·g−1)

n = the Freundlich adsorption constant







Ce = dye concentration at equilibrium (mg·L−1), qe = the adsorbed dye quantity per gram of adsorbent (mg·g−1).
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Table 2. The weight and atomic percentage of each element in ternary TiO2–CuxS–FA materials (from Energy-dispersive X-ray spectroscopy (EDS) spectra).
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Sample

	
Line

	
O K

	
Na K

	
Al K

	
Si K

	
S K

	
Ti K

	
Fe K

	
Cu K

	
Total

	
Si:Al

	
Ti:Cu:Si






	
A10

	
Wt. %

	
41.66

	
8.69

	
7.78

	
12.69

	
1.36

	
20.04

	
2.81

	
4.97

	
100

	

	




	
At. %

	
60.39

	
8.77

	
6.69

	
10.48

	
0.99

	
9.70

	
1.17

	
1.81

	
100

	
1.57

	
5.35:1:5.79




	
B10

	
Wt. %

	
40.80

	
6.09

	
4.52

	
7.81

	
0.71

	
34.71

	
2.77

	
2.60

	
100

	

	




	
At. %

	
62.23

	
6.47

	
4.09

	
6.78

	
0.54

	
17.68

	
1.21

	
1.00

	
100

	
1.66

	
17.68:1:6.78




	
C10

	
Wt. %

	
41.95

	
4.30

	
3.67

	
9.94

	
1.19

	
34.64

	
1.29

	
0.56

	
100

	

	




	
At. %

	
63.48

	
4.53

	
3.30

	
8.57

	
0.90

	
17.51

	
3.02

	
1.15

	
100

	
2.60

	
15.22:1:7.5
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Table 3. Isotherm data for the adsorption of methylene blue (MB) on the ternary heterostructures (TiO2–CuxS–FA) and TiO2:FA composites.
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Adsorbat

	
Adsorbent System

	
Langmuir Adsorption Isotherm

	
Freundlich Adsorption Isotherm




	
qmax (mg/g)

	
KL (L/mg)

	
Correlation Coefficient (R2)

	
Separation Factor (SF)

	
(1/n)

	
KF (mg/g)/(mg/L)

	
R2






	
TiO2:FA

	
Fly 1

	
0.34316

	
0.95091

	
0.81714

	
0.20859

	
1.008

	
1.752

	
0.84752




	
Fly1/H2O2

	
0.61348

	
1.64123

	
0.93782

	
0.13248

	
1.551

	
1.488

	
0.93372




	
Fly 2

	
0.36597

	
8.31400

	
0.96815

	
0.02926

	
0.805

	
1.502

	
0.97459




	
Fly2/H2O2

	
0.46289

	
5.31114

	
0.87451

	
0.04506

	
1.426

	
3.464

	
0.81278




	
Fly 3

	
0.39512

	
1.10957

	
0.85531

	
0.18426

	
1.113

	
2.543

	
0.88178




	
Fly3/H2O2

	
0.43805

	
0.90199

	
0.87311

	
0.21744

	
1.272

	
2.456

	
0.87442




	
Sample A10

	
Fly1-CuxS

	
0.29346

	
0.76514

	
0.89664

	
0.24674

	
0.746

	
1.906

	
0.92464




	
Fly1-CuxS/H2O2

	
0.79888

	
2.75445

	
0.94830

	
0.08340

	
2.458

	
3.824

	
0.88054




	
Sample B10

	
Fly2-CuxS

	
0.21061

	
2.19786

	
0.95273

	
0.10236

	
0.516

	
2.016

	
0.97168




	
Fly2-CuxS/H2O2

	
0.47047

	
0.44766

	
0.94939

	
0.35892

	
1.071

	
6.958

	
0.95102




	
Sample C10

	
Fly3-CuxS

	
0.36371

	
1.20442

	
0.90034

	
0.17225

	
0.928

	
2.196

	
0.9175




	
Fly3-CuxS/H2O2

	
1.02334

	
0.35541

	
0.97737

	
0.41355

	
3.303

	
2.939

	
0.91938
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