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Abstract

:

Fe-TiO2/AC and Co-TiO2/AC composites were prepared from activated carbon (AC) derived from residues of peanut hulls and TiO2 photocatalyst, electrochemically prepared from titanium scrap, and doped with Fe and Co, respectively. The adsorption capacity and photocatalytic activity of the Fe-TiO2/AC and Co-TiO2/AC composites were studied for removing and degrading Cibacron Yellow F-4G (CYF-4G) from wastewater. Doped ACs were characterized by thermogravimetry (TGA), scanning electron microscopy (SEM), X-ray diffraction (XRD), a new X-ray absorption technique (XRA), and elemental analysis (EA). Interesting relationships were found between SEM, XRA, and TGA data and the doped amount of catalyst on ACs. Optimal dye adsorption was found at a pH of 2.0. The CYF-4G adsorption kinetics are followed according to the pseudo-second order model. The experimental data revealed that the Langmuir model fits better than the Freundlich and Temkin models. A decrease in adsorption capacity was observed when the catalyst dope percentage increased. A removal and degradation efficiency of the dye close to 100% was achieved around 120 min. A synergistic adsorption and photocatalytic degradation effect of the Fe-TiO2/AC and Co-TiO2/AC composites could be observed when adsorption experiments were conducted under simulated visible radiation.
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1. Introduction


There is an increasing awareness of wastewater pollution caused by growing industrialization in recent years. Industrial wastewater discharged mainly from the paper and textile industries contains a complex mixture of various organic compounds, heavy metals, and azo-dyes that are hard to remove in natural environments due to their high solubility, stability, and low bio-degradability in aqueous media [1,2]. Azo-dyes are toxic, block the passage of light, and prevent the development of flora and fauna in water bodies. In addition, certain dyes and their decomposition intermediates can be considered as possible contaminants because the azo group (N=N) is converted into aromatic amines that can be carcinogenic for humans [3]. Therefore, if these wastes are discharged directly to the receiving sources (for example, rivers and creeks) without prior treatment, this could cause serious environmental problems and directly affect human health and aquatic ecological systems [3]. As a result, the issue of sustainable environment remediation has attracted the attention of many researchers [4]. Problems of water quality are also emerging as a growing concern. United Nations action plans [5] promote the development of efficient and sustainable technologies to reduce these pollutants, which are generally of a hazardous nature. Therefore, a strong interest has emerged in the application of advanced and more efficient procedures for wastewater remediation, driven by the disadvantages of conventional technologies (i.e., reverse osmosis, ion exchange resins, and adsorption) for the treatment of difficult to remove toxic substances [2,6,7,8].



Advanced oxidation processes (AOP) could offer a cost-effective and desirable method to handle organic contaminants and subsequently convert these compounds to water, carbon dioxide, and harmless inorganic matter [9]. There is a need for intensive research to tackle the challenges of treating water and air, using an environmentally friendly solar energy process for an attractive, performant, and efficient degradation of organic pollutants [10,11,12]. Heterogeneous photocatalysis using a semiconductor is a promising advanced oxidation process for the decomposition of various organic compounds at low concentrations. The activity of the semiconductor photocatalyst depends mainly on the band gap of the material and the recombination rate of the generated electron(e−)/hole(h+) pairs. These species are able to react with the organic matter through redox reactions that eventually lead to its degradation [12,13].



Nanoparticles from various semiconductors that have photocatalytic properties such as ZnO, SnO2, Bi2WO6, and TiO2 [14,15], have been researched in the photocatalytic degradation of a wide range of contaminants under natural or artificial light. TiO2 is the most widely used inorganic semiconductor in the field of heterogeneous photocatalysis because of its chemical stability, resistance to photo corrosion, safety, and low cost [9]. To develop TiO2 nanoparticles using highly pure titanium compounds, different procedures were used. Such as hydrothermal processes [1,15,16], sol-gel methods [4,17], and electrochemical processes [18,19]. Only minimal research has been conducted on the anodic oxidation of titanium scrap alloy to develop TiO2 nanoparticles [19].



Sunlight is considered to be an inexhaustible source of radiation. In Cuba, there is around 8 h of intense sunlight a day during the whole year, and the annual temperature is an average of 29.2 °C [20]. The sensitivity of TiO2 as a photocatalyst is restricted only to ultraviolet light and therefore it will exhibit minimal photoactivity under solar radiation, due to the small fraction of ultraviolet radiation contained in the solar electromagnetic spectrum (5%) [12]. In order to enhance the photocatalytic performance of TiO2 under solar light, various strategies were explored: non-metal doping (N, F, C, S), noble metal and transition metal deposition (Pt, Pd, Ag, Au, Cr, Co, Fe, V), dye sensitization, and/or coupling with other semiconductors (CdS, ZnO, Fe2O3, WO3) [21,22]. Previous studies claimed that Co and Fe doped TiO2 could be promising photocatalysts for dye degradation due to their high activity under light irradiation. Different Co loading gives Co3O4/TiO2/GO composites an enhanced stability under visible light irradiation and enhanced kinetics towards photodegradation of Congo Red [23]. The addition of Co improved the photocatalytic behavior of TiO2 in the photodegradation of Congo Red under visible light irradiation, with an photoactivity of 26% [22]. Photocatalytic degradation of reactive brilliant red K2G dye from aqueous solutions was enabled after 200 min UV light irradiation in the presence of Fe-TiO2/AC hybrid material [24]. A 60% efficiency of degradation for reactive red 198 after 5 h under visible light irradiation was possible using a Fe-TiO2/AC photocatalyst [25].



The development of composite TiO2-AC materials offers another route to enhance the photocatalytic response of TiO2, due to the textural properties of the support material and the ability of these compounds to transfer their absorption spectrum towards visible light [12]. For this reason, current studies report new methodologies in order to tackle these issues, by developing composites with materials such as graphene [26,27], metal-organic frames [28,29], hydroxyapatite [30,31], and activated carbon (AC) [32]. An important synergy between adsorption and photocatalytic degradation in water pollutant removal has been found in several studies [1,33].



Today, agricultural waste is receiving much more attention as a source of AC. The main advantage of biomass as a precursor is its low price, as it is considered a waste, in most cases without application, and regularly harvested in the same area where AC is produced, which is beneficial for direct cost and economics. This sustainable approach allows the recovery of a lignocellulosic waste product by carbonization in absence of oxygen and activation into AC, without contributing to an increase of CO2 emissions [34]. Typical agricultural waste streams as precursors for AC are: onion leaves [33], Brewers’ spent grain [35], coffee and coconut husk [36], rapeseed and raspberry seed cakes [37], peanut and rice husk [3], and hemp stem [38].



Agriculture in Cuba has been a significant activity for many years. This country has exceptionally favorable conditions for the cultivation of peanuts and to achieve sustainability in their production; however, it is necessary to increase the current volumes of production. In Santiago de Cuba, about 3000 tons of peanuts are processed per year. Around 800 tons of residual side streams are generated, as the shells of these nuts represent about 25–30% of their weight [3,39]. Moreover, because of the absence of post treatments of the milling residuals, there is an excessive accumulation in the environment, as residues are dumped under open sky.



The factory Celia Sanchez Manduley is one of the three textile factories that exist in Cuba, which has spinning, weaving, finishing, and printing plants characterized by a very complex production process. It is located in Santiago de Cuba, and large amounts of dyes are discharged to a river that flows into the local bay. In Cuba, the traditional treatment of effluents is limited to an oxidation process in the lagoons with the addition of cattle manure, which does not allow an exhaustive degradation of the colored compounds [40]. Several universities in the country are conducting research aimed at introducing biological methods for the treatment of highly colored effluents from alcohol production (sugarcane must), and from the pulping process of bagasse (black liquor) and coffee [41]. However, effluents from the textile industry, considered to be among the most polluting of all industrial sectors, have been less studied [40].



The aim of the present research is to develop two novel low-cost composites, with photocatalytic properties prepared from waste streams. To our knowledge, there are no studies regarding the photocatalytic decolorization of the CYF-4G dye in the presence of Co-TiO2/AC or Fe-TiO2/AC composites developed from residuals as peanut hulls from agricultural mini-industries, in combination with titanium scrap as a secondary residue from the Cuban metallurgical industry, demonstrating a circular economy approach. The dye studied is present in residual effluent from a textile factory in Santiago de Cuba. For determining the catalyst doping degree on AC, samples were characterized by TGA and EA. SEM, XRD, and a new X-ray absorption technique (XRA) [42] are used for studying the morphology and crystalline phases. Kinetic and adsorption studies of CYF-4G onto the Co-TiO2/AC and Fe-TiO2/AC composites were performed taking into account its pH at point of zero charge (pHPZC) and using batch and photocatalytic experimental setups under solar-simulated light.




2. Results and Discussion


2.1. Characterization of Adsorbents


2.1.1. TGA


To research whether the doped amounts of Fe-TiO2 and Co-TiO2 (target values of 5 wt.% and 10 wt.%, respectively) in the preparation of Fe-TiO2/AC and Co-TiO2/AC composites were reached, TGA was performed in the range of 25–900 °C. Figure S1 represents the TG curves for the composites and undoped AC and Table S1 displays the weight losses corresponding to moisture, volatile compounds, fixed carbon, and ash content of the samples, respectively.



The small weight loss for all three materials within the temperature range (25–150 °C) is associated with the initial evaporation of free moisture. Another minor weight loss at temperatures between 400 and 550 °C is mainly due to the volatile compounds left in the carbonaceous material and a limited degradation amount. The gas atmosphere was switched at 600 °C from nitrogen to oxygen. As a result, the weight loss is mainly due to burn off of the fixed carbon. The ash content at 600 °C could be considered as the mineral residue, including the amount of CaCO3 already present or formed in situ during the thermogravimetric measurement. In addition, the thermal degradation of CaCO3 occurs through decomposition into CaO(s) and CO2(g) in all samples, which results in increased weight loss in the temperature range of 600–700 °C. This mass loss is an indication of the carbonates present in the samples; from 800 °C, the residual mass almost remains constant.



At 900 °C, the ash content refers basically to the content of mineral oxides in the AC and includes mostly CaO from the decomposition of CaCO3 and silica, according to the XRD patterns displayed in Figure S4 and based on the FTIR spectrum of peanut hull AC (our previous research [3], and data from other researchers [43,44] that support these findings). In addition to mineral oxides present in the peanut hull AC, Fe, and TiO2 or Co and TiO2 are found in the doped AC composites.



According to the results presented in Table S1, changes in volatiles first increase and then decrease with increasing Fe-TiO2 or Co-TiO2 content and may be the result of a catalytic effect. Moisture and fixed carbon content continuously decrease in both composites from AC to ACFeTi10 or ACCoTi10. Table S1 demonstrates the rising of the ash content from AC to ACFeTi5 and ACFeTi10; the same trend was found in Co-TiO2/AC. The amounts of doped Fe-TiO2 or Co-TiO2 for the synthesized Fe-TiO2/AC or Co-TiO2/AC composites respectively were 5.36 wt.% for ACFeTi5, 9.53 wt.% for ACFeTi10, 7.06 wt.% for ACCoTi5, and 12.11 wt.% for ACCoTi10, and are obtained as the difference between the ash content at 900 °C of the composites and the ash content at 900 °C of the undoped AC. This result indicates that the amount of Fe-TiO2 impregnation in both composites was successfully deposited on the AC surface in almost the expected wt.% range. In the case of Co, this was less successful, but as it was only a target value, not that important. Most important is the realized difference in doping amount, being different enough to study its impact.




2.1.2. Elemental Analysis


The results of the elemental analysis for AC, ACFeTi5, ACFeTi10, ACCoTi5, and ACCoTi10 are displayed in Table S2. It can be observed that the carbon content for the doped composites decreases significantly compared to the undoped AC sample, in line with the fixed carbon results. A possible explanation for this decrease (apart from the dilution effect) is the catalytic effect of the Fe-TiO2 and Co-TiO2 on the AC structure during the thermal treatment at 550 °C when preparing the composites. This effect is also reflected in the hydrogen and nitrogen content, which is lower for the Fe- and Co-doped composites. The hydrogen content is the lowest for ACCoTi10, while nitrogen content is the lowest for ACCoTi5. A remarkable increase in the oxygen content is also observed for the composite adsorbents, which could be the result of catalytically induced AC oxidation reactions during the preparation.




2.1.3. pHPZC


The solution pH influences the ionization of polar pollutants and the surface charge of the ACs [3,45]. A variation of pH has an effect on the adsorption process due to the dissociation of the acid-base groups on the adsorbent surface. As a consequence, the reaction kinetics and the equilibrium of the adsorption process are affected. The pHPZC measurements of AC, the TiO2/AC, Fe-TiO2/AC, and Co-TiO2/AC composites were performed in the pH range between 2 and 10 according to Section 3.4.3 and the obtained results are displayed in Figure S2. With respect to surface chemistry, the values of the pHPZC revealed that the weak acidic nature of the carbon support (pHPZC = 5) was modified after the addition of Fe-TiO2 and Co-TiO2. Both composites display a neutral and alkaline pHPZC value between of 6.1 and 8.3, respectively. The difference in pHPZC could be caused by the shielding effect of Fe-TiO2 or Co-TiO2 on the AC support. Because of the preparation method of the composites, it is expected that no chemical bonding between the Fe-TiO2 or Co-TiO2 and the AC support occurs, but rather as a weak interaction (likely: charge transfer) [8].




2.1.4. Characterization of Crystalline Phase


The crystalline phases of the catalysts were investigated using XRD analysis. The XRD patterns of electrochemically synthesized TiO2 photocatalysts are displayed in Figure S3. The powder XRD observations are matching with the anatase profile of TiO2 (JCPDS 00-021-1272, space group I41/amd) [46], with characteristic peaks at 25.28, 37.8, 48.04, 53.86, 55.13, and 62.73, 2θ values associated with the (101), (004), (200), (105), (211) and (204) planes of the anatase crystalline phase [19,47,48].



The powder XRD diffractograms of Fe-TiO2 and Co-TiO2 (Figure S3) only show peaks assigned to the TiO2 anatase phase [49,50,51]. We could not observe any evidence of crystalline phases belonging to cobalt and iron oxides (Co3O4 and Fe3O4) [52,53,54], the most stable forms of the dopants in air [55]. Absence of dopant phases are due to the low content of dopants, as well as the dispersed distribution of the dopants in the anatase crystallites [55]. However, a careful analysis of the main reflection (101) of the anatase indicated a decrease in peak intensity, especially for Fe-TiO2, in comparison with Co-TiO2 composite and the bare TiO2 [53]. Since the ion radius values of Co3+ (0.61 Å) and Fe3+ (0.65 Å) are very similar to Ti4+ (0.68 Å) [56,57], it cannot be excluded that Ti4+ can be (partly) substituted by Fe3+ and incorporated into the TiO2 structure [25,58]. Furthermore, this incorporation can induce a perturbation in anatase crystal structure; as a result, the crystallinity decreased.



According to Figure S4, two broad, small peaks appear in the AC diffractogram at 24.6° and 43.9° associated with the presence of amorphous graphitic structures, as reported in the literature [47]. In addition to these broad peaks, two sharp peaks at 2θ values of 21° and 27°, characteristic for silica (quartz phase), and two peaks at 23° and 29°, characteristic for CaCO3 (calcite phase), can be observed. Such peaks can be assigned to the mineral matter of the undoped AC (17.19 wt.%) [59,60]. The ascending baseline at lower 2-theta angles is characteristic of ACs and is in accordance with the deformed graphene layer structure of undoped AC, as has been demonstrated in other studies [8]. Aluminum peaks are related to the sample holder material.



The diffractograms of the Fe-TiO2/AC and Co-TiO2/AC composites (Figure S4) display the main diffraction patterns belonging to the anatase phase (TiO2) mentioned above, highlighting the main peak (101) of the anatase. On the other hand, the ascending baseline at lower 2-theta angles that is characteristic of the AC is appreciable in all composite samples, and other phases that are present in the XRD of the AC can also be observed. The intensities of the main anatase peak are proportional to the TiO2 loadings (5 wt.% and 10 wt.%) in the composites. Figure S4 confirmed that no new phases appear in the composites independent of the degree of doping. [8,61].




2.1.5. SEM-EDS and Binarization of SEM Images


It is known that the photocatalytic activity of Co-TiO2 or Fe-TiO2 composites depends largely on their morphological structure [62,63]. The surface morphology of TiO2, Fe-TiO2, and Co-TiO2 is displayed in Figure S5a, b, and c, respectively. As demonstrated, the TiO2, Fe-TiO2, and Co-TiO2 particles have an irregular shape and are clustered. EDS confirmed the presence of Ti, O, and Fe or Co as displayed in Figure S5d, e, and f, respectively.



The original SEM images for AC, ACCoTi5, ACCoTi10, ACFeTi5, and ACFeTi10 are displayed in Figure 1a, b, c, d, and e, respectively. In Figure 1a, this is despite a non-uniform morphology with an irregular porous surface of AC. Figure 1b–e depict SEM images for composites and reveal that TiO2 is dispersed on the surface of the AC.



The grey areas refer to the carbonaceous matrix [4] while light grey areas can be assigned to the mineral fraction (TiO2 and ash) in AC [64]. On the other hand, an increase of light grey areas from AC to the one with the highest percentage of Fe-TiO2 or Co-TiO2 doping is observed. To quantify this increase, a binarization strategy of the images is carried out to isolate the whiter fraction in the SEM images (Section 3.4.5).



Various threshold methods were applied to separate the black and white parts of the image. However, it has been verified during the development of the binarization of SEM images that the thresholds obtained using the Otsu method tend to produce an infra segmentation because it provides relatively high values in the histogram, which causes a significant number of pixels to be discarded as grey [65]. Figure S6 displays binary SEM images obtained using selected thresholds with black (total number of pixels in “0”) and white images (total number of pixels in “1”), obtained after the application of the binarization strategy, where it is possible to observe an increase in the number of pixels in “1” for analyzed composites with respect to the AC sample (Figure S6a). Composites with a higher inorganic fraction (merely Fe-TiO2 or Co-TiO2) (see Table S3) present a higher concentration of white pixels (Figure S6c,e).



Table S3 depicts the excellent correlation between the total number of pixels in “1” and the ash content at 900 °C for AC and composites samples. SEM and binary images demonstrate that the white areas increase for the composites due to an increase in the doped amount of Fe-TiO2 or Co-TiO2, coinciding with a decrease in the grey area at the surface and thus reflecting a lower carbon content. Even though the regions taken for the SEM study are limited in size with respect to the entire sample, Table S3 demonstrates that the correlation coefficient between the total number of pixels in “1” of the binary SEM images and the ash content has a value greater than 0.98. This may be because the surface of Co-TiO2/AC and Fe-TiO2/AC composites is homogeneously covered with Co-TiO2 or Fe-TiO2 particles without apparent agglomeration in a local area. Furthermore, TiO2 particles can be deposited not only on the surface but also in the mesopores and macropores of a carbonaceous matrix, which will increase the probability of receiving light and exhibiting increased photocatalytic activity [62].




2.1.6. X-ray Absorption (XRA)


The XRA method uses the different X-ray absorption levels by materials with different densities [65,66]. Evidence on the nature and amount of photocatalyst deposited on the AC surface is provided by the digital radiographic images as a grey scale display of the X-ray absorption by these materials [64,67]. The amount of absorbed radiation by the sample can be directly related with the density and atomic number/effective atomic number of ions/molecules or compounds deposited on the material [42,65,66].



The original X-ray radiographic images of AC, ACCoTi5, ACCoTi10, ACFeTi5, and ACFeTi10 samples, respectively, are found in Figure S7a, b, c, d, and e, respectively. The differences in brightness in the grey-scale radiographic images are noticeable. The ACCoTi10 and ACFeTi10 samples present more clear zones in comparison to the other layers. The brightness in the digital images decreases from those composites to the AC sample.



Considering that a whiter image corresponds to a high photonic attenuation [42,65,66], the digital radiographic images depicted in Figure S7c and e respectively confirm that ACCoTi10 and ACFeTi10 samples have a higher covering of Fe-TiO2 or Co-TiO2 on the original surface morphology and probably also in the macro (and meso) pores. The opposite is found for AC, and it could be suggested that its photon absorption is lower compared to the composites because it produces a darker image.



The brightness in the digital images, expressed as a normalized Grey Scale Intensity (GSI) value (scale “0” (black)–“1” (white)) is displayed in Figure S8 and Table S4. Figure S8c and e display GSI values of 0.2627 and 0.2314 for ACFeTi10 and ACCoTi10, respectively, which are closer to “1” in the normalized grey scale (whiter areas). On the other hand, ACFeTi5 and ACCoTi5 display GSI values of 0.2091 and 0.1901, respectively, reflecting fewer white areas (Figure S8b,d). Finally, for AC the narrow peak in the histogram (Figure S8a) appears closer to zero (GSI = 0.1373) and has the highest total number of pixels in contrast to the composite samples.



TGA also reveals significant differences between Co-TiO2/AC and Fe-TiO2/AC composites compared to AC, and a strong correlation between the ash content determined by TGA and the GSI value found with a R2 value over 0.986 (Table S4), confirming that the XRA method and binarized SEM images could be used to detect a different doping degree of photocatalyst composites, with reliable results as alternatives to traditional methods.





2.2. Adsorption Studies


2.2.1. Effect of Initial pH


The pH of the solution is an essential factor in the adsorption process. ACs are materials with an amphoteric character. Depending on the pH of the solution, the surface of the adsorbent can be positively or negatively charged. When the pH is changed, the adsorption process is affected through dissociation of the functional groups at the active sites of the adsorbent. Anions or cations are released in the solution from ionic dyes when these are present, and the pH of the solution influences the adsorption of this anionic dye on the surface of the adsorbent [3].



The influence of pH (2–10) on the adsorption of CYF-4G on AC, ACFeTi5 and ACFeTi10, ACCoTi5, and ACCoTi10, respectively, is depicted in Figure 2. pHPZC of the adsorbents was 4.9, 6.1, 6.7, 8.0, and 8.3 for AC, ACFeTi5, ACCoTi5, ACFeTi10, and ACCoTi10, respectively (Figure S2). For a pH < pHPZC, the positive charge density at the surface of the AC increases. Therefore, the maximum percentage of color removal was observed at pH 2 for all adsorbents studied. At pH 2, a greater amount of protons is available, thus increasing the electrostatic attraction between anionic sulfonate groups from the dye molecule and the protonated functional groups, such as the carboxylic (–CO–    OH  2 +   ) and phenolic groups (  −   OH  2 +   ) present onto the adsorbent [3]. Besides these electrostatic interactions, hydrogen bonds could be formed between the carboxylic and phenolic groups present on the surface of the adsorbent with the nitrogen and oxygenated groups of the dye molecule leading to an optimal adsorption of the dye CYF-4G, as displayed in Figure S9.



When the pH of the solution increased from 4 to 10, the adsorbent becomes less positive, going over a state of a neutral character to a form where the number of negatively charged sites increases, compromising the adsorption of the anionic dye due to electrostatic repulsion. In addition, it could be assumed that the excess of hydroxide ions will compete with the dye ions for the adsorption sites, causing a decrease in the adsorption at alkaline pH [68]. However, despite the fact that the dye removal decreased at alkaline pH, the adsorption of CYF-4G was still remarkable. This would indicate that when decreasing electrostatic attraction, π-π type interactions (i.e., between delocalized π electrons in the vicinity of a plane shaped by a layer of network in the adsorbent, and the aromatic π-electron cloud of dye molecule) are more and more the driving force for adsorption [3]. A similar trend in dye adsorption can be found for the composites as for the virgin AC. Therefore, the differences in dye removal by adsorption observed in Figure 2 between the AC and the Co-TiO2/AC and Fe-TiO2/AC composites can be attributed to: (1) the decreasing carbon content from the AC to the composites with higher doped photocatalyst percentage (Table S2), and (2) the increasing ash content from AC to composites with a higher doped photocatalyst percentage (Table S1).




2.2.2. Adsorption Kinetics Studies


The study of adsorption kinetics is an essential parameter for the effectiveness of dye transfer from solution to the adsorbent. Figure 3 displays the effect of the contact time, and it can be observed that an equilibrium time of 4 h was required for the adsorption of the CYF-4G dye on AC, Co-TiO2/AC, and Fe-TiO2/AC composites to reach equilibrium. It can be observed that adsorption of CYF-4G is fast in the initial stage of the contact period, but gradually slows down until it reaches equilibrium [69].



When analyzing the kinetics of the CYF-4G dye adsorption onto AC, Fe-TiO2/AC, and Co-TiO2/AC composites, the mechanism in which the adsorption occurs can be elucidated using the non-linear regression of Elovich [70], PFO [71], and PSO [72] models.



Figure 3a displays the adsorption data for all the studied adsorbents fitted by the Elovich equation (Equation (9)), where β is a constant associated with the coverage of the surface, and α is in relation to the chemisorption rates. Table S5 displays that β values increased with higher doped photocatalyst amounts for both composites. On the other hand, the extent of surface coverage by CYF-4G molecules was higher for Fe-TiO2/AC at both doping levels than for Co-TiO2/AC. The chemisorption rates (α), varied with the doping percentage; the highest chemisorption rate was observed for the Fe-TiO2/AC compound. The correlation coefficient (R2) and root mean square error (RMSE) parameters suggest that the Elovich model is not the most appropriate fit to the data.



Table S5 also displays the fit of the experimental data using the PFO model. A difference between the estimated (qe) values and those obtained experimentally is observed. On the other hand, the PFO rate constant k1 increased with increasing doping percentage for Fe-TiO2/AC and decreased for Co-TiO2/AC. This trend is similar for the PSO rate constant k2, despite the fact that the R2 and RMSE values indicate that PSO is the best model.



According to Table S5, as the doping percentage increases, the adsorption capacity at equilibrium (qe) decreases, which is related to the decrease in fixed carbon and elemental carbon content, observed in Tables S1 and S2 respectively. The results in Table S5 display the best fit for the PSO model for all materials with the highest and lowest values of R2 and RMSE, respectively. Furthermore, it could be observed that the estimated qe values were in line with the experimental ones in contrast to the PFO and Elovich models. These findings suggest that one of the rate-determining steps could be chemical sorption, implying valence forces via electron exchanges or shares [73].



The Equation (11) proposed by Weber-Morris [74] allows for determination of which step limits the adsorption rate of the dye. Intraparticle diffusion will be the only rate determining step when the regression of qt versus t1/2 is linear and passes through the origin. However, as demonstrated in Figure 3b, this was not the case for the linear fitted line, and three well-defined linear regions at various t1/2 intervals were clearly observed, indicating that there are three steps in the sorption process.



The initial part of the curve from 0 to 10 min1/2 can be assigned to diffusion in macropores [75,76]. Table S6 displays that the k1p of all adsorbents has the highest value of diffusion rate, manifesting that this process is the fastest one [77,78]. The second linear range of the curve from 10 to 17 min1/2 is attributed to the diffusion in the mesopores. According to Table S6, the corresponding rate constants have the following hierarchical order: k1p > k2p> k3p.In the last linear region of the curve from 17 to 22 min1/2, it is observed that the adsorption process of the dye on all the samples studied becomes slower. This finding suggests that intraparticle diffusion occurs gradually and is associated with the diffusion of adsorbed molecules/ions to the outside of the adsorbent towards the adsorbent pores over the wall pore surfaces, or both [79].



In our previous work, a similar phenomenon was observed in the adsorption of CYF-4G onto AC, based on peanut hulls [3]. The diffusion rate decreased as the dye entered the adsorbent matrix, which was attributed to the reduction of the free route of the dye into the pores of the adsorbents and the pore sizes [80,81]. This decrease is more significant when the availability of these pores and their sizes decreases with increasing Co-TiO2/AC or Fe-TiO2/AC ratios.




2.2.3. Adsorption Isotherms-Models


A comparison of the non-linear models of Langmuir [82], Freundlich [83], Temkin [84], and experimental data of CYF-4G dye adsorption on AC, ACCoTi5, ACCoTi10, ACFeTi5, and ACFeTi10 is displayed in Figure 4, respectively. Table S7 shows R2 and RMSE, which were analyzed in this study to evaluate the well-fitting and most appropriate model.



The generated values by the Langmuir model correspond with the plateau of the experimental data observed in Figure 4, and the comparison of R2 and RMSE between all the models suggests that the Langmuir model was the most suitable model to fit the data. Moreover, adsorption occurs on a homogeneous surface and the adsorbed layer has the thickness of an adsorption monolayer without interaction between the adsorbed ions.



From the Freundlich model, a value of 1/n less than 1 indicates a favorable adsorption process [3]. The values of 1/n displayed in Table S7 for all the samples studied are in the range of 0.152 to 0.252, which suggests a favorable adsorption of the dye on all the adsorbents studied. Nevertheless, the values of the fit parameters of the Freundlich model are lower when compared to the Langmuir model.



In the Langmuir model, the KL is a measure of the adsorption energy; when the energy values are low, there should be a higher adsorption of the dye [85]. Figure 4 and the data in Table S7 demonstrate that the highest maximum coverage capacity of the monolayer is for AC. This finding could be associated with the larger number of available adsorption sites; when the percentage of doping increases from 5 to 10 for both series (Fe-TiO2 and Co-TiO2), there will be fewer active sites for dye adsorption. Although this    Q  m a x  0    from composites decreases with respect to AC, it is observed that the trend is as follows ACFeTi5 > ACCoTi5 > ACFeTi10 > ACCoTi10.



The best adapted isotherm models and the adsorption capacity of some different dyes in various TiO2/AC adsorbents in aqueous solutions have been investigated by other researchers and these results are summarized in Table 1. The adsorption isotherm study of composites in this research demonstrated similar trends to those reported in the literature [9,86,87,88].



It also reveals that Fe-TiO2/AC or Co-TiO2/AC composites could be used as a potential adsorbent for dye removal, despite the decrease of adsorption capacity by increasing the doping percentage, high adsorption capacity values are still obtained in comparison to other studied composites, as displayed in Table 1. The favorable adsorption capacity of ACCoTi5, ACCoTi10, ACFeTi5, and ACFeTi10 due to AC porosity, could accelerate the decomposition process under visible radiation, through the interaction of the adsorbed CYF-4G and the photoactive catalyst [89,90,91].





2.3. Photocatalytic Degradation of CYF-4G


The photocatalytic degradation of the dye was studied by recording full UV-Vis spectra during visible radiation on ACCoTi5 and ACFeTi5 (as target samples), as explained in Section 3.10. The absorption spectrum of CYF-4G was characterized by a broad band in the visible region, with a maximum absorption at 420 nm, and three bands in the ultraviolet spectral region located at 226 nm, 267 nm, and at around 290 nm (shoulder) (Figure 5a,c). The peaks at 226 nm, 267 nm, and 290 nm resulted from multiple π→π* transitions related to the benzene ring [92,93,94] and the n→π* transition related to heterocycle rings involving antibonding orbitals of all substituents (i.e., N, S, Cl and O) [17,95]. The absorption band at 420 nm was attributed to the absorption of the n→π* transition related to the chromophore group containing the azo linkage (–N=N–) [94,96].



The absorption bands in the visible region demonstrated a rapid decrease and totally disappeared over 120 min, as illustrated in Figure 5b,d. However, the degradation rate of chromophores related to the absorption peaks located in the ultraviolet region was much slower and the vanishing of these bands was observed at around 240 min. As displayed in Figure 5b,d, the same degradation performance was observed for both composites (Co-TiO2/AC and Fe-TiO2/AC). This finding suggests that the breakdown of benzene and heterocyclic rings progresses slowly during the oxidation process, because the absorption energy involved in the π→π* transition is higher than in the n→π* transition of the azo link (–N=N–) [94]. Therefore, the oxidizing hydroxyl (•OH) radicals and superoxide radical anions (•O2−) first attack and open the azo linkages, decreasing the length of the conjugated π systems so that decolorization of the solution takes place earlier than the total degradation of the dye and its intermediates related to the bands at 226 nm, 267 nm, and 290 nm, respectively [96].



With the aim of determining the optimal synergistic contributions of adsorption and photocatalytic phenomena to the global degradation process, different interactions were studied: (1) between dye and AC, Co-TiO2, and Fe-TiO2 photocatalyst, respectively, and (2) between dye and ACCoTi5, ACCoTi10, ACFeTi5, and ACFeTi10, respectively.



As adsorption tests in the absence of irradiation were discussed in Section 2.2.3, these experiments are referred to as dark tests. In this way, it is possible to evaluate the fraction of the dye removed due to a non-catalytic reaction (adsorption on the porous AC support), in order to counteract this contribution to the overall efficiency of dye removal and photocatalytic degradation performance. As has been discussed in Section 2.2.3, when the ratio of Co-TiO2 or Fe-TiO2 in the AC increases, the percentage of retained dye is lower (Figure 6a and c, respectively). The adsorption process in the presence of these hybrid materials will be governed by electrostatic interactions, hydrogen bonds, and by the affinity of the dye for the surface of the catalyst, as demonstrated in Figure S9. Under visible light irradiation, two processes are responsible for CYF-4G degradation: photolysis and photocatalytic degradation. Figure 6a and c illustrate both processes separately, and their synergistic effect on dye degradation for Fe-TiO2/AC and Co-TiO2/AC, respectively.



As shown in Figure 6a,c, after 2 h of irradiation, the photolysis process of the dye as such leads to a limited CYF-4G removal of 29%. In the presence of AC, Co-TiO2, and Fe-TiO2, the adsorption and photocatalytic process had a total contribution of 54, 69, and 71%, respectively. The dye removal rate was almost 100% in the presence of the composites within the same time period. The presence of Co-TiO2 and Fe-TiO2 on AC increases the rate of dye removal in the aqueous phase, confirming the synergic relationship between adsorption and photocatalytic degradation, as also reported in [97]. As illustrated in Figure 6a,c, the dye removal rate by Fe-TiO2/AC and Co-TiO2/AC composites is almost similar.



As shown in Figure 6b,d, the concentration of colorant CYF-4G decreased as such (direct photolysis) and in the presence of AC (adsorption), Co-TiO2 and Fe-TiO2 (photocatalytic degradation), ACCoTi5, ACCoTi10, ACFeTi5, and ACFeTi10 (adsorption and photocatalytic degradation), but with different kinetics. Kinetics of photocatalytic degradation was analyzed using the second-order and Langmuir-Hinshelwood (L-H) models. By fitting the non-linear expressions, Equations (12) and (13), the two rate constants k2d and kLH were determined and are summarized in Table 2.



A synergistic effect (RC) will exist when RC > 1; however, if RC < 1, the reaction will be inhibited [98]. Synergy or inhibition factors are calculated using the RC parameter, described by Equation (1):


   R C  =    k  a p p    (  M −   TiO  2  + A C  )     k  a p p    (  M −   TiO  2   )     



(1)




where M = Fe or Co, kapp (M − TiO2 + AC), and kapp (M − TiO2) are the apparent rate constant for the composite and for the photocatalyst, respectively [99].



Table 2 displays that the highest R2 values and the lowest RMSE values were found for the Langmuir-Hinshelwood (L-H) model, indicating that it is the most appropriate to describe the photo(catalytic) degradation of the CYF-4G dye on the composites studied [62,100]. Equation (14) is used to calculate the half-life time t1/2 of the dye using the kLH because this is the model that best explains the degradation.



For ACFeTi5 and ACCoTi5, the degradation rate increases with respect to AC, evidenced by the increase of the kinetic constants of the two studied models k2 and kLH (Table 2). The half-life time t1/2 of the dye (adsorption and degradation) (and its intermediates) decreases with the increasing amount of catalyst onto AC support, indicating that the intermediates degrade very quickly [101,102]. The addition of Fe-TiO2 or Co-TiO2 catalysts, up to a target value of 5% on the AC support, leads to a significant RC value of 4.15 and 4.09, respectively (Table 2). However, a decrease in photoactivity is observed for samples with a higher percentage of Fe-TiO2 or Co-TiO2 (ACFeTi10 and ACCoTi10), due to the decrease in the RC values and rate constants (k2 and kLH), as well as the increase in the half-life time t1/2 of the dye, compared to those found in Table 2 for ACFeTi5 and ACCoTi5. From this observed trend, it can be suggested that there is an optimal ratio of Fe-TiO2 or Co-TiO2 that provides the best conditions for synergy between AC and composites. Nevertheless, a positive synergistic effect exists for all composites; but, from a practical point of view, the composites with a lower catalyst percentage could be used in order to use less catalyst and achieve a fast degradation of the dye.



The potential to improve photocatalytic degradation efficiency is provided through the combination of Co-TiO2 or Fe-TiO2 photocatalyst and AC, since porosity leads to a high adsorption of the dye and direct availability for photocatalytic degradation. Additionally, this could increase the rate of degradation of the dye and improve the absorption of visible light [103]. Thus, water molecules are available as electron donors; they react with the migrated charge carriers (electron(e−)/hole(h+) pairs), producing highly reactive and strongly oxidizing hydroxyl radicals (•OH). The constant concentration of oxygen has a profound effect and is often presented as a powerful oxidant that removes the electrons from the conduction band, forming superoxide radical anions (•O2−), which could provide an additional pathway capable of fully mineralizing the dye molecules, as illustrated in Figure S9. It is important to note that the results indicate the beneficial role of AC in the photocatalytic degradation of the dye CYF-4G, where AC first acts as an adsorbent for the dye nearby Co-TiO2 or Fe-TiO2 sites, making the photocatalytic degradation more efficient. Hence, Co-TiO2/AC or Fe-TiO2/AC composites exhibit clearly the synergistic effect of adsorption and photocatalysis, resulting in a very efficient removal and degradation of the dye and in-situ regeneration of the composites.





3. Materials and Methods


3.1. Materials


AC was prepared from local available peanut hulls, discarded from food processing industry in Santiago de Cuba, as described in our previous work [3]. In short, peanut hulls were first pyrolyzed at 450 °C, followed by an isothermal period of 60 min. For activation, an adapted horizontal reactor oven was used; peanut char was heated in an inert atmosphere at 10 °C/min to 850 °C and was kept at this temperature for 30 min in a steam atmosphere [3,104]. The obtained AC displays a specific area of 616 m2/g and a total pore volume of 0.348 cm3/g [3].



Analytical grade reagents were used. The sodium salt of CYF-4G, Figure S10 in supplementary information, was obtained from Kremer Pigments (Aichstetten, Germany). This anionic dye, used in a textile factory from Santiago de Cuba, was selected as the adsorbate, with a molecular weight of 728.03 and stoichiometric formula of C24H21ClFN9Na2O8S2. A stock solution of 1000 mg/L CYF-4G was prepared using Milli-Q water. Ammonium chloride (NH4Cl, 99.5%) and sodium dodecyl sulphate (SDS) (CH3(CH2)11SO4Na, 99%), were purchased from Sigma-Aldrich (Overijse, Belgium). Ethanol (CH3CH2OH, 95.5 v/v%) was purchased from J.T. Baker (J.T. Baker-Fisher Scientific, Merelbeke, Belgium). A 1.000 g/L of Fe and 1.000 g/L of Co standard solution for spectroscopy were purchased from UNI-CHEM (Belgrade, Serbia).




3.2. Electrochemical Preparation of Nanosized TiO2


The nanosized TiO2 powder was prepared by electrochemical method [19]. The anode was a 50 cm2 square plate, hand-cut from a sample of titanium scrap positioned in the rotational center of the cylindrical stainless-steel cathode, which also has the function of being the external body of the electrolytic cell, as displayed in Figure S11, and 250 mL of working solution consisting of 60 v/v% ethanol, 0.15 M NH4Cl, and 0.01 M SDS were added to the cylindrical electrochemical cell.



A current density between 4–8 mA/cm2 was passed through the anode to produce nanosized TiO2 with continuous rotation of the anode. After 60 min., the potentiostatic oxidation of the titanium scrap is stopped and the suspension is separated from the solution. The TiO2 solid is washed several times with small portions of Milli-Q water until no chloride ions are detected, dried in an oven at 110 °C for 24 h, and finally heat treated at 550 °C for 3 h prior to characterization.




3.3. Preparation of Fe-TiO2/AC or Co-TiO2/AC Composites


The electrochemically synthetized TiO2 was doped with 0.5 wt.% of Co and 1 wt.% of Fe to prepare the 0.5-Co-TiO2 and 1-Fe-TiO2 composites, respectively, by an impregnation method [105]. For preparation of the 1-Fe-TiO2 composite, an amount of 4.95 g of TiO2 is added to 50 mL of solution of 1.000 g/L of Fe (present as nitrate). Meanwhile, to prepare the 0.5-Co-TiO2 composite, it was necessary to take 4.975 g and add to 25 mL of solution of 1.000 g/L of Co (present as nitrate). The slurry was stirred for 1 h at room temperature and the suspension was dried at 50 °C for 24 h. The photocatalysts were calcined at 550 °C for 5 h with a ramp rate of 100 °C/h. The synthesis of Co-TiO2/AC or Fe-TiO2/AC composites was carried out by vacuum impregnation in a rotary evaporator, using ethanol as solvent. Four composites with an AC: M-TiO2 mass ratio of 95:5 and 90:10 was prepared and are noted as ACCoTi5, ACFeTi5, ACCoTi10, and ACFeTi10, respectively. Next, and in order to remove the excess ethanol, the samples were dried in an oven at 110 °C for 24 h. Finally, the composite obtained is heat treated at 550 °C for 3 h in an inert atmosphere prior to characterization. TGA analysis of ACs in an inert atmosphere indicated a limited mass loss (3.3%); therefore, AC was used as such without thermal treatment at 550 °C.




3.4. Characterisation Techniques


3.4.1. Proximate Analysis


Proximate analysis experiments were performed according to [3]. In a TA Hi-Res 2950 Thermogravimetric Analyzer (TA Instruments, Zellik, Belgium), the sample is heated at 20 °C/min from room temperature to 600 °C in a N2 atmosphere, then the gas is switched from N2 to O2 and heating is prolonged to 900 °C at the same heating rate.




3.4.2. Elemental Analysis (EA)


EA was performed according to [3], in a Thermo Electron FlashEA 1112 elemental analyzer (Thermo Electro, Waltham, MA, USA). The CHNS-content is given as a result of the analysis and the oxygen content was calculated by difference according to: O% = 100% − (C% + H% + N% + S% + ash%).




3.4.3. pH at the Point of Zero Charge (pHPZC)


The procedure for the pHPZC determination is described in [106] and in supplementary information.




3.4.4. X-ray Diffraction (XRD)


XRD experiments were performed according to [65] on a Bruker D8 Discover XRD spectrometer (Bruker, Karlsruhe, Germany). X-rays are sensed by a 1D lynx eye detector using 192 separate channels (Si strips), each one acting as a single detector. A step size of 0.04° (2theta) and 3s of counting time are used for all measurements.




3.4.5. Scanning Electron Microscopy (SEM)—Energy Dispersive X-ray Spectroscopy (EDS)


SEM-EDS measurements were performed on a FEI Quanta 250 FEG microscope (FEI, Eindhoven, The Netherlands). Morphological characteristics of analyzed samples were observed using an Hitachi TM3000 electron microscope (Hitachi, Krefeld, Germany). Standard experimental conditions and magnification are applied according to [65]. The obtained SEM image is represented as a grey-scale image, where each pixel represents brightness variations. Once the grey-scale image is obtained, a binarization strategy was applied in order to isolate the whiter parts in the original image (representing the inorganic fraction of analyzed AC, ACCoTi5, ACCoTi10, ACFeTi5, and ACFeTi10 samples). Several thresholding methods can be applied for this purpose [107]. In this work, threshold selection for the black and white binarization was done considering the threshold that produced the best similarity between original images and black and white images. A numerical value of 0.5 was selected as a threshold to perform the binarization of the image. Quantification of the number of white pixels is done using the image histogram and a devoted algorithm implemented in MATLAB, specifically for this application.




3.4.6. X-ray Absorption (XRA)


A new characterization method (XRA) was conducted as described in [65] in order to study the distribution of Fe-TiO2 and Co-TiO2 within the composites. The XRA method uses digital image processing on digital X-ray radiography in order to identify characteristic grey scale intensity (GSI) values for each analyzed sample [65,66]. XRA measurements were conducted according to [65].





3.5. Batch Equilibrium Studies


The adsorption equilibrium tests (in batch) were performed according to our previous work [3] and in the supplementary information. The amount of CYF-4G adsorbed at equilibrium, qe (mg/g), was found in accordance with Equation (2):


   q e  =    (   C o  −  C e   )  V  m   



(2)




where Co (mg/L) and Ce (mg/L) are the initial and equilibrium adsorbate concentration in solution, respectively; m (g) is the dried mass of adsorbent; V (L) is the volume of the adsorbate solution.



The same procedure was followed for batch kinetic studies [3], but the samples were taken at pre-set time intervals. The dye uptake at any time, qt (mg/g), was found in accordance with Equation (3):


   q t  =    (   C o  −  C t   )  V  m   



(3)




where Ct is the CYF-4G dye concentration (mg/L) at a pre-determined time t (min). The percentage removal of CYF-4G dye was calculated by the Equation (4):


  P e r c e n t a g e   r e m o v a  l     ( % )  =    C o  −  C e     C o    * 100  



(4)








3.6. Effect of Solution pH


The experiments to evaluate the initial pH effect on the CYF-4G dye adsorption process were conducted according to [3]. The initial pH of the solution in a range from 2 to 10 was measured using a Knick 764 Multi-Calimatic pH meter (Knick, Berlin, Germany).




3.7. Adsorption Equilibrium Isotherms


The relationship between the amount of CYF-4G dye adsorbed on a certain amount of adsorbent (AC, ACCoTi5, ACCoTi10, ACFeTi5, and ACFeTi10) at constant temperature when the equilibrium is reached, is defined as an adsorption isotherm. The experimental data corresponding to equilibrium were analyzed using the Langmuir [82], Freundlich [83], and Temkin [108] models.



Adsorption at a homogeneous surface by a monolayer without interaction between the adsorbed ions is described by the Langmuir model [82]. The non-linear form of the Langmuir model can be depicted by Equation (5):


   q e  =    Q  m a x  0   K L   C e    1 +  K L   C e     



(5)




where    Q  m a x  0    (mg/g) is the monolayer capacity of the adsorbent,    C e    (mg/L) is the adsorbate concentration at equilibrium,    q e    (mg/g) is the amount of adsorbate uptake at equilibrium, and    K L   (L/mg) is a mass transfer coefficient [82].



The Freundlich isotherm describes the adsorption involving heterogeneous and multi-layer adsorption. This empirical isotherm can be depicted by Equation (6):


   q e  =  K F   C e   1 n         



(6)




were KF and 1/n, correspond to the adsorption capacity and the adsorption intensity [83].



The adsorption heat and adsorbate-adsorbate interaction in adsorption isotherms are studied by Temkin and Pyzhev [84]. Temkin isotherm equation is presented by Equation (7):


   q e  =   R T  b  ln  (   K T   C e   )   



(7)




where R is the ideal gas constant (8.314 J/mol K), T is the absolute temperature (K), b is the variation of the adsorption energy (kJ/mol), and    K T    is the equilibrium binding constant (L/g).




3.8. Adsorption Kinetic Models


In an attempt to describe the kinetics of CYF-4G dye adsorption onto AC, ACCoTi5, ACCoTi10, ACFeTi5, and ACFeTi10, pseudo-first order (PFO) [71], pseudo-second order (PSO) [72], and Elovich [70] models, based on the adsorption rate law, and Weber-Morris, based on intraparticle diffusion kinetic, were used [74].



PFO model can be fit to the adsorption kinetic data by the Equation (8):


   q t  =  q e   (  1 −  e  −  k 1  t    )   



(8)




where    q e    and    q t    are the amounts of adsorbate uptake per mass of adsorbent at equilibrium and at any time t (min), respectively, and k1 (1/min) is the rate constant of the PFO model [71].



The adsorption kinetic can also be described by the PSO, and the linear equation is generally given by Equation (9):


   q t  =    q e 2   k 2  t   1 +  k 2   q e  t          



(9)




where k2 (g/mg.min) is the rate constant of the PSO model [72].



The Elovich equation [70] has been widely used in the sorption studies of dyes in aqueous solution [109] and is generally expressed by Equation (10):


   q t  =  1 β  ln  (  1 + α β t  )   



(10)




where α is the initial chemisorption rate constant (mg/g min) and β is the desorption constant (g/mg).



The intraparticle diffusion model is commonly used for identifying the adsorption mechanism and is given as [74]:


   q t  =  k  i p      t   1 2    +  C i   



(11)




where kip is the intraparticle diffusion rate constant (mg/g min1/2). When intraparticle diffusion is the rate limiting step, then the curve of qt vs. t1/2 passes through the origin. When film diffusion is also taking place, then the intercept is Ci, which gives an idea on the thickness of the boundary layer. Nevertheless, if various process steps dominate the adsorption kinetics, this may be due to the fact that there are various linear trends in the adsorption process. [74,75,78]. Therefore, they must be analyzed as independent processes [75].




3.9. Photocatalytic Degradation Experiment


The photodegradation of the CYF-4G dye on Fe-TiO2/AC and Co-TiO2/AC composites was conducted using visible light irradiation at 15 °C, in the reactor shown in Figure 7. The light source (250 W high-pressure mercury lamp (Techinstro)) (Techinstro, Nagpur, India), emits visible light and covers the range from 360 nm to 579 nm, with peaks at 365 nm, 420 nm, and 520 nm. During the photocatalytic experiments, 50 mg of Fe-TiO2, Co-TiO2, AC, ACCoTi5, ACCoTi10, ACFeTi5, or ACFeTi10 was added to 650 mL of a solution of CYF-4G dye (100 mg/L) at pH = 2 under magnetic stirring at 250 rpm, keeping it in the dark using a safety cabinet for 60 min to reach equilibrium of the adsorption, and then the suspension was irradiated with visible light. Under this radiation, 1 mL of sample was taken every 10 min and centrifuged to separate the solid. The photocatalytic degradation of CYF-4G dye was monitored by measuring absorbance at 420 nm on a Biochrom Ultrospec 9000 UV-Vis Spectrophotometer (Fisher Scientific, Merelbeke, Belgium).




3.10. Kinetic Equations of CYF-4G Dye Degradation


The degradation kinetics were studied by fitting the experimental data to the second-order (SO) and Langmuir-Hinshelwood (LH) models. The SO model [110] is described by Equation (12):


   C t  =    C 0    1 +  k  2 d    C 0  t    



(12)




where    k  2 d     (mg/g.min) is the SO rate constant and Co and Ct (mg/L) are the dye concentration at initial and at time ‘t’, respectively. The LH model [110] is described by Equation (13),


  l n  (     C t     C 0     )  = −  k  L H   t  



(13)




where    k  L H     (1/min) is the LH model rate constant, and from this parameter it is possible to determine the half-life time of the reaction by Equation (14):


    t   1 2     =   0.693    k  L H        



(14)









4. Conclusions


Co-TiO2/AC and Fe-TiO2/AC composites were prepared from agricultural waste residues and remelted titanium scrap. X-ray diffractograms display that the presence of AC does not alter the crystalline phase (anatase) in the Co-TiO2 or Fe-TiO2 photocatalyst. TGA and SEM-EDS confirmed that the Co-TiO2 or Fe-TiO2 photocatalyst was homogeneously distributed on the AC surface and in the expected concentration range. The intraparticle diffusion model demonstrates that the adsorption of CYF-4G on these carbonaceous materials starts with a fast adsorption of the CYF-4G on the outer surface, and then an intraparticle diffusion inside the adsorbent. The pseudo-second order is the kinetic model which best describes the adsorption process of the CYF-4G dye. Adsorption obeys the Langmuir isotherm for AC, ACCoTi5, ACCoTi10, ACFeTi5, and ACFeTi10. As the proportion of Co-TiO2 or Fe-TiO2 in the AC substrate increased, a lower adsorption of dye on the composite is found. For composites with 5 and 10% doping of the photocatalyst, removal efficiencies were close to 100% after visible irradiation for 2h. This enhanced efficiency of the new composites could be related to the increased adsorption of the dye on the surface, coinciding with a photocatalytic degradation process under visible light irradiation. Co-TiO2/AC or Fe-TiO2/AC composites facilitate the complete removal of CYF-4G, when combined with adsorption, by maintaining a fast and high photocatalytic degradation capacity and desorption process of formed products. The prepared Co-TiO2/AC or Fe-TiO2/AC composites display high potential as an alternative for recalcitrant dye removal and its degradation from industrial wastewater. Finally, the synergy between adsorption and photodegradation of CYF-4G contributes to the in-situ regeneration of these new composites, prolonging their lifetime and use, demonstrating the overall sustainability and favorable economy of this approach.
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Figure 1. SEM images of: (a) AC, (b) ACCoTi5, (c) ACCoTi10, (d) ACFeTi5, and (e) ACFeTi10. 
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Figure 2. The effect of pH variation on the adsorption of CYF-4G on AC, ACFeTi5 and ACFeTi10, ACCoTi5 and ACCoTi10 (conditions: 1.2 g/L of adsorbent dosage; concentration of (CYF-4G) = 100 mg/L, 120 rpm, 4 h agitation time, and temperature 25 °C). 






Figure 2. The effect of pH variation on the adsorption of CYF-4G on AC, ACFeTi5 and ACFeTi10, ACCoTi5 and ACCoTi10 (conditions: 1.2 g/L of adsorbent dosage; concentration of (CYF-4G) = 100 mg/L, 120 rpm, 4 h agitation time, and temperature 25 °C).
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Figure 3. (a) Regression analysis and (b) intraparticle diffusion model of the adsorption kinetics process of CYF-4G on AC, ACFeTi5, ACFeTi10, ACCoTi5, and ACCoTi10 (conditions: 1.2 g/L of adsorbent dosage, concentration of (CYF-4G) = 100 mg/L, 120 rpm, T: 25 °C, and pH = 2). 
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Figure 4. Regression analysis of adsorption isotherms of CYF-4G on AC, ACFeTi5, ACFeTi10, ACCoTi5, and ACCoTi5 using Langmuir, Freundlich, and Temkin (conditions: 1.2 g/L of adsorbent dosage, 120 rpm and 4 h agitation time, pH = 2, and T: 25 °C). 
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Figure 5. UV–Vis spectral changes of the CYF-4G as function of time under visible irradiation for (a) ACCoTi5, and (c) ACFeTi5. Absorbance changes at 226 nm, 267 nm, and 420 nm for (b) ACCoTi5 and ACCoTi10, and (d) ACFeTi5 and ACFeTi10. 
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Figure 6. Removal rate and kinetics of photocatalytic degradation curves for CYF-4G dye in solution in presence of: (a) Co-TiO2/AC and (c) Fe-TiO2/AC. (b) Co-TiO2/AC and (d) Fe-TiO2/AC after irradiation with visible light. 
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Figure 7. Schematic photocatalytic-reactor set-up. 
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Table 1. Isotherm models for adsorption of dyes on different TiO2 composites.
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	Adsorbent.
	Azo-Dye
	Isotherm
	   Q  m a x  0    (mg/g)
	Reference





	AC-DSD-TiO2
	Reactive orange 16
	Langmuir
	92.84
	[88]



	TiO2/AC
	Yellow 5
	Langmuir
	107.1
	[86]



	M-TiO2/AC
	Acid Red 18
	Langmuir
	161.3
	[9]



	TiO2/C-500
	Methylene blue
	Langmuir
	49.64
	[87]



	TiO2/AC
	Acid Red 18
	Langmuir
	158.7
	[9]



	ACFeTi5
	CYF-4G
	Langmuir
	243.2
	This study



	ACFeTi10
	CYF-4G
	Langmuir
	189.2
	This study



	ACCoTi5
	CYF-4G
	Langmuir
	258.4
	This study



	ACCoTi10
	CYF-4G
	Langmuir
	201.1
	This study
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Table 2. Kinetic parameters on the rate of degradation of CYF-4G without and with AC, Fe-TiO2, Co-TiO2, Fe-TiO2/AC, and Co-TiO2/AC composites.
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Parameter

	
CYF-4G *

	
AC **

	
Co-TiO2

	
AC-

CoTi5

	
AC-

CoTi10

	
Fe-TiO2

	
AC-

FeTi5

	
AC-

FeTi10






	
Second-order




	
Co (mg/L)

	
99.36

	
88.97

	
99.57

	
97.41

	
97.28

	
99.77

	
89.87

	
98.85




	
k2 (mg/g.min)·10−5

	
1.81

	
4.24

	
10.56

	
48.89

	
41.21

	
11.44

	
53.31

	
39.35




	
R2

	
0.976

	
0.991

	
0.976

	
0.832

	
0.833

	
0.969

	
0.832

	
0.819




	
RMSE

	
1.54

	
1.26

	
3.23

	
12.39

	
12.66

	
3.91

	
11.85

	
13.35




	
Langmuir-Hinshelwood




	
Co (mg/L)

	
102.5

	
86.77

	
92.24

	
93.19

	
92.60

	
94.51

	
86.71

	
94.59




	
kLH (1/min)·10−3

	
0.37

	
1.07

	
6.15

	
25.19

	
20.62

	
6.01

	
24.96

	
20.19




	
R2

	
0.986

	
0.993

	
0.955

	
0.975

	
0.971

	
0.968

	
0.973

	
0.965




	
RMSE

	
1.18

	
1.02

	
4.40

	
4.78

	
5.26

	
3.98

	
4.80

	
5.96




	
t1/2 (min)

	
1868

	
636

	
113

	
28.5

	
33.6

	
115

	
27.8

	
34.3




	
RC

	
-

	
-

	
-

	
4.09

	
3.29

	
-

	
4.15

	
3.35








* As such, ** Adsorption.
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