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The presence of organic dyes in wastewater raises significant environmental and human health concerns, owing to their high toxicity. In light of this, a novel adsorbent material with porous cryogel architecture was developed and employed for the effective removal of organic dyes from an aqueous solution. Initially, a titanium dioxide nanowire doped with zirconium HZTO was synthesized by the hydrothermal process. Subsequently, the beads (SA/HZTO) of sodium alginate and HZTO were successfully prepared through a cross-linking process, employing Ca2+ ions as the crosslinking agent. Structural analysis of SA/HZTO beads was performed using FTIR, SEM, and EDX techniques. We systematically examined the impact of different conditions, including the initial dye concentration, pH, contact time, and adsorbent dosage, on the adsorption process. Batch experiments, both in signal and binary systems, were conducted to rigorously assess the dye adsorption capabilities. Kinetic modeling revealed that the adsorption process adhered to the pseudo-second-order kinetic model. Remarkably, the prepared beads exhibited impressive adsorption capacities of 26 and 29 mg/g toward methylene blue (MB) and safranin (SF), respectively. SA/HZTO beads have demonstrated excellent adsorption properties, offering a promising avenue for the development of low-cost, efficient, and reusable adsorbent to remove dyes from wastewater.
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1 INTRODUCTION
The most crucial natural resource on which humans depend for survival is commonly acknowledged to be water resources. However, the rapid industrialization and the rapid growth of population, water crisis, and pollution are becoming urgent issues that need to be remedied. Nowadays, the demand for organic dyes is constantly increasing. These products are commonly used in many industries including textiles, leather, paints, pharmaceuticals, and tanneries (Ben Yahia and Sellaoui, 2020). Organic dyes used in the printing industries and dyeing are accompanied by their presence in wastewater harmful to human health and biota. Indeed, these coloring molecules minimized the transparency and esthetic value of water, which reduces light penetration, thus affecting photosynthesis (Li et al., 2021), and raises the chemical oxygen demand (COD) (Flores-Gómez et al., 2023), due to their extreme stability, making it difficult to break them down using light and oxidation reactions (Somma et al., 2021). Additionally, these dyes are allergenic, carcinogenic, and non-degradable (Laysandra et al., 2017). Consequently, there has been an increase in interest in the design and development of innovative technologies for the removal of dye pollutants from wastewater such as oxidation and biological treatment. These methods are expensive and complicated. Adsorption has been found to be the best removal process due to its high efficiency, wide applicability, and low cost (Sirajudheen et al., 2020). Currently, the elimination of water-soluble toxic substances by an environmentally friendly process is a challenge for scientists. We must discover new ways and the decontamination technique that are ecological, efficient, and inexpensive at the same time.
The elimination of organic dyes in aqueous solutions by adsorption has proved to be an efficient and easy-to-use means (Zhang et al., 2012). Adsorption is defined as a physical or chemical contact between a solute (adsorbate) and the surface of a solid (adsorbent). Large volumes of water can be treated with this method in an easy-to-use manner at a reasonable cost. The ability to recycle and repurpose the adsorbent material is one benefit of adsorption. A solid with convenient and easy regeneration is an excellent contender for this purpose (Somma et al., 2021). Thus, several research works have been devoted to the exploration of new adsorbents, using natural materials that are less expensive, widely available, biodegradable, and easy to regenerate (Duan et al., 2018; Chaouf et al., 2019; Ablouh et al., 2020; Achour et al., 2021; Nasrollahzadeh et al., 2021; Salim et al., 2022). Due to their inherent qualities, such as their high surface zone, high specific surface area, structural and functional bioavailability, and large porosity and geometry tolerability, a new generation of distinctive and useful cryogel materials has recently gained a lot of attention in water treatment (Gao et al., 2020). Cryogels excel as a versatile material due to their unique characteristics. These substances are composed of polymers that have undergone chemical or physical crosslinking. This inherent quality renders cryogels highly valuable in the realm of wastewater treatment (Benettayeb et al., 2022). Cryogels find extensive use in various fields, including drug delivery, water treatment, catalysis, and chemical separation processes (Mallepally et al., 2013). Natural polymeric cryogels offer a distinct advantage over synthetic polymers, due to their inherent biodegradability and biocompatibility (Aaliya et al., 2021).
Cryogel, a type of adsorbent, can prevent the technical issues associated with recovering powder adsorbents and secondary contamination. For examples, without being exhaustive: chitosan–resole–pectin aerogel (Flores-Gómez et al., 2023), magnetic gel beads based on polyanetholesulfonic acid/alginate/magnetic zeolite (Metin et al., 2020), K-carrageenan and alginate (Ammar et al., 2021), chitosan (Khnifira et al., 2021), magnetic nanoparticles of chitosan-glyoxal/ZnO/Fe₃O₄ crosslinked using a Schiff base (Reghioua et al., 2021), fibrous composite foams chitosan/sodium alginate (Zhao et al., 2020), calcium alginate-immobilized graphene oxide composites (Li et al., 2013), MXene/PEI-functionalized sodium alginate (Feng et al., 2021), and amino-functionalized sodium alginate (Wang et al., 2022). The use of alginate more than other biopolymers is due to several considerations. First of all, it is a polymer that we have mastered its extraction and use (Fertah et al., 2017; Boussetta et al., 2021a). Alginate is a naturally abundant polyanionic polysaccharide produced from brown algae (Browning et al., 2021), (Boussetta et al., 2021b). The alginate has a linear structure consisting of 1,4-L-guluronic acid and 1,4-β-D-mannuronic acid, with heteropolymeric and homopolymeric blocks, respectively (Aguilar et al., 2015). Sodium alginate can interconnect with multivalent cations, such as Ca2+, Fe3+, and Ba2+, forming aerogel beads with an “egg-box” structure (Kong et al., 2020). It is an excellent adsorbent with very high removal capacities for organic and cationic pollutants, due to its contents of carboxylic and hydroxyl functions (Nouri et al., 2020). The efficient adsorption capacity of cross-linked sodium alginate has been decreased, due to the interaction of carboxyl groups with the crosslinking agent (Tao et al., 2020). Additionally, enhancing the mechanical properties of alginate aerogel beads is also presently a significant challenge. Therefore, there is a growing focus on creating composites of SA with other materials to achieve a highly efficient adsorbent.
The other component of the material used in this study is doped titanium dioxide. Indeed, this pigment is known for its opacifying properties in the field of paints, its non-toxicity, its low cost, and its availability (Kanakaraju et al., 2017). Recently, the incorporation of TiO₂ in adsorbent systems has made it possible to increase their specific surfaces (Lai et al., 2020). Compared to the adsorption performance of two systems (xanthan/graphene oxide and multi-wall carbon nanotubes), the incorporation of TiO₂ made it possible to increase the adsorption efficiency by creating additional active sites (Lai et al., 2020), (Zhao et al., 2010). This research aims to examine the effectiveness of new composites based on a titanium dioxide nanowire doped with zirconium and sodium alginate. The specific objectives were to 1) prepare and characterize HZTO and SA/HZTO beads; 2) determine the adsorption kinetics and capacities of the SA/HZTO adsorbent; 3) study the effects of parameters such as the initial dye concentration, the initial pH of the solution, and the state of ionization of the species present, in light of the adsorption rates obtained; and 4) elucidate the underlying removal mechanisms. Kinetic and thermodynamic models which match the results obtained will be examined.
2 EXPERIMENT
2.1 Materials
Sodium alginate (molecular weight, 216 KDa), hydrochloric acid (HCl, 37%), sodium hydroxide, methylene blue, and ethanol were bought from Sigma-Aldrich. Calcium chloride (CaCl₂) was purchased from VWR chemicals. Safranin was purchased from Fluka Chemicals.
2.2 Preparation of H₂(Zr₀.₁Ti₀.₉)₃O₇ nanowires
H2 (Zr0.1Ti0.9)3O7 nanowires (HZTO-nw) were prepared by dispersing 5 g of Zr0.1Ti0.9O2 (ZTO), prepared by the method described by Hanani et al. (2018), in NaOH (10 M, 100 mL). After 1 h of stirring, the suspension was placed in 150-mL Teflon-lined stainless-steel autoclave, sealed and heated to 240°C with 48 h dwell time, and then allowed to cool. The suspension of Na2(Zr0.1Ti0.9)3O7 (NaZTO) was filtered and hardened in the HCl (0.2 M) aqueous solution for 10 h to transform NaZTO to HZTO. Then, HZTO nanowires were purified several times with ethanol and deionized water by centrifugation at 4,000 rpm for 10 min. The resulting HZTO nanowires were dispersed in deionized water under mechanical agitation at 60 rpm for 30 min and then freeze-dried for 48 h.
2.3 Preparation of SA/HZTO beads
The SA/HZTO beads were prepared in two steps. First, we prepared a dispersion and a solution of nanowires and alginate, respectively. For the nanowires, 0.1 g of HZTO was dispersed in 50 mL of distilled water with vigorous agitation for 24 h. 3 g of sodium alginate, was solubilized in 100 mL of distilled water under magnetic stirring for 24 h. In the second step, the dispersion of nanowires is poured into the alginate solution with vigorous stirring. The mixture obtained is kept under magnetic agitation for 24 h to collect a gel of SA/HZTO. The resulting dispersion was added dropwise to the 0.1 M calcium chloride solution. The SA/HZTO beads were purified with distilled water, and subsequently, it was subjected to freeze-drying for characterization.
2.4 Point of zero charge (pHpzc) determination
The pHpzc value of SA and SA/HZTO was determined by the pH drift method. A measure of 50 mL of the NaCl solution (0.01 M) was added to nine vials. The initial pH of the solution in the vials was adjusted from 2 to 10 using 0.1 M NaOH or HCl to each of the solutions; then, 500 mg SA/HZTO or SA was poured into the solution and stirred for 24 h; subsequently, the final pH was measured.
2.5 Characterization
The crystalline composition of the HZTO sample was examined by X-ray diffraction (XRD, Rigaku SmartLab) using a step angle of 0.012° in the 2θ range from 5° to 80° and Cu-Kα radiation (λ ≈ 1.54059Å). The resulting morphologies of the HZTO sample were analyzed using a scanning electron microscope (FESEM, JEOL JSM-7600F) provided with an electron gun and a high-resolution transmission electron microscope (HRTEM, JEOL—ARM 200F Cold FEG) operating at 200 kV and provided with a spherical aberration (Cs) probe and image correctors with a point resolution of 0.12 nm. Energy-dispersive X-ray spectroscopy (EDS) and energy-filtered transmission electron microscopy (EFTEM) elemental mapping techniques were employed to explore the compositions of the producing nanostructures. Fourier transform infrared spectroscopy (FTIR, Jasco-6030) operated from 4,000 to 400 cm−1 at 4 cm−1 step by attenuated total reflection (ATR) was used to analyzed the functional groups of samples. The surface morphologies of the SA/HZTO bead surface and cross section were determined using a scanning electron microscope (SEM, TESCAN, Vega3), with an acceleration voltage of 20 KV.
2.6 Adsorption study
Typical methylene blue (MB) and safranin (SF) cationic dyes were chosen to assess the removal capacity of SA/HZTO beads. The residual concentrations of SF and MB were analyzed with a UV-vis spectrophotometer (UV3100PC) at wavelengths of 512 and 664 nm, respectively. The impact of the different parameters, influencing the adsorption phenomenon, was studied in the following ranges: pH (3–10), temperature (30°C–60°C), a dose of adsorbent (300–800 mg), and dye concentration (5–20 mg/L). The pH of the solution was regulated with 0.1 M NaOH and HCl. In each experimental run, 500 mg of the adsorbent was placed in 20 mL of a colorant aqueous solution. The organic dye removal efficiency (RE) and dye adsorption capacity (qe) by SA/HZTO were determined using Eqs 1, 2:
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where C₀ (mg/L) and Ce (mg/L) are the initial and equilibrium concentrations of the dye solution, respectively; V (L) is the volume of the dye solution; and w (g) is the weight of the beads.
Competitive adsorption is determined by the affinity of the gel beads for the MB and SF dyes. For this experiment, 500 mg of SA/HZTO is added to the 20-mL sample of a mixture solution of the two dyes at different ratios: [MB (20 mg/L) + SF (5 mg/L)], [MB (20 mg/L) + SF (10 mg/L)], [MB (10 mg/L) + SF (20 mg/L)], [MB (5 mg/L) + SF (20 mg/L)], and [MB (20 mg/L) + SF (20 mg/L)]. After the adsorption phenomenon, the removal capacity of each dye is measured as described above.
For regeneration, the adsorbed SA/HZTO beads from SF and MB dye solutions were immersed for 1 h in 0.1 mol/L HCl to remove the adsorbed dyes. The recycled samples were washed by distilled water. Subsequently, the beads were used for the next adsorption experiment. This recycling procedure was conducted three times to evaluate the reusability of SA/HZTO beads.
3 RESULT AND DISCUSSION
3.1 HZTO nanowire characteristics
Figure 1 presents the FESEM and STEM micrographs demonstrate the HZTO nanowires in the free standing form with a high aspect ratio exceeding 50. The comparatively high reaction temperature (240 °C) and/or extended reaction time (48 h) are the causes of this high aspect ratio. Moreover, Figure 2 reveals the STEM-HAADF and elemental mapping images of HZTO nanowires prove the homogeneous distribution of O, Ti, and Zr elements. The detailed structural and morphological properties of HZTO nanowires can be found in Hanani et al. (2022) and Hanani et al. (2021).
[image: Figure 1]FIGURE 1 | FESEM (A) and STEM (B) micrographs of HZTO nanowires.
[image: Figure 2]FIGURE 2 | STEM-HAADF image and elemental mapping images of HZTO nanowires. The red, yellow, and blue areas correspond to O, Ti, and Zr elements, respectively.
3.2 Characterization of SA/HZTO beads
The morphological structure and functional groups of the SA/HZTO sample were determined by SEM and FTIR analysis, respectively. The SA/HZTO beads were achieved by the interconnecting process of sodium alginate (SA) with Ca2+. The final material has white-colored beads after the freeze-drying process. To verify the formation of SA/HZTO beads cross-linked in Ca2+ ions, the functional groups of sodium alginate, HZTO nanowires, and SA/HZTO beads were determined by FTIR spectroscopy (Figure 3). The FTIR spectra of calcium alginate are described as following: the broad band around 3387.71 cm−1, which corresponds to the stretching vibrations of hydrogen-bonded O-H groups (Fertah et al., 2017). A weak signal at 2927.89 cm−1 attributed to the stretching vibration of C-H bonds. An intense band at 1420.6 cm−1 and another band at 1601.67 cm−1, representing symmetric and asymmetric stretching vibration of the carboxylate group, respectively, indicating specific bonding interactions between COO− and Ca2+ (López Córdoba et al., 2013; Ablouh et al., 2019; Bahsis et al., 2020). A smaller peak was observed at 1089.44 cm−1, which can be assigned to the stretching of C-O bonds in COH groups, a characteristic feature of the G blocks in calcium alginate. Two peaks with relatively low intensity were observed below 1,000 cm−1: the first at 887.73 cm−1, indicative of preferential binding involving C-O-C interactions, and the second at 828.17 cm−1, associated with the stretching of C-C bonds in G blocks (Nouri et al., 2020).
[image: Figure 3]FIGURE 3 | Fourier transform infrared (FTIR) spectra of SA, HZTO nanowires, and SA/HZTO beads.
HZTO infrared spectra illustrate characteristic peaks, of which the peak at 3,123 cm−1 corresponds to O-H stretching vibrations (Kong et al., 2020). The weak bands at 616.13 cm−1 and 483.51 cm−1 correspond to the bending vibration of Ti-O bonds (Nouri et al., 2020).
SA/HZTO bead infrared spectra showing various peaks with the same wavenumber confirm the presence of all the functional groups that are originally present on both HZTO and SA beads. However, variations in intensity were observed.
Dried SA/HZTO beads (Figure 4A) appear uniform in size and maintain their porous, spherical shapes in scanning electron images. In addition, SEM images (Figure 4B) show the surface morphology of SA/HZTO beads which present a relatively smooth surface and had an orderly homogeneous shape with some creases and apertures. The bead section’s morphological image (Figure 4C) generates a permeable shape that can be attributed to extensive porosity. The pore diameters are quite homogeneous, ranging from 600 nm to more than 50 [image: image] on average. This super porous structure is made up of a loose network of linked fibrils, as a result of the elimination of water into moist beads and the generation of an extensively associated fibril network with the effective freeze-drying process.
[image: Figure 4]FIGURE 4 | SEM micrographs of the SA/HZTO bead surface (A,B) and SA/HZTO bead cross section (C).
pHpzc determined the surface charge of SA/HZTO beads depending on the pH solution. Figure 5 shows the pHpzc value of SA and SA/HZTO was equal to 5.25 and 5.72, respectively. They are lower than the pH of the adsorbent solution (pH = 6). In addition, when the pH is lower than pHpzc, the adsorbent surface is protonated and negative for a pH higher than pHpzc (when pHpzc < pH, the bead surface was negative, and when pHpzc > pH, the bead surface was positive). In addition, when the pH solution is identical to pHpzc, the adsorbent surface group charge is neutral and the electrostatic force is negligible between SA/HZTO and the dye molecules. This makes it possible to say that the functional groups at the surface of these adsorbents (carboxylates) are negatively charged (-COO-), which bind electrostatically with positively charged cationic dyes.
[image: Figure 5]FIGURE 5 | Zero-charge point pHpzc of the SA/HZTO bead adsorbent.
3.3 Adsorption study
3.3.1 Impact of various parameters on dye removal
According to the literature, the pH solution, the amount of the adsorbent, the initial dye concentration, and time contact are the majority critical factors determining the adsorption capacity and removal effectiveness of adsorbent materials. The ionization state of SF and MB in water depends on the pH. To examine the impact of pH on the removal of cationic dyes, tests were realized in the pH range from 3 to 10 (Figure 6A). It can be seen that the elimination of the MB and SF dyes increases progressively with the increase in the pH solution from 3 to 10. The difference in the retention rate at all values of pH is mainly due to the ionization state of each dye. The zero-load point of the SA/HZTO adsorbent was 5.72. In other words, for pH < 5.72, the carboxylate groups will be protonated and beyond that will be in the form of an anion. The adsorbent-adsorbed interactions will take place, essentially, by electrostatic anion/cation interactions. For pH < 5, the dyes and alginate will be protonated, and the interactions will be dipolar and hydrogen bonding in nature (Figure 7). In addition, the effect of the adsorbent dosage on the organic dye removal capacity of the SA/HZTO gel beads was studied in the range of 300 to 800 mg, and the results are shown in Figure 6B. Therefore, the removal capacity of MB and SF was not remarkably changed when the mass of the adsorbent value was above 500 mg. We can say that the adsorbent concentration has a critical threshold, and beyond this threshold, the particles associate (aggregate). The available surface allowing the fixation of the dyes decreases slightly (Figure 6C).
[image: Figure 6]FIGURE 6 | (A) Effect of pH, (B) amount of adsorbent, (C) initial dye concentration, and (D) reaction time for the adsorption of MB and SF onto SA/HZTO beads.
[image: Figure 7]FIGURE 7 | Ionization zone of MB and SF dye molecules.
The contact time is one of the primary parameters that impact on the adsorption of organic dyes from an aqueous solution. The adsorption of the two dyes is quick, and a maximum is reached after 30 min (Figure 6D). Beyond that, between 30 and 400 min, the absorption rate is very slow and reaches saturation after 400 min. Therefore, 400 min was fixed as the optimal adsorption time for further experiments.
3.3.2 Adsorption kinetics
To describe the method(s) of retention of the two probes, we have represented the investigational data employing the pseudo-first-order (Eq. 3) and the pseudo-second-order model (Eq. 4) (Tan and Hameed, 2017).
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Figure 8B shows log (qe–qt) vs. t plots utilized to determine the parameters of PFO, where k₁ is the pseudo-first-order rate constant derived from the slope of the fitted straight line, and qe, called the adsorption capacity at equilibrium calculated from the corresponding intercept.
[image: Figure 8]FIGURE 8 | Fitting graphs of adsorption kinetic models: (A) pseudo-first-order and (B) pseudo-second-order.
The change in slope, for the two dyes, after 200 min of the adsorbent/dye contact can only be explained by a change in the physical state of the adsorbent. As we know, polymers soluble in water start with wetting, followed by swelling, and then the chain dispersion. For the crosslinked SA/HZTO adsorbent, there will be a gradual swelling over time, until a maximum hydrodynamic volume is reached. At this point, the chains in the network begin to relax and will generate a larger contact surface. The change in the slope can only be due to maximum development of the contact surface of the adsorbent. This will allow greater adsorption. This confirms that during the adsorption of the dye on the support, there is intervention of the two dye/support partners in the kinetics of adsorption.
[image: image]
The parameters of the PSO model resulted from the intercept and the slope of the fitted straight line of (t/qt) versus t shown in Figure 8A, where k₂ is the PSO rate constant. Table 1 lists the parameters of MB and SF adsorption kinetic models. As seen, the correlation coefficients (R2) obtained from the PSO model for MB and SF adsorption equaled 0.999 and 0.997, respectively. The discrepancy between qe from the PSO model and qe experimental values is less than that of the pseudo-first-order model. Therefore, the PSO model well-described the experimental investigation. Similar observations have been suggested to describe the adsorption kinetics of both SA and MB organic dyes (Trinh et al., 2021), (Minisy et al., 2021). This result confirms what we have advanced on the SF and MB ionization state.
TABLE 1 | Kinetics parameters for SF and MB adsorption onto the SA/HZTO adsorbent.
[image: Table 1]3.3.3 Thermodynamic study
To gain insights about the effect of the temperature on the SF and MB adsorption process, several tests were executed at 303, 313, 223, and 333 K. The Ln (Kc) vs. 1/T plots were used to obtain ΔH° and ΔS°. The enthalpy was determined from the slope and the entropy derived from the corresponding intercept. ΔG° is determined from the equilibrium constant Kc using Eqs 5, 6. The standard values of entropy (ΔS°), enthalpy (ΔH°), and free energy (ΔG°) at different temperatures are given in Table 2:
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TABLE 2 | Thermodynamic parameters of MB and SF elimination onto SA/HZTO.
[image: Table 2]The enthalpy (ΔH°) value is indicating the exothermic nature of the MB and SF removal onto SA/HZTO gel beads and a physical adsorption mechanism (Maaloul et al., 2021). The negative ΔS° supports the fact that adsorption increases the overall order of the system and is not in favor of a spontaneous process. However, the energy balance of the system is exothermic and is favorable to the adsorption of the two dyes. Indeed, the negative value of ΔG° below the temperatures 333 and 323 K for SF and MB, respectively, indicates that the adsorption is spontaneous.
3.3.4 Adsorption capacity of SA/HZTO for the binary SF/MB system
Despite the fact that SA/HZTO has been demonstrated to be efficient for the removal of one dye, there is a possibility it will face some defiance when subjected to an aqueous solution including two dyes. To treat this issue, SF and MB were jumbled to produce a mixed dye solution. Through this study, we want to know which of the dyes will be more adsorbed than the other if they are both in the presence of the adsorbent. To do this, various combinations and ratios of the two dyes. Table 3 shows the adsorption capacity values at different times in a ternary system (SA/HZTO/MB/SF). The two pigments, taken individually, show similarities in the evolution of the adsorbed amounts over time. These tests were made at room temperature and pH 6, where the two dyes will be positively ionized and the support will be negatively ionized. However, theoretically, the two probes, having different structures, will not have the same affinity with respect to the support because of their different steric hindrance. This explains the slightly different adsorption patterns of the two dyes.
TABLE 3 | Adsorption capacity at different times of MB and SF on SA/HZTO beads in the binary system.
[image: Table 3]If we mix the two dyes at equal concentrations, 50% MB/50% SF, we obtain the same value of the adsorbed quantity. We can say that the two dyes are adsorbed at the same rate, and therefore, they have the same affinity for the support. In this case, the adsorption capacity values of MB and SF are 39.76 and 38.41 mg/g, respectively.
3.4 Comparison study
Numerous study researchers have investigated a range of adsorbent materials for the removal of MB and SF from aqueous solutions. Table 4 provides a comparative overview of the maximum adsorption capacity of MB and SF onto various adsorbents.
TABLE 4 | Comparative overview of the maximum adsorption capacity of MB and SF onto various adsorbents.
[image: Table 4]3.5 Reusability
SA/HZTO was regenerated with the application of HCl because the primary interactions between the two organic dyes and adsorbent are specifically cation–anion interactions; it would be introducing a competing cation that can displace the cations already bound to the adsorbent (Azeroual et al., 2023). After the regeneration cycles, SF and MB dyes for SA/HZTO were reduced from 74.18% to 50% and 70.12% to 37.24%, respectively, as shown in Figures 9A, B.
[image: Figure 9]FIGURE 9 | Adsorption–desorption cycles of (A) SF and (B) MB.
Figure 9 demonstrates that SA/HZTO displays a reversible adsorption phenomenon. This regenerative cycle suggests that SA/HZTO adsorbents can be reused and restored for the uptake of dyes. Hence, the SA/HZTO beads show potential to be a promising and reusable adsorbent for the treatment of wastewater.
4 CONCLUSION
To facilitate separation and improve their adsorption capacity to remove organic dyes (safranin and methylene blue) from an aqueous solution in both single and mixed systems, this study uses green and cost-effective support gel beads made of sodium alginate and titanium dioxide doped with zirconium and cross-linked with calcium chloride. The experimental factors including pH, adsorbent amount, initial dye concentration, and contact time were determined precisely. At basic pH values, the removal of the organic dyes is carried out electrostatically. Thermodynamic calculations indicate an exothermic and spontaneous adsorption process for the two cationic dyes. The kinetic data appropriate well with the PSO adsorption kinetic model. The adsorption capacities, in the presence of both SF/MB dyes, indicate that there is no support preference for either of the two dyes and that the evolution of the adsorption has the same rate and depends only on the concentration. In summary, SA/HZTO with a large adsorption capacity may be a favorable adsorbent for the efficient elimination of single or binary organic dyes. In addition to the selective recuperation of a cationic colorant from water, the catalytic and photocatalytic activity of this absorber can be researched.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
SA: investigation, visualization, data curation, formal analysis, and writing–original draft. KE: formal analysis and writing–original draft. AB: conceptualization, data curation, investigation, methodology, supervision, validation, visualization, and writing–original draft. E-HA: conceptualization, investigation, methodology, supervision, validation, visualization, and writing–review and editing. ZH: data curation, formal analysis, investigation, visualization, and writing–original draft. MT: conceptualization, project administration, resources, validation, and writing–review and editing. RJ: methodology, project administration, supervision, validation, visualization, and writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
ACKNOWLEDGMENTS
The authors acknowledge the Center of Analysis and Characterization (CAC), Cadi Ayyad University (Morocco), for providing instrumental facilities for sample characterization.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aaliya, B., Sunooj, K. V., and Lackner, M. (2021). Biopolymer composites: a review. Int. J. Biobased Plast. 3 (1), 40–84. doi:10.1080/24759651.2021.1881214
 Ablouh, E., Hanani, Z., Eladlani, N., Rhazi, M., and Taourirte, M. (2019). Chitosan microspheres/sodium alginate hybrid beads: an efficient green adsorbent for heavy metals removal from aqueous solutions. Sustain. Environ. Res. 29 (1), 5. doi:10.1186/s42834-019-0004-9
 Ablouh, E.-H., Jalal, R., Rhazi, M., and Taourirte, M. (2020). Surface modification of α-chitin using an acidic treatment followed by ultrasonication: measurements of their sorption properties. Int. J. Biol. Macromol. 151, 492–498. doi:10.1016/j.ijbiomac.2020.02.204
 Achour, Y., Bahsis, L., Ablouh, E.-H., Yazid, H., Laamari, M. R., and El Haddad, M. (2021). Insight into adsorption mechanism of Congo red dye onto Bombax Buonopozense bark Activated-carbon using Central composite design and DFT studies. Surf. Interfaces 23, 100977. doi:10.1016/j.surfin.2021.100977
 Adebowale, K. O., Olu-Owolabi, B. I., and Chigbundu, E. C. (2014). Removal of safranin-O from aqueous solution by adsorption onto kaolinite clay. J. Encapsulation Adsorpt. Sci. 4 (03), 89–104. doi:10.4236/jeas.2014.43010
 Aguilar, K. C., Tello, F., Bierhalz, A. C. K., Garnica Romo, M. G., Martínez Flores, H. E., and Grosso, C. R. F. (2015). Protein adsorption onto alginate-pectin microparticles and films produced by ionic gelation. J. Food Eng. 154, 17–24. doi:10.1016/J.JFOODENG.2014.12.020
 Ammar, C., Alminderej, F. M., El-Ghoul, Y., Jabli, M., and Shafiquzzaman, M. (2021). Preparation and characterization of a new polymeric multi-layered material based K-carrageenan and alginate for efficient bio-sorption of methylene blue dye. Polymers 13 (3), 411. doi:10.3390/polym13030411
 Azeroual, S., Wattati, H., Belfkira, A., Taourirte, M., and Jalal, R. (2023). Preparation and application of phosphorylated starch as a flocculant for cationic dyes and heavy metal. Colloids Surf. C Environ. Asp. 1, 100019. doi:10.1016/j.colsuc.2023.100019
 Bahsis, L., Ablouh, E.-H., Anane, H., Taourirte, M., Julve, M., and Stiriba, S.-E. (2020). Cu(ii)-alginate-based superporous hydrogel catalyst for click chemistry azide–alkyne cycloaddition type reactions in water. RSC Adv. 10 (54), 32821–32832. doi:10.1039/D0RA06410F
 Benettayeb, A., Ghosh, S., Usman, M., Seihoub, F. Z., Sohoo, I., Chia, C. H., et al. (2022). Some well-known alginate and chitosan modifications used in adsorption: a review. Water 14 (9), 1353. doi:10.3390/w14091353
 Ben Yahia, M., and Sellaoui, L. (2020). Adsorptive removal of sunset yellow dye by biopolymers functionalized with (3–aminopropyltriethoxysilane): analytical investigation via advanced model. J. Mol. Liq. 312, 113395. doi:10.1016/J.MOLLIQ.2020.113395
 Boussetta, A., Ablouh, E. H., Benhamou, A. A., Taourirte, M., and Moubarik, A. (2021a). Valorization of Moroccan brown seaweeds: elaboration of formaldehyde-free particleboards based on sodium alginate–corn-starch - mimosa tannin wood adhesives. Int. J. Adhes. Adhes. 108, 102894. doi:10.1016/j.ijadhadh.2021.102894
 Boussetta, A., Ablouh, E.-H., Benhamou, A. A., Taourirte, M., and Moubarik, A. (2021b). Valorization of Moroccan brown seaweeds: elaboration of formaldehyde-free particleboards based on sodium alginate–corn-starch - mimosa tannin wood adhesives. Int. J. Adhes. Adhes. 108, 102894. doi:10.1016/j.ijadhadh.2021.102894
 Browning, K. L., Stocker, I. N., Gutfreund, P., and Clarke, S. M. (2021). The effect of alginate composition on adsorption to calcium carbonate surfaces. J. Colloid Interface Sci. 581, 682–689. doi:10.1016/J.JCIS.2020.07.088
 Chaouf, S., El Barkany, S., Jilal, I., El Ouardi, Y., Abou-salama, M., Loutou, M., et al. (2019). Anionic reverse microemulsion grafting of acrylamide (AM) on HydroxyEthylCellulose (HEC): synthesis, characterization and application as new ecofriendly low-cost flocculant. J. Water Process Eng. 31, 100807. doi:10.1016/j.jwpe.2019.100807
 Duan, Y., Freyburger, A., Kunz, W., and Zollfrank, C. (2018). Lignin/Chitin films and their adsorption characteristics for heavy metal ions. ACS Sustain. Chem. Eng. 6 (5), 6965–6973. doi:10.1021/acssuschemeng.8b00805
 Feng, Y., Wang, H., Xu, J., Du, X., Cheng, X., Du, Z., et al. (2021). Fabrication of MXene/PEI functionalized sodium alginate aerogel and its excellent adsorption behavior for Cr (VI) and Congo Red from aqueous solution. J. Hazard. Mater. 416, 125777. doi:10.1016/j.jhazmat.2021.125777
 Fertah, M., Belfkira, A., montassir Dahmane, E., Taourirte, M., and Brouillette, F. (2017). Extraction and characterization of sodium alginate from Moroccan Laminaria digitata brown seaweed. Arab. J. Chem. 10, S3707–S3714. doi:10.1016/j.arabjc.2014.05.003
 Flores-Gómez, J., Villegas-Ruvalcaba, M., Blancas-Flores, J., and Morales-Rivera, J. (2023). Chitosan–resole–pectin aerogel in methylene blue removal: modeling and optimization using an artificial neuron network. ChemEngineering 7 (5), 82. doi:10.3390/chemengineering7050082
 Gao, X., Guo, C., Hao, J., Zhao, Z., Long, H., and Li, M. (2020). Adsorption of heavy metal ions by sodium alginate based adsorbent-a review and new perspectives. Int. J. Biol. Macromol. 164, 4423–4434. doi:10.1016/j.ijbiomac.2020.09.046
 Han, R., Zhang, J., Han, P., Wang, Y., Zhao, Z., and Tang, M. (2009). Study of equilibrium, kinetic and thermodynamic parameters about methylene blue adsorption onto natural zeolite. Chem. Eng. J. 145 (3), 496–504. doi:10.1016/j.cej.2008.05.003
 Hanani, Z., Ablouh, E., Amjoud, M., Mezzane, D., Fourcade, S., and Gouné, M. (2018). Very-low temperature synthesis of pure and crystalline lead-free Ba .85 Ca .15 Zr .1 Ti .9 O 3 ceramic. Ceram. Int. 44 (9), 10997–11000. doi:10.1016/j.ceramint.2018.03.022
 Hanani, Z., Ablouh, E. h., Merselmiz, S., Ghanbaja, J., Amjoud, M., Mezzane, D., et al. (2021). Morphogenesis mechanisms in the hydrothermal growth of lead-free BCZT nanostructured multipods. CrystEngComm 23 (30), 5249–5256. doi:10.1039/D1CE00591J
 Hanani, Z., Izanzar, I., Merselmiz, S., El Assimi, T., Mezzane, D., Amjoud, M., et al. (2022). A flexible self-poled piezocomposite nanogenerator based on H 2 (Zr 0.1 Ti 0.9) 3 O 7 nanowires and polylactic acid biopolymer. Sustain. Energy Fuels 6 (8), 1983–1991. doi:10.1039/D2SE00234E
 Kanakaraju, D., Ravichandar, S., and Lim, Y. C. (2017). Combined effects of adsorption and photocatalysis by hybrid TiO2/ZnO-calcium alginate beads for the removal of copper. J. Environ. Sci. China 55, 214–223. doi:10.1016/j.jes.2016.05.043
 Khnifira, M., Boumya, W., Abdennouri, M., Sadiq, M., Achak, M., Serdaroğlu, G., et al. (2021). A combined molecular dynamic simulation, DFT calculations, and experimental study of the eriochrome black T dye adsorption onto chitosan in aqueous solutions. Int. J. Biol. Macromol. 166, 707–721. doi:10.1016/J.IJBIOMAC.2020.10.228
 Kong, Y., Zhuang, Y., Han, K., and Shi, B. (2020). Enhanced tetracycline adsorption using alginate-graphene-ZIF67 aerogel. Colloids Surf. Physicochem. Eng. Asp. 588, 124360. doi:10.1016/J.COLSURFA.2019.124360
 Kujawska, J., and Wasag, H. (2021). Biochar: a low-cost adsorbent of Methylene Blue from aqueous solutions. J. Phys. Conf. Ser. 1736, 012002. doi:10.1088/1742-6596/1736/1/012002
 Lai, K. C., Lee, L. Y., Hiew, B. Y. Z., Thangalazhy-Gopakumar, S., and Gan, S. (2020). Facile synthesis of xanthan biopolymer integrated 3D hierarchical graphene oxide/titanium dioxide composite for adsorptive lead removal in wastewater. Bioresour. Technol. 309, 123296. doi:10.1016/J.BIORTECH.2020.123296
 Laysandra, L., Sari, M. W. M. K., Soetaredjo, F. E., Foe, K., Putro, J. N., Kurniawan, A., et al. (2017). Adsorption and photocatalytic performance of bentonite-titanium dioxide composites for methylene blue and rhodamine B decoloration. Heliyon 3 (12), e00488. doi:10.1016/j.heliyon.2017.e00488
 Li, W., Xie, Z., Xue, S., Ye, H., Liu, M., Shi, W., et al. (2021). Studies on the adsorption of dyes, Methylene blue, Safranin T, and Malachite green onto Polystyrene foam. Sep. Purif. Technol. 276, 119435. doi:10.1016/J.SEPPUR.2021.119435
 Li, Y., Du, Q., Liu, T., Sun, J., Wang, Y., Wu, S., et al. (2013). Methylene blue adsorption on graphene oxide/calcium alginate composites. Carbohydr. Polym. 95 (1), 501–507. doi:10.1016/j.carbpol.2013.01.094
 López Córdoba, A., Deladino, L., and Martino, M. (2013). Effect of starch filler on calcium-alginate hydrogels loaded with yerba mate antioxidants. Carbohydr. Polym. 95 (1), 315–323. doi:10.1016/j.carbpol.2013.03.019
 Maaloul, N., Oulego, P., Rendueles, M., Ghorbal, A., and Díaz, M. (2021). Biopolymer composite from cellulose nanocrystals of almond (Prunus dulcis) shell as effective adsorbents for Cu2+ ions from aqueous solutions. J. Environ. Chem. Eng. 9 (2), 105139. doi:10.1016/J.JECE.2021.105139
 Malekbala, M. R., Soltani, S. M., Yazdi, S. K., and Hosseini, S. (2012). Equilibrium and kinetic studies of safranine adsorption on alkali-treated mango seed integuments. Int. J. Chem. Eng. Appl. 3 (3), 160–166. doi:10.7763/ijcea.2012.v3.179
 Mallepally, R. R., Bernard, I., Marin, M. A., Ward, K. R., and McHugh, M. A. (2013). Superabsorbent alginate aerogels. J. Supercrit. Fluids 79, 202–208. doi:10.1016/j.supflu.2012.11.024
 Meili, L., Lins, P., Costa, M., Almeida, R., Abud, A., Soletti, J., et al. (2019). Adsorption of methylene blue on agroindustrial wastes: experimental investigation and phenomenological modelling. Prog. Biophys. Mol. Biol. 141, 60–71. doi:10.1016/j.pbiomolbio.2018.07.011
 Metin, A. Ü., Doğan, D., and Can, M. (2020). Novel magnetic gel beads based on ionically crosslinked sodium alginate and polyanetholesulfonic acid: synthesis and application for adsorption of cationic dyes. J. Dispers. Sci. Technol. 256, 123659. doi:10.1016/j.matchemphys.2020.123659
 Minisy, I. M., Salahuddin, N. A., and Ayad, M. M. (2021). Adsorption of methylene blue onto chitosan–montmorillonite/polyaniline nanocomposite. Appl. Clay Sci. 203, 105993. doi:10.1016/J.CLAY.2021.105993
 Mohamed, F., Abukhadra, M. R., and Shaban, M. (2018). Removal of safranin dye from water using polypyrrole nanofiber/Zn-Fe layered double hydroxide nanocomposite (Ppy NF/Zn-Fe LDH) of enhanced adsorption and photocatalytic properties. Sci. Total Environ. 640, 352–363. doi:10.1016/j.scitotenv.2018.05.316
 Nasrollahzadeh, M., Sajjadi, M., Iravani, S., and Varma, R. S. (2021). Starch, cellulose, pectin, gum, alginate, chitin and chitosan derived (nano)materials for sustainable water treatment: a review. Carbohydr. Polym. 251, 116986. doi:10.1016/j.carbpol.2020.116986
 Nouri, L., Hemidouche, S., Boudjemaa, A., Kaouah, F., Sadaoui, Z., and Bachari, K. (2020). Elaboration and characterization of photobiocomposite beads, based on titanium (IV) oxide and sodium alginate biopolymer, for basic blue 41 adsorption/photocatalytic degradation. Int. J. Biol. Macromol. 151, 66–84. doi:10.1016/j.ijbiomac.2020.02.159
 Reghioua, A., Barkat, D., Jawad, A. H., Abdulhameed, A. S., and Khan, M. R. (2021). Synthesis of Schiff’s base magnetic crosslinked chitosan-glyoxal/ZnO/Fe3O4 nanoparticles for enhanced adsorption of organic dye: modeling and mechanism study. Sustain. Chem. Pharm. 20, 100379. doi:10.1016/j.scp.2021.100379
 Salim, M. H., Kassab, Z., Ablouh, E. h., Sehaqui, H., Aboulkas, A., Bouhfid, R., et al. (2022). Manufacturing of macroporous cellulose monolith from green macroalgae and its application for wastewater treatment. Int. J. Biol. Macromol. 200, 182–192. doi:10.1016/J.IJBIOMAC.2021.12.153
 Sirajudheen, P., Karthikeyan, P., Vigneshwaran, S., Nikitha, M., Hassan, C. A. A., and Meenakshi, S. (2020). Ce(III) networked chitosan/β-cyclodextrin beads for the selective removal of toxic dye molecules: adsorption performance and mechanism. Carbohydr. Polym. Technol. Appl. 1, 100018. doi:10.1016/J.CARPTA.2020.100018
 Somma, S., Reverchon, E., and Baldino, L. (2021). Water purification of classical and emerging organic pollutants: an extensive review. ChemEngineering 5 (3), 47. doi:10.3390/chemengineering5030047
 Tan, K. L., and Hameed, B. H. (2017). Insight into the adsorption kinetics models for the removal of contaminants from aqueous solutions. J. Taiwan Inst. Chem. Eng. 74, 25–48. doi:10.1016/j.jtice.2017.01.024
 Tao, E., Ma, D., Yang, S., and Hao, X. (2020). Graphene oxide-montmorillonite/sodium alginate aerogel beads for selective adsorption of methylene blue in wastewater. J. Alloys Compd. 832, 154833. doi:10.1016/j.jallcom.2020.154833
 Trinh, T. T. P. N. X., Nguyet, D. M., Quan, T. H., Anh, T. N. M., Thinh, D. B., Tai, L. T., et al. (2021). Preparing three-dimensional graphene aerogels by chemical reducing method: investigation of synthesis condition and optimization of adsorption capacity of organic dye. Surf. Interfaces 23, 101023. doi:10.1016/j.surfin.2021.101023
 Wang, Q., Li, L., Tian, Y., Kong, L., Cai, G., Zhang, H., et al. (2022). Shapeable amino-functionalized sodium alginate aerogel for high-performance adsorption of Cr (VI) and Cd (II): experimental and theoretical investigations. Chem. Eng. J. 446, 137430. doi:10.1016/j.cej.2022.137430
 Yao, Y., Xu, F., Chen, M., Xu, Z., and Zhu, Z. (2010). Adsorption behavior of methylene blue on carbon nanotubes. Bioresour. Technol. 101 (9), 3040–3046. doi:10.1016/j.biortech.2009.12.042
 Zhang, W., Li, H., Kan, X., Dong, L., Yan, H., Jiang, Z., et al. (2012). Adsorption of anionic dyes from aqueous solutions using chemically modified straw. Bioresour. Technol. 117, 40–47. doi:10.1016/j.biortech.2012.04.064
 Zhao, X., Jia, Q., Song, N., Zhou, W., and Li, Y. (2010). Adsorption of Pb(II) from an aqueous solution by titanium dioxide/carbon nanotube nanocomposites: kinetics, thermodynamics, and isotherms. J. Chem. Eng. Data 55 (10), 4428–4433. doi:10.1021/JE100586R
 Zhao, X., Wang, X., and Lou, T. (2020). Preparation of fibrous chitosan/sodium alginate composite foams for the adsorption of cationic and anionic dyes. J. Hazard. Mater. 403, 124054. doi:10.1016/j.jhazmat.2020.124054
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Azeroual, Khatib, Belfkira, Ablouh, Hanani, Taourirte and Jalal. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-12-1285230-t004.jpg
Adsorbent

References

Compost biochar 13 - Kujawska and Wasag (2021)
Natural zeolite 19.94 - Han et al. (2009)
Kaolinite clay - 1623 Adebowale et al. (2014)
Alkali-treated mango seed integuments - 233 Malekbala et al. (2012)
Sugarcane bagasse 134 - Meili et al. (2019)
Soursop residues 139 - Meili et al. (2019)
Carbon nanotubes 35 - Yao et al. (2010)
Polypyrrole nanofiber/Zn-Fe-layered double hydroxide nanocomposite - 13.76 Mohamed et al. (2018)
Sodium alginate/titanium dioxide nanowire doped with zirconium aerogel beads 4048 - “This study
Sodium alginate/titanium dioxide nanowire doped with zirconium cryogel beads - 38.96 “This study






OPS/xhtml/nav.xhtml
Contents

		Cover

		A novel approach for adsorption of organic dyes from aqueous solutions using a sodium alginate/titanium dioxide nanowire doped with zirconium cryogel beads		1 Introduction

		2 Experiment		2.1 Materials

		2.2 Preparation of H₂(Zr₀.₁Ti₀.₉)₃O₇ nanowires

		2.3 Preparation of SA/HZTO beads

		2.4 Point of zero charge (pHpzc) determination

		2.5 Characterization

		2.6 Adsorption study





		3 Result and discussion		3.1 HZTO nanowire characteristics

		3.2 Characterization of SA/HZTO beads

		3.3 Adsorption study

		3.4 Comparison study

		3.5 Reusability





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/fchem-12-1285230-t003.jpg
Binary system

MB

MB(20 mg/L) + SF(5 mg/L) 3480 39.06 3999 3992
SE 1167 1296 1322 1312

MB(20 mg/L) + SF(10 mg/L) MB 3515 3937 4026 4048
SF 19.00 2145 2195 221

MB(10 mg/L) + SF(20 mg/L) MB 2065 21.90 2255 242
s 3291 3743 38.50 3896

B mg/L) + SF(20 mg/L) s 13.00 1375 1392 1393
SE 3324 3791 3875 3838

MB(20 mg/L) + SF(20 mg/L) MB 3452 3496 39.86 3976
SE 3194 3748 3825 3841






OPS/images/math_1.gif
[0





OPS/images/inline_1.gif
U





OPS/images/fchem-12-1285230-t002.jpg
Dye Temperature (K) mol)
E 333 7.400 -11074
323 0671
313 -2810
303 -3380
MB 333 0831 4003 -12363
323 0242
313 1118
303 -2771






OPS/images/fchem-12-1285230-t001.jpg
Model

Pseudo-first-order

Pseudo-second-order

Linear fit 1 (0-190 min)

Linear fit 2 (260-410 min)

Parameter MB SF

‘ Qe (mgfg) 693 1342
ke (min™) 488 107 1685 10
R 095 099
qc (mg/g) 5170 1639
ks (min™') 1397 107 1179 107

s 095 080
Qe (mg/g) 2828 3003
ka (g mg”'min™) 0278 0219
R 099 099










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





OPS/images/fchem-12-1285230-g005.gif
e






OPS/images/fchem-12-1285230-g006.gif
™

t
1

s v ¥
i\ 3]

i .

n"






OPS/images/fchem-12-1285230-g003.gif





OPS/images/fchem-12-1285230-g004.gif





OPS/images/fchem-12-1285230-g009.gif





OPS/images/fchem-12-1285230-g007.gif
=
7k 33@11 =/

W %/ X .





OPS/images/fchem-12-1285230-g008.gif





OPS/images/cover.jpg
, frontiers | Frontiers in Chemistry

A novel approach for adsorption
of organic dyes from aqueous
solutions using a sodium
alginate/titanium dioxide
nanowire doped with zirconium
cryogel beads





OPS/images/fchem-12-1285230-g001.gif





OPS/images/math_6.gif





OPS/images/fchem-12-1285230-g002.gif





OPS/images/math_3.gif





OPS/images/math_2.gif
@





OPS/images/math_5.gif
©






OPS/images/math_4.gif
7

N

@





