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Abstract

:

In this work, spent bleaching clay (SBC) was treated with ethyl acetate and impregnation with 3-amino-5-hydroxypyrazole (AHIBC) that utilized as economical sorbent material. The uptake of yttrium ions from aqueous solution using AHIBC was studied under batch process as a function of pH of the solution, contact time, adsorbent dosage, Yttrium ions concentration, and ambient temperature. The adsorption equilibrium was achieved at the value of pH = 6.0 and agitation time of 60 min at room temperature. The utmost adsorption capacity of Y(III) ions on AHIBC was 171.32 mg·g−1. Kinetic, isotherm, and thermodynamic models were applied to the experimental data obtained. Adsorption follows a pseudo–second–order kinetic model, while the adsorption isotherm fits the Langmuir model. A negative value of Gibbs free energy ΔG° revealed that the adsorption of the Y ions on the AHIBC adsorbent was spontaneously in nature. In addition, the electrostatic interaction process between the metal ions and AHIBC was favorable. The negative value of ΔH° states that Y ions adsorption was an exothermic process. Desorption efficiency reduced from 97% to 80% after eight consecutive rounds.
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1. Introduction


Rare earth elements (REEs) hold lanthanides in the periodic table, which have atomic numbers from 57 to 71 alongside scandium “Sc” of atomic number 21 and yttrium “Y” with the atomic number 39, as they exhibit the same chemical properties [1,2,3,4]. The REEs are mainly categorized based on their electron configuration into two groups: light and heavy rare earth elements. Yttrium is classified as a heavy REEs; it has a trivalent oxidation state and is considered toxic material to human beings. Exposure to compounds containing yttrium can cause lung disease. However, yttrium plays a vital role in our life, as it is used in extensive applications, especially the production of hydrogen storage cells, rechargeable batteries, memories of computers and laptops, LCD, plasma screens, catalysts, high-performance magnets, fiber optic laser cables, and nuclear reactors. Moreover, yttrium is applicable in the industry of pigments, fertilizers, and medical imaging [5,6,7]. Yttrium is often used as an additive in alloys. It increases the strength of aluminium and magnesium alloys. It is also used in the making of microwave filters for radar and has been used as a catalyst in polymerization of ethene. The radioactive isotope yttrium—90 has some medical uses; it can be used to treat some cancers, such as liver cancer.



Recovery of yttrium from their aqueous solution, particularly wastewater, can be conducted by several techniques, such as: solvent extraction [8,9,10,11,12,13], flotation, direct precipitation [14], adsorption [15,16,17,18,19], and solid-phase extraction [20,21,22]. In general, the adsorption process is widely used for uptaking yttrium ions from an aqueous solution. It is a simple technique and less cost; it also has high performance compared with other techniques. Activated carbon, natural and synthetic zeolites, resins, and clay minerals have been used as adsorbent materials. Today, researchers are interested in using low–cost adsorbent materials.



Activated bleaching earth, which is activated with acid, mostly consists of SiO2 (65–75%) and Al2O3 (15–20%); it mainly consists of montmorillonite clay. This clay is used during the refinery process of edible oil industry to improve its quality, as it has immense capacity to remove undesirable residues and colored materials [23,24,25,26,27,28,29,30,31]. After the bleaching process, its color changes from white to brownish. A massive amount of spent bleaching clay is produced in the industry of edible oil as a by-product each year. In general, the residue was disposed to landfill without any treatment. It is noteworthy that several environmental problems were found because of the disposal of the spent bleaching clay. It contains up to 30% (w/w) of pyrogenic nature of the unsaturated oil, which rapidly oxidizes on the surface of clay to the point of spontaneous ignition, as well as has an unpleasant odor. Recently, the disposal process costs edible oil manufacturers much money each year. As a result, several studies were performed to recycle the spent bleaching clay and use it as an environmentally non-hazardous adsorbent material in the elimination of heavy elements from their aqueous solutions [32,33,34,35].



In this study, the spent bleaching clay was treated and modified with the organic reagent to enhance its adsorption efficiency. The ability of the new adsorbent material to uptake Y(III) ions was investigated regarding the influence of pH, agitation time, the sorbent dosage, initial Y(III) ions concentration, and temperature. Likewise, the sorption processes kinetics, equilibrium, and thermodynamics were calculated given known models.




2. Materials and Methods


2.1. Preparation of Sorbent Material


Spent bleaching clay was gained from Oils and Soap Production Co. in Alexandria, Egypt. Ethyl acetate was used to remedy the spent bleaching clay to remove the impurities and residual oil [29]. Then, 5 g of the treated bleaching clay was dispersed in 10 mL deionized water and mixed well by 0.1 g of 3-amino-5-hydroxypyrazole in 50 mL ethanol with stirring at 25 °C for about 60 min until entire homogenization was achieved, followed by leaving the slurry till evaporation occurred at 60 °C.



X-ray diffraction configuration for treated bleaching clay and 3-Amino-5-hydroxypyrazole impregnated bleaching clay (AHIBC) were obtained via Philips APD-3722 diffractometer by the 2θ from 4–80°. Scanning electron microscope (SEM), Philips XL 30, at low vacuum and 30 kV was employed to examine the physical structure of the clay samples, while Nova 2000 series, high-speed gas sorption (Quantachrone Corporation, Boynton Beach, FL, USA) was utilized to examine the surface area of samples by N2 adsorption at 77 K. FTIR (Shimadzu IR Prestige–21, Kyoto, Japan) was employed to study the functional groups of clay, the spectra recorded by IR resolution Software in the mid-IR region with 2 cm−1 resolution and 200 successive scans.




2.2. Sorption Studies


With the purpose of setting the optimum parameters affecting the extraction of the studied yttrium ions from either solution, a series of experiments were applied using 1000 mg·L−1 synthetic solution of yttrium ions (4.308 g Y(NO3)3·6H2O of Sigma-Aldrich, St. Louis, MO, USA in 1000 mL acidified distilled H2O by 15 mL concentrated HCl) with constant volume at 200 rpm stirring rate. Effect of pH on the Y(III) ions sorption was tested at the pH (3.0–7.0) using 0.1 M of HCl and 0.1 M of NaOH, while the adsorption time was studied from 10 to 120 min. Effect of adsorbent dosage was investigated from 10 to 400 mg, different initial Y(III) ions concentrations were established in the range of 25 to 600 mg·L−1, and the temperature was varied between 25 and 55 °C. These experiments were conducted in duplicate by batch technique. After filtration, samples were analyzed using ICP–OES (Prodigy High Dispersion ICP, Teledyne-Leeman Labs, Hudson, NH, USA).



The adsorption efficiency E (%) and adsorption capacity qe (mg·g−1) are presented in equations below:


  E   ( % )   =    (     C o  −  C e     C o     )    ×   100 ,  



(1)






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



(2)




where Co is the concentration of initial Y(III) ions (mg·L−1), Ce is the concentration of Y(III) ions at equilibrium (mg·L−1), V is the volume of aqueous solution (L), and m is the adsorbent material mass (g).





3. Results and Discussion


3.1. Sorption Study


3-Amino-5-hydroxypyrazole impregnated bleaching clay (AHIBC) was utilized as adsorbent material for adsorption of Y(III) from their solution. The adsorption efficiency of Y(III) was investigated to set the optimum conditions: pH value, agitation time, sorbent dose, initial Y(III) concentration, and temperature of the system.



3.1.1. Effect of pH


The pH of the solution is a remarkable factor that controls the adsorption process. The impact of pH values on the adsorption capacity of Y(III) from liquid solutions is performed and displayed in Figure 1a. Several experiments were performed in different pH range from 3.0 to 7.0, while the other experimental factors were kept constant at 200 mg·L−1 initial Y(III) concentration, 50 mL of solution for 60 min contact time, and 50 mg adsorbent dose of AHIBC at 25 °C. The AHIBC has a pH of 3.0.



From the obtained data, it appeared that the adsorption efficiency of Y(III) was gradually increased from 42.63% to 85.66% with raising the pH from 3.0 to 6.0. However, Y(III) adsorption efficiency decreased to 65.44% by raising the pH from 6.0 to 7.0 value. The reduced uptake on the AHIBC at the acidic medium is because of the predominance of hydrogen ions in the solution, which has a large ability to be adsorbed on the active sites, thus its leading to competing with the Y3+ cations during adsorption processes, according to the following equations:


≡Si–O− + H2O + H+ ↔ ≡Si–OH2+ + OH−,



(3)






≡Al–O− + H2O + H+ ↔ ≡Si–OH2+ + OH−.



(4)







By raising the pH, the concentration of H+ ions decreases. Accordingly, the adsorption efficiency increased to the utmost adsorption at pH 6.0. At the pH > 6.0, a low Y(III) sorption value was observed; this may indicate that some Y(III) ions were precipitated as Y(OH)3, forming white gelatinous precipitate [36]. Accordingly, the pH 6.0 was selected as an optimum pH in running the following experiments for Y(III) recovery.




3.1.2. Effect of Contact Time


The influence of contact time on the adsorption efficiency of Y(III) from their solution by AHIBC was performed in the range from 5 to 120 min, whereas the adsorption factors were fixed at 50 mL volume of 200 mg·L−1 of Y(III), pH 6.0 at 25 °C temperature, and 50 mg of adsorbent dosage.



As seen in Figure 1b, after 5 min of contact time, the amount of Y(III) adsorbent was 22.65%. There was a gradual increase of the sorption efficiency of Y(III) from 22.65 to 85.66% with increasing the agitation time to 60 min. However, increasing the contact time up to 120 min has no noticeable impact on the adsorption efficiency. Consequently, the equilibrium time for adsorption of Y(III) on AHIBC was achieved after 60 min. In view of that, the ideal contact time considered for advanced studies is 60 min.




3.1.3. Effect of Adsorbent Dose


To attain the influence of AHIBC mass on Y(III) adsorption efficiency, a series of experiments were performed on the adsorbent dose of AHIBC in the range between 10 and 400 mg under constant conditions at pH of solution 6.0, contact time of 60 min, and 50 mL volume of 200 mg·L−1 of Y(III) solution at room temperature.



The effect of adsorbent dose was stated in terms of maximum uptake of Y(III) (qe). The obtained result, shown in Figure 1c, exposes that the Y(III) adsorption efficiency was 171.32 mg·g−1 as the mass of the AHIBC adsorbent boosts from 10 to 50 mg. It was obvious that all exposed active sites were fully covered, whereas the adsorption capacity of AHIBC reduced from 171.32 to 122.20 mg·g−1 at 75 mg and continued to decrease progressively to 22.98 mg·g−1 with increasing the adsorbent dose of AHIBC to 400 mg. The subsequent decrease is due to the presence of more active sites on the surface of the adsorbent. The utmost adsorption efficiency of AHIBC was 171.32 mg·g−1. At a higher dose of the AHIBC, more active sites became accessible for ion exchange procedures due to the increase of surface area. Thus, the 50 mg adsorbent dose was selected for the next experiments. It was obvious that the adsorption capacity of AHIBC was higher than the adsorption capacity of other adsorbent materials reported in earlier studies, as listed in Table 1 below.




3.1.4. Effect of Initial Concentration


The impact of initial concentration is a substantial parameter on the adsorption process. Some batch experiments were conducted to examine the influence of the initial concentration of yttrium ions on the adsorption using 50 mg of AHIBC. These experiments were performed by using 50 mL of different concentrations of Y(III) solutions ranging from 25 to 600 mg·L−1 with pH 6.0. The adsorption process continued for 60 min agitation time at room temperature.



The result presented in Figure 1d reveals that the initial ions concentration was increased; the amount of Y(III) adsorbed from aqueous solution (qe in mg·g−1) increased gradually with raising the initial ions concentration in the solution until it achieved a maximum adsorption efficiency at initial Y(III) concentration of 200 mg·L−1. The loaded yttrium ions amounts (qe) remained constant thereafter, 200 mg·L−1. It was expressed that the working adsorbent reached to its saturation capacity. That is because all the active sites of the studied AHIBC were occupied and blocked with the metal ions from the aqueous solution. The result affirms that the adsorption capacity of the metal ions loaded on the AHIBC adsorbent was 171.32 mg·g−1.




3.1.5. Effect of Temperature


The temperature effect on the adsorption of yttrium ions was conducted in a temperature varying in the range of 25–55 °C. All the experiments were executed at pH value 6.0, 50 mL of liquid solution with initial concentration 200 mg·L−1 of yttrium ions, and 50 mg amount of AHIBC for 60 min constant time. Figure 1e shows that the adsorption efficiency for AHIBC decreased from 85.66 to 82.70% when the temperature increased to 55 °C.



The increasing temperature led to the decomposition of organic solvent; hence, the active sites were decreased. The result pointed out to exothermicity chemical reaction. Consequently, the room temperature was considered ideal for the yttrium ions extraction using the AHIBC adsorbent.





3.2. Kinetic Characteristics


Different kinetic models have been employed to assess the adsorption reaction mechanism and control steps of the potential rate, such as pore diffusion, mass transport, and chemical reaction process. Lagergren’s pseudo-first-order, pseudo-second-order, Elovich, and intraparticle diffusion are the kinetic models used for the experimental results to expect the sorption process of the yttrium ions on 3-amino-5-hydroxypyrazole impregnated treated bleaching clay (AHIBC).



The pseudo-first-order model is calculated by the linear equation as the following:


  log (  q e    −    q t  )   =   log  q e    −    (     k 1    2.303    )  ,  



(5)




where qe (mg·g−1) is the equilibrium adsorption capacity of Y(III), and qt (mg·g−1) is the amount of ions adsorbed after time t (min), while k1 (min−1) is the constant rate of pseudo-first-order. The plot of log(qe − qt) versus t proposed the applicability of the kinetic model of yttrium ions on AHIBC. The value of k1 was truly calculated from the slope, while qe was calculated from the intercept of the graph. The obtained result in Figure 2a and Table 2 established that the correlation coefficient R2, as well as qe(cal) value for adsorption mechanism, did not match with a pseudo-first-order kinetic model. With the aim of this result, the pseudo-first-order model is unrelated to the adsorption of Y(III) onto AHIBC.



The pseudo-second-order kinetic model was performed and is presented in the subsequent equation [37]:


   t   q t      =    1   k 2   q e 2    +  (   1   q e     )  t ,  



(6)




where k2 is a constant rate of pseudo-second-order (g·mg−1·min−1). The model was more potential to foretell the kinetic performance of adsorption, with the chemical adsorption process being the rate-controlling step. If pseudo-second-order kinetic model is viable, the chart of t/qt against t should give a straight line. qe could be premeditated from the slope, and k2 was calculated from the intercept of the diagram.



From the data in Figure 2b and Table 2, the value of the correlation coefficients is about 0.99, almost close to unity. Additionally, both the values of calculated (qe) and experimental (qexp) adsorption capacity are close. The data recommend that the adsorption process of Y(III) on the AHIBC adsorbent was consistent with the pseudo-second-order model.



The Elovich kinetic model designated the chemical nature of the adsorption process of yttrium ions and was generally presented as a non-linear equation [38,39]. The integrated form is presented in the next equation as:


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



(7)




where α (mg·g−1·min−1) refers the rate of initial adsorption, and β (g·mg−1) is the Elovich constant relevant to coverage of the adsorbent surface, respectively. Figure 2c shows a graph of qt versus ln(t) with a linear relation. (1/β) is the slope, and the (1/β)ln(αβ) represents the intercept. The Elovich kinetic parameters (α, β are correlation coefficients) were calculated and are listed in Table 2. The coefficient of α is in relation to chemisorption rate, while β is related to surface coverage. The value of the determination coefficient (R2) is 0.92. These data state that the adsorption process of Y(III) was irrelevant to the Elovich model.



The intraparticle diffusion model between the adsorption capacity for the Y(III) adsorbed at time t (qt) and the square root of the time (t0.5) is a linear association and presented by the following equation:


qt = Kidt0.5 + I,



(8)




where Kid is the initial rate constant of intraparticle diffusion (mg·g−1·min−0.5), t (min) is the time of the adsorption process, and I gives information about the boundary layer thickness. The Kid value is attained from the slope of the plot in Figure 2d. The obtained parameters are tabulated in Table 2. The value of R2 was 0.79, suggesting that the intraparticle diffusion process was not a rate-limiting step for the AHIBC adsorbent. Furthermore, the value of R2 reveals a significant degree of boundary layer control since the diagram of qt versus t0.5 did not pass across the origin. If a trendline in a diagram of qt against t0.5 reached the origin, the intraparticle diffusion was deemed a rate-limiting step. The calculated data indicated that the intraparticle diffusion model would not be the only rate-limiting step.




3.3. Isotherm Characteristics


The adsorption isotherm is an effective, powerful technique used to analyze the retention process by ion exchange resin. The adsorption isotherm considers the essential necessity for resolving any adsorption system. The characterizations of adsorption isotherms provide the most valuable evidence, which indicates the diffusion mechanism of the adsorbed metal ions from the aqueous to the sorbent material when the equilibrium is attained. The investigation of the isotherm data by matching them to various isotherm patterns are the significant steps in determining a suitable model which can be used for designing the best purpose.



The Langmuir isotherm model is one of the most ordinary models that express the equilibrium case and is applied to evaluate the highest efficiency of the adsorbent to shackle the Y(III). It presumed that the adsorption of Y(III) takes place on the homogenous surface of the adsorbent as a saturated monolayer of adsorbed Y(III) at the constant of adsorption energy, and no movement of Y(III) on the surface of the adsorbent material [40]. The Langmuir isotherm model is stated using the next equation:


     C e     q e      =    1   q  max   b     +    (   1   q  max      )   C e  ,  



(9)




where Ce (mg·L−1) is the Y(III) concentration in solution at equilibrium, qe (mg·g−1) is the removal capacity per unit mass of the adsorbent at equilibrium, and qmax (mg·g−1) is the highest adsorbed amount per unit mass of sorbent material (maximum uptake capacity); b (L·mg−1) is a Langmuir constant related to the adsorption energy. Figure 3a demonstrates a graph of Ce/qe versus Ce. The calculated maximum capacity was 172.41 mg·g−1 (Table 3); it was much closer to experimental capacity (171.32 mg·g−1). In addition, the correlation coefficient (R2) value was closer to unity (0.99). It pointed toward the adsorption process of the yttrium ions being consistent with the Langmuir isotherm model and the adsorption of Y(III) being the monolayer on the surface of AHIBC sorbent.



The dimensional separation factor (RL) is generally expressed in the feasibility of the Langmuir model as the following equation:


   R L    =    1  1 +   bC  r    ,  



(10)




where Cr (mg·L−1) is the reference of the Y(III) concentration in solution, and Cr is generally the uppermost liquid phase concentration encountered in a single adsorption system. As listed in Table 3, the calculated value of RL was less than 1 and higher than zero. Consequently, it was a favorable adsorption process. The obtained result illustrated that the Langmuir isotherm model complied with the adsorption process of Y(III).



The Freundlich isotherm model designated the yttrium ions adsorbed on the surface of the sorbent material. It was generally applied to study the surface energy, as well as the heterogeneity. It was assumed variable distribution energy for the yttrium ions adsorbed on active sites [41]. The following equation represents Freundlich isotherm:


  log  q e    =   log  K f    +    1 n  log  C e  ,  



(11)




where qe (mg·g−1) is the amount of Y(III) adsorbed at equilibrium, and Kf (mg·g−1) is the Freundlich constant associated with Y(III) adsorption capacity, whereas 1/n is a constant affiliated with the heterogeneity of the surface.



The plot of logqe versus logCe produced a regression line (Figure 3b). The adsorption parameters are presented in Table 2; Kf value was calculated from the intercept, and the value of 1/n was calculated from the slope. It was clear that the value of Kf was 49.52 mg·g−1; it was lower than the experimental adsorption efficiency of the yttrium ions by AHIBC. The value of R2 was 0.68, whereas the 1/n was less than 1, indicating that the removal of the yttrium ions by the AHIBC adsorbent was favorable. The result reveals that the Y ions did not cover the adsorbent material heterogeneously. Furthermore, the experimental data were not associated with the Freundlich model.



The Dubinin–Radushkevich (D–R) isotherm model distinguishes between both physical and chemical adsorption processes and defines the heterogeneity of adsorption of ions on the surface [42]. The next equation can calculate it:


lnqe = lnqD − BD (ε2),



(12)




where qD (mg g−1) is the monolayer capacity of D–R model, BD (mol2·kJ−2) is a constant associated with the energy of sorption process, and ε is a Polanyi potential correlated to the equilibrium concentration, and it was calculated by the next equation:


  ε   =   RT   ln ( 1 +  1   C e    ) ,  



(13)




where the value of R is 8.314 J·mol−1·K−1 (gas constant), and T (K) is the absolute temperature. Figure 3c shows the graph of lnqe versus ε2; the values of qD and BD are listed in Table 3 and are calculated from intercept and slope, respectively. The BD constant is the free energy (E) of the adsorption process per mole of the yttrium ions migrated and adsorbed on the surface of AHIBC and could be calculated by the following relation:


  E   =    1    2  B D      .  



(14)







As presented in Table 3, the E value was 0.94 kJ·mol−1 assuming the process of adsorption of the yttrium ions on the studied adsorbent was a physical nature [43]. Nevertheless, the correlation coefficient (R2) value was 0.789. Thus, the adsorption process of the yttrium ions on the AHIBC adsorbent was not corresponding to the Dubinin–Radushkevich adsorption isotherm.



The Temkin adsorption isotherm postulates that the heat of adsorption of all molecules declines linearly with the increment in the concealment of the adsorbent surface. In addition, the adsorption process is described by a consistent distribution of binding energy, up to topmost binding energy [44]. The Temkin isotherm is calculated based on the following equation:


   q e    =    (    RT    b T     )  ln  K T    +    (    RT    b T     )  ln   C  e  ,  



(15)




where bT (kJ·mol−1) is the Temkin constant associated with the temperature of the adsorption, while KT (L·g−1) is the equilibrium constant correlated to the utmost binding energy. The constants were calculated from the diagram of qe against lnCe and were given in Figure 3d and Table 3. It was obvious that the value of R2 was 0.78, proposing that the yttrium ions adsorption process did not appropriate with the Temkin isotherm model.




3.4. Thermodynamic Characteristics


The impact of ambient temperature on the yttrium ions adsorption system was studied to identify not only the thermodynamic conditions but also the nature/feasibility of the adsorption process [45,46]. Thermodynamic conditions for adsorption of the yttrium ions by AHIBC were evaluated from the Van’t Hoff equations:


logKd = ∆S°/2.303R − ∆H°/2.303RT,



(16)






ΔG° = ΔH° − TΔS°,



(17)




where Kd is the adsorption equilibrium constant (L g−1), ΔG° is Gibbs free energy of the yttrium ions adsorption (kJ mol−1), ΔS° is the changes in entropy of the yttrium ions adsorption (J mol−1 K−1), ΔH° is the changes in enthalpy of the yttrium ions adsorption (kJ mol−1), the universal gas constant R is 8.314 J mol−1 K−1, and T (K) refers to the absolute temperature. The thermodynamic conditions of the AHIBC adsorbent were evaluated by plotting logKd versus 1/T (Figure 4). It gives a straight line; the value of both ΔH° as well as the value of ΔS° was attained from both the slope and intercept, respectively, and presented in Table 4.



In the attained result, the value of ΔG° is negative, stating that the adsorption of Y(III) on the AHIBC adsorbent is feasible and spontaneous in nature. Additionally, the Gibbs free energy of the links reveals a favorable process for the chemical interaction between Y(III) and AHIBC.




3.5. Yttrium Ions Desorption


The desorption process of loaded Y(III) from AHIBC adsorbent was performed to reuse the adsorbent many times. Then, 1.0 M HCl solution was used to regenerate the AHIBC adsorbent, and 1:50 as S:L phase ratio for agitation time of 60 min at 25 °C temperature. The adsorption-desorption process occurred many times, till the efficiency of desorption decreased from 97% to 80% after eight consecutive rounds, proving the notable adsorption constancy of the AHIBC in the recovery of Y(III).




3.6. Characterization of Sorbent Material


3.6.1. XRD Analysis


XRD designs of the treated bleaching clay and 3-amino-5-hydroxypyrazole impregnated bleaching clay (AHIBC) are exposed in Figure 5. The two designs were chiefly composed of montmorillonite with a small quantity of quartz and kaolinite. The treated bleaching clay involves mostly of montmorillonite with individual peaks at 2θ = 7.2°, 19.76°, 27.42°, 36°, and 50.31° [47], and kaolinite has a peak at 2θ = 12.33° [48]. Moreover, quartz has a reflection peak at 2θ = 28.15°. The peak at 2θ = 7.2° with d(001) = 11.12 nm spacing specified that the treated bleaching clay is sodium montmorillonite [49]. The XRD design of AHIBC shows a shift of the 2θ from 7.2° to 6.22° by a distinct growth in the d(001) from 11.12 nm to 13.34 nm for AHIBC. It approved the combination of 3-amino-5-hydroxypyrazole in the interlayer of Na-montmorillonite.




3.6.2. Fourier Transform Infrared Spectrometer (FTIR)


The FTIR spectrum of treated bleaching clay (Figure 6a) showed a strong feature at 1049 cm−1 because of Si–O group stretching mode, while the features obtained at 470 and 790 cm−1 are due to the deformation mode of Si–O–Si, as well as Al–O–Si, respectively [50,51,52]. The peak of the stretching mode of OH group was observed at 3433 cm−1. The spectrum of AHIBC is demonstrated in Figure 6b; new bands observed between 1200–1430 cm−1 attributed to C–H bending mode. Features observed at 2800–2950 cm−1 were attributed to C–H stretching mode, and the strong band between 3550–3210 cm−1 could be assigned by stretching mode of OH. The bands of secondary amine (-NH) were obtained at 3210 cm−1. The stretching mode of C–N group for aromatic amine in 3-amino-5-hydroxypyrazole appeared at 1461 and 1150 cm−1.



The spectrum in Figure 6c illustrates that the sorption of Y(III) on the AHIBC is more likely attributable to the chemical attraction between their groups and cationic metal ions. The deprotonation of both hydroxyl and amino groups takes place at pH above 6.0, and they have negative charges that bind the positive metal ions in solution. This confirms that the mechanism of sorption of yttrium cations is an ionic exchange mechanism between the cationic metals ions, and the groups of the AHIBC and treated bleaching clay (silanol and aluminol groups) that have negative charges. After adsorption, the features at 3390 and 3210 cm−1 disappeared, while the features at 1461 and 1150 cm−1 (amine group) and 1620 cm−1 (phenolic group) had shifted towards the blue shift. Yttrium ions are sorbed to the surface of the AHIBC, and some bonds are created between the Y(III) and the functional groups of the adsorbent, as shown by the decrease in intensity and also shift of absorption peaks [53]. 3-amino-5-hydroxypyrazole forms a chelate with Y(III).




3.6.3. Surface Area Analyzer


The surface area of the SBC was calculated in accordance with BET equation as 234.91 m2/g; this result is consistent with previous study [54]. The surface area for 3-amino-5-hydroxypyrazole impregnated treated bleaching clay (AHIBC) is 257.24 m2/g. Apparently, the treatment of spent bleaching clay by ethyl acetate followed by 3-amino-5-hydroxypyrazole increased the surface area; therefore, it enhanced the adsorption capacity of spent bleaching clay.




3.6.4. Scanning Electron Microscope (SEM)


The physical structure of the adsorbent was characterized by SEM. Figure 7a represents the SEM image of treated bleaching clay with ethyl acetate; it shows irregular layer structure and roughness of the surface [29,35]. The SEM image in Figure 7b indicated the surface of AHIBC adsorbent. It is obvious that the rough surface turned to being relatively bright after modifying treated bleaching clay with 3-amino-5-hydroxypyrazole, suggesting that the organic reagent filled out most of the vacant pores. Yttrium ions seem to appear as bright spots on the surface of AHIBC, as displayed in Figure 7c, which emphasizes the adsorption of Y(III) on the sorption sites of AHIBC.



The EDX analysis of treated bleaching clay is given in Figure 8a, and it has been found that both the Si and Al atoms are the main constituents; the peak of Si has high intensity due to SiO2, the main component of clay. Fe and Mg are the minor substitute elements in this layer silicate mineral, whereas K, S, and Ti are in traces. Clearly, as is obvious in Figure 8b, the contents of metal elements of AHIBC are similar with high intensity of both carbon and oxygen atoms due to impregnation with 3-amino-5-hydroxypyrazole. Figure 8c illustrates the EDX analysis of Y(III) loaded on AHIBC. New peaks of Y(III) confirm that Yttrium ions were adsorbed on the surface of AHIBC. Thus, it may be reasonable to speculate that AHIBC has outstanding sorption properties and accessible sorption sites within its interlayer space.



Lastly, the proposed mechanism for the ethyl acetate treatment and impregnation of spent bleaching clay with 3-amino-5-hydroxypyrazole, as well as the adsorption of Y(III) on AHIBC, is shown in Figure 9. According to the above characterizations, the adsorption of Y(III) on AHIBC adsorbent is chemisorption.






4. Conclusions


The treatment of spent bleaching earth with ethyl acetate and impregnation with 3-amino-5-hydroxypyrazole solved the environmental effects and produced a highly efficient adsorbent material. The AHIBC presents a good solution from an environmental and economic standpoint to recover Y(III) ions from effluent. The optimum adsorption conditions were obtained at pH = 6.0 at room temperature for an agitation time of 60 min. The utmost adsorption capacity of the yttrium ions on AHIBC adsorbent is 171.32 mg·g−1. The kinetic model of adsorption matches with the pseudo–second–order, whilst the Langmuir isotherm is compatible with the adsorption of Y(III). The thermodynamic conditions for adsorption of Y(III) on AHIBC are predestined by the Van ’t Hoff equation. The negative value of ΔG° points to the spontaneity of the adsorption process. The negative value of ΔH° demonstrates the process of Y(III) adsorption is exothermic. Furthermore, the negative value of ΔS° indicates the formation of ionic interaction between Y(III) and AHIBC is favorable.
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Figure 1. Influence of adsorption parameters on the uptake capacity of Y ions (a) pH (200 mg·L−1 yttrium ions concentration, 50 mL volume, 60 min contact time, 0.05 g adsorbent dose, room temperature), (b) contact time (pH 6.0, 50 mL volume, 200 mg·L−1 yttrium ions concentration, 0.05 g adsorbent dose, room temperature), (c) adsorbent dose (50 mL volume, 200 mg·L−1 yttrium ions concentration, 60 min contact time, pH 6.0, room temperature), (d) initial yttrium ions concentration (50 mL volume, 60 min contact time, pH 6.0, room temperature, 0.05 g adsorbent dose), and (e) temperature (200 mg·L−1 yttrium ions concentration, pH 6.0, 50 mL volume, 60 min contact time, 0.05 g adsorbent dose). 
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Figure 2. Kinetic models for Y(III) adsorbed on the AHIBC adsorbent (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich kinetic, and (d) intraparticle diffusion. 
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Figure 3. Isotherm models for the adsorption of Y(III) on AHIBC: (a) Langmuir isotherm, (b) Freundlich isotherm, (c) Dubinin–Radushkevich isotherm, and (d) Temkin isotherm. 
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Figure 4. Graph of log Kd versus 1/T for Y(III) adsorbed on the AHIBC adsorbent. 
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Figure 5. XRD spectra of (a) treated bleaching clay and (b) AHIBC. 
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Figure 6. FTIR spectra of (a) treated bleaching clay, (b) AHIBC, and (c) Y(III) loaded on AHIBC surface. 
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Figure 7. SEM images of (a) treated bleaching clay, (b) AHIBC, and (c) Y ions loaded on AHIBC. 
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Figure 8. EDX spectra of (a) treated bleaching clay, (b) AHIBC, and (c) Y(III) loaded on AHIBC. 






Figure 8. EDX spectra of (a) treated bleaching clay, (b) AHIBC, and (c) Y(III) loaded on AHIBC.



[image: Applsci 11 10320 g008]







[image: Applsci 11 10320 g009 550] 





Figure 9. Proposed mechanism of Y(III) loaded on AHIBC. 
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Table 1. Comparison of adsorption capacity of different sorbent materials.






Table 1. Comparison of adsorption capacity of different sorbent materials.





	Adsorbent Materials
	Adsorption Capacity, mg·g−1
	References





	Macroalga (Turbinaria conoides)
	151.6
	[16]



	Polysulfone immobilized Turbinaria conoides (PITC)
	157.9
	[17]



	2-amino-5-guanidinopentanoic acid modified activated carbon (AGDPA@AC)
	219.9
	[19]



	Polyethylenimine (PEI)-scaffolded and functionalized graphene aerogel

(PEI-GO-AG)
	38.17
	[21]



	Carbonized Spent Bleaching Earth (CSBE)
	53.91
	[30]



	Nano-composite cation exchanger sodium dodecyl sulfate acrylamide Zr(IV) selenite

(SDS-AZS)
	21.01
	[37]



	AHIBC
	171.32
	This study
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Table 2. Kinetic models for Y(III) adsorbed on the AHIBC adsorbent.






Table 2. Kinetic models for Y(III) adsorbed on the AHIBC adsorbent.





	
Kinetic Models

	
Value

	
Parameters






	
Pseudo-first-order

	
212.96

	
qe (mg·g−1)




	
0.081

	
k1 (min−1)




	
0.85

	
R2




	
Pseudo-second-order

	
171.23

	
qe (mg·g−1)




	
4.36 × 10−4

	
k2 (g·mg−1·min−1)




	
0.99

	
R2




	
Elovich model

	
25.45

	
α (mg·g−1·min−1)




	
0.022

	
βt (g·mg−1)




	
0.92

	
R2




	
Intraparticle diffusion

	
14.953

	
kid (mg·g−1·min−1/2)




	
37.433

	
I (mg·g−1)




	
0.79

	
R2




	
Experimental capacity

	
171.32

	
qexp (mg·g−1)
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Table 3. Isotherm models for the Y(III) adsorbed on the AHIBC adsorbent.
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Isotherm Models

	
Value

	
Parameters






	
Langmuir isotherm

	
172.41

	
qmax (mg·g−1)




	
0.327

	
b (L mg−1)




	
1.51 × 10−2

	
RL




	
0.99

	
R2




	
Freundlich isotherm

	
49.52

	
Kf (mg·g−1)




	
0.241

	
1/n (mg min g−1)




	
0.68

	
R2




	
D–R isotherm

	
140.26

	
qD (mg·g−1)




	
0.561

	
BD (Mo12 kJ−2)




	
0.94

	
E (kJ mo1−1)




	
0.78

	
R2




	
Temkin isotherm

	
113.09

	
bT (kJ mol−1)




	
12.618

	
KT (L g−1)




	
0.78

	
R2




	
Experimental capacity

	
171.32

	
qexp (mg·g−1)
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Table 4. Thermodynamic parameters of the Y(III) adsorption on the AHIBC adsorbent.
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Temperature, K

	
298 K

	
303 K

	
308 K

	
313 K

	
318 K

	
323 K

	
328 K






	
∆G°, kJ·mol−1

	
−4.43

	
−4.40

	
−4.37

	
−4.35

	
−4.32

	
−4.29

	
−4.26




	
∆H°, kJ mol−1

	
−6.01




	
∆S°, kJ mol−1 K-1

	
−0.53 × 10−2
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