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Abstract

:

In this study, activated carbon was suitably modified with Mg/Si/La and its effectiveness in removing As(III) was investigated. The structure of Magnesium/Silica/Lanthamum@Activated Carbon (Mg-Si-La@AC) was fully characterized and several parameters, such the dosage, pH, contact time, and initial As(III) concentration, were studied. Thus, the BET surface area, total pore volume, and micropore volume of Mg-Si-La@AC were measured to be 271.46 m2/g, 0.006 cm3/g and 0.52 cm3/g, respectively. The results showed that the optimal condition for the reduction in As(III) from the initial concentration of 100 μg/L to below 10 μg/L was the addition of 1.5 g/L of adsorbent at pH 7.0. Furthermore, 4 h of contact time showed >90% removal. The Langmuir isotherm model was best fitted to the experimental results, exhibiting a maximum adsorption capacity of 322 μg/g, and the PSO kinetic model was found to be the most applicable according to kinetics. Consecutive regeneration studies were carried out and the results showed that the adsorbent was effectively used up to four cycles.
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1. Introduction


Groundwater contamination is a major global environmental concern [1], with many social implications, and can be caused by both human activities and nature. Millions of people in numerous countries, including Bangladesh, Pakistan, Vietnam, Cambodia, India, Argentina, Chile, etc. [2,3,4,5], are at risk of high As levels via groundwater consumption. In Pakistan, As was also found, in addition to groundwater [6], in land uses, with dust levels being highest in industrial areas [7]. Arsenic occurs in water as well as in air and soil [1], but it is very toxic in its inorganic form, found as tri-valent (arsenite) or pentavalent (arsenate), especially in its +3 oxidation state (As(III)) [8]. Long-term exposure to arsenic can cause chronic arsenic poisoning, with skin lesions and skin cancer being the most typical consequences [9,10]. In addition, liver or lung cancer, along with a variety of other effects, can also be caused by consuming arsenic via drinking water or food [11]. Consequently, the World Health Organization (WHO) has defined 10 µg/L as the suggested limit for arsenic in drinking water [12]. Τo maintain the WHO limits, new more effective elimination techniques should be applied, or existing ones should be modified and optimized accordingly. Numerous removal techniques [13] have been established for arsenic elimination from water, such as coagulation [14], adsorption [15], membranes [16,17], precipitation [18,19], ion exchange [20], etc. Comparing these methods, it appears that chemical precipitation and coagulation–flocculation are widely used due to their simplicity. The membrane filtration process is also effective; however, its operating cost is very high and due to membrane fouling, it is disadvantageous. The ion exchange method is a method in which anions and cations are exchanged in solution, but it fails in concentrated metal solutions. These processes are pH-dependent and therefore require the constant monitoring and control of pH. Consequently, the aforementioned procedures have some drawbacks, such as the high cost of both operation and construction, offer the partial removal of certain ions and contribute to high sludge production, thus increasing the operating cost for sludge disposal [21,22]. Adsorption, widely used to remove dyes from aqueous solutions [23,24,25], is possibly one of the most popular methods for heavy metal and oxyanion elimination, and includes the application of a material that removes the pollutant from the water by binding ions to its surface. A wide range of adsorbents, natural or modified, have been tested successfully for arsenic removal. Among them, there are various minerals such as zeolite [26], silica [27], goethite [28], and calcite [29,30], and also activated carbons [14,31,32], biosorbents [33,34], biochars [35], graphene oxides [36], polyethylenimine-modified materials [37], and metal–organic frameworks (MOFs) [38], etc. In addition, synthetic adsorbents such as CeO2–ZrO2 nanospheres [39], molecularly imprinted polymers [40], and the combination of Fe(III)-H2O2 [41] and Fe-Mn binary oxides [42], or the addition of graphene oxide/granular ferric hydroxide (GO/GFH) [36], have also been applied in arsenic removal studies.



Among these adsorbents, activated carbon (AC) has been generally used to remove heavy metals from water. A plethora of materials have been produced in several studies by using low-cost origin materials, such as coconut and palm shell, potatoes, fruit peels, bamboo, canola stalks [43,44,45,46], etc., as the interest of researchers is high for lower-cost activated carbon sources. Recently, the impregnation of activated carbons with various additives has been widely studied, with the aim of increasing their surface area to make them more suitable for heavy metal and oxyanion removal. The modification of activated carbon offers the chemical groups dispersed within it, resulting in both the optimization of the prevailing activated carbon properties and the enhanced synergy between these chemical groups and the carbon, with the aim of enhancing the removal of various substances (e.g., dyes, heavy metals, etc.) [47,48]. Charged metal cations, which contain high positive charges, can probably recruit several oxyanions such as arsenic. Therefore, several rare earth elements, among them lanthanum, have been used for arsenic removal and exhibited a relative affinity [49]. Consequently, AC has been lately modified with cerium dioxide (PAC–CeO2), which is a nontoxic rare earth oxide, and found to be highly effective as an adsorbent for the elimination of arsenic from drinking water [50]. Similar studies have combined lanthanum and cerium functionalities to modify activated carbon prepared from avocado kernel seeds [51], focusing on the removal both of fluoride ions and As(V). In addition, a magnesium-activated carbon composite (Mg–AC) was tested for the efficient adsorption of Zn(II) and Cd(II) ions [52]. Moreover, activated carbon modified with MgSiO3 (magnesium silicate) was applied to remove Pb(II) [53]. In recent studes [54,55], the presence of magnesium has shown a significant effect on arsenic removal. Mg2+ ions exhibit a corresponding affinity with As that enhances the adsorption effect of the modified activated carbon. In conclusion, the combination of such additives, i.e., La, Mg, and Si, for the alteration of activated carbon derived from low-cost raw materials, with the aim of increasing its surface area, its selectivity to specific pollutants and its effectiveness, has not been used in the recent literature.



Therefore, a hybrid material already synthesized in our previous research [43] and applied with great success in the removal of Cr(VI) from water, combining the benefits of Mg, Si, La and AC (hereafter Mg-Si-La@AC), is examined in this study regarding its potential effectiveness in removing As(III). FTIR and SEM techniques were applied to study both the structure and morphology of Mg-Si-La@AC. Moreover, the effects of numerous parameters (pH, As(III) concentration, dosage of adsorbent and contact time) were studied. Isotherm, kinetic, thermodynamic and regeneration studies were performed to describe and evaluate the adsorption that occurred.




2. Materials and Methods


2.1. Materials


For 100 mg of As(III)/L solution, an appropriate amount of sodium metarsenite (AsNaO2) (Merck) (0.1733 g) was dissolved in 1 L of deionized water and kept in a cool place for further use. For the modification of activated carbon, lanthanum chloride heptahydrate 98% (LaCl3) (Merck), MgO (PMS2 pure magnesia) and silicon dioxide (SiO2) (Merck) were used. The pH was adjusted accordingly by utilizing a HCl solution of 37% (Panreac) or NaOH pellets ACS ≥ 97.0%, (Sigma-Aldrich, St. Louis, MO, USA) (0.01–0.1 M).



Synthesis of Hybrid Mg-Si-La@AC


The Mg-Si-La@AC was synthesized via the modification of activated carbon produced by coconut shells, with magnesium, silicate and lanthanum. The detailed procedure is given in previous studies published by our group [43,44]. In brief, 5 g of AC that was previously activated by 2 M KOH at 25° C for 24 h was added to three beakers of 25 mL of distilled water, each containing 1.8 g of LaCl3, 0.8 g of MgO or 0.6 g of SiO2, respectively, and mixed for 1 h at 25° C and sonicated for 2 h. After filtering and rinsing with distilled water, the samples produced (i.e., La@AC, Mg@AC and Si@AC, respectively) were dried overnight at 333 K. In order to produce the composite Mg-Si-La@AC, the calcination of the servings of the above samples took place at 773 K for 5 h. Finally, all samples were kept at room temperature until use.





2.2. Adsorption Experiments


To carry out the experiments, 10 mL of a constant concentration of arsenic solution was added to 15 mL falcon tubes, followed by the addition of a fixed amount of adsorbent under constant temperature. A Trayster overhead shaker and Loopster rotator were used to stir the suspension at 80 rpm. The experimental parameters considered were the solution pH, which was 4.0–9.0, the initial As(III) concentration, which was 25–500 μg/L, the adsorbent’s dose, which varied from 0.5 to 3.0 g/L, and the contact time, which ranged from 10 min up to 360 min for kinetics and up to 24 h when aiming to reach equilibrium. The above-mentioned parameters were measured in the filtrate obtained after filtering the collected samples through a 0.45 µm nylon filter. The following Equation (1) was used to calculate the percentage removal (% R) of As(III):


  R   %   =       C   0   −   C   f       C   0       × 100 %  



(1)




where C0 is the initial and Cf is the final (residual) As(III) concentration (μg/L).



Moreover, Equation (2) was used for the determination of the adsorbent’s adsorption capacity (Qe) (μg/g):


    Q   e   =   (   C   0   −   C   e   ) × V   m    



(2)




where Ce = As(III) concentration (μg/L) at equilibrium, V = volume of solution (L), and m = mass (g) of the adsorbent.



2.2.1. Adsorption Isotherms


For the adsorption isotherms, the results were fitted to the Langmuir and Freundlich isothermal models, which are the commonly used and easiest to apply models.



The Langmuir model is expressed as Equation (3) [56] and determines the relationship between the concentration of the adsorbate in the solid phase (Qe) and the uptake to the equilibrium liquid concentration:


    Q   e   =     Q   m     K   L     C   e     1 +   K   L     C   e      



(3)




where Qm is the maximum adsorption capacity (μg/L), and KL is the energy of the As(III) (L/μg) adsorption.



Furthermore, according to the Langmuir theory, the adsorption capacity of the adsorbent is partial (Qm), with the adsorbate forming a monolayer on the surface of the adsorbent; hence, the interface between the adsorbed molecules is almost non-existent [51].



On the other hand, the Freundlich model [57] describes the relationship between the equilibrium As(III) concentrations (μg/L) and the uptake capacities Qe (μg/g) of the adsorbent; it is stated as Equation (4):


    Q   e   =   K   F     C   e   1 / n    



(4)




where KF (μg/g)(L/μg)1/n is a constant related to the adsorption capacity and 1/n is a constant related to the intensity of the adsorption or surface heterogeneity:




	
1/n = 0 means heterogeneity;



	
1/n < 1 means a normality; and



	
1/n > 1 designates a cooperativeness.









2.2.2. Kinetics


Two kinetic models were examined to fit the kinetics of As(III)) adsorption; PFO (pseudo-first-order) and PSO (pseudo-second-order) models. These models are the most widely used models in adsorption experiments. Then, the calculated kinetic parameters of adsorption were analyzed in order to evaluate the adsorption rate, as well as to identify the possible reaction mechanism. The PFO model used is expressed as Equation (5):


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



(5)




where Qe = amount of As(III) adsorbed at equilibrium (μg/g), Qt = amount of As(III) adsorbed at time t (μg/g), k1 = rate constant of the PFO model (1/min), and t = time (min).



The PSO model used for the data analysis is expressed as Equation (6):


    Q   t   =     k   2     Q   e   2   t   1 +   k   2     Q   e   t    



(6)




where Qe = amount of As(III) adsorbed at equilibrium (μg/g), Qt = amount of As(III) adsorbed at time t (μg/g), k2 = rate constant of the PSO (g/(μg min), and t = time (min).





2.3. Arsenic Determination


After adsorption, water samples were collected from the supernatant of each falcon tube, filtered through a 0.45 µm nylon membrane filter, and saved for immediate determination. The initial and residual arsenic concentrations were then determined using an atomic absorption spectrometer (Varian Zeeman AA240Z with GTA 120; Hansen Way Palo Alto, CA, USA) coupled with a graphite furnace (graphite furnace-AAS). The detection limit of the AAS was 1 µg/L. The values obtained were converted to residual concentrations by corresponding the absorbance to the standard curve of As. To confirm the results and the accuracy of the procedure, the experiments were initially performed in triplicate and each sample obtained was measured three times. Data were expressed as mean trace element values ± standard deviation.




2.4. Thermodynamics


The thermodynamic parameters, such as the change in Gibbs free energy (ΔG0, kJ/mol), enthalpy (ΔH0, kJ/mol) and entropy (ΔS0, kJ/mol·K), were calculated in order to estimate the adsorption process and determine the possible spontaneous nature. Consequently, for this reason, several indicative temperatures (298, 308, 318, and 338 K) were tested and the following equations were used to calculate the thermodynamic parameters [58]:


    K   c   =     C   s       C   e      



(7)






    Δ G   0   =   − R T l n ( K   c   )  



(8)






      Δ G   0   = Δ H   0   − T   Δ S   0    



(9)






    l n ( K   c   ) =   −     Δ H   0     R     +     Δ S   0     R    



(10)







ΔG0 was given from Equation (8), and for the calculation of the ΔH0 and ΔS0 values, the plot of ln(Kc) versus 1/T (Equation (10)) was applied. The relative slope and intercept resulted in the values.




2.5. Characterization Techniques


To study the surface of the adsorbent, the most common techniques were applied. Therefore, SEM (Scanning Electron Microscopy) (Jeol JSM-6390 LV, Musashino, Akishima, Tokyo 196-8558, Japan, scanning electron microscope), equipped with an EDS (energy-dispersive X-ray) system, was used for surface element analysis; thus, a focused electron beam was used to scan the surface. The results obtained from our electron microscope are given in the form of images of morphological content in relation to the surface and phase distribution, as well as the characteristic X-ray spectra or visualization of the distribution of various data on the surface of the sample. In addition, FT-IR (Fourier-Transform Infrared Spectroscopy) (Perkin Elmer, New York, NY, USA) and BET (Brunauer, Emmett and Teller) analysis software (Quantachrome NovaWin; Data Acquisition and Reduction) for NOVA instruments 1994-2012 , Quantachrome instruments version 11-02, using computer-controlled nitrogen gas adsorption analyzer, were used to determine the specific surface area, including the pore size distribution. BET theory has the effect of determining the molecules, calculated through experimental experience, that are needed to form a single layer, excluding the fact that it is impossible to create one.





3. Results and Discussion


3.1. Characterization of Mg-Si-La@AC


The nitrogen adsorption and desorption isotherms for Mg-Si-La@AC versus the relative pressure (P/P0) are shown in Figure 1. As depicted, Mg-Si-La@AC shows a Type IV model of isotherm with hysteresis loops [59], according to the IUPAC (International Union of Pure and Applied Chemistry), ascertaining their mesoporous structure. The BET-specific surface area values, median BJH (Barrett–Joyner–Halenda) pore size and pore volume of Mg-Si-La@AC are given in Table 1.



According to the determinations, the BET surface area of Mg-Si-La@AC was calculated to be 271.46 m2/g, the respective total pore volume was 0.006 cm3/g, and the micropore volume was measured as 0.521 cm3/g, which show that Mg-Si-La@AC is practically efficient for adsorption, providing a high surface area. The morphology and structure of the modified activated carbon were observed using SEM images. As shown in Figure 2a, Mg-Si-La@AC shows a porous structure with cavities, possibly due to the carbonization stage that takes place during synthesis. Nasri et al. have also observed more developed carbon pore structures, which were synthesized from coconut shell using two-step CO2 activation [60]. In Figure 2b, it is shown that these pores are filled with As after the adsorption experiments.



In addition, an EDS analysis of Mg-Si-La@AC pre and post As(III) adsorption was conducted, as shown in Figure 3 and Table 2. According to the results, Mg, Si and La were detected on the activated carbon surface, confirming its amendment. After the adsorption of As(III), a higher percentage of oxygen content and the appearance of As were observed, which is probably due to the addition of sodium metarsenite (AsNaO2) and its binding. Additionally, a decrease in the Mg, Si and La content was detected, which probably contributed to the removal of As.



The FTIR spectra of Mg-Si-La@AC pre and post As(III) adsorption are shown in Figure 4. As can be seen, the spectra are similar, with a slight change in the intensity and formation of characteristic new bands or the disappearance of others. Specifically, the first broad and stretched peak was obtained at 3395 and 3385 cm−1 for the spectra of Mg-Si-La@AC pre and post As(III) adsorption, respectively, and corresponds to the characteristic symmetric and asymmetric stretching vibration of the O–H hydroxyl group, which ranges from 3200–3600 cm−1 [61]. Furthermore, the peaks at 2217–1936/2224–1945 cm−1 and 1508–1415/1501–1425 cm−1 were related to C–H, –C=C– (carbonyl) and C–C aromatic stretching, corresponding to the IR pre and post adsorption [61]. The ranging from 600–740 cm−1 corresponds to MgO stretching vibrations [43], La2O3 [61] and to the bending of the O−Si−O [20], confirming the modification of AC with Mg, Si and La. Observing the post-adsorption spectra, there is a new absorption peak that appears at 863 cm−1 and can be attributed, according to the literature, to the As–O–La bond [61,62]. In addition, a more intense peak at 738.5 cm−1, post adsorption, corresponds to As–O–Mg vibrations [63]. This proves that As(III) is adsorbed on the Mg-Si-La@AC surface and, indeed, that La and Mg contribute to the binding of arsenic, as was hypothesized earlier in the elemental analysis (Table 2).




3.2. Batch Adsorption Experiments


Effect of Modification of Activated Carbon


As shown in Figure 5, as the modification of the activated carbon increases, so does its effectiveness in the adsorption of As(III). For instance, when activated carbon is modified with silicon (Si@AC) or lanthanum (La@AC), no significant improvement is observed; however, when modified with magnesium, the performance of this combined material (Mg-Si-La@AC) increases. What follows is that the presence of magnesium contributes significantly to the removal of As(III). This is confirmed both by the elemental analysis presented in Table 2, where the Mg content decreases after As(III) adsorption, and by the appearance of the peak in the FTIR corresponding to the As–O–Mg vibrations (Figure 4). In recent studies [54,55], the presence of magnesium has been shown to have a significant effect on arsenic removal. The Mg2+ ions contained in MgO, as demonstrated via EDS analysis and FTIR, are successfully deposited on the surface of the activated carbon and thus exhibit a corresponding affinity with As that enhances the adsorption effect of the modified activated carbon. To conclude, the Mg-Si-La@AC adsorbent is found to be optimal for further study.





3.3. Effect of Dosage and Initial Solution pH


The potential of Mg-Si-La@AC to be applied in As(III) removal was evaluated by examining the effect of the adsorbent dosage and initial pH. The pH values tested were in the range of 4.0–9.0. These values were chosen for two reasons. Firstly, the pH of groundwater typically ranges between 6.0–8.5 [15]; secondly, according to the literature [64], As(III) is better removed at pH values of 4.0–6.0, while As(V) is better removed at pH values of 4.0–8.0. As depicted in Figure 6, by increasing the adsorbent’s dosage, the removal rate of As(III) is also increased, from 49% (by 0.5 g/L) to 93% (by 1.5 g/L) at pH 7.0 (Figure 6a). Therefore, pH 7.0 was found to be optimal, as for a dose of 1.5 g/L, the residual As(III) concentration (8.82 μg/L) remains below the legislation limit of 10 μg/L (Figure 6b). pH 7.0 was also found to be the most efficient for As(III) removal according to the literature [38,63,65]. Moreover, the pHpzc (point of zero charge) of Mg-Si-La@AC was previously measured [44] using the pH drift method and measured as 7.72. pHpzc is the critical point at which the surface charge of the adsorbent changes from positive to negative, affecting the adsorbent–adsorbed substance interface. Therefore, at pH < pHpzc (i.e., 7 < 7.22), the surface of Mg-Si-La@AC is positively charged, giving it the ability to attract arsenic anions via electrostatic interaction. Furthermore, at pH 7.0, As(III), with a pKa1 of 9.22, exists mainly as non-ionic H3AsO3 [66]; therefore, at this pH, As(III) adsorption is less sensitive to pH [67] and the adsorption of non-ionized As(III) occurs only through a ligand exchange reaction [68].




3.4. Adsorption Isotherms


Langmuir and Freundlich isotherm models were used in this study to evaluate the adsorption equilibrium data of As(III) on Mg-Si-La@AC at the optimal conditions obtained from the above experiments. These are the most commonly applied models described by two parameters. As presented in Figure 7, the Langmuir isotherm model was found to better fit the adsorption (R2 = 0.98) and a calculated adsorption capacity (Qm) of 322 μg/g. On the contrary, the results did not fit well to the Freundlich model (as R2 = 0.88). Hence, it could be assumed that the monolayer adsorption of As(III) took place on the homogeneous surface of the Mg-Si-La@AC adsorbent (according to the Langmuir model), with the adsorption occurring at a fixed number of sites without lateral interaction between the adsorbent and adsorbate molecule, with the energy of adsorption remaining constant [69]. The comparative fitting parameters (calculated from Equations (3) and (4)) are tabulated in Table 3.




3.5. Effect of Contact Time–Kinetic Models


Figure 8 presents the effect of the contact time varying from 5 to 1440 (24 h). According to the results, to increase the removal rate of As(III) and the relative cost-effectiveness of adsorption, 4 h was considered to be the optimal contact time for the experiments. In addition, adsorption kinetics was used to appreciate the adsorption rate and the possible mechanism controlling the whole process. To interpret the adsorption kinetics of As(III) on AC-Si-Mg-La, the PFO and the PSO kinetics models were applied to evaluate the experimental data (Figure 9). From the results presented in Table 4 it appears that the procedure best followed the PSO model, as the correlation coefficient for the PSO model was calculated as R2 = 0.93 and the relative one for the PFO model was only 0.80. The PSO model was used to define the kinetics of slow adsorption, predicting the long-term adsorption equilibrium. The PSO kinetic model was also found to be the most applicable in recent studies for arsenic removal [14,70].




3.6. Thermodynamics


Temperature is a variable that affects the adsorption process, and its effect on the adsorption of As(III) was observed at different temperatures, such as 298, 308, 318 and 338 K. For the determination of the thermodynamic parameters, the Equations (7–10) were used and the results are presented in Table 5. The values of ΔH0 and ΔS0 were obtained by analyzing the plot of ln(Kc) versus 1/T [71], providing a R2 value of 0.9684. The values of ΔG0 were calculated to be negative, indicating that the process is spontaneous. The ΔH0 value for As(III) removal was determined to be 55.114 kJ/mol, demonstrating the endothermic nature of the adsorption process. Moreover, the positive ΔS0 (0.1916 kJ/mol∙K) was due to the increased randomness of adsorbed substances at the interface of the solid and the solute during the adsorption [72].




3.7. Regeneration Study


Another important factor in the study of adsorption is the reusability of the adsorbents; thus, recycling studies were carried using similar experimental conditions, which were applied in each cycle (i.e., initial As(III) concentration of 100 μg/L, dose of 1.5 g/L, pH 7.0), using 0.01 M of NaOH. As shown in Figure 10, only a 20% reduction in the adsorption capacity after four regeneration cycles of the process was observed (from 92.8% at the first cycle to 70.6% at the fourth). Therefore, this study showed that the Mg-Si-La@AC adsorbent could be reused for four cycles, with the efficacious regenerate providing an approximately 93% removal of As(III) after the first cycle and approximately 71% removal after the fourth cycle.




3.8. Comparison with Literature


Table 6 provides a comparison between Mg-Si-La@AC and other modified activated carbons found in the literature for removing As(III). A neutral pH (7.0) was found to be optimal in most of the cases analyzed here. The initial As concentration used in most experiments (i.e., 10 mg/L) and the relative dosages of adsorbents (even 50 g/L) were generally much higher than those used in the present study. Regeneration studies showed that the adsorbents could be regenerated and reused up to 4–5 cycles. Finally, the removal rate of As(III) (93%) using Mg-Si-La@AC was high compared to the corresponding literature.





4. Conclusions


The objective of this study was to observe the application of Magnesium/Silica/Lanthamum@Activated Carbon (Mg-Si-La@AC) for the first time in the removal of As(III) from water. BET, FTIR and SEM techniques were used for the characterization of the material. Therefore, the BET surface area, total pore volume, and micropore volume of Mg-Si-La@AC were measured to be 271.46 m2/g, 0.006 cm3/g and 0.52 cm3/g, respectively. According to the results, Mg, Si and La were detected on the activated carbon surface, confirming its amendment. Observing the post-adsorption FTIR spectra, new absorption peaks appeared at 863 cm−1 and 738.5 cm−1, and could be attributed to As–O–La and As-O-Mg bonds, indicating that As(III) is adsorbed on the Mg-Si-La@AC surface.



Furthermore, several parameters were examined to evaluate the process. Hence, an optimal dose of 1.5 g/L and pH 7 were selected, resulting in a residual As concentration < 10 µg/L. In addition, 4 h was selected as the optimal time for the experiments and the procedure best followed the PSO kinetic model. The maximum adsorption capacity was determined to be 322 μg/g at pH 7, according to the Langmuir isotherm model. Moreover, thermodynamics studies showed that, by increasing the temperature from 25 to 65 °C, the removal capacity was increased by 80%. Finally, regeneration studies showed that the Mg-Si-La@AC adsorbent could be reused for four cycles with only a 20% decrease in the adsorption capacity.
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Figure 1. N2 adsorption/desorption isotherms of Mg-Si-La@AC adsorbent against relative pressure (P/P0) from 0 to 1. 
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Figure 2. SEM image of Mg-Si-La@AC (a) pre and (b) post arsenic adsorption. 
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Figure 3. Elemental spectra (a) pre and (b) post arsenic adsorption on Mg-Si-La@AC, detected using SEM/EDS analysis. 
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Figure 4. FTIR spectra pre and post arsenic adsorption on Mg-Si-La@AC. 
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Figure 5. Effect of modification of activated carbon on the removal of As(III). C0 100 μg/L, dose 1.5 g/L, pH 7.0, 24 h. 






Figure 5. Effect of modification of activated carbon on the removal of As(III). C0 100 μg/L, dose 1.5 g/L, pH 7.0, 24 h.



[image: Environments 10 00171 g005]







[image: Environments 10 00171 g006] 





Figure 6. Effect of Mg-Si-La@AC dosage and solution pH, in terms of (a) removal % and (b) Ce (μg/L); C0 100 μg/L, T = 298 Κ, 24 h. 
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Figure 7. Langmuir and Freundlich isotherm models; dose 1.5 g/L Mg-Si-La@AC (1.5 g/L), pH 7.0, T = 298 K, 24 h. 
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Figure 8. Effect of time on As(III) adsorption onto Mg-Si-La@AC (1.5 g/L), pH 7.0, T = 298 K. 
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Figure 9. Non-linear kinetic models PFO and PSO for the adsorption of As(III) onto Mg-Si-La@AC (1.5 g/L), pH 7.0, T = 298 K. 
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Figure 10. Regeneration study of four adsorption–desorption cycles. 
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Table 1. Physical properties of Mg-Si-La@AC.
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	Parameters
	Mg-Si-La@AC





	BET Surface area, SBET (m2/g)
	271.46



	Micropore volume, Vmicro (cm3/g)
	0.006



	Total pore volume, VT (cm3/g)
	0.521










 





Table 2. SEM/EDS analysis of Mg-Si-La@AC pre and post As(III) adsorption.
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Element

	
Mg-Si-La@AC

	
Mg-Si-La@AC_As




	
Content% (w/w)






	
La

	
3.59

	
2.46




	
Mg

	
6.07

	
4.79




	
C

	
12.64

	
9.04




	
Si

	
8.26

	
7.56




	
P

	
0.79

	
1.04




	
O

	
68.65

	
74.14




	
As

	
0

	
0.96











 





Table 3. Constants of Langmuir and Freundlich isotherm models for the adsorption of As(III) onto Mg-Si-La@AC (1.5 g/L), pH 7.0, T = 298 K, 24 h.
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Langmuir Isotherm Model






	
Qm (μg/g)

	
KL (L/μg)

	
R2




	
322

	
0.020

	
0.9898




	
Freundlich isotherm model




	
1/n

	
KF (μg/g)(L/μg)1/n

	
R2




	
0.3785

	
29.04

	
0.8780











 





Table 4. PFO and PSO kinetic parameters model for the adsorption of As(III) onto Mg-Si-La@AC (1.5 g/L), pH 7.0, T = 298 K.
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Pseudo-First-Order Kinetic Model (PFO)






	
Qe.exp (μg/g)

	
K1 (L/μg∙min)

	
Qe.cal (μg/g)

	
R2




	
61.47

	
0.0554

	
46.96

	
0.8008




	
Pseudo-second order kinetic model (PSO)




	
Qe.exp (μg/g)

	
K2 (L/μg∙min)

	
Qe.cal (μg/g)

	
R2




	
61.47

	
0.0014

	
52.04

	
0.9318











 





Table 5. Thermodynamic parameters for the adsorption of As(III) onto Mg-Si-La@AC; C0 100 μg/L, dose 1.5 g/L, pH 7.0, 3 h.
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T (K)

	
∆G0 (kJ/mol)

	
∆H0 (kJ/mol)

	
∆S0 (kJ/mol∙K)

	
R2






	
298

	
−1.969

	
55.114

	
0.1916

	
0.9684




	
308

	
−3.884




	
318

	
−5.800




	
338

	
−9.631











 





Table 6. Comparison of the adsorption effect of arsenic with other modified activated carbons found in the literature.
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	Adsorbent
	[As]0 (mg/L)
	Dosage (g/L)
	pHinit
	Adsorption Capacity (mg/g)
	Removal %
	Cycles
	Ref.





	Fe–Zr@AC 1
	1.0
	3.0
	7.0
	1.206
	86
	5
	[73]



	AC–Tamarix 2
	10.0
	3.0
	7.0
	37.313
	96
	-
	[74]



	MgO/AC/Fe3O4 3
	6.0
	0.13
	7.0
	1.166
	97
	5
	[75]



	AGSC 4
	0.4
	5.0
	6.0
	0.192
	93
	5
	[76]



	ACF 5
	2.0
	0.5
	6.0
	8.651
	74
	-
	[77]



	ZrO2/AC 6
	10.0
	50.0
	5.0
	64.0
	90
	4
	[78]



	Mg-Si-La@AC 7
	0.1
	1.5
	7.0
	0.322
	93
	4
	this study







1 Iron–zirconium-modified activated carbon; 2 Activated carbon adsorbent prepared from Tamarix tree leaves; 3 Fe3O4/MgO/Activated carbon composite; 4 Nanoporous activated garlic stem carbon; 5 Fe- and HNO3-modified activated carbon fiber; 6 Zirconia-modified activated carbon; 7 Magnesium/Silica/Lanthamum@Activated Carbon.
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