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Abstract

:

Two aluminum-coated silica adsorbents were evaluated using silica sand and microcrystalline silica as aluminum-oxide-based adsorbents with different crystalline silica base materials. The aluminum coating contained mainly amorphous aluminum oxides for both aluminum-coated silica adsorbents. The adsorption of fluoride onto both adsorbents was favorable according to the Langmuir and Freundlich adsorption equations, while the physical adsorption of fluoride occurred for both adsorbents according to the Dubinin–Raduskevish (D-R) equation. The adsorption of fluoride was stronger for aluminum-coated silica sand based on adsorption parameters from the Langmuir, Freundlich, and D-R adsorption equations, with the stronger binding of fluoride likely due to the observed greater specific adsorption. The adsorption capacity determined using the Langmuir equation was about 7 times greater for aluminum-coated microcrystalline silica primarily due to the 1.22-orders-of-magnitude-larger surface area of aluminum-coated microcrystalline silica, whereas the surface-normalized adsorption capacity was 2.4 times greater for aluminum-coated silica sand, possibly due to more aluminum being present on the surface of silica sand. Fluoride adsorption occurred over a broad pH range from 3 to 10 for both adsorbents, with nearly the same pHPZC of 9.6, while aluminum-coated microcrystalline silica displayed a higher selectivity for fluoride adsorption from different natural water sources.
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1. Introduction


Although water fluoride concentrations of less than 1 mg/L are beneficial to the human body as fluoride helps to prevent tooth decay, higher concentrations of fluoride in water can lower calcium levels in the body and cause problems such as fluoroscopic, brittle bones, and brain damage [1]. The fluoride in water is mostly derived through the slow breakdown of fluoride minerals such as fluorite (CaF2) in groundwater, while anthropogenic sources of fluoride like mining, industrial waste such as battery manufacturing or semiconductor production, and the use of phosphate fertilizers in farms can increase water fluoride pollution levels to 1000 mg/L. Fluoride has been found in surface water such as lakes and rivers, and, while fluoride concentration was within the safety limits in most rivers, this quantity reached 2800 mg/L in geothermal springs [2,3]. The fluoride levels in groundwater from the US western and southern states have been found to be elevated, with concentrations reaching 15.9 mg/L in Idaho, 7.4 mg/L in Arizona, 13.0 mg/L in New Mexico, 12.0 mg/L in Oklahoma, 11.2 mg/L in Colorado, and 8.8 mg/L in Texas [4]. About 2.5 billion people worldwide rely on groundwater, and this demand is expected to increase by 30% by 2050 [5,6]. The World Health Organization (WHO) established an international safe fluoride daily limit of 1.5 mg/L in drinking water to protect human health [7].



The removal of fluoride from water may be carried out using several technologies, including chemical precipitation [8], reverse osmosis/nano-filtration [9,10], ion exchange [11], electrodialysis [12], electrocoagulation [13], adsorption [14], or a combination of the aforementioned technologies which have been investigated and developed [15]. Each technology has advantages and disadvantages that must be considered, such as reverse osmosis, which has a high fluoride removal percentage but can also remove essential ions from water, necessitating another step of mineralization and making the overall process more expensive than the other methods [16]. Precipitation is often only appropriate for water with a high degree of fluoride contamination, i.e., greater than 100 mg/L, and cannot be employed at lower fluoride concentrations [17]. The efficiency of fluoride removal using ion exchange technology is highly dependent on the nature of the water being treated, such as the level of alkalinity or the presence of cations or anions, in addition to the high waste and disposal costs associated with the regeneration or recharging of spent ion exchange media [18].



Among all of these methods, adsorption technology offers advantages for the removal of fluoride because of its simplicity of application and low maintenance in the short and long term, as well as its cost-effectiveness due to the ability to use different materials as sorbents that are suitable, compatible, and cheap in the region that is using this method [19] and the capability of recycling and reusing used sorbents for several cycles, later being able to be used as byproducts in different contexts. Moreover, the adsorption technique is capable of treating the target pollutant at both high and low concentrations [20]. In the adsorption technique, natural or synthetic adsorbents must be designed from a variety of materials such as high-valency metals, functionalized sorbents such as carbon-based materials, industrial waste, bio-sorbents, and others, such that the adsorbent’s surface can retain the target contaminant via physical or chemical processes [21]. Metal oxides, particularly activated alumina- and other aluminum-based sorbents [17,20,22], are among the most commonly used sorbents for the removal of fluoride and other pollutants from water, including heavy metals and inorganic contaminants. However, there are some drawbacks to alumina- and aluminum-based sorbents’ application, such as the use of caustic chemicals during the regeneration process, which causes fouling of the filter bed media, a relatively slow rate of adsorption, and a suboptimal fluoride removal performance under neutral-to-alkaline pH conditions [23,24,25,26,27]. Numerous efforts have been undertaken to improve the effectiveness of alumina- and aluminum-based sorbents. Among these initiatives are the development of aluminum composites with a mixture of other metal oxides, either as binary or ternary sorbents, and the application of aluminum as a coating on different substrate materials [28,29,30,31,32,33].



In this study, two aluminum based adsorbents were developed by applying aluminum as a single metal coating for two crystalline silica support materials with different particle sizes: silica sand (larger particle size) and microcrystalline silica (smaller particle size). A comparison of the two crystalline silica aluminum-coated adsorbents assessed the fluoride adsorption performance of two aluminum-coated adsorbents with a similar sorbent base support material but with different particle sizes. The availability and suitability of sand for its application as a filtration medium in continuous flow systems, as well as its ability to remove bacteria and suspended particulates along with its non-toxic nature, make it a good choice for water treatment applications. Microcrystalline silica may be used alone in batch adsorption systems or may be mixed in with an inert solid material of a larger grain size to provide greater hydraulic conductivity in packed beds for flow-through adsorption systems. The two aluminum-coated silica base adsorbents developed in this study, aluminum-coated silica sand (AlCSS) and aluminum-coated microcrystalline silica (AlCMS), were evaluated for their adsorption and removal of fluoride as a function of time, adsorbent dosage, solution pH, and the presence of co-existing ions.




2. Materials and Methods


2.1. Materials


Microcrystalline silicon (IV) oxide (99.5% purity) with a particle size of less than 10 microns (µm) was supplied by Thermo-Fisher Scientific (Fairlawn, NJ, USA). Quartz silica sand with an average particle size of 250 microns (50–70 US mesh) was provided by Sigma-Aldrich (St. Louis, MO, USA). Aluminum chloride hexahydrate (99% purity, ACS grade), hydrochloric acid (ACS plus grade), sodium hydroxide (ACS reagent pellets), sodium fluoride (ACS grade), sodium bicarbonate (ACS grade), sodium sulfate (ACS grade), and calcium chloride dihydrate (99% purity, ACS grade) were all provided by Fisher Scientific (NJ, USA). All the solutions were prepared using de-ionized (DI) water that had a resistivity greater than 18 MΩ, available in the laboratory. A 1000 mg/L fluoride stock solution was obtained by dissolving 2.21 g NaF in 1 L DI water; the fluoride stock solution was diluted using DI water to prepare various solutions with different fluoride concentrations.




2.2. Preparation of AlCSS and AlCMS Sorbents


For the preparation of aluminum-coated microcrystalline silica (AlCMS), 40 g of microcrystalline silica was weighed on a scale before being mixed with 100 mL of a 1 M aluminum chloride coating solution. This mixture was left to stir for 24 h on a mixing table. The coating solution was centrifuged for 10 min to separate it from the microcrystalline silica. Following this, the sorbent was dried in an oven at 110 °C for 24 h before being calcined in a furnace for 24 h at 220 °C. For the preparation of the aluminum-coated silica sand (AlCSS), 40 g of silica sand was mixed with 100 mL of a 1 M aluminum chloride solution on a mixing table for 24 h. The coating solution was subsequently decanted from the silica sand. The wet-coated silica sand was then transferred to an oven and dried for 24 h at 110 °C before being calcined in a furnace for 24 h at 220 °C. The prepared AlCMS and AlCSS sorbents were allowed to cool down to room temperature before being stored in high-density polyethylene (HDPE) bottles.




2.3. Characterization of the AlCSS and AlCMS Sorbents


The mineral phases of the AlCSS and AlCMS sorbents were studied using X-ray powder diffraction (XRD) to determine if the coating was amorphous or crystalline. The XRD analysis was performed using the XRD-Bruker D8 Discover System (Billerica, MA, USA) from 2θ = 10° to 80° at 40 KV and 30 mA with a Cu tube (1.5418 Å). The specific surface area of the AlCSS and AlCMS sorbents was investigated using the Brunauer–Emmett–Teller (BET) method using an accelerated surface area and porosimeter system (Micromeritics Instrument Corporation, Norcross, GA, USA). Scanning electron microscopy (SEM) and SEM with electron-dispersive X-ray spectroscopy (EDX) were performed to examine the surface morphology and elemental composition of the AlCSS and AlCMS sorbent surfaces using a TOPCON ABT-150S SEM with a EDX instrument (Tokyo, Japan). Transmission electron microscopy (TEM) was used to investigate the microstructure of the AlCSS and AlCMS sorbents, employing a JEOL JEM-3010 300 kV TEM instrument (Tokyo, Japan).




2.4. Batch Adsorption Experiments


Batch adsorption experiments were carried out to assess the equilibrium, kinetic behavior, and effect of the pH and co-existing ions on the performance of the AlCSS and AlCMS sorbents for the removal of fluoride. For each batch adsorption experiment, 1 g of sorbent was mixed with 50 mL of a 5 mg/L fluoride solution in a 50 mL polypropylene bottle, and the bottle was then placed in a rotating tumbler at 20 rpm. After 24 h of mixing, the sample was centrifuged at 9000 rpm for 10 min, and 10 mL of the centrifuged solution was separated. The concentration of fluoride in the solution was measured with a Thermo Scientific Orion (Waltham, MA, USA) fluoride ion-selective electrode according to Standard Method 4500 F− [34]. All the batch adsorption experiments were performed in triplicate. The fluoride removal efficiency and adsorption capacity of the AlCSS and AlCMS sorbents were determined as follows:


  R e m o v a l   %   =   ( C   0   −   C   e   ) /   C   0   × 100 %  



(1)






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



(2)







The fluoride adsorption (capacity) is qe (mg/kg) at equilibrium, with the initial and final fluoride concentrations represented by C0 and Ce, respectively. In this equation, the mass of the AlCSS and AlCMS sorbents is represented as m (kg), while the volume of the fluoride solution is denoted as V (L).




2.5. Adsorption Isotherm Models


The Langmuir, the Freundlich, and the Dubinin–Radushkevich (D-R) adsorption equilibrium isotherm models were used to determine the adsorption parameters for describing the adsorption of fluoride onto the AlCSS and AlCMS sorbents. The linearized form of the Langmuir adsorption equation [35] and the corresponding factor for adsorption favorability (RL) are shown as follows:


    C   e   /   q   e   =   C   e   /   q   m   + 1 /   K   L     q   m    



(3)






    R   L   = 1 / ( 1 +   K   L     C   0   )  



(4)




where qm (mg/kg) and qe (mg/kg) represent the adsorbent’s maximum and equilibrium adsorption capacities, respectively. The C0 and Ce are the initial concentration and equilibrium concentration of the adsorbate in the solution, respectively. The Langmuir adsorption parameter KL denotes the adsorption strength (L/mg) of the adsorbent. An RL value between zero and one indicates the favorability of the adsorption process. The linearized form of the Freundlich adsorption equation [36] is shown as follows:


  l o g   q   e   = l o g   K   F   +   1  /  n       log  ⁡  C     e    



(5)




where KF is related to the adsorption capacity, and 1/n is related to the adsorption strength of the adsorbent. The favorability of the adsorption process is indicated by a 1/n value less than one. The linearized form of the Dubinin–Radushkevich (D-R) adsorption equation [37] and the value of the Polanyi potential (ε) in the D-R equation are shown as follows:


      ln  ⁡  q     e   =     ln  ⁡  q     m   −   K   D − R       ε   2    



(6)






ε = RT ln (1 + 1/Ce)



(7)







The KD-R is the Dubinin–Radushkevich (D-R) constant, T is the absolute temperature (degrees K), and R is the universal gas constant (8.314 J/mol K). The mean free energy (E) determined from the Dubinin–Radushkevich (D-R) constant KD-R distinguishes between physical adsorption (E < 8 kJ/mol) and chemical adsorption (8 kJ/mol < E < 16 kJ/mol), where


  E = 1 /    2   K   D − R       



(8)








2.6. Effect of pH on Fluoride Removal


The effect of pH on fluoride removal using the AlCSS and AlCMS sorbents was studied using batch adsorption experiments. This investigation involved adjusting the initial solution pH from 3 to 11 using 0.1 M NaOH and 0.1 M NaCl solutions. The fluoride removal percentage and the final pH values were determined. All the pH experiments were performed in triplicate.




2.7. Effect of Co-Existing Ions and Effect of Water Types on Fluoride Removal


The effect of common co-existing ions on the removal of fluoride was investigated. Solutions of co-existing ions were prepared individually for calcium (Ca2+), bicarbonate (HCO3−), and sulfate (SO42−), where ion concentrations of 0.5 mM, 1 mM, 2 mM, and 5 mM of each ion were selected. All the ion solutions were spiked with an initial fluoride concentration of 5 mg/L. The combined influence of these co-existing ions in synthetic water was also investigated, with 1 mM (40 mg/L) of calcium, 2.5 mM (152 mg/L) of bicarbonate, and 1 mM (96 mg/L) of sulfate spiked with an initial fluoride concentration of 5 mg/L. The removal of fluoride was also evaluated for several types of natural water sources, each spiked with 5 mg/L of fluoride: groundwater type 1, groundwater type 2, and Chicago municipal tap water sourced from a fresh-water lake. The effect of co-existing ions and different water types was studied using batch adsorption experiments in triplicate. Table 1 provides information on the water quality parameters, including pH, TDS (total dissolved solids), alkalinity, total hardness (TH), and the initial fluoride levels present before any fluoride spiking, across different water types.




2.8. Zeta Potential Experiments


The point of zero charge (PZC) was determined by employing 0.5 g of each of the AlCSS and AlCMS sorbents in 1000 mL of a 1 mM NaCl solution without any fluoride in the solution and with 5 mg/L fluoride in the solution using the Zeta-meter system 3.0 (Zeta meter Inc., Staunton, VA, USA). The initial pH of the solution was varied for a pH range of 5 to 11, using 0.1 M HCl and 0.1 M NaOH solutions; the experiments were performed in triplicate.




2.9. Successive Adsorption Cycles’ Study


To evaluate the fluoride removal performance of the AlCSS and the AlCMS sorbents in several successive adsorption cycles, the removal of fluoride was determined for the two sorbents using five consecutive batch adsorption cycles. For each sorbent, one gram of the sorbent was mixed with 50 mL of a 5 mg/L fluoride solution for 24 h using the batch adsorption experiment procedure. After 24 h of mixing, the spent solution was separated from the spent sorbent by centrifugation for 10 min at 9000 rpm; the spent sorbent was then mixed with 50 mL of fresh 5 mg/L fluoride solution for the next 24 h adsorption cycle. These batch adsorption experiments were carried out in triplicate for five consecutive 24 h adsorption cycles.





3. Results and Discussion


3.1. Characterization of the AlCSS and AlCMS Sorbents


The surface morphology of the AlCSS and AlCMS sorbents is depicted in the SEM micrographs in Figure 1. As shown in Figure 1a, the AlCSS sorbent particle size was in the range of 250 microns, while the aluminum coating occurred in clusters on the silica sand surface with cluster sizes of about 10–25 microns. As shown in Figure 1b, the AlCMS sorbent particles were in the size range of 2–10 microns, with the aluminum coating dispersed on the sorbent surface. The SEM-EDX results for the AlCSS and AlCMS sorbents are shown in Figure 2. The SEM-EDX results indicate the presence of aluminum on the surface of both the AlCSS and AlCMS sorbents in addition to silicon and oxygen; the results also show that more aluminum was present on the surface of the AlCSS sorbent (Figure 2a) than on the surface of the AlCMS sorbent (Figure 2b). The BET surface area of the AlCSS sorbent and AlCMS sorbent was determined to be 0.6285 m2/g and 10.5021 m2/g, respectively.



Figure 3 depicts the XRD patterns of the AlCSS and AlCMS sorbents. The results from Figure 3 indicate that the aluminum coating for both adsorbents was amorphous because no crystalline peaks relating to aluminum (oxides) were observed for the AlCSS and AlCMS sorbents, while crystalline silica (SiO2) peaks were detected for both the AlCSS and AlCMS sorbents due to the silica sand and the microcrystalline silica supporting materials. Furthermore, the XRD pattern results for both silica sand and microcrystalline silica before coating (Figure S1a,b) show the same XRD peaks, with a higher intensity, as the AlCSS and AlCMS sorbents (Figure 3), confirming the presence of crystalline silica (SiO2) on the surface of the AlCSS and AlCMS sorbents. The TEM micrographs presented in Figure 4 show that the aluminum coatings of both the AlCSS (A,B) and AlCMS (C,D) sorbents were mostly amorphous, with little crystallinity, in contrast to the highly crystalline base materials of the AlCSS sorbent (silica sand) and the AlCMS sorbent (microcrystalline silica).



Although the non-uniform distribution of aluminum coating was observed, there was a marked difference in the level of aluminum on the surface of the two sorbents, where higher levels of aluminum were present on silica sand than on microcrystalline silica. The weight percentages of aluminum present on the crystalline silica surfaces obtained from the SEM/EDX results were as follows: average of 19.4% (15.8% to 24.6%) for the AlCSS sorbent; and average of 3% (1.3% to 5.4%) for the AlCMS sorbent.




3.2. Adsorption Kinetics


The removal of fluoride from water by the AlCSS and AlCMS sorbents as a function of contact time is shown in Figure 5. Both the AlCSS and AlCMS sorbents removed more than 70 percent of fluoride rapidly in 30 min. Fluoride removal increased to around 90% after six hours and became greater than 90% after 24 h for the AlCMS sorbent, while fluoride removal increased to around 85% after six hours and became greater than 90% after 24 h for the AlCSS sorbent. Fluoride adsorption reached equilibrium after 12 and 24 h, with experimental equilibrium adsorption capacities of 240.9 mg/kg and 242.8 mg/kg for the AlCMS and AlCSS sorbents, respectively. While the removal of fluoride using the AlCSS and the AlCMS sorbents was greater than 90%, the removal of fluoride using an adsorbent dosage of 20 g/L for both uncoated crystalline silica base materials was determined to be about 1.9% and 10%, for uncoated silica sand and uncoated microcrystalline silica, respectively.



The fluoride adsorption kinetics of the AlCSS and AlCMS sorbents were investigated using the pseudo-first-order kinetics model [38] and the pseudo-second-order kinetics model [39]. The linear forms of the pseudo-first-order model and the pseudo-second-order model used to fit the adsorption kinetics data are shown in Equations (9) and (10), respectively, as follows:


  l n     q   e   −   q   t     = l n   q   e   −   k   1   t  



(9)






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



(10)







The fluoride uptake per unit mass of adsorbent at equilibrium and time t is represented by qe (mg/kg) and qt (mg/kg), respectively. The k1 (1/min) and k2 (g/mg. min) values also reflect the first-order and second-order adsorption rate constants, respectively. The values of k1 were derived from the slope of a linear plot of ln (qe − qt) against time, as shown in Figure S2a. Similarly, the calculation of k2 was based on the slope of a linear plot of t/qt versus time, as shown in Figure S2b. The adsorption kinetics parameters determined using the pseudo-first-order and pseudo-second-order kinetics models for both the AlCSS and AlCMS sorbents are shown in Table 2. The results show that the AlCMS and AlCSS sorbents both followed pseudo-second-order kinetics, with R2 values of 0.9997 and 0.9975, respectively, while the calculated qe values for the AlCMS and AlCSS sorbents were 243.9 mg/kg and 238.1 mg/kg, respectively; the calculated qe values closely matched their experimental qe values of 240.9 mg/kg and 242.8 mg/kg, respectively, where qe was the amount of fluoride adsorbed after 24 h. The adsorption kinetics followed the pseudo-second-order kinetics model for both sorbents, indicating that there was more than one rate-limiting process affecting the adsorption of fluoride onto both sorbents. The results from Table 2 show the pseudo-second-order rate constant k2 values of 0.1688 (g/mg. min) and 0.1480 (g/mg. min) for the AlCMS sorbent and the AlCSS sorbent, respectively.



The Weber and Morris equation [40] was employed to evaluate intraparticle diffusion as follows:


    q   t   =   k   i d     t     1   2       + C  



(11)







The intraparticle diffusion rate constant and the boundary layer effect are represented by kid and C, respectively. Based on the results presented in Table 2, the intercept C had non-zero values for both the AlCSS and AlCMS sorbents, indicating that intraparticle diffusion was not the only rate-controlling process affecting the adsorption of fluoride for both sorbents. The adsorption kinetics data were plotted based on Equation (11) in Figure S3; the plots from Figure S3a,b show that the second segment of the plots for the AlCSS and AlCMS sorbents had appreciable slopes (for t1/2 from 5 to 38), while the first segment of the plots had very steep slopes (for t1/2 from 0 to 5). While the steep slopes of the first segment of the plots indicate that external mass transfer influenced the adsorption process, the less-steep slopes of the second segment of the plots indicate that intraparticle diffusion also influenced the adsorption process. The results shown in Figure S3, therefore, indicate that the adsorption of fluoride onto the AlCSS sorbent (Figure S3a) and the AlCMS sorbent (Figure S3b) was influenced by both external mass transfer and intraparticle diffusion. The second segment of the plot had a steeper slope for the AlCMS sorbent (Figure S3b) than for the AlCSS sorbent (Figure S3a), indicating that intraparticle diffusion influenced the adsorption of fluoride for the AlCMS sorbent to a greater extent than for the AlCSS sorbent, likely due to the smaller particle size and larger surface area of the AlCMS sorbent.



The results from the XRD analysis (Figure 3) and TEM analysis (Figure 4) showed that the aluminum coating was amorphous for both the AlCSS and AlCMS sorbents. Some intraparticle diffusion of fluoride in the aluminum coating possibly occurred due to the amorphous nature of the aluminum coating on the crystalline silica surface. The results obtained for the adsorption of fluoride using uncoated silica sand and uncoated microcrystalline silica showed that small amounts of fluoride were adsorbed onto the crystalline silica base materials, so it was possible that small amounts of fluoride adsorbed onto the silica base materials of the aluminum-coated silica sorbents, but the majority of fluoride adsorption occurred onto the aluminum coating present on the silica base materials.




3.3. Adsorption Equilibrium


The effect of adsorbent dosage on the removal of fluoride was evaluated using a fluoride solution with an initial fluoride concentration of 5 mg/L. Figure 6 shows the effect of adsorbent dosage on the removal of fluoride using the AlCSS and AlCMS sorbents. The results show that the removal of fluoride was not affected significantly by sorbent dosage for the AlCMS sorbent, from a 2 g/L to 8 g/L sorbent dosage, while the removal of fluoride increased appreciably from 42% to 92% for the AlCSS sorbent, from a 2 g/L to 8 g/L sorbent dosage, respectively. The removal of fluoride was similar for both the AlCSS and AlCMS sorbents at sorbent dosages of 8 g/L and higher. At sorbent dosages less than 8 g/L, the sorbent with the larger surface area removed more fluoride, but there was no significant effect of sorbent surface area observed at sorbent dosages of 8 g/L and higher. As a result, the 2 g/L dosage of the AlCMS sorbent and the 8 g/L dosage of the AlCSS sorbent were selected to carry out adsorption equilibrium isotherm experiments for the two adsorbents.



Figure 7 shows the effect of the initial fluoride concentration on the removal of fluoride using a dosage of 8 g/L for both the AlCSS sorbent and the AlCMS sorbent. The results show that the removal of fluoride using the AlCMS sorbent was not significantly affected for an initial fluoride concentration ranging from 3 to 15 mg/L, while fluoride removal decreased gradually with increasing initial fluoride concentrations higher that 15 mg/L, whereas fluoride removal using the AlCSS sorbent decreased with increasing initial fluoride concentrations higher than 5 mg/L. The results show that higher initial concentrations of fluoride affected the removal of fluoride to a greater extent for the AlCSS sorbent than the AlCMS sorbent, mainly due to the larger surface area of the AlCMS sorbent providing a higher number of active adsorption sites available for adsorption of fluoride.



The adsorption equilibrium isotherm data for the adsorption of fluoride onto the AlCSS and AlCMS sorbents are presented in Figure 8.



The adsorption equilibrium parameters for both the AlCMS and the AlCSS sorbents determined using the three linearized adsorption equilibrium equations are presented in Table 3. The adsorption equilibrium isotherm data presented in Figure 8 follow the linearized form of the Langmuir adsorption equation, with R2 values of 0.969 and 0.972 for the AlCSS and AlCMS sorbents, respectively. The results in Table 3 show that the maximum adsorption capacities determined from the Langmuir adsorption equation were 10,000 mg/kg and 1430 mg/kg for the AlCMS and AlCSS sorbents, respectively. The adsorption capacity of the AlCMS sorbent was nearly seven times greater than the adsorption capacity of the AlCCS sorbent, mainly due to the larger surface area of the AlCMS sorbent. The Langmuir adsorption capacities obtained for the AlCSS and AlCMS sorbents were similar to the Langmuir adsorption capacities reported for several activated alumina adsorbents, such as 1450 mg/kg [27], 4040 mg/kg [41], and 1077 mg/kg [42], and 7870 mg/kg for aluminum-oxide-coated pumice [26]; these reported adsorption capacities were mostly in the range of values obtained for the AlCSS and AlCMS sorbents (1430–10,000 mg/kg). The KL values for the AlCSS sorbent and the AlCMS sorbent were 0.5 L/mg and 0.333 L/mg, respectively; the KL values obtained for the AlCSS and AlCMS sorbents were comparable to the KL values reported for several alumina-based adsorbents: 0.31 L/mg [27], 0.675 L/mg [41], 0.177 L/mg [42], and 0.087 L/mg [26].



The results from Table 3 show that the adsorption equilibrium isotherm data follow the linearized Freundlich equation, with R2 values of 0.865 and 0.866 for the AlCSS and AlCMS sorbents, respectively. The Freundlich adsorption constants KF and 1/n were determined to be 2948 mg/kg and 0.3153 for the AlCMS sorbent and 657 mg/kg and 0.243 for the AlCSS sorbent, respectively. The favorable adsorption of fluoride occurred for both the AlCMS and the AlCSS sorbents, based on RL values between 0 and 1 for the AlCMS sorbent (0.6) and the AlCSS sorbent (0.286) and 1/n values of less than one for the AlCMS sorbent (0.3153) and the AlCSS sorbent (0.2432). The mean free energy E was determined to be 2.09 kJ/mol for the AlCMS sorbent and 3.05 kJ/mol for the AlCSS sorbent, suggesting that the adsorption of fluoride onto both the AlCSS and AlCMS sorbents was mainly physical adsorption.



The best fit of data (highest R2 values greater than 0.95) was obtained for the Langmuir adsorption model for both the AlCSS and the AlCMS sorbents, indicating that the adsorption of fluoride onto the surfaces of both the AlCSS and the AlCMS sorbents occurred mostly as monolayer adsorption for adsorption sites with similar adsorption energies, while some adsorption of fluoride onto the surfaces of both the AlCSS and the AlCMS sorbents occurred on adsorption sites with different energy levels according to the fit of data (high R2 values between 0.85 and 0.9) for the Freundlich adsorption model. The KL value for the AlCMS sorbent (0.333 L/mg) was smaller than the KL value for the AlCSS sorbent (0.5 L/mg), and the 1/n value for the AlCMS sorbent (0.3153) was larger than the 1/n value for the AlCSS sorbent (0.2432), while the E value for the AlCMS sorbent (2.09 kJ/mol) was smaller than the E value for the AlCSS sorbent (3.05 kJ/mol). According to the KL values, the 1/n values, and the E values determined for the adsorption of fluoride onto the AlCSS and AlCMS sorbents, the adsorption and binding of fluoride onto the surface of the AlCSS sorbent was stronger than the adsorption of fluoride onto the AlCMS sorbent.



The surface-normalized adsorption capacities of the AlCMS sorbent (952 µg/m2) and the AlCSS sorbent (2273 µg/m2) were determined by dividing the maximum adsorption capacity obtained from the Langmuir equation for each sorbent by the BET surface area of that sorbent. The results in Table 4 show that the surface-normalized adsorption capacity of the AlCSS sorbent was 2.4 times greater than the surface-normalized adsorption capacity of the AlCMS sorbent. While the surface area of the AlCSS sorbent was 1.22 orders of magnitude smaller than the surface area of the AlCMS sorbent, the surface-normalized adsorption capacity of the AlCSS sorbent was greater than that of the AlCMS sorbent. The greater observed surface-normalized adsorption capacity of the AlCSS sorbent despite its smaller surface area may be attributed to a greater distribution of aluminum on the surface of the AlCSS sorbent due to the higher percentage of aluminum present on the AlCSS sorbent surface, as shown in the SEM/EDX results.




3.4. Effect of Adsorbent Surface Charge on Fluoride Adsorption


The results for the surface charge analysis of the AlCSS and AlCMS sorbents are presented in Figure 9. The results show that both the AlCSS and AlCMS sorbents exhibited a positive surface charge from pH 5 to pH 9 prior to attaining a pHPZC of 9.6. Other aluminum-based adsorbents, such as α-Al2O3 and alum-impregnated activated alumina (AIAA), were shown to have similar pHPZC values of 9.6 [43,44]. The addition of 5 mg/L fluoride to the background solution had a greater influence on the surface charge and behavior of the AlCSS sorbent, shifting the PZC to the left from pH 9.6 to pH 8.4, whereas the AlCMS sorbent’s PZC shifted from pH 9.6 to pH 9.4. The major shift to the left of the PZC for the AlCSS sorbent indicates that the adsorption of fluoride onto the AlCSS sorbent occurred through inner-sphere complexation, which led to a markedly less positive surface of the AlCSS sorbent after the adsorption of the anionic fluoride species, resulting in the specific adsorption of fluoride onto the AlCSS sorbent surface. The smaller shift to the left of the PZC for the AlCMS sorbent indicates that the adsorption of fluoride onto the AlCMS surface occurred mostly through outer-sphere complexation, with some inner-sphere complexation occurring on the AlCMS sorbent surface. The stronger binding of fluoride observed for the AlCSS sorbent may be attributed in part to the greater specific adsorption of fluoride onto the AlCSS sorbent surface than the AlCMS sorbent surface.




3.5. Effect of pH on Fluoride Adsorption


The effect of the initial solution on the adsorption and removal of fluoride is presented in Figure 10. The results from Figure 10 show that a greater-than-90-percent removal of fluoride occurred over a broad pH range from pH 3 to pH 10 for both the AlCSS and AlCMS sorbents, where the maximum removal of fluoride of about 98 percent was observed at pH 10 for both the AlCSS and AlCMS sorbents. Fluoride removal decreased as the pH increased from pH 10 to pH 11 for both the AlCSS and AlCMS sorbents. The removal of fluoride decreased approximately by 42% for the AlCSS sorbent, from 98% at pH 10 to 56% at pH 11, while the removal of fluoride decreased by about 32% for the AlCMS sorbent, from 98% at pH 10 to 65% at pH 11. These findings indicate that both the AlCSS and AlCMS sorbents would be applicable across a broad pH range from 3 to 10, which can be attributed to the pHPZC value of 9.6 for both sorbents, due, mainly, to electrostatic attraction between the protonated surfaces of both sorbents and the negatively charged fluoride ions. Additionally, an excess of hydroxide ions (OH−) alongside fluoride ions (F−) can lead to competition for adsorption on the sorbent surface, even though the sorbent surface may still retain a positive charge [44].



The mechanisms affecting the adsorption of fluoride by the AlCSS and AlCMS sorbents may be described as follows:


     A l     O H   2   +   +   F   −   ↔     A l   F +  H 2  O   



(12)









     A l       OH +   F   −   ↔     A l   F + O  H −    



(13)




where the surfaces of both the AlCSS and AlCMS sorbents form protonated hydroxides of aluminum up to the pHPZC of the adsorbents (Al-OH2+). At pH levels above 10, the formation of un-protonated hydroxide groups (Al-OH) on the surface of the sorbents resulted in a decrease in fluoride adsorption. The pHPZC of both the AlCSS and AlCMS sorbents was 9.6, indicating that the surface of both adsorbents was protonated for the pH range from 3 to 9.6; therefore, the observed pH changes (lower final solution pH) for initial pH values from 3 to 10 were mainly due to the protonated acidic surface of both the AlCSS and AlCMS sorbents. The reaction producing hydroxide (Equation (13)) was applicable to the un-protonated surfaces of both the AlCSS and AlCMS sorbents for pH values greater than 9.6. As observed in Figure 10, the final pH of ~9 (AlCMS sorbent) and pH 10.7 (AlCSS sorbent) for an initial pH of 11 increased drastically due to the production of hydroxide (OH−) versus the lower final pH values of pH 5.1 (AlCMS sorbent) and pH 6 (AlCSS sorbent) for an initial pH of 10. The results shown in Figure 10 indicate that the effect of pH on the adsorption of fluoride was similar for the protonated surfaces of both the AlCSS and AlCMS sorbents, while the effect of pH for the un-protonated surfaces was greater for the AlCSS sorbent that for the AlCMS sorbent. Based on the results from the surface charge analysis and the from the effect of pH on adsorption, the adsorption mechanism for the adsorption of fluoride onto both the AlCSS and the AlCMS sorbents was primarily due to electrostatic attraction between the positively charged surfaces of the two sorbents and the anionic fluoride species.




3.6. Effect of Co-Existing Ions and Effect of Water Types on Fluoride Removal


Figure 11 shows the effect of co-existing ions on the removal of fluoride using the AlCSS and AlCMS sorbents. The results show that the removal of fluoride was not significantly affected in the presence of sulfate or calcium for both the AlCSS and AlCMS sorbents. The results show that the removal of fluoride in the presence of bicarbonate decreased appreciably for the AlCSS sorbent for bicarbonate concentrations from 1 mM to 5 mM, whereas the removal of fluoride in the presence of bicarbonate decreased significantly for the AlCMS sorbent only at a high bicarbonate concentration of 5 mM. This may be attributed to bicarbonate generating hydroxide ions, resulting in a competition with fluoride for the available surface adsorption sites [45]. A similar decrease in trend due to the presence of bicarbonate was observed with other metal-based sorbents [42,45,46,47].



The results for the removal of fluoride from different water types are presented in Figure 12. The combined effect of the co-existing ions present in synthetic water (Table 1) on the removal of fluoride showed that, when the AlCMS sorbent was applied, it maintained its fluoride removal of nearly 98%, whereas fluoride removal decreased to 77% when the AlCSS sorbent was applied. When applied to tap water, ground water type 1 and groundwater type 2, the removal of fluoride using the AlCSS sorbent decreased to 82.6%, 82.2%, and 61.1%, respectively, whereas the removal of fluoride using the AlCMS sorbent remained at about 98% for all three types of water. The results presented in Figure 12 show that the AlCMS sorbent outperformed the AlCSS sorbent in terms of selectivity for the removal of fluoride from natural water sources, with appreciable levels of bicarbonate alkalinity, total hardness, and TDS.




3.7. Successive Adsorption Cycles’ Study


Figure S4 shows the performance of the AlCSS and AlCMS sorbents for the removal of fluoride in the successive adsorption cycles’ study using five consecutive 24 h adsorption cycles. The results show that the AlCMS sorbent was able to retain a fluoride removal performance greater than 90% for the first four consecutive adsorption cycles before decreasing to 63% for the fifth adsorption cycle. However, the AlCSS sorbent was able to retain its fluoride removal performance greater than 90% for only the first two consecutive adsorption cycles before decreasing to about 50% for the third adsorption cycle and to about 30% for the fourth and fifth adsorption cycles. The results from the successive adsorption cycles using five consecutive 24 h adsorption cycles showed that, after the second adsorption cycle, the fluoride removal performance of the AlCMS sorbent was better than the fluoride removal performance of the AlCSS sorbent. For the AlCSS sorbent, fewer fluoride adsorption sites were available on the surface of the AlCSS sorbent after two successive adsorption cycles, which resulted in the decreasing removal of fluoride after the second adsorption cycle. For the AlCMS sorbent, fewer fluoride adsorption sites were available on the surface of the AlCMS sorbent after four successive adsorption cycles, which resulted in the decreasing removal of fluoride after the fourth adsorption cycle.





4. Conclusions


This study compared the performance characteristics of two different crystalline silica base adsorbents coated with aluminum for the removal of fluoride from water: aluminum-coated silica sand (AlCSS) with a larger silica particle size and aluminum-coated microcrystalline silica (AlCMS) with a smaller silica particle size. Surface characterization of the two aluminum-coated adsorbents was carried out using XRD, TEM, and SEM/EDX, where the results showed that the aluminum coating for both the AlCSS sorbent and the AlCMS sorbent contained amorphous aluminum oxides. Fluoride adsorption by both the AlCSS sorbent and the AlCMS sorbent was found to be favorable according to the Langmuir and Freundlich adsorption equations. The adsorption capacity of the AlCMS sorbent was about seven times greater than the adsorption capacity of the AlCSS sorbent, while the adsorption of fluoride onto the AlCSS sorbent was stronger than adsorption of fluoride onto the AlCMS sorbent. The surface-normalized adsorption capacity of the AlCSS sorbent was found to be 2.4 greater than the surface-normalized adsorption capacity of the AlCMS sorbent. The rapid removal of fluoride within an hour was observed for both adsorbents, which followed second-order fluoride adsorption kinetics. The removal of fluoride occurred over a broad pH range from pH 3 to pH 10 for both the AlCSS and AlCMS sorbents, while both adsorbents had similar pHPZC of about 9.6. The removal of fluoride by both adsorbents was not affected in the presence of calcium or sulfate, while the removal of fluoride was affected at higher concentrations of bicarbonate, with a larger decrease in fluoride removal observed for the AlCSS sorbent. The AlCMS sorbent displayed a higher fluoride selectivity for the removal of fluoride from several natural water sources.
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Figure 1. SEM micrographs: (a) AlCSS sorbent and (b) AlCMS sorbent. 
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Figure 2. SEM-EDX Spectra for (a) AlCSS sorbent and (b) AlCMS sorbent. 
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Figure 3. XRD patterns of the AlCSS and AlCMS sorbents. 
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Figure 4. TEM micrographs of the AlCSS sorbent (A,B) and the AlCMS sorbent (C,D). 
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Figure 5. Adsorption of fluoride by the AlCSS and AlCMS sorbents as a function of time using an initial fluoride concentration of 5 mg/L and an adsorbent dosage of 20 g/L. 
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Figure 6. Effect of adsorbent dosage by the AlCSS and AlCMS sorbents on the removal of fluoride using a 5 mg/L initial fluoride solution for 24 h. 
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Figure 7. Effect of initial fluoride concentration on the removal of fluoride using an 8 g/L adsorbent dosage for both the AlCSS and AlCMS sorbents for 24 h. 
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Figure 8. Adsorption equilibrium isotherm data for the adsorption of fluoride onto 2 g/L of AlCMS sorbent and 8 g/L of AlCSS sorbent over 24 h with an initial fluoride concentration of 3 to 30 mg/L. 
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Figure 9. Zeta potential results for the AlCSS and AlCMS sorbents using 1 mM NaCl solution with and without 5 mg/L fluoride. 
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Figure 10. Effect of pH on the adsorption and removal of fluoride using 20 g/L dosage of AlCSS and AlCMS sorbents with a 5 mg/L initial fluoride concentration over 24 h. 
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Figure 11. Effect of co-existing ions on the removal of fluoride using a 20 g/L dosage of the AlCSS and AlCMS sorbents with a 5 mg/L initial fluoride concentration over 24 h. 
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Figure 12. Effect of different water types on the removal of fluoride using 20 g/L of the AlCSS and AlCMS sorbents with a 5 mg/L initial fluoride concentration over 24 h. 
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Table 1. Quality criteria of various water types.
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	Water Types
	pH
	TDS (mg/L)
	Alkalinity

(mg/L as CaCO3)
	Total Hardness

(mg/L as CaCO3)
	Background Fluoride Concentration (mg/L)





	Synthetic water
	7.99
	340
	125
	100
	0



	Tap water
	7.86
	171
	103
	140
	0.9



	Groundwater (type 1)
	8.47
	303
	202
	273
	0.7



	Groundwater (type 2)
	7.91
	1220
	150
	796
	0.3










 





Table 2. Adsorption kinetics parameters for fluoride adsorption onto the AlCSS and AlCMS sorbents.
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AlCSS Sorbent

	
AlCMS Sorbent






	

	
Experimental qe (mg/kg)

	
242.8

	
240.9




	
Pseudo-first-order kinetics model

	
k1 (1/min)

	
0.0033

	
0.0027




	
qe (mg/kg)

	
95.6

	
71.6




	
R2

	
0.7363

	
0.8791




	
Pseudo-second-order kinetics model

	
k2 (g/mg-min)

	
0.1480

	
0.1688




	
qe (mg/kg)

	
238.1

	
243.9




	
R2

	
0.9975

	
0.9997




	
Intraparticle diffusion kinetics model

	
kid (mg/g-min1/2)

	
3.806

	
4.208




	
C

	
125.80

	
120.16




	
R2

	
0.4533

	
0.5229











 





Table 3. Adsorption equilibrium parameters for the adsorption of fluoride onto the AlCSS and AlCMS sorbents.
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Adsorbent

	
Langmuir

	
Freundlich

	
Dubinin–Radushkevich






	
AlCSSsorbent

	
qmL = 1430 mg/kg

	
1/n = 0.2432

	
KDR = 5.39 × 10−8




	
KL = 0.50 L/mg

	
KF = 657 mg/kg

	
E = 3.05 kJ/mol




	
R2 = 0.9694

	
R2 = 0.8652

	
R2 = 0.5738




	
AlCMSsorbent

	
qmL = 10,000 mg/kg

	
1/n = 0.3153

	
KDR =1.143 × 10−7




	
KL = 0.333 L/mg

	
KF = 2948 mg/kg

	
E = 2.09 kJ/mol




	
R2 = 0.9727

	
R2 = 0.8663

	
R2 = 0.8171











 





Table 4. Comparison of surface-normalized adsorption capacities for the AlCSS and AlCMS sorbents based on Langmuir adsorption capacities.
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	Adsorbent
	Adsorption Capacity (mg/kg)
	BET Surface Area (m2/g)
	Surface-Normalized Adsorption Capacity (µg/m2)





	AlCSS sorbent
	1430
	0.6285
	2273



	AlCMS sorbent
	10,000
	10.5021
	952
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
Flouride Removal (%)

100

—e— AICMS sorbent

—e— AICSS sorbent

Time (hours)






media/file13.png
Fluoride Removal (%)

100
90
80
70
60
50
40
30
20
10

3 5 7 10 12 15 20 25 30

Initial Fluoride Concentration (mg/L)
B AICMS sorbent B AICSS sorbent






media