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Abstract

:

Featured Application


The adsorbent materials under study could have a potential use for the decontamination of groundwater with high levels of arsenic and fluoride. It could be particularly suitable for application in water treatment for small communities.




Abstract


The contamination of groundwater by arsenic and fluoride is a major problem worldwide, causing diseases in the population that uses these waters for their consumption. Therefore, the removal of these types of pollutants from groundwater is a very important issue. In this work, the removal of arsenate and fluoride from aqueous solutions by using aluminum-modified guava seeds (Al-GSs) was evaluated. Batch-type adsorption experiments were carried out with aqueous solutions of As(V) and F− and Al-GSs. The kinetic and equilibrium parameters of adsorption were determined, as well as the effects of adsorbent dose and pH. The adsorbent was characterized by scanning electron microscopy and infrared spectroscopy in order to determine its morphology and the functional groups present in the material. The results showed that hydroxyl and carboxyl are the main groups involved in the adsorption of As(V) and F−. The fluoride adsorption kinetics indicate that the equilibrium time was reached at 150 min and it can be described by the Lagergren model, while for As(V) the equilibrium time was lower (120 min) and the kinetic data were fitted well to the pseudo-second-order model. The Langmuir-Freundlich model can describe the adsorption equilibrium data in all cases. The fluoride adsorption capacity by Al-GS was 0.3445 mg/g, and for As(V) it was 4 mg/g. It can be established that the removal of arsenates and fluoride in Al-GSs is due to chemisorption on a heterogeneous surface.
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1. Introduction


Groundwater contamination owing to arsenic (As) and fluoride (F−) is an important problem on which special attention must be paid. The challenges to be discussed and solved on this subject are varied, and therefore it is quite important to investigate novel and effective methods for their remediation [1]. For instance, F− is present in groundwater in several aquifers around the world in levels ranging from 1 to 30 mg/L. It has been reported that if F− is present in drinking water at concentrations between 0.5 and 1 mg/L, it could have beneficial effects to health, providing substantial protection against dental caries [2]. If higher levels of F− are present (from 1.5 to 2 mg/L), then consumption of these waters may lead to dental fluorosis. From 3 to 6 mg/L of fluoride, skeletal fluorosis may appear, and at higher fluoride levels (>10 mg/L) crippling skeletal fluorosis can be developed [3,4]; these types of fluorosis are irreversible, and no treatment can eliminate symptoms definitively. Keeping fluoride intake within safe levels is the only way to prevent these diseases [5,6]. People in several countries around the world are facing problems of high fluoride levels in drinking water; these problems are more severe and intense depending on different factors, like the geographical and economic status of the affected communities [7]. The World Health Organization (WHO) guidelines for drinking water quality have established that, for areas with a warm climate, fluoride concentration in water should remain below 1 mg/L, while this concentration could be raised up to 1.2 mg/ for areas with a cold climate [3]. In developing countries this problem is more acute, particularly in small urban communities and rural areas [5,8].



On the other hand, arsenic content in drinking water is also a worldwide concern, and it represents a great threat to human health. Levels above 10 μg/L of arsenic, which is the maximum level recommended by the WHO, have been reported in drinking water from several countries like India, Bangladesh, Taiwan, Mongolia, Chile, Mexico, and the United States. Chronic exposure to arsenic can induce skin cancer, or it can cause damages to the kidneys, lungs, and bladder, as well as disorders of cardiovascular and neurological systems [9]. Arsenic can be found in aquatic environments in the oxidation states +III and +V, depending on the redox conditions. The As(III) species is the most toxic and it is more mobile than As(V) species [10]. Usually, arsenic in the oxidation state +V predominates in surface waters, while arsenic in the oxidation state +III is the main species found in groundwater, particularly for deep aquifers. However, arsenic in both oxidation states can be found in groundwater due to changes in redox conditions and biological activity [11].



Arsenic and fluoride coexistence has been reported in groundwater samples from aquifers in different countries, with concentrations up to 5300 μg/L and 29 mg/L for As and F−, respectively [12]. It has been reported synergistic adverse effects in mouse kidney and liver at low arsenic and fluoride concentrations [12], but they are far from being completely understood. Such co-occurrence of arsenate and fluoride ions has been reported in some industrial wastewaters, like those discharged from metallurgy and electroplating industries. Consequently, removal of arsenic and fluoride from drinking water is of great importance in order to optimize costs and simplify treatment processes, especially when these two ions are present simultaneously in contaminated aquifers. [13].



Arsenic and fluoride removal from water can be achieved by different methods, including chemical treatment, electrochemical methods, membrane technologies, and ion exchange processes. However, the high costs, difficulty in operation, and the high solute concentration in water are some factors that restrict the implementation of these type of technologies [13]. The adsorption process is preferred when arsenic and fluoride removal from water is required in a small-scale system owing to its high efficiency, low cost, and the relative easiness in operation of the system. Moreover, the adsorption process is found to be environmentally friendly, economical, and suitable for single families and small communities. Many studies have reported the possible utilization of conventional adsorbents for arsenic or fluoride removal, separately, like modified activated carbon, zeolites, clays, activated alumina, titanium dioxide, etc., with different degrees of success [14,15,16,17]. Recently, more attention has been paid by the scientific community in using diverse naturally occurring biosorbents in sorption processes since this type of adsorbents offers advantages of sludge minimization, high efficiencies when diluted solutions are treated, regeneration of biosorbent, and low cost [18].



However, few studies have reported simultaneous removal of As(V) and F− [12,13,19,20]. Arsenate (0.9 mg/g) and fluoride (0.5 mg/g) adsorption capacities have been reported when goethite is used to remove these ions from groundwater simultaneously. Furthermore, a decrease in fluoride removal from 82 to 28% was reported when arsenic was present in the solution at a concentration of 1 mg/L [12]. It has been reported [13] that aluminum and iron binary oxide is suitable for simultaneous As and F removal and found that the adverse effects of competitive adsorption between As(V) and F were significantly reduced by using binary oxide rather than the single Al and Fe oxides. Jing et al. [12] found that arsenate and fluoride adsorption capacities of an activated carbon modified with lanthanum and titanium oxides were pronouncedly higher than some aluminum-based adsorbents for synthetic water and real contaminated groundwater. Therefore, the purpose of Al modification of guava seeds is to enhance fluoride sorption capacity since it has been reported the affinity of these ions to Aluminum-type adsorbents. Furthermore, in our previous studies, we have reported a low fluoride sorption capacity of guava seeds [8].



The use of conventional adsorbents for arsenic and fluoride removal from groundwater could be expensive and ineffective. Consequently, the use of alternative adsorbents is of great relevance, such as products of biological origin, or wastes and by-products from industrial and agricultural activities [21]. These agricultural waste materials used as biosorbents have some advantages over conventional adsorbents because they are abundant, available, inexpensive, and may act as complexing agents due to their physicochemical characteristics and particular structure [21]. Particularly, lignocellulosic materials derived from agricultural wastes have been considered as efficient adsorbents due to their high cellulose, hemicellulose and lignin content and because of their large scale generation and low cost.



Guava (Psidium guajava) seeds are considered as a solid waste produced in great quantities by agricultural and industrial activities in Mexico. Recent increases in guava production and consumption have led to the production of large amounts of guava seed waste that requires disposal; this could be have been mitigated by recycling this waste as an inexpensive source of biomass [22]. Guava seeds have structural properties, like high content of cellulose, lignin and protein that make them suitable for their use as a biosorbent, particularly for anionic contaminants present in water. These properties are due to the presence of various functional groups on its surface such as amines, hydroxyl, carbonyl, carboxyl, alkanes, etc. which have been involved on fluoride sorption as well as in the formation of different types of interactions with metals [22]. It has been reported the use of guava seeds as biosorbent for the removal of Cr(VI) from aqueous solutions with acceptable sorption capacity [23].



Therefore, the main objective of this work was to evaluate removal efficiency of aluminum-modified guava seeds towards fluoride and arsenate from aqueous solutions by obtaining the kinetic and equilibrium parameters of the system, as well as to determine some variable effects over these parameters.




2. Materials and Methods


2.1. Preparation of Biosorbent


Guava seeds modified with aluminum were used as biosorbent in this study for sorption experiments. Guava seeds (Psidium guajava) were collected from a local traditional candy factory. Guava seeds (GSs) were sieved, and the 1 mm grain size fraction obtained from this step was washed several times with distilled water to remove impurities. Then, 20 g of this biosorbent were treated with a 0.5 M HCl (for 30 min with 200 mL at 70 °C). The suspension was cooled at room temperature and then neutralized with 1 N NaOH solution. Subsequently, the biosorbent was washed with distilled water and dried in an oven at 60 °C for 24 h and then placed in a desiccator for further treatment. Later, guava seeds (GSs) were treated with AlCl3 solutions to determine their sorption capacities for As(V), and the F− Aluminum modification process was carried out as follows: 10 g of acid treated GSs were put in reflux with 250 mL of AlCl3 0.05 M solution for 3 h. After the solution cooled, the aluminum-modified guava seeds (Al-GSs) were filtered and washed to eliminate excess of aluminum and chloride ions from the biosorbent. Later, Al-GSs were dried at 60 °C for 4 h, and they were stored in a desiccator to carry out adsorption experiments.




2.2. Biosorbent Characterization


Guava seeds modified with aluminum (Al-GSs) were characterized by scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR) in order to determine surface properties of this material that could be involved in fluoride and arsenate sorption from aqueous solutions. For SEM analysis, GSs and Al-GS samples were covered with copper and analyzed using a scanning electron microscope (JEOL JMS-6400, JEOL Ltd., Peabody, MA, USA) coupled with an EDS microanalysis detector (Bruker XFLASH 4010, Peabody, MA, USA). Fourier transform infrared spectroscopy analyses were performed on the GSs and Al-GS materials both before and after arsenate and fluoride adsorption tests. For this measurement, 0.3 g of dry KBr were mixed with 0.02 g of the dry sample and then compressed with a 3-ton force for 1 min. The samples were analyzed in a Bruker Tensor 27 FTIR spectrophotometer (Bruker Optics Inc., Billerica, MA, USA). The frequency range used was between 200 and 4000 cm−1.




2.3. Adsorption Kinetic Experiments


Batch-type tests were carried out to determine the kinetics removal of arsenate and fluoride with Al-GSs, separately. For arsenate removal, 10 mL aliquots of a 2 mg/L Na2HAsO4. 7H2O solution at pH 7 and 0.1 g of Al-GSs were placed in centrifuge tubes and shaken for a different duration at 25 °C. Then, the samples were centrifuged and filtered, and the supernatants were analyzed for total arsenic by atomic absorption spectrometry (AAS) by the hydride generation method. For fluoride removal, the same procedure was carried out, but using a 10 mg/L NaF solution at pH 7 and 0.1 g of Al-GSs. The concentration of fluoride ions in the solutions was determined with a selective electrode for fluoride (Hanna HI 98402. Hanna Instruments, Woonsocket, RI, USA). Total ionic strength adjustment buffer solution (TISAB II) was added to all fluoride standards and samples to control the pH and ionic strength. These methods of arsenic and fluoride measurement were used for aqueous solutions before and after adsorption processes to determine initial and final concentrations of these elements. The quantity of fluoride and arsenic adsorbed by Al-GSs was calculated from the initial concentration by the equation [24,25]:


q=V(C0−Ce)M



(1)




where,

	
q = measured sorption per unit weight of solid, (mg/g).



	
V = volume of solution, (L).



	
C0 = initial concentration of fluoride or arsenic, (mg/L).



	
Ce = equilibrium concentration of fluoride or arsenic, (mg/L).



	
M = dry weight of biosorbent (g).








All adsorption tests were carried out in triplicate to determine the reproducibility of the results, and we considered mean values to calculate adsorption parameters. Adsorption of fluoride or arsenic was not detected on the walls of centrifuge tubes when control experiments were performed.




2.4. Effect of Adsorbent Dose on Fluoride Removal


The effect of Al-GSs dosage on the quantity of fluoride adsorbed was studied by adding various amounts (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 g) of Al-GSs into centrifuge tubes containing 10 mL of a 10 mg/L NaF solution without changing the solution pH, at 30 °C. The tubes were placed in a water-bath reciprocal shaker and agitation was provided at 100 rpm until equilibrium as reached. The fluoride concentrations were measured at equilibrium as mentioned above.




2.5. Effect of pH on Fluoride Removal


In order to establish the pH value at which Al-GSs have a higher fluoride removal and to determine the influence of this parameter on the biosorbent material, batch type adsorption experiments with Al-GSs and 10 mg/L aqueous solutions of sodium fluoride (NaF) were performed. Different pH values of solutions (between 2 and 9) were established to determine their influence on the adsorption process and set this as a parameter to carry out further experiments. These values were adjusted by adding small volumes of 0.1 M solutions of HCl or NaOH, as appropriate. Adsorption experiments were performed as mentioned above, at different pH values of the NaF solution. Solutions were stirred at 100 rpm and 25 °C. Fluoride concentrations were determined as mentioned before.




2.6. Fluoride and Arsenic Adsorption Isotherms


Adsorption batch-type experiments were carried out with Al-GS and aqueous solutions of fluoride and As(V), separately, in order to determine their removal in single pollutant solutions. In centrifuge tubes, 0.6 g of Al-GS samples were put into contact with 10 mL of fluoride and arsenic solutions, separately, at concentrations from 10 to 100 mg/L and from 2 to 45 mg/L for F− and As(V), respectively. Centrifuge tubes were placed in a water bath reciprocal agitator at 25 °C until equilibrium time was reached. Then, the solution was decanted and filtered, and the supernatants were analyzed for total arsenic by AAS and F− analysis by a fluorometer, as required. The experiments were performed in triplicate, as in the previous cases.





3. Results and Discussion


3.1. Biosorbent Characterization


Guava seed samples were analyzed by SEM in order to determine their morphology, surface properties, and structures before and after their modification with Al. The presence of a heterogeneous surface with different wrinkled, smooth areas, and singular folds can be seen in Figure 1a,b. In Figure 1c,d, the presence of granules and micropores on AL-GS samples are observed. These sites are important because the pores increase solute diffusion and surface area, and thus the fluoride and arsenate sorption capacities. Moreover, an elemental microanalysis (SEM-EDS) and image mapping were performed on the external surface area of a sample of Al-GSs (Figure 2), where the flat smooth surface and the rough part can be observed. Red-colored areas on Al-GS samples indicate that, independently of the morphological surface characteristics, a certain amount of aluminum was adsorbed on the surface of the biosorbent during the modification process (Figure 2b), with an approximate aluminum concentration of 2.7 g of Al/100 g of Al-GSs. High or low concentrations of aluminum in some of the zones of the biosorbent surface depended on the diversity and heterogeneity of functional groups present in guava seed structure [26]. Arsenic and fluoride were also analyzed by SEM-EDS, and the results showed an approximate punctual concentration of arsenic of 0.54 g of As/100 g of AL-GS (Figure 2c), but fluoride was not detected due to a low concentration of analyzed samples. These results suggest that aluminum-modified parts of Al-GS surface can adsorb As(V) ions, as well as some unmodified parts of the same material.




3.2. Fourier Transform Infrared Spectroscopy


Figure 3 shows the FTIR results of unmodified guava seeds (GSs) and aluminum-modified guava seeds (Al-GSs). Different functional groups, like C-O-C, -C=O, -COOH, -NH, -CH2, and -OH are present on GSs’ surface (Figure 3a). These groups are characteristic of lignocellulosic materials. Absorption bands from 1700 cm−1 to 1200 cm−1 were attributed to carbonyl groups (C=O) of aldehyde and ketone and to C-O group [27]. Comparing GS and Al-GS spectra (Figure 3a), variations on absorption bands can be observed at 3402.3 cm−1, corresponding to –OH groups which can be attributed to the fact that intermolecular hydrogen bonds can exist because of hydroxyl groups adjacent to glucose units in the cellulose molecule, which is one of the main components of GS biosorbent [26]. The changes in vibrational frequencies around 3030–2385 cm−1, corresponding to amino and aldehyde groups indicate the attachment of Al metal ions to these functional groups on the GS surface [27]. Moreover, new peaks are observed in SG-Al spectra after modification with Al, particularly those at 1445 cm−1 and 1546 cm−1 that have been associated with the presence of surface hydroxide groups (~AlOH) [28] or to Al-O bending. Furthermore, a shift on the absorption band at 1751 cm−1 corresponding to C=O group was observed (Figure 3a), which has been attributed to the formation of coordination bonds between this group (O atoms) and the Al ions [29].



According to FTIR spectra observed in Figure 3b, it can be noticed that the functional groups associated with fluoride ions removal by Al-GS are: hydroxyl, carbonyl, and methoxy methyl ether. The OH groups’ disappearance was observed at 3402 cm−1. This can be attributed to the fact that fluoride and hydroxyl ions have similar dimensions and they can exchange each other to form Al-F complexes due to the interaction of F− ions with aluminum ions on the surface of the material, without breaking the Al-O-Al bonds. [26,30]. This could explain the changes in pH values of fluoride solutions before and after adsorption. Moreover, the bands that appeared in the range from 400 to 700 cm−1 in the Al-GS-F spectrum have been attributed to the vibration of the aluminum-fluoride bonds [26], as well as the band present at 880 cm−1 [31]. Besides, a band at 761.3 cm−1 can be observed after fluoride adsorption, corresponding to bending motion of CF2 and skeletal bending of CF-CH-CF [32].



A FTIR analysis for the biosorption of As(V) onto Al-GS was also carried out. It can be observed (Figure 3c) that the band at 738 cm−1 corresponds to the symmetric stretch of As-OH bond [33,34]. Besides, symmetric and asymmetric stretching modes of the As-O bonds in the FTIR spectrum can be observed at 878 and 907 cm−1, respectively [33]. Moreover, the bands at 844–855 cm−1 are assigned to the As-O vibration of an inner-sphere Al-O-As complex [33,35,36]. These results indicate that the mechanisms involved on As(V) sorption onto Al-GS biosorbent are those related to the interactions between arsenate ion and aluminum on the surface of the guava seeds, along with the active sites on the lignocellulosic structure of GSs.




3.3. Arsenate and Fluoride Biosorption Kinetics


Adsorption kinetics is the measure of the adsorption uptake with respect to time and then the time at which the process reaches equilibrium. Figure 4, Figure 5 and Figure 6 show the results obtained in the kinetics experiments using Al-GSs for the removal of fluorides, arsenic, and the simultaneous removal of these two compounds, respectively.



According to Figure 4, most of the fluoride biosorption was attained in the first 60 min of contact, where it reaches a removal of approximately 40% with an adsorbent dose of 10 g/L. From this time, fluoride biosorption rate was slower, until no significant changes were observed in the concentration of F− in the adsorbent. Therefore, the equilibrium point was established at 150 min. This behavior could be attributed to the high concentration gradient between the solution and the Al-GSs, so the biosorption rate was fast at the initial stages of the process, as well as to the large availability of sorption sites on the beginning of biosorption. As the process continues, the available adsorption sites and the concentration gradient began to decrease, and a slower sorption rate was observed [37]. The capacity of Al-GSs for fluoride removal at equilibrium was 0.08 mg/g. Kinetics experiments using unmodified guava seeds as biosorbent showed low fluoride adsorption at these experimental conditions. These results indicate that aluminum modification improved fluoride removal from aqueous solutions in single systems.



Concerning the arsenate adsorption kinetics with Al-GSs, a similar behavior was observed since a rapid biosorption was noticed in the first 90 min, reaching approximately 60% removal. From this time, equilibrium of the system was reached and no significant changes in arsenate biosorbent concentration were observed; as a result, this time was chosen for the further biosorption experiments. An equilibrium adsorption capacity of 0.85 mg/g was reached. It was observed that the kinetics of removal of As is slightly faster than the kinetics of removal of F−.



Adsorption kinetic data were fitted to different empirical models by nonlinear regression analysis, using the STATISTICA 7.0 software (StatSoft, Inc., Tulsa, OK, USA, 2002). These empirical kinetic models have been used for this type of adsorption system.



The pseudo first-order model, or Lagergren equation, is expressed as follows [38]:


qt=qe(1−e−kLt)



(2)




where,

	
KL = Lagergren rate constant, (min−1).



	
qt = quantity of ion adsorbed at any given time t, (mg/g).



	
qe = quantity of ion adsorbed at equilibrium, (mg/g).








The pseudo second-order model, proposed by Ho et al. [39] can be expressed on its nonlinear form by the following equation:


qt=K2qe2t1+K2qet



(3)




where,

	
K2 = pseudo-second-order rate constant, (g/mg min).



	
qt = quantity of ion adsorbed at any given time t, (mg/g).



	
qe = quantity of ion adsorbed at equilibrium, (mg/g).








The pseudo-second-order model is based on the supposition that the rate-limiting step may be chemisorption involving valence forces through sharing or exchange of electrons between adsorbent and adsorbate [39].



The Elovich equation has been usually reported for chemisorption of gases on solids. This equation can be expressed as follows [40]:


qt=1bln(1+abt)



(4)




where,

	
qt = adsorbate concentration at any time, t, per weight of adsorbent, (mg/g).



	
a = Elovich constant related to the initial adsorption rate, (mg/g min).



	
b = Elovich constant related to the desorption rate, (g/mg).








Figure 6 and Figure 7 show the fitted plots to the kinetic models. Table 1 and Table 2 show the model´s parameters and correlation coefficients for fluoride and arsenate adsorption onto Al-GSs, respectively. The model that best describes the adsorption experimental data is the pseudo-first-order model, or Lagergren equation since the correlation coefficients for fluoride and arsenate removal are higher than for the other two models. However, in the case of fluoride biosorption, pseudo second-order model shows a good fit to experimental data (R2 = 0.9127); thus it can describe fluoride sorption. For the case of arsenate removal, the Lagergren model describes well biosorption kinetic data, but pseudo-second-order and Elovich equations are not suitable to describe arsenate sorption on Al-GS.




3.4. Effect of Adsorbent Dose on Fluoride Removal


The effect of the biosorbent dose is an important parameter because it directly influences the removal efficiency of the system. In Figure 8 it can be seen that the percentage of fluoride removal rises as the biosorbent dose increases because of the increase in the number of active sites at high adsorbent material dosages until a dose of 70 g/L is reached. From this point, the removal of fluorides begins to decrease and stabilize, which can be attributed to a higher quantity of active sites not occupied by the F− ions, both on the surface and in the pores of the biosorbent and also to biosorbent crowding [26,41]. Therefore, the optimal dose used for the further fluoride biosorption experiments was 70 g/L. A similar behavior was observed and reported previously [42] for the case of arsenate removal by AL-GSs at different dosages where the optimal biosorbent dose found was 60 g/L.




3.5. Effect of pH on Fluoride Removal


Since changing pH of the solution in sorption processes can modify the surface charge of an adsorbent and this change directly affects ionization and chemical speciation of the adsorbate, then pH is an important parameter in these types of processes. Figure 9 shows the variation in fluoride sorption capacity at various pH values using Al-GSs as an adsorbent. The removal of F− ions was the highest in acidic conditions (pH 2 and 3), but this increase could be explained by HF formation at these pH values since pKa value of HF is 3.17. At pH 4 and 5, where the F− species begins to predominate on aqueous solutions, a significant decrease in fluoride sorption is observed and this could be attributed to aluminum modification of the biosorbent, since the point of zero charge (pHPZC) for this type of modified adsorbents has been reported approximately at a pH value of 4 to 5. This is also in agreement with the pHPZC = 5 reported for Al(OH)3 [28], which is the proposed form of the aluminum present on the surface of this biosorbent. The highest removal of F− ions can be observed at pH 6 where ligand exchange can be the main sorption mechanism. At higher pH values the removal decreases significantly. This can be explained by different reasons: less availability of sites for fluoride electrostatic adsorption, or competition between fluoride ions with a high concentration of hydroxyl ions for the positively charged sites on the Al-GS surface [43]. Fluoride removal increased at pH 8 compared to pH 7. This behavior could be explained since aluminate ion, Al(OH)4−, is formed at pH above 8 due to the dissolution of the aluminum present on the surface of the adsorbent [44]. This aluminate ion may compete with F− at pH values around 7, but at pH values near 8 the Al(OH)2F2− complex could be formed in solution [45,46]; consequently, a decrease in the concentration of free fluoride ions in solution occurred with a corresponding increase in the percentage of removal.




3.6. Fluoride and Arsenic Adsorption Isotherms


Quantitative analysis of adsorbate-adsorbent interactions is important for the evaluation of the adsorbent. Adsorption isotherms of fluoride and arsenate onto Al-GSs are presented in Figure 10 and Figure 11, respectively. Experimental data were fitted to isotherm models of Langmuir, Freundlich, and Langmuir-Freundlich (L-F) by non-linear regression analyses [26]. Results show that fluoride adsorption isotherm can be well described by the Langmuir and Langmuir-Freundlich (L-F) models (R = 0.9885). However, the L-F model indicates sorption on heterogeneous surfaces implying different sorption energies of the adsorption sites; therefore, this model can be used for the description of fluoride equilibrium data. This is in agreement with the proposed mechanisms for fluoride removal described above where different types of sorption sites are responsible for the F− removal. A maximum adsorption capacity of 0.3445 mg of F−/g of Al-GS was determined. Supernatants were also analyzed for Al leaching after adsorption, by AAS with a nitrous oxide-acetylene flame, but Al concentrations were below the detection limit (0.4 mg/L).



Arsenate adsorption onto Al-GS (Figure 11) showed a slightly different behavior compared to fluoride sorption isotherm. In this case, Freundlich and L-F models fitted well arsenate sorption equilibrium data at these experimental conditions. A relatively high sorption capacity was determined at 4 mg of As(V)/g of Al-GS. A similar sorption behavior was reported for the arsenate removal by Al-Based nanoparticle impregnated sawdust [47]. Table 3 shows a comparison of fluoride and arsenate sorption capacities for different adsorbents. Guava seed surface without aluminum modification showed a low fluoride adsorption capacity, but a significant arsenate sorption capacity; thus, the biosorbent was modified to enhance fluoride adsorption capacity and to use this material in cases where simultaneous removal of both ions is required. This aluminum-modified adsorbent has the advantage over aluminum-based coagulants of not producing sludge and also a better recovery of this element. Adsorption capacities around 1 mg/g and 11 mg/g for fluorides and arsenates, respectively, have been reported using activated alumina as adsorbent [48]. By comparing these adsorption capacities with those obtained in this work, Al-GS can be considered as a relatively efficient and low-cost alternative for the adsorption of these ions from water.





4. Conclusions


The modification of the surface of guava seeds with aluminum plays an important role in the adsorption mechanisms, since the arsenate and fluoride ions form complexes with aluminum on the surface of the adsorbent, as well as forming them with other functional groups present in the material.



The removal of arsenate is slightly faster than that of fluoride since time to reach sorption equilibrium was lower for As(V) removal (90 min) than for F− removal (150 min). Fluoride adsorption is significantly affected by pH, particularly in highly acidic and alkaline values. The model L-F was the one that best describes the data of adsorption equilibrium by Al-GSs in both cases, reaching sorption capacities for As(V) of 4 mg/g and for F− of 0.3445 mg/g. The FTIR results indicate that both systems present chemisorption on a heterogeneous surface. The Al-GSs can be considered as a good adsorbent for arsenate and fluoride removal from aqueous solutions.
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Figure 1. SEM analyses of Al-GS samples: (a) Al-GS sample observed at 250×; (b) wrinkled zone observed at 1000×; (c) granules observed at 1500× on Al-GS sample; (d) micropores observed at 2000×. 
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Figure 2. SEM-EDS analyses of Al-GS samples: (a) Al-GS sample observed at 2000×; (b) SEM-EDS mapping of Al-GS observed at 1000×; (c) Al-GS after fluoride and arsenate sorption observed at 1000×. 
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Figure 3. FTIR spectra: (a) GS and Al-GS samples; (b) GS and Al-GS-F samples; (c) Al-GS and Al-GS-As samples. 
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Figure 4. Adsorption capacity of fluorides (qt) as a function of contact time. 
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Figure 5. Adsorption capacity (qt) of arsenate as a function of contact time. 
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Figure 6. Adsorption of fluoride by Al-GSs as a function of time fitted to the empirical kinetic models. 
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Figure 7. Adsorption of arsenate by Al-GSs as a function of time fitted to the empirical kinetic models. 
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Figure 8. Adsorbent dose effect on the adsorption of fluoride by Al-GSs. 
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Figure 9. Effect of pH on the removal of fluoride by Al-GSs. 
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Figure 10. Adsorption isotherm of fluoride on Al-GS, at 25 °C and pH 6, fitted to isotherm models. 
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Figure 11. Adsorption isotherm of arsenate on Al-GS, at 25 °C and pH 6, fitted to isotherm models. 
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Table 1. Kinetic models parameters for fluoride adsorption onto Al-GSs.






Table 1. Kinetic models parameters for fluoride adsorption onto Al-GSs.





	
Model

	
Kinetic Parameters

	
Correlation Coefficient (R)






	
pseudo-first-order (Lagergren)

	
KL (min−1) = 0.0231

	
0.9719




	
qe (mg/g) = 0.0813




	
pseudo-second-order

	
K2 (g/mg min) = 0.0993

	
0.9554




	
qe (mg/g) = 0.0813




	
Elovich

	
a (mg/g min) = 0.0003

	
0.7531




	
b (g/mg) = 1.0162
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Table 2. Kinetic parameters for arsenate biosorption by Al-GSs.
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Model

	
Kinetic Parameters

	
Correlation Coefficient (R)






	
Lagergren

	
KL (min−1) = 0.0235

	
0.9218




	
qe (mg/g) = 834.26




	
pseudo-second-order

	
K2 (g/mg min) = 5 × 10−5

	
0.8850




	
qe (mg/g) = 712.5




	
Elovich

	
a (mg/g min) = 5.3 × 10−9

	
0.7003




	
b (g/mg) = 0.0420
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Table 3. Maximum adsorption capacities (qmax) of fluoride and arsenate of Al-GSs and other adsorbents.
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	Adsorbent
	Adsorbate
	qmax (mg/g)
	Solution pH
	Reference





	Al-GS
	As(V)
	4
	6
	This work



	Fe-Al modified zeolite
	As(V)
	3.31
	2
	[49]



	Fe-Al modified pozzolan
	As(V)
	3.35
	2
	[49]



	Stem of Tecomella undulata
	As(V)
	0.159
	7
	[50]



	Watermelon rind
	As(V)
	3.29
	5.3
	[51]



	Aluminum-enriched biochar from Tetra Paks
	As(V)
	33.2
	3
	[52]



	Al-GS
	F−
	0.3445
	6
	This work



	Fe-Al modified zeolite
	F−
	0.866
	2
	[49]



	Fe-Al modified pozzolan
	F−
	0.834
	2
	[49]



	Stem of Tecomella undulata
	F−
	6.16
	7
	[50]



	Active carbon of Ficus racemosa
	F−
	1.65
	7
	[53]



	Sweet lemon peel powder
	F−
	0.744
	4
	[54]
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