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Abstract

:

The presence of arsenic in water for human consumption is of concern, especially in developing countries, and the design of simple and economic treatments for arsenic removal is imperative. In this paper, three low-cost technologies were evaluated for As(V) or As(III) (5 mg L−1) removal: (1) zerovalent iron (Fe(0)), as powdered (μFe(0)) and iron wool (wFe(0)); (2) coagulation-flocculation with Al2(SO4)3 or FeCl3; and (3) adsorption on a natural clay. μFe(0) was more efficient than wFe(0), requiring a minimal dose of 0.25 g L−1 to achieve [As(V)] < 0.01 mg L−1 after 288 h; the reaction time was reduced to 168 h under stirring. When starting from As(III), partial oxidation to As(V) was observed, and removal was not complete even after 648 h with 1 g L−1 μFe(0). As(V) removal using FeCl3 and Al2(SO4)3 was very fast and completed in 15 min with 0.25 g L−1 of both reagents. However, Al2(SO4)3 was not efficient to remove As(III). With the clay, doses higher than 50 g L−1 and times longer than 648 h were needed to remove both As species. Arsenic leached from μFe(0) used to treat As(III) was almost negligible. Thus, Fe(0) may be the best alternative for low-cost, small-scale applications.
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1. Introduction


Arsenic is the twentieth element in abundance in the earth’s crust, the fourteenth in the oceans, and the twelfth in the human body [1,2]. It is toxic for animals and plants, associated with numerous chronic effects that include skin lesions, cardiovascular diseases, neurological effects, and various types of cancers [3,4,5,6]), leading to oxidative stress and genotoxicity [7]. For these reasons, it is at the top of the list of priority substances of the Agency for Toxic Substances and Disease Registry (ATSDR, Atlanta, GA, USA) [8] and is considered the largest case of mass poisoning in the history [4]. In general, inorganic species are predominant in groundwater [5], with As(V) being the thermodynamically stable species under moderately oxidizing conditions and neutral to alkaline pH. As(III) has greater toxicity and mobility in water than As(V), and organic species are less toxic [2,5,9]. For both humans and animals, the ingestion of As-contaminated water is the main source of exposure [10,11]. The World Health Organization (WHO) recommends a maximum limit of 10 μg L−1 of total As (AsT) in water for human consumption [12].



The greatest impact of As contamination is natural and observed in groundwater, coming from the dissolution of rocks and ash of volcanic origin [9,10,11,13]. Minor As contamination is related to human activities such as mining, electronics, agriculture, and disposal of municipal and industrial waste [9,10]. The population potentially exposed to dangerous levels of As in water has gone from 46 million in 2002 [10] to 226 million in 2012 [14]. At the end of 2017, the WHO reported that at least 140 million people consumed water with an As content greater than 10 μg L−1 [15].



Although it is known that in Latin America the population may have suffered arsenicosis 7000 years ago [16], the first reports of this impact on health in our subcontinent date from one century ago and correspond to the locality of Bell Ville, Córdoba, Argentina [16,17]. In this country, the presence of As in groundwater has been observed in the Chaco-Pampean plain, Puna, Cuyo, and Patagonia in concentrations ranging from 200 μg L−1 to 15,000 μg L−1 and has affected around four million people [18,19,20]. Its consumption has been related to Endemic Regional Chronic Hydroarsenicism (HACRE), a series of clinical manifestations characterized by skin lesions and cancers [9,14,16]. In general, in Latin America, As is found almost exclusively as inorganic As(V) [10,13,16].



For these reasons, it is necessary to improve conventional methods and develop new technologies for the treatment of As contaminated water. The most used physicochemical processes for As removal are coagulation-flocculation, adsorption, ion exchange, and membrane processes (e.g., [1,9,10,21,22,23,24,25,26,27,28]). In this paper, three conventional technologies, Fe(0), coagulation-precipitation with Al2(SO4)3 and FeCl3, and adsorption on a natural clay for the treatment of aqueous solutions of As(V) and As(III) are compared. Thus, details about these technologies are given below.



Processes based on the use of Fe(0) tend to be very efficient (e.g., [29,30,31,32,33,34,35]), with a high capacity and a low As desorption rate [36]. In general, the As removal mechanisms with Fe(0) involve the generation of Fe(II) or Fe(III), followed by partial oxidation of Fe(II) and coprecipitation of As(III)/As(V) species with these ions (e.g., FeAsO4), or by adsorption of As on Fe(III) oxides and oxyhydroxides (FeOx) (e.g., [23,27,34,37,38,39,40,41,42,43,44,45,46,47,48,49,50]). This is mainly due to the great affinity between the Fe(II) and Fe(III) ions generated in the Fe(0) corrosion with As(III) and As(V). Among the FeOx, hematite (α-Fe2O3), maghemite (γ-Fe2O3), magnetite (Fe3O4), wustite (FeO), goethite (α-FeOOH), akaganeite (β-FeOOH), lepidocrocite (δ-FeOOH), and “green rust”, can be mentioned [24,44,46]. Other works suggest that As forms strong surface complexes with iron [38,39]. The general well-accepted (simplified) mechanism involved in systems using Fe(0) is indicated in Equations (S1)–(S10) of the Supplementary Material Section (SI) (e.g., [46,48,51,52]). Removal of As(V) then occurs through reactions displayed in Equations (S11) and (S12). The corrosion process of Fe(0) also generates reactive oxygen species (ROS, such as superoxide (O2●−), H2O2, or HO●) or Fe(IV) coming from Fe(II) oxidation by dissolved O2 (DO), all species capable of oxidizing As(III) to As(IV) and then to As(V) [46]:


As(III) + intermediates → As(IV)



(1)






As(IV) + O2 → As(V) + O2●−



(2)







Treatment of As with Fe(0) is usually slow [38,41,53] and removal is greater and faster under oxic conditions [34,45,54]. In addition, the corrosion rate of Fe(0) depends on the characteristics of the Fe(0) material (e.g., specific area), on pH, DO concentration, electrical conductivity (EC), mixing conditions, and presence of ions, such as phosphate, silicate, or calcium in the treated water [48,55,56]; even the presence of As(V) and As(III) affects the formation of the FeOx, significantly decreasing the Fe(0) corrosion rate [38,41,48]. Use of nanoparticulate Fe(0) (nZVI) is more rapid but this material has a short lifetime under oxic conditions and requires immobilization before its use in filters. There is a large number of publications on the use of nZVI for As removal (e.g., [27]); thus, no specific references will be included in the present paper.



In coagulation-precipitation, salts of aluminum (Al2(SO4)3 or aluminum polychloride), or iron (FeCl3 or FeSO4) are used. It is a simple method and one of the most widely used [24,57,58] with numerous examples of applications at pilot and commercial level, especially in large-scale treatment plants [24], such as the ARCIS-UNR process developed in Argentina [9,18,26]. Fe-based coagulants are more efficient than Al-based coagulants, especially at pH > 7 [21,24,28]. In the process, precipitation, coprecipitation, or adsorption of dissolved As on the formed surface of oxo-hydroxides or retained in suspended particles takes place. However, this method has the disadvantage of requiring a continuous addition of reagents, and of generating a large volume of hazardous waste that must be properly disposed of [24,25]. The mechanisms of removal of As by coagulation-precipitation are similar to that described for Fe(0) by Equations (S1)–(S10), but when coagulation-flocculation is used with Fe(II), reactions (S1)–(S3) are not involved, and when FeCl3 or Al2(SO4)3 is used, reactions (S4)–(S9) are not involved either, replacing Fe(III) by Al(III) when aluminum sulfate is employed.



Adsorption technologies for As removal from water have been extensively studied and applied. Thus, the involved processes will not be described here and can be consulted in several articles (e.g., [21,22,59,60,61]). In particular, clays or soils from the Misiones province in Argentina have been used, leading to good removal yields [62,63,64,65,66].



As said previously, the present paper compares the use of Fe(0), coagulation with Al2(SO4)3 and FeCl3, and adsorption on a natural clay for the removal of As(V) or As(III) from aqueous solutions. The leachability of As removed after Fe(0) and clay treatment of As(III) solution is also studied.




2. Methodology


2.1. Materials and Reagents


In the experiments with Fe(0), two different materials were evaluated: (a) zerovalent iron powder (μFe(0), Sigma Aldrich, Saint Louis, MO, USA) of high purity (>99.8%) with a particle diameter between 0.84 mm and 0.074 mm (>95%), and (b) a commercial steel wool (Virulana®, Garín, Buenos Aires, Argentina, wFe(0)), purity > 97%, formed by wires with a diameter of approximately 0.2 mm.



In the coagulation-flocculation experiments, Al2(SO4)3 (99%, Sigma Aldrich) and FeCl3 (98%, Alfa Aesar, Ward Hill, MA, USA) of analytical quality were used.



The natural clay used for the adsorption experiments was collected in the Misiones province, Argentina. Prior to use, it was processed in a mortar and sieved through a 20-mesh filter (particle size < 0.84 mm). The characterization of the clay is briefly described in Section S2 of the Supplementary Information, extracted from ref. [66]. The chemical composition with respect to Fe, Al, and Mn in the clay is similar to that reported for other samples of Misiones province [65,66] and are indicated in Table S1.



Na2HAsO4 (98%, Baker, Radnor, PA, USA) and As2O3 (99.95%, Sigma Aldrich) were used to prepare the solutions of As(V) and As(III), respectively. Ascorbic acid (C6H8O6, 99.7%), ammonium molybdate ((NH4)6Mo7O24.4H2O, 81–83% as MoO) and sulfuric acid (H2SO4, 98%) were Merck (Darmstadt, Germany); antimony tartrate (C8H4K2O12Sb2.3H2O, 99%) was Baker, and sodium hydroxide (NaOH, 97%) and calcium hydroxide (Ca(OH)2, 96%) were Cicarelli (San Lorenzo, Santa Fe, Argentina). The other reagents were of analytical quality. Low EC (1 μS cm−1) distilled water was used for the experiments.



Solutions of As(V) and As(III) (5 mg L−1) were prepared from concentrated solutions (1000 mg L−1). That concentration was in the range of initial As concentrations used in other studies [34]. For pH adjustments, freshly prepared dilute solutions of NaOH or H2SO4 were used. In all cases, the experiments were completed at room temperature (RT, 16–20 °C). Experiments were performed by duplicate for all studied conditions.




2.2. Experiments with Fe(0) and Natural Clay


The experiments were performed in Erlenmeyer flasks of 250 mL, in which 200 mL of the As solution (previously adjusted to the desired pH) were placed. Next, the desired amount of solid material was added under orbital agitation (100 rpm, Ferca, Buenos Aires, Argentina) for one min; in the experiments without agitation, it was interrupted after this time and restarted for one min prior to sampling, while under agitation, it remained constant throughout the test.




2.3. Coagulation-Flocculation Experiments


The experiments were performed using a Jar Test equipment (Parsec, model Aries VII, Morón, Buenos Aires, Argentina) in beakers of 1000 mL, in which 400 mL of the As solution (previously adjusted to the desired pH) were placed. Next, the desired amount of the solid coagulant was added under mechanical agitation, the pH was adjusted to 7 using Ca(OH)2 and the system was stirred for 1 min at 100 rpm, then for 14 min at 25 rpm, after which the agitation was interrupted to allow the growth of flocs.




2.4. Experiments of As Stability on the Generated Solids


At the end of the experiments of As(III) removal with µFe(0), clay and the mixture µFe(0) + clay, the content of the Erlenmeyer flasks was vacuum filtered through a cellulose nitrate filter of 0.22 μm pore and 47 mm diameter (Sartorius, Göttingen, Germany), and the solids obtained were dried at 100 °C for 10 days in a San Jor SI60 (San Martín, Buenos Aires, Argentina) stove. Next, 1 g of the solid was taken, and 25 mL of distilled water was added, leaving it in contact for 14 days, after which the concentrations of As(III) and As(V) in solution were determined. Due to the low amount of solids generated, this procedure was not applied to As(III) solutions treated by coagulation-flocculation.




2.5. Analytical Techniques


Changes in As(V) concentration in solution were measured by the spectrophotometric arsenomolybdate technique at 868 nm [21], with a modification to measure AsT and As(III) with excess potassium permanganate [67]. Quartz spectrophotometric cells of 1 cm (limit of quantification: 50 μg L−1), or 10 cm optical path (limit of quantification: 10 μg L−1), were used in a Shimadzu (Kyoto, Japan) dual-beam spectrophotometer, model UV-1700. In all cases, periodic samples of 1 mL or 5 mL were taken for measurements, which were filtered through a Sartorius cellulose nitrate filter of 0.22 μm pore and 25 mm diameter and brought to volume in flasks of 10 mL or 25 mL, respectively. The determination of pH and EC was performed by potentiometry directly in the treated solution with a Hanna (Woonsocket, RI, USA) C114 multiparametric equipment.





3. Results and Discussion


3.1. Removal of As(V) with Fe(0)


The majority of experiments with μFe(0) and wFe(0) were performed with As(V) because it is the main As species in groundwater of Latin America [10,13,16]. The initial concentration was fixed in 5 mg L−1 to cover a wide range taking into account the values found in Argentina [18,19]. The experiments were performed without agitation, to simulate the operating conditions of Fe(0) within a filter, and the doses of Fe(0) were between 0.25 g L−1 and 5 g L−1, i.e., in the range of the values reported in other references (e.g., [34,48]). The working pH was 7 and the system was open to the air ([O2] ≥ 1 mg L−1). Periodic samples were taken until no significant changes in As(V) concentration were observed; the results are shown in Figure 1 and Figure 2.



Figure 1 and Figure 2 show that the removal of As(V) using these Fe(0) materials is slow, requiring at least 96 h (4 days) to achieve a removal ≥ 99% of the initial As(V) concentration when using 5.0 g L−1 and 2.5 g L−1 of the materials. The results also show that μFe(0) requires a dose of 0.25 g L−1 and 288 h (12 days) to achieve a complete As(V) removal ([As(V)] ≤ 10 μg L−1), while for wFe(0) a tenfold higher dose after 168 h (7 days) was needed.



The effect on As(V) removal of stirring, use of partially corroded Fe(0) and pH was evaluated employing 0.25 g L−1 of μFe(0), i.e., the minimum dose required to achieve the complete removal of As(V) (Figure 1). The results are presented in Figure 3.



The absence or presence of stirring is without any doubt an important factor influencing the As(V) removal rate with Fe(0), although, as other anions treated by the Fe(0)/H2O system, it has been scarcely studied [56]. As shown in Figure 3, the stirring increases the rate of As(V) removal at pH 7, especially at long reaction times, allowing a complete removal in 168 h (7 days), while, as said, 288 h (12 days) were necessary without agitation. This result is similar to that found by Roy and Bose [68], who reported an increase in the removal rate under stirring due to an enhanced mass transfer. However, Fe(0) applications in filters imply diffusion transport of contaminants in the vicinity of Fe(0). In other words, agitation is relevant for fluidized bed reactors while quiescent experiments reproduce filtration systems [30].



Regarding the effect of pH, the removal of As(V) at pH 9 under stirring was slower than at pH 7, being necessary 216 h (9 days) to achieve an [As(V)] < 10 μg L−1, despite the higher EC, which should increase the corrosion rate [48]. However, the removal capacity of μFe(0) is not significantly affected as the same MR was necessary at both pH, contrarily to other reports in the literature [34,48,54].



The use of partially corroded Fe(0) (pre-oxidized), obtained by leaving μFe(0) in water for 120 h, caused a significant increase in the As(V) removal rate.



The removal kinetics of As(V) with both Fe(0) materials could be adjusted to a pseudo-first-order kinetics using Equation (3), indicated in Figure 1, Figure 2 and Figure 3 by the solid lines:


    As  V    = A ×   exp   − k × t   +   [ As  V  ]  ∞   



(3)




where A is the concentration of As(V) removed, k is the pseudo-first order kinetic constant, and [As(V)]∞ is the As that remains in solution at the end of the run. This kinetic behavior for the removal of As(V) with Fe(0) has been previously reported [29,34,39,40,43,44,48]. Other kinetic models were tested, e.g., a saturation kinetics as proposed in [38], a pseudo-second-order kinetic model as proposed in [54,69], or a mixed pseudo-first and pseudo-second model as proposed in [68]. However, for the present experiments, all fittings were poorer than the one obtained with the simple Equation (3). The values of the kinetic parameters for the experiments extracted from Figure 1, Figure 2 and Figure 3 are shown in Table 1.



The results of Table 1 show that the pseudo-first order rate constants increase with the increasing Fe(0) dose. With μFe(0), the saturation seems to be reached at the highest Fe(0) dose (5 g L−1). It can also be seen that, except for the highest dose, μFe(0) presents higher removal rates than wFe(0). If the surface area of both materials is estimated assuming that μFe(0) are spheres of an average diameter of 0.4 mm, and wFe(0) is a cylinder of 0.2 mm in diameter and employing 7.86 g cm−3 as the iron density [70], the exposed surface of μFe(0) can be calculated as 12.7 cm2 g−1, while that of wFe(0) would be 25.4 cm2 g−1. Thus, the somewhat higher rate cannot be assigned to a larger exposed surface area in μFe(0), but to a higher reactivity ([39,48] and references therein), or to a better dispersion of the material in the system. At [Fe(0)] = 5 g L−1, the powdered µFe(0) may be partially occluded at the bottom of the reaction flask limiting O2 diffusion, and thus Fe(II) oxidation (Equation (S5)), while for wFe(0), this effect may be less important due to its wool structure.



In Table 2, k values of the present work and other results reported in the literature for As(V) removal with Fe(0) under oxic conditions are presented, together with the initial As(V) removal rates (ri), calculated as the derivate of Equation (3) at t = 0 (ri = k × [As(V)]0) or from other data reported in the literature. In addition, tR, the time required to achieve [As(V)] ≤ 10 µg L−1 (the limit recommended by the WHO [12]) was included.



As can be appreciated in Table 2, the values of k obtained here are similar to those reported by Su and Puls [39], and smaller than those reported by Dou et al. [29], Wang et al. [34], Bang et al. [43], and Sun et al. [48]. The differences can be attributed to a smaller Fe(0) size, a lower EC, and the absence of agitation. It should be pointed out that only quiescent and/or slowly shaken system are considered adequate conditions to study removal of pollutants by Fe(0)/H2O filtration systems ([56] and references therein)



A change in the kinetic regime takes place under stirring, with the system behaving with a mixed zero and pseudo-first order [38] (R2 = 0.99, k0 = 0.012 mg L−1 h−1, k = 0.009 h−1), with ri almost equal to the one obtained without agitation. The use of partially corroded Fe(0) obtained by leaving μFe(0) in water for 120 h caused a significant increase in the As(V) removal rate, with k being almost three times higher than the one obtained with bare μFe(0) (k = 34 and 12 × 10−3 h−1, respectively, Table 1), reinforcing the concept that the dominant process is Fe(0) corrosion.



The initial As(V) removal rates (ri = k × [As(V)]0) are among the smallest values reported in the literature, especially when comparing with reports that used identical or higher [As(V)]0 values. The differences can be attributed to the lower particle size of the materials used there [34]. Other factors can be the use of stirring and/or the higher EC [71], and the pretreatment of Fe(0) with 6 M HCl that produces a highly porous surface [54,68]. For µFe(0), ri is very similar to that reported by Su and Puls [39], while for wFe(0) = 2.5 g L−1, ri is almost the same to the one reported by Triszcz et al. [49], who used a material identical to wFe(0). Interestingly, these similar ri values were obtained despite significant differences in [As(V)]0 and EC values, and despite stirring was used by Triszcz et al. [49]. It should be emphasized that although 288 h were necessary to achieve [As(V)] ≤ 0.01 mg L−1 with 0.25 g L−1 of µFe(0), a low As:Fe MR (1:67) is used, which is among the smallest ratios reported in the literature (see Table 2 and [37]) and in the order of other more costly and/or complex materials, such as nZVI [27,34]. This makes this material very promising for the development of simple and low-cost household filters. In general, ri values are dependent on [As(V)]0, with a Pearson correlation factor r of 0.593 (p = 0.025), while no significant correlation was found for MR (r = −0.464, p = 0.095).



The tR values obtained in this work are similar to others obtained with [As(V)]0, = 5 mg L−1 [54,69], but up to 100 times higher than those starting from lower [As(V)]0 and higher MR. A positive correlation could be obtained with [As(V)]0 (r = 0.663, p = 0.052), while for MR the correlation was poor and negative (r = −0.447, p = 0.198). From this analysis, it can be concluded that with [As(V)]0 ≤ 0.5 mg L−1 (commonly found in Argentine groundwaters) and with high MR (≈1:10,000), the final recommended value of As(V) ≤ 0.01 mg L−1 could be obtained within a few hours of treatment.




3.2. Removal of As(III) with Fe(0)


One experiment of removal of As(III) with μFe(0) under similar conditions of the experiments starting from As(V) ([As(III)]0 = 5 mg L−1, pH 7, RT, EC = 0.03 mS cm−1, without stirring) was performed to study the behavior of the species and for comparison with As(V). The experiment was made with a lower Fe(0) concentration ([μFe(0)] = 1 g L−1), a slightly higher dose than that used for As(V) considering that 0.25 g L−1 of µFe(0) was enough for the complete As(V) removal (Figure 1), and that the As(III) removal rate would be slower. Figure 4 shows the evolution of As(III) decay and As(V) formation and decay.



Figure 4 shows a fast initial As(III) disappearance followed by a slow subsequent removal, with a proper fitting to a pseudo-first order kinetics (Equation (3)). A comparison with k, ri, and tR values reported or calculated from the literature is shown in Table S2. As indicated in Table S2, a pseudo-first order kinetics was already reported for As(III) removal by Fe(0) under oxic conditions at pH 6–8.25 (e.g., [34,39,43,48,73,74]). In general, higher k values were obtained with smaller ZVI particles and higher MR (except for the work of Bang et al. [43]) or other experimental conditions (i.e., lower pH [43], EC, type of stirring, etc.). The same trend is followed by ri, although for these parameters [As(III)]0 is also a key condition. When comparing k and ri values obtained for As(V) under identical conditions (Table 2), As(III) removal is generally slower, as previously reported [43,45,48], although other authors report the opposite behavior [39]. Regarding tR, the value here obtained (648 h) was more than twice higher than that for As(V), despite a fourfold higher Fe(0) dose was used with As(III), in agreement with a slower removal kinetics with Fe(0) for this As species; besides, tR is almost one order of magnitude higher than others reported in the literature, the difference being attributed to the lack of stirring, reflecting that this condition may be more critical for As(III) than for As(V).



Regarding the removal mechanism, from Figure 4 it is seen that As(III) is first oxidized to As(V), which is then removed by Fe(0) corrosion products. This is a slow process where 0.021 mg L−1 As(III) and 0.013 mg L−1 As(V) are reached after 648 h, indicating that, contrarily to the case of As(V) with = 0.25 g L−1, the final As value recommended by the WHO is not reached despite the fourfold higher dose of µFe(0) used.




3.3. Removal of As(V) and As(III) by Coagulation-Flocculation


For the experiments of As(V) and As(III) removal using coagulation-flocculation, it was first required to determine the minimum dose of coagulant necessary to remove both species up to concentrations ≤ 0.01 mg L−1. As Ca(OH)2 is the common reagent to correct pH in water treatment plants, it was used here to adjust the pH to 7 after the addition of the coagulants. This pH was selected according to previous studies where the efficiency of As(V) removal was observed to decrease at and above pH 8 [58]. Reactions were performed, as said, in a Jar Test equipment with stirring, in contrast with most experiments with Fe(0). Samples were taken after 15, 30, and 60 min of reaction and, after 24 h, they did not show significant differences, indicating that the reaction is rapid and practically complete within 15 min. Table 3 shows the results of the treatment of solutions containing As(V) or As(III) using Al2(SO4)3 and FeCl3 as coagulants-flocculants after 15 min reaction time. No temporal profiles could be taken because the reaction was very fast, and samples would have to be taken at very short times. As Fe(III) can oxidize As(III) [21], [AsT] (i.e., [As(V)] + [As(III)]) was evaluated in this case.



Table 3 indicates that, at pH 7, FeCl3 and Al2(SO4)3 are equally efficient to remove As(V), being necessary 0.25 g L−1 of both coagulants to obtain a final AsT concentration ≤ 0.01 mg L−1. This implies that an Al:As MR = 22:1 and an Fe:As MR = 23:1 were necessary to achieve an adequate removal of the contaminant, in agreement with the range reported by other authors for the removal of As(V) with FeCl3 [75,76].



Although other iron-bearing coagulants, such as FeSO4 or Fe2(SO4)3, may be used, literature reports indicate that, for the treatment of As(V), ferric sulfate is as efficient as FeCl3 [75]. Regarding Fe(II) compounds, there are discrepancies between the authors [75,77]. On the other hand, the study of the effect of pH indicates that the removal of As(V) with FeCl3 is more efficient at pH between 7 and 8 [75]. Basically, no difference is expected at pH > 4.7. The kinetics of Fe(II) oxidation to Fe(III) by O2 is very fast [78].



Regarding the removal of As(III), Table 3 shows that Al2(SO4)3 is not efficient, as previously reported by other authors (e.g., [76]). On the other hand, FeCl3 was efficient in removing As(III), although the dose required is at least twice the used for As(V), as reported before [76,79,80]. It can be concluded that FeCl3 is a more efficient coagulant than Al2(SO4)3 for removing As [58,76,81,82,83].




3.4. Removal of As(V) and As(III) with Clay


Results of experiments of As(V) removal with the Misiones natural clay in batch are shown in Figure 5 and Figure 6.



In Figure 5, [As(V)]e is the equilibrium concentration of As(V) in solution, and qe is the equilibrium surface concentration of As(V) over the clay. Both values were obtained from Equation (4), where q is the As(V) surface concentration, m is the mass of the clay, and V is the reaction volume. As usually found for As removal with Fe-based adsorbents [27], the relationship between [As(V)]e and qe fits rather well in the Langmuir model (Equation (5), R2 = 0.98), where the maximum adsorption capacity qmax (0.37 ± 0.01 mg As g−1), and the equilibrium constant K (4.7 ± 0.7 mg−1 L) are in the same order of the values reported for the adsorption of As(V) on another clay from Misiones (qmax = 2.0 mg As g−1, K = 0.54 mg−1 L) [65]. The values of qmax are similar to other values reported for the adsorption of As(V) in clays [59].


  q =         As  V     0  −     As  V     t    × V  m   



(4)






   q e  =  q  max     K ×     As  V     e    1 + K ×     As  V     e     



(5)






  q =    k c  ×  q e 2  × t   1 +  k c  ×  q e  × t    



(6)







The kinetic analysis was only performed for the two highest concentrations, 25 g L−1 and 50 g L−1, because these doses allowed to reach the lowest As(V) final concentrations. The results are shown in Figure 6.



As in other similar studies [60], a good fit to a pseudo-second-order model (Equation (6), R2 ≥ 0.97) was obtained. The corresponding parameters were qe = 0.19 ± 0.01 mg As g−1 and kc (kinetic constant) = 1.14 ± 0.18 mg g−1 h−1, and 0.100 ± 0.001 mg As g−1 and 3.24 ± 0.36 mg g−1 h−1 for [clay] = 25 g L−1 and 50 g L−1, respectively. The values of kc indicate a low rate of adsorption of As(V) on the clay [59,60,61].



Figure 7 shows the results of the adsorption kinetics of As(III) on the clay under the same conditions of As(V) (Figure 6).



The adsorption kinetics also fits Equation (6) very well (R2 ≥ 0.98), with qe = 0.18 ± 0.01 mg As g−1 and kc = 0.174 ± 0.018 mg g−1 h−1 for [clay] = 25 g L−1, and qe = 0.098 ± 0.001 mg As g−1 and kc = 0.40 ± 0.02 mg As g−1 h−1 for [clay] = 50 g L−1; for the calculation of q, [As(V)] was replaced by [AsT] in Equation (4). The values of qe are practically identical for As(V) and As(III), but the rate is noticeably slower for As(III). Under agitation, the speed increases markedly, as shown in the inset of Figure 7 (only for 50 g L−1), and the adsorption kinetics also fits very well Equation (6), with R2 = 0.98, qe = 0.13 ± 0.03 mg As g−1 and kc = 2.64 ± 0.3 mg g−1 h−1. The stirring produces a 33% increase in qe and 660% in kc, indicating that this factor causes a higher impact on the removal rate rather than on the capacity of the material; in fact, the value of qmax obtained at 150 min of reaction (0.06 mg As g−1) is less than half the value of qe.



Figure S1 shows the evolution of the As(III) decay and the formation and decay of As(V) by treatment with the clay under the conditions of Figure 7. It is noticed that there is a partial oxidation to As(V), as its presence in solution was detected simultaneously with As(III). The concentration of As(V) was, for both clay concentrations, 0.15 mg L−1 at 24 h, and between 0.05 g L−1 and 0.07 mg L−1 at longer times.



As a general conclusion, long times and a high amount of material are required for As(V) and As(III) removal with clay at these high As concentrations, being the adsorption process faster for As(V) than for As(III).




3.5. Comparison between the Technologies


Removal of As(III) using Fe(0), the clay and a mixture of both reagents were compared, and the results (as AsT) are presented in Figure 8. As(III) was chosen for the comparison because, as stated in the Introduction and observed in the previous sections, it is the most resilient As species to the treatments. As can be seen, 1 g L−1 of µFe(0) is enough to produce a very good removal in around 200 h of contact (ca. 8 days). The use of the clay is not appropriate, even in large amounts, and the total removal is achieved only after more than 600 h (ca. 25 days). The addition of the clay does not produce any significant improvements in the efficiency of µFe(0); in fact, the kinetic parameters of a pseudo-first-order kinetics are virtually identical with and without the clay (see Table S3). However, for a longer run, the clay will sustain the efficiency of the system by delaying material cementation as generated iron oxides cover the clay surface.



Table 4 compares the different technologies studied in the present work according to the minimum dose of reagent, reaction time, and Fe:As or Al:As MR required to completely remove As(III) or As(V).



It can be seen that, for both μFe(0) and coagulants, the minimum dose needed to completely remove 5 mg L−1 of As(V) is 0.25 g L−1, but the advantage of the use of coagulants is the shorter reaction time needed, and that they generate a smaller amount of residues because a low MR is used. However, the coagulants have the disadvantage that the counterions (chloride and sulfate, respectively) remain in the treated water, increasing the EC. Moreover, a continuous addition of the reagents to the solution and a sedimentation/filtration step is required, making the process too complex for simple household systems. Another reason for the use of Fe(0) immobilized in a reactive filter media over a FeCl3-based coagulation system is that As(V)/As(III) adsorption/coprecipitation by Fe(0) and its corrosion products can retain a higher amount of As. This is because with Fe(0) the corrosion products are in equilibrium with the high As initial concentration, while coagulants would be in equilibrium with the lower As final concentration [76], as supported by Baker many years ago [84,85]. Indeed, Banerji and Chaudhari reported that MR as low as 1:20 can be used for efficient As removal with Fe(0) [86].




3.6. Stability of As Retained in the Clay and in Fe(0)


The stability of As retained in µFe(0) in the clay and in the µFe(0)/clay mixture at the end of the experiments, as shown in Figure 8, were studied according to the procedure described in Section 2.4. This is an aspect not often studied in the literature. The values of q were calculated using Equation (4) and, from these values, AsT concentration at the end of those experiments was obtained. Table 5 shows the percentage of AsT leached after the contact of the recovered solid with water.



The leaching in water represents the fraction of As that is readily available [87], and correspondingly, the most dangerous from an environmental point of view. Although As(III) and As(V) concentrations in the leachate are similar when using 1 g L−1 μFe(0) and 50 g L−1 clay, the percentage of As in the residue is much higher in the case of μFe(0) because the mass of μFe(0) used is much lower than the mass of clay with a corresponding lower leached fraction. Moreover, the addition of μFe(0) to the clay causes the percentage of the leachate to decrease. This is an additional reason to choose μFe(0) over clay as the adsorbent, as it presents a higher As removal capacity (q), and retains As more strongly (lower percentage of As leached). It should also be noted that, in all cases, As(III) is partially oxidized to As(V) in the removal process either with clay, μFe(0) or with the mixture. In contrast, Bretzler et al. [88] reported that As(V) retained in Fe(0)/sand columns did not leach out when water flowed through, and Kanel and Choi [73] also reported no As(III) leaching from ZVI after 14 days in contact with water. Nevertheless, the concentration of AsT in the leachate in the present work is well below the 1 mg L−1 of AsT limit set by the Argentine legislation for dangerous wastes [87].




3.7. Suitability of Fe(0) Technology


After testing several materials that include two Fe(0) materials under various experimental conditions (including mixing speeds), it has been concluded that a well-characterized ZVI can be the best material for decentralized solutions [86,89,90]. Coagulation and adsorption are rapid technologies, but Fe(0) implies both adsorption and local coagulation (coprecipitation). This obviously conciliates previous reports that have in principle disqualified ZVI evaluated under the same conditions of other materials (e.g., [91]). Other works recommend ZVI compared with other materials [92,93,94,95,96,97].



From the point of view of the authors of the present work, the solution is to consider ZVI as an independent variable in designing related systems, as suggested recently by Yang et al. [98,99].





4. Conclusions


Three methods for As removal (5 mg L−1 at pH 7) were compared: (1) Fe(0) in two forms, μFe(0) and wFe(0); (2) coagulation-flocculation with Al2(SO4)3 or FeCl3; and (3) treatment by adsorption on a natural clay. The results indicate that the removal of As(V) using the Fe(0) materials without stirring is relatively slow and 288 h (12 days) were needed for a complete removal ([As] < 10 μg L−1) when using 0.25 g L−1 of μFe(0), the minimal dose of this material. By stirring or using pre-oxidized μFe(0), the removal is improved, allowing a complete removal in 168 h (7 days). At pH 9 with agitation, the removal of As(V) was slower than at pH 7, being necessary 9 days to achieve an [As(V)] < 10 μg L−1.



The removal kinetics of As(V) with both Fe(0) materials could be adjusted to a pseudo-first-order kinetics. When starting from As(III) (5 mg L−1, pH 7), despite with the use of a μFe(0) dose four times higher than the minimal one determined for As(V), complete As removal could not be obtained even after 648 h (27 days); partial As(III) oxidation to As(V) was also observed.



Regarding experiments with coagulants-flocculants at pH 7, 0.25 g L−1 of Al2(SO4)3 or FeCl3 was required to remove As(V) to a final concentration ≤ 10 μg L−1. For As(III), 0.5 g L−1 FeCl3 were needed for the complete removal and the removal was poor with Al2(SO4)3.



In the experiments with the natural clay, a dose higher than 50 g L−1 was needed to achieve a complete As(V) or As(III) removal; the adsorption equilibrium of As(V) fitted the Langmuir model, and both As(V) and As(III) removal responded to a pseudo-second-order model, with a similar capacity for both As species; however, As(V) adsorption process was much faster than that of As(III).



The combination of μFe(0) and clay did not improve the As(III) removal capacity or removal rate in comparison with μFe(0) alone. The small percentage of As leached in the solution from either μFe(0), clay or μFe(0) + clay when starting from As(III) indicates that As is strongly retained in these materials, especially on μFe(0), and that As(III) is in all cases partially oxidized to As(V).



Although doses below 0.25 g L−1 for As(V) with both Al2(SO4)3 and FeCl3 can be used for As removal, as stated before, coagulation-flocculation was used mainly as a comparison for Fe(0) efficiency. It is important to say that ref. [24] indicates that doses between 45 mg L−1 and 56 mg L−1 of Al2(SO4)3 were necessary for a complete As(V) removal when starting from [As(V)]0 = 0.5–1 mg L−1, being the Al:As molar ratios similar to the one used here.



As identical doses are required for the complete As(V) removal, it can be concluded that μFe(0), FeCl3, and Al2(SO4)3 are equally efficient for the treatment of this As species, while for As(III) the lower dose corresponds to FeCl3, followed by μFe(0). On the other hand, the natural clay used proved to be a poor material either for As(V) or As(III) removal. Although the use of Fe(0) has the disadvantage of requiring long reaction times, it does not generate changes on the EC of the treated water. Therefore, Fe(0) can be chosen as the best alternative for low-cost, small-scale applications for As removal.
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Figure 1. Temporal profiles of As(V) concentration in contact with different doses of μFe(0). Conditions: [As(V)]0 = 5 mg L−1, pH 7, RT, EC = 0.03 mS cm−1, without stirring. Error bars represent the standard deviation between duplicates, while full lines are the adjustment to a pseudo-first-order kinetics using Equation (3). 
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Figure 2. Temporal profiles of As(V) concentration in contact with different doses of wFe(0). Conditions: [As(V)]0 = 5 mg L−1, pH 7, RT, EC = 0.03 mS cm−1, without stirring. Error bars represent the standard deviation between duplicates, while full lines are the adjustment to a pseudo-first-order kinetics using Equation (3). 
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Figure 3. Temporal profiles of As(V) concentration using μFe(0). Conditions: [As(V)]0 = 5 mg L−1, [μFe(0)] = 0.25 g L−1, RT, EC = 0.03 mS cm−1, pH 7 or 0.25 mS cm−1, pH 9, no agitation unless indicated. Error bars represent the standard deviation between duplicates. The black and green lines are fittings to Equation (3), while red and cyan lines are only for visualization and do not correspond to any fitting model. 
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[image: Water 15 01481 g003]







[image: Water 15 01481 g004 550] 





Figure 4. Temporal profiles of As(III) and As(V) concentrations in contact with μFe(0). Conditions: [As(III)]0 = 5 mg L−1, [μFe(0)] = 1 g L−1, pH 7, RT, EC = 0.03 mS cm−1, without stirring. Error bars represent the standard deviation between duplicates, while the full line is the adjustment to Equation (3). The dashed line is only for visualization and does not correspond to any adjustment equation. 
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Figure 5. Adsorption equilibrium of As(V) on the clay. Conditions: [As(V)] = 5 mg L−1, pH 7, [clay] = 2.5–50 g L−1, RT, EC = 0.03 mS cm−1. Error bars represent the standard deviation between duplicates, while the full line is the adjustment to Equation (5). 
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Figure 6. Adsorption kinetics of As(V) on the clay. Conditions: [As(V)] = 5 mg L−1, pH 7, [clay] = 25 or 50 g L−1, RT, EC = 0.03 mS cm−1. Error bars represent the standard deviation between duplicates, while the full line is the adjustment to Equation (6). 
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Figure 7. Kinetics of adsorption of As(III) on the clay, with and without orbital agitation. Conditions: [As(III)] = 5 mg L−1, pH 7, [clay] = 25 g L−1 or 50 g L−1, RT, EC = 0.03 mS cm−1, agitation 0 rpm or 100 rpm. Full lines: adjustment to Equation (6). Inset: zoom-in to the first 3 h of reaction. 
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Figure 8. Total arsenic removal ([AsT]) with the clay, µFe(0) and the combination of the clay and µFe(0) starting from As(III) solutions. Conditions: [As(III)]0 = 5 mg L−1, pH 7, RT, EC = 0.03 mS cm−1, no stirring. Error bars represent the standard deviation between duplicates, while the full lines are the adjustment to a pseudo-first-order kinetics with Equation (3), and the dashed lines are the fittings to Equation (6), with [AsT] values calculated from q using Equation (4). 
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Table 1. Kinetic parameters of the experimental results of As(V) removal extracted from in Figure 1, Figure 2 and Figure 3 with Equation (3).
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Experiment

	
A, mg L−1

	
k × 103, h−1

	
[As(V)]∞, mg L−1

	
R2






	
µFe(0)

	
0.25 g L−1

	
5.0 ± 0.2

	
12 ± 1

	
0

	
0.98




	
0.50 g L−1

	
5.00 ± 0.05

	
17 ± 0.3

	
0

	
1




	
2.5 g L−1

	
5.0 ± 0.2

	
37 ± 3

	
0

	
0.99




	
5.0 g L−1

	
5.0 ± 0.1

	
40 ± 2

	
0

	
1




	
0.25 g L−1 a

	
5.00 ± 0.05

	
34 ± 1

	
0

	
1




	
wFe(0)

	
0.25 g L−1

	
4.8 ± 0.3

	
7.2 ± 1.5

	
0.2 ± 0.3

	
0.97




	
0.50 g L−1

	
5.00 ± 0.05

	
10.6 ± 0.7

	
0

	
0.99




	
2.5 g L−1

	
5.0 ± 0.1

	
33 ± 2

	
0

	
1




	
5.0 g L−1

	
5.0 ± 0.1

	
60 ± 2

	
0

	
1








Note: a μFe(0) pre-oxidized by contact with water for 120 h (5 days) before use.













[image: Table] 





Table 2. Comparison of kinetic parameters k, ri, and tR for As(V) removal with Fe(0) under oxic conditions at circumneutral pH extracted from Figure 1, Figure 2 and Figure 3 with Equation (3), and data from other authors.






Table 2. Comparison of kinetic parameters k, ri, and tR for As(V) removal with Fe(0) under oxic conditions at circumneutral pH extracted from Figure 1, Figure 2 and Figure 3 with Equation (3), and data from other authors.





	Fe(0) Size (mm)
	[As(V)]0

(mg L−1)
	MR As:Fe
	pH
	EC (mS cm−1)a
	Stirring
	k × 103

(h−1)
	ri

(mg L−1 h−1)
	tR (h)
	Ref.





	0.074–0.84(µFe(0))
	5
	1:67
	7
	0.03
	No
	12
	0.06
	288
	This work



	0.20(wFe(0))
	5
	1:1342
	7
	0.03
	No
	60
	0.30
	96
	This work



	<0.149
	100
	1:13.4
	7
	0.05-0.8
	Magnetic
	79.5
	7.95
	NR
	[43]



	<0.074
	0.5
	1:6708
	8.28
	≈3 a
	NR
	348
	0.174
	8
	[48]



	0.125–0.177
	5
	1:134
	7
	≈2.7 a
	Orbital, 180 rpm
	330
	1.65
	NR
	[29]



	0.149
	2
	1:16,109
	6.4
	≈0.9 a
	Orbital, 50 rpm
	77.8
	0.1556
	72
	[39]



	NR b
	2
	1:16,109
	6.4
	≈0.9 a
	Orbital, 50 rpm
	34.9
	0.0698
	<96
	[39]



	NR c
	2
	1:16,109
	6.4
	≈0.9 a
	Orbital, 50 rpm
	24.6
	0.0492
	<96
	[39]



	0.045
	2
	1:16,109
	6.4
	≈0.9 a
	Orbital, 50 rpm
	5.31
	0.0106
	NR
	[39]



	0.125–0.177
	10
	1:134
	7
	≈3.6 a
	NR
	---
	10.5
	NR
	[45]



	0–2–0.25
	5
	1:5366
	9
	NR
	Orbital, 100 rpm
	---
	2.8
	>120
	[69]



	<0.044
	0.2
	1:13,416
	7
	NR

(no salt added)
	Orbital
	---
	0.48
	3
	[71]



	<0.212
	5
	1:537
	7
	≈2.6 a
	NR
	---
	3.2
	>50
	[54]



	NR d
	0.1
	1:40,247
	7.1
	1.50
	Magnetic, 300 rpm
	---
	0.12
	2.7
	[49]







Notes: a When not provided, EC was calculated from the total dissolved solids (TDS) content using the following Equation: TDS (mg L−1) = 0.65 × EC (µS cm−1) [72]. NR: not reported; b powdered Fe(0), BET: 2.53 m2 g−1; c powdered Fe(0), BET: 2.33 m2 g−1; d identical to the wFe(0) used here, BET: 2.02 m2 g−1.
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Table 3. Removal of As(V) and As(III) with coagulants-flocculants. Conditions: [As(V)]0 or [As(III)]0 = 5 mg L−1, pH 7, RT, EC = 0.03 mS cm−1 (before adding the coagulant), mechanical agitation, reaction time: 15 min.
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Coagulant

	
Dose (g L−1)

	
[AsT] Remaining

Starting from As(V) (mg L−1)

	
[AsT] Remaining Starting from As(III)

(mg L−1)






	
Al2(SO4)3

	
0.25 g L−1

	
<LD

	
5.00




	
0.50 g L−1

	
<LD

	
---




	
2.5 g L−1

	
<LD

	
3.91




	
5.0 g L−1

	
<LD

	
3.60




	
FeCl3

	
0.25 g L−1

	
<LD

	
0.06




	
0.50 g L−1

	
<LD

	
<LD




	
2.5 g L−1

	
<LD

	
<LD




	
5.0 g L−1

	
<LD

	
---











[image: Table] 





Table 4. Comparison between the different technologies studied for the removal of As(V) and As(III) from synthetic solutions. Conditions: [As(V)] or [As(III)] = 5 mg L−1, pH 7 (constant), RT, EC = 0.03 mS cm−1.
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	Experiment
	Minimum Dose

(g L−1)
	tR (h)
	As:Fe or As:Al MR





	As(V), µFe(0)
	0.25
	288
	1:67



	As(V), µFe(0) a
	0.25
	168
	1:67



	As(III), µFe(0)
	1
	>648
	1:268



	As(V), wFe(0)
	2.50
	168
	1:670



	As(V), Al2(SO4)3
	0.25
	0.25
	1:22



	As(III), Al2(SO4)3
	>5.00
	ND
	>1:438



	As(V), FeCl3
	0.25
	0.25
	1:23



	As(III), FeCl3
	0.50
	0.25
	1:46



	As(V), clay
	50
	>168
	---



	As(III), clay
	50
	>648
	---







Note: a: under stirring; ND: not determined.
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Table 5. Percentage of leachate of AsT after the contact with water for 14 days of the solids recovered from experiments of As(III) removal with μFe(0), the clay, and their combination. Conditions of the initial experiments of Figure 8.
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	Material
	Dose

(g L−1)
	q

(mg As g−1)
	[As(III)] In the Leachate (mg L−1)
	[As(V)] In the Leachate (mg L−1)
	% AsT Leached





	μFe(0)
	1
	5
	0.007
	0.119
	0.063



	clay
	25
	0.2
	0.028
	0.091
	1.49



	clay
	50
	0.1
	0.007
	0.119
	3.15



	clay/μFe(0)
	25/1
	0.192
	0.021
	0.084
	1.36



	clay/μFe(0)
	50/1
	0.098
	0.028
	0.076
	2.67
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