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Abstract

:

Sorption of oxyanions by soils and mineral surfaces is of interest due to their role as nutrients or pollutants. Volcanic soils are variable charge soils, rich in active forms of aluminum and iron, and capable of sorbing anions. Sorption and desorption of vanadate, arsenate, and chromate by two African andosols was studied in laboratory experiments. Sorption isotherms were determined by equilibrating at 293 K soil samples with oxyanion solutions of concentrations between 0 and 100 mg L−1 V, As, or Cr, equivalent to 0−2.0 mmol V L−1, 0−1.3 mmol As L−1, and 0−1.9 mmol Cr L−1, in NaNO3; V, As, or Cr were determined by ICP-mass spectrometry in the equilibrium solution. After sorption, the soil samples were equilibrated with 0.02 M NaNO3 to study desorption. The isotherms were adjusted to mathematical models. After desorption with NaNO3, desorption experiments were carried out with a 1 mM phosphate. The sorption of vanadate and arsenate was greater than 90% of the amount added, while the chromate sorption was much lower (19–97%). The sorption by the Silandic Andosol is attributed to non-crystalline Fe and Al, while in the Vitric Andosol, crystalline iron species play a relevant role. The V and Cr sorption isotherms fitted to the Freundlich model, while the As sorption isotherms conformed to the Temkin model. For the highest concentrations of oxyanions in the equilibrating solution, the sorbed concentrations were 37–38 mmol V kg−1, 25 mmol As kg−1, and 7.2–8.8 mmol Cr kg−1. The desorption was low for V and As and high for Cr. The comparison of the sorption and desorption isotherms reveals a pronounced hysteresis for V in both andosols and for Cr in the Silandic Andosol. Phosphate induced almost no V desorption, moderate As desorption, and considerable Cr desorption.
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1. Introduction


Sorption of oxyanions by soils and mineral surfaces has received considerable attention [1,2,3,4,5,6,7,8,9,10] because of their important role as nutrients or pollutants. Sorption refers to the retention of molecules or ions by active surfaces and encompasses adsorption, surface precipitation, and polymerization [11]. The presence of reactive aluminum and iron phases, such as oxides, hydroxides, oxyhydroxides, poorly crystalline aluminosilicates (allophane, imogolite), or Al (Fe)-humus complexes, endows soils with variable charge and anion retention capacity. Anions can be adsorbed onto reactive surfaces by chemical bonding (chemisorption or specific adsorption), leading to the formation of inner-sphere complexes, or by physical forces (physical adsorption), which leads to the formation of outer-sphere complexes [11,12].



Vanadium (V) is a trace metal relatively abundant in the Earth’s crust, with an average concentration of 97 mg kg−1 in the upper continental crust [13], being more concentrated in mafic than in acidic rocks. However, the anthropogenic emissions of V to the environment currently exceed the natural sources, according to Schlesinger et al. [13]. The major anthropogenic sources of V are mining, steel industry, fertilizers, pesticides, waste, and, especially, combustion of fossil fuels [14]. Vanadium emissions to the environment are increasing worldwide [15], resulting in increasing concentrations in waters, soils, and sediments. High concentrations of V can be toxic to humans and other organisms [13,16,17,18,19,20,21,22] and it is listed in the USEPA Contaminant Candidate List 4 [23]. The most stable oxidation state of vanadium in aerobic environments is +5, which usually occurs as vanadate (H2VO4−, HVO42−) and is the most mobile and toxic form of vanadium [16,21]. Vanadate is strongly adsorbed onto poorly crystalline (oxyhydr)oxides [24,25], particularly at low pH. According to Larsson et al. [18,26], V toxicity to plants and soil microorganisms is controlled by the vanadium sorption capacity of soils. Adsorption of both V(IV) and V(V) by metal (oxyhydr)oxides occurs mainly through the formation of inner-sphere complexes [22,27]. Vanadate competes with other oxyanions for sorption sites on positively charged mineral surfaces, being bound even more strongly than phosphate and arsenate on Fe hydrous oxides [16,28,29].



Arsenic (As) is a ubiquitous element, with an average concentration of 1.8 mg kg−1 in the Earth’s crust, and is part of numerous minerals including arsenates, arsenites, arsenides, and sulfides [12,17,30]. It is highly toxic for humans, animals, and plants, and its toxicity has been known from ancient times. Humans are exposed to arsenic mainly through the air, food, and water [31]. The ingestion of arsenic can result in both cancer (skin, lung, and bladder) and non-cancer effects (skin lesions) [30]. Contamination of groundwater by arsenic is a serious threat to humanity worldwide. The presence of As in the environment may arise from natural sources or anthropogenic activities [17,30]. Anthropogenic sources of As include mining, past use of arsenical pesticides, coal combustion, and waste disposal. The dominant forms of arsenic in soils are arsenate [As(V)] and arsenite [As(III)] [17,30], with arsenate (H2AsO4−, HAsO42−) predominating in well-aerated media. Among oxyanion-forming elements, arsenic is one of those that pose a greater environmental risk, due to its mobility over a wide range of redox conditions [30]. Arsenite is more toxic and mobile than arsenate [12,30]. The As mobility and availability in soils is controlled by sorption onto soil components, especially variable charge materials (Fe, Al, and Mn (oxyhydr)oxides, allophane, imogolite), and complexation by soil organic matter [12,30,32]. Arsenates and arsenites are sorbed onto soil components through the formation of inner-sphere complexes [12,30].



Chromium (Cr) is a relatively abundant element in the Earth’s crust, where its average concentration is 100 mg kg−1 [17]. Its concentration is higher in mafic and ultramafic rocks and in soils derived from them. The presence of chromium in soils is, to a large extent, lithogenic [25,33,34]. In addition to a lithological origin, chromium in the environment can be related to various human activities (mining, smelting industry, fuel combustion, electroplating, leather tanning, waste disposal, and soil organic amendments) [17,35,36]. It can occur in soils in the oxidation states +3 and +6, Cr(VI) being more mobile and toxic than Cr(III) [37]. Readily soluble Cr(VI) in soils is toxic to plants and animals, being a known carcinogenic agent [38]. High concentrations of Cr in soils pose an environmental risk, particularly in soils for agricultural use. The high toxicity and mobility of chromium make its sorption by soil an issue of paramount importance. In acid soils, Cr(VI) is removed from soil solution by adsorption on positively charged sorption sites [36]. Chromate (HCrO4−, CrO42−) sorption by variable charge soils occurs through both specific (inner-sphere) adsorption and electrostatic (outer-sphere) adsorption [39,40].



The adsorption of oxyanions by natural components determines their mobility, availability, and toxicity [11,41]. The sorption of vanadate, arsenate, or chromate by soils is a decontaminating process that protects waters and vegetation from pollution by these species.



Volcanic soils cover 1% of the Earth’s surface and support 10% of the world’s population [42]. They are variable-charge soils, rich in active forms of aluminum and iron, and capable of adsorbing phosphate and other anions [43].



Although much work has been devoted to the study of oxyanions sorption by individual minerals, relatively few studies address oxyanions sorption by soils, and very little information exists on oxyanions sorption and desorption by African soils.



Rwanda is part of a large metallogenic province in Central Africa [44]. Mining is an important economic activity in Rwanda, comprising mining of tin, niobium, tantalum, tungsten, and gold. Presently, mining activity is mainly artisanal, with some semi-industrial, small-scale mining. Many historic mining sites have been abandoned without remediation, leaving behind waste dumps and degraded landscapes [45]. Residues from mining activity and mineral processing are released into the environment. Often, in the vicinity of mining sites, farming activities take place, which are affected by potentially toxic elements (PTE) from mining, with the consequent effects on the quality of food products and on human health [45]. Hilly relief and high slopes along with deforestation promote runoff and subsequent pollution of water courses.



Tungsten ores from Rwanda were reported to be rich in vanadium and arsenic [46]. Arsenopyrite commonly occurs in tin deposits, being a source of As [47]. Volcanic rocks of Rwanda are reported to have elevated concentrations of vanadium and chromium [48,49]. High concentrations of arsenic were found in tailings, stream sediments, soils, and water samples close to mining sites in Rwanda [45,50]. In this country, volcanic soils occupy nearly 3% of the land surface and are crucial for population livelihoods.



São Tomé is a small volcanic island of the Republic of São Tomé and Príncipe, be-longing to the volcanic alignment known as the “Cameroon Hot Line”. Excepting soils developed from alluvial deposits, most São Tomé soils derive from volcanic materials. Basaltic rocks on São Tomé Island are often rich in chromium and vanadium [51,52].



PTE immobilization by soil sorption is of paramount importance to preserve environmental quality and human health.



The present paper aims to study the sorption and desorption of vanadate, arsenate, and chromate by the surface horizons of two soils representative of volcanic areas in Equatorial Africa: a Silandic Andosol [53] on volcanic ash (Rwanda) and a Vitric Andosol on basaltic material (São Tomé and Principe). Silandic Andosols are characterized by their richness in short-range-order silicates (allophane, imogolite), while Vitric Andosols are characterized by the presence of volcanic glass and a lower content of short-range-order minerals (lesser degree of weathering). Both non-crystalline and crystalline iron and aluminum forms are reported to adsorb oxyanions [1,3,5,6,22,26,28,29,40,41,54,55,56,57,58]. The sorption and desorption will be adjusted to common mathematical models and the role of phosphate in the desorption will be addressed.




2. Materials and Methods


2.1. Soils


The soils used in the study were the surface horizons (0–20 cm) of two agricultural soils from Rwanda and São Tomé and Príncipe. The Rwanda soil, developed from volcanic ash, is classified as Silandic Andosol [53], while the soil of São Tomé Island (São Tomé and Príncipe) classifies as Vitric Andosol. Figure 1 and Table 1 show the geographical location and some relevant properties of the two soils studied. The acid oxalate extraction estimates active forms of aluminum and iron. Oxalate-extractable aluminum (Alo) consists mainly of aluminum in organic complexes, in non-crystalline hydrated oxides, in allophane, and imogolite [59,60], while oxalate-extractable iron (Feo) is mainly constituted by ferrihydrite [43,60]. The concentrations of aluminum and iron extractable by acid oxalate fulfil the requirement for andic properties (Alo + ½ Feo > 2%) [53] in the soil of Rwanda and for vitric properties (0.4% < Alo + ½ Feo < 2%) in the soil of São Tomé.



The extraction by dithionite-citrate estimates the total free iron (Fed), including non-crystalline forms of iron (Feo) and crystalline oxyhydroxides (goethite, hematite, magnetite) [59,60], while the aluminum extracted by dithionite-citrate (Ald) includes non-crystalline aluminum forms (excepting non-crystalline aluminosilicates) and aluminum occluded in crystalline iron oxyhydroxides [59]. According to Sanchez et al. [61], São Tomé’s Vitric Andosol has a high Fed concentration (7.84%), resulting in high P fixation capacity. This soil presents moderate concentrations of non-crystalline Fe and Al, but a large content of crystalline iron oxyhydroxides (Table 1). Conversely, the Rwandan Silandic Andosol has a Feo/Fed ratio of 0.75, which indicates the predominance of non-crystalline over crystalline iron forms. The higher Ald compared to Alo in the São Tomé Vitric Andosol indicates the presence of aluminum in the crystalline lattices of iron oxyhydroxides.
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Table 1. Location, pH, organic carbon, texture, available P, aluminum, and iron extracted by acid oxalate and by dithionite-citrate and pH in NaF of the studied soils.
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Soil

	
Location

	
Altitude,

m

	
pH

	
C, %

	
Texture

	
Mehlich-3 P,

mg kg−1

	
Feo

	
Alo

	
Fed

	
Ald

	
pHNaF






	
Silandic Andosol

	
01°36′32′′ S, 29°32′57′′ E

	
311

	
5.60

	
6.18

	
Sandy loam

	
32.2

	
3.46

	
2.48

	
4.60

	
1.81

	
11.07




	
Vitric Andosol

	
00°20′00′′ N, 06°39′00′′ E

	
2368

	
6.30

	
7.46

	
Silty loam

	
13.5

	
1.11

	
0.40

	
7.84

	
1.74

	
8.39








Feo, Alo: Fe and Al extracted by acid ammonium oxalate [62]; Fed, Ald: Fe and Al extracted by dithionite-citrate [63].











Values of pH in NaF higher than 9.5 indicate the presence of allophane and/or organo–aluminum complexes [53], materials active in the fixation of anions.



Both soils showed high and hardly reversible phosphate sorption, somewhat higher in the Silandic Andosol [64]. The phosphate sorption isotherms conformed to the Temkin model.



The soil samples were air-dried and sieved (<2 mm) prior to analysis.




2.2. Sorption and Desorption Isotherms


The sorption isotherms were determined in batch experiments, equilibrating 0.5 g soil, weighed with a precision of a ten-thousandth of a gram, with 10 mL of solution of vanadate, arsenate, or chromate in 0.02 M NaNO3 as background electrolyte at room temperature (293 K). The oxyanion concentrations in the equilibrating solutions ranged between 0 and 100 mg·L−1 (0, 2, 4, 10, 20, 40, 60, and 100 mg L−1) of the element (V, As, or Cr), equivalent to 0−2.0 mmol V L−1, 0−1.3 mmol As L−1, and 0−1.9 mmol Cr L−1, and the solution pH was adjusted to the value of soil pH. The concentration range was chosen to approach the sorption capacity, after preliminary tests with shorter ranges revealed that most of the added anions were sorbed by the soil. The suspensions were shaken for 24 h, centrifuged at 6000 rpm for 15 min, and filtered through acid-washed filter paper. The determinations were carried out in triplicates. Soil pH was determined in the equilibrium solutions using a CRISON pH-meter with a combined glass electrode. V, As, or Cr were determined in the equilibrium solutions by ICP-mass spectrometry in Varian 820-NS equipment. The sorbed anions were calculated as the difference between added V, As, or Cr and V, As, or Cr in the equilibrium solution.



Desorption experiments were carried out in soil samples previously equilibrated with various oxyanion concentrations. After removing the supernatant solution, 10 mL of 0.02 M NaNO3 solution adjusted to the soil pH were added, the suspensions shaken for 24 h, centrifuged at 6000 rpm for 15 min, and filtered through acid-washed filter paper. pH and V, As, or Cr were determined in the equilibrium solution in the same way as in the sorption experiments. The anion concentration remaining in the sorbed phase was calculated from the concentration sorbed after the sorption equilibrium and the concentration released to the solution, making a correction to take into account the solution embedded in the solid after the sorption equilibrium. After desorption with dilute NaNO3, desorption experiments were carried out with a 1 mM solution of 50:50 KH2PO4:K2HPO4, to promote desorption using a competitor anion [65].



Sorption and desorption isotherms were obtained by plotting the anion concentration in the sorbed phase versus the solution concentration at equilibrium. The isotherms were fitted to mathematical models, namely the Langmuir, Freundlich, and Temkin isotherms [66].



The Langmuir isotherm is depicted by the equation Q = Qmax*KL*c/(1 + KL*c), where Q is the concentration of the adsorbed anion (mmol kg−1), c is the concentration in the liquid phase at equilibrium (µmol L−1), KL is a constant related to the adsorption energy, and Qmax (mmol kg−1) is the maximum adsorption capacity. The Langmuir model assumes that adsorption is restricted to a monolayer, that all the adsorption sites have the same adsorption energy, and that there is no interaction among the adsorbed molecules (or ions) [67].



The Freundlich isotherm is described by the equation Q = KF*cm, where Q and c have the same meaning as in the Langmuir equation, KF is the adsorption constant, and m is a constant whose value varies between 0 and 1. The Freundlich model assumes that the adsorption surface is heterogeneous, and that the adsorption energy decreases exponentially as the concentration in the adsorbed phase increases. It does not predict an adsorption maximum [67].



The Temkin isotherm is described by the equation Q = (RT/b)*ln(Ac) or Q = B*ln(Ac), where Q and c have the same meaning as in the Langmuir equation, R is the ideal gas constant (8.314 J mol−1 K−1), T is the absolute temperature (in our case 293 K, that is 20 °C) and A and b are constants related to the heat of adsorption. It considers that the adsorption surface is heterogeneous, and that the adsorption energy decreases linearly with the concentration in the adsorbed phase. There is no maximum adsorption [67].





3. Results


In both sorption and desorption experiments, the pH values in the equilibrating solution and in the equilibrium solutions did not show significant differences.



3.1. Vanadate


Both studied soils showed a very high sorption of vanadate (Table 2), which approached 100% for an added concentration up to 20 mg V L−1 (0.39 mmol L−1). For the highest concentration (100 mg V L−1 or 2.0 mmol L−1), the sorption was 97% in the Silandic Andosol (Rwanda) and 96% in the Vitric Andosol (São Tomé). The sorbed V reached 38 mmol V kg−1 in the Silandic Andosol (Rwanda) and 37 mmol V kg−1 in the Vitric Andosol (São Tomé) for a V concentration of 2.0 mmol L−1 (100 mg L−1) in the equilibrating solution.



The sorption isotherms (Figure 2) showed very similar vanadium sorptions by the Vitric and Silandic Andosols.



The sorption data were adjusted to the Langmuir, Freundlich, and Temkin models to find the best fit. Sorption for both soils fitted better the Freundlich model (r2 = 0.911 for the Vitric Andosol and 0.957 for the Silandic Andosol). The fitted equations were Q = 4.954 * c0.4596 for the Vitric Andosol and Q = 5.495 * c0.4468 for the Silandic Andosol. The constant KF was slightly higher in the Silandic Andosol (5.495 vs. 4.954), while the constant m was very similar in both soils (0.4596 and 0.4468).



The V desorption in NaNO3 was always less than 4% of the V sorbed in both soils (Table 2). The desorption isotherms (Figure 3) also fitted the Freundlich model. The fitted equations were Q = 5.528 * c0.5047, r2 = 0.861 for the Vitric Andosol and Q = 5.198 * c0.5680, r2 = 0.915 for the Silandic Andosol.



The addition of phosphate resulted in a little additional desorption of vanadate, the total desorption never attaining 4% (Table 2).




3.2. Arsenate


The arsenic sorption by both soils was extremely high, approaching 100% of the amount added for initial concentrations of up to 40 mg L−1 (0.53 mmol L−1) in the Silandic Andosol and for the entire interval studied in the Vitric Andosol (Table 2). Unlike vanadate, the arsenate sorption was higher in the Vitric Andosol than in the Silandic Andosol (Figure 4). The sorbed As reached 25 mmol As kg−1 in both andosols for an As concentration of 1.3 mmol L−1 (100 mg L−1) in the equilibrating solution.



The sorption fitted the Temkin isotherm in both soils (r2 = 0.886 for the Vitric Andosol and 0.906 for the Silandic Andosol). The fitted equations were Q = 3.848 ln c + 9.74 for the Vitric Andosol and Q = 3.270 ln c + 7.33 for the Silandic Andosol. The constants A and B were higher in the Vitric Andosol than in the Silandic Andosol (A is 12.56 in the Vitric Andosol vs. 9.42 in the Silandic Andosol; B is 3.848 in the Vitric Andosol vs. 3.270 in the Silandic Andosol).



The As desorption in NaNO3 was less than 5% of the As sorbed in both soils, being somewhat lower in the Vitric Andosol (Table 2). The desorption isotherms (Figure 5) also fitted the Temkin model. The fitted equations were Q = 2.939 ln c + 10.60, r2 = 0.834 for the Vitric Andosol and Q = 2.128 ln c + 8.78, r2 = 0.808 for the Silandic Andosol. The sorption and desorption isotherms were almost coincident (Figure 5), indicating the reversibility of the process.



The addition of phosphate caused a considerably higher desorption than that obtained in NaNO3 (Table 2), the additional desorption exceeding 30% of the absorbed As for the highest phosphate addition in the Silandic Andosol (Rwanda). Similar to the desorption with NaNO3, the amount of As desorbed by phosphate was higher in the Silandic Andosol, showing the strong retention of As by the Vitric Andosol.




3.3. Chromate


The chromate sorption was relatively low (between 19 and 97% of the added amount in the Vitric Andosol and between 23 and 56% in Silandic Andosol, Table 2). The sorbed Cr reached 8.8 mmol Cr kg−1 in the Silandic Andosol (Rwanda) and 7.2 mmol Cr kg−1 in the Vitric Andosol (São Tomé) for a Cr concentration of 1.9 mmol L−1 (100 mg L−1) in the equilibrating solution. Chromate was more sorbed by the Vitric Andosol in the low concentration range, while at high concentrations, it was the Silandic Andosol that sorbed more (Figure 6).



The sorption fitted the Freundlich isotherm in both soils (r2 = 0.822 for the Vitric Andosol and 0.976 for the Silandic Andosol). The fitted equations were Q = 1.061 * c0.2659 for the Vitric Andosol and Q = 0.0608 * c0.7127 for the Silandic Andosol. The constant KF was higher in the Vitric Andosol (1.061 vs. 0.0608), while the constant m was lower in the Vitric Andosol (0.2659 vs. 0.7127).



The Cr desorption in NaNO3 was high compared to V and As desorption, and always less than 40% of the adsorbed Cr in both soils (Table 2). The desorption isotherms (Figure 7) also fitted the Freundlich model. The fitted equations were Q = 1.215 * c0.2351, r2 = 0.736 for the Vitric Andosol and Q = 0.0408 * c0.9249, r2 = 0.982 for the Silandic Andosol. The sorption and desorption isotherms were almost coincident in the Vitric Andosol, indicating the reversibility of the sorption. On the contrary, in the Silandic Andosol the desorption isotherm was above the sorption isotherm, indicating that the sorption is irreversible.



The addition of phosphate significantly increased the Cr desorption (Table 2). The sum of chromate released in the two desorption processes was often more than 50% of the previously sorbed chromate. For an initial addition of 1.9 mmol Cr L−1 (38.5 mmol Cr kg−1), the residual sorbed Cr (after desorption with phosphate) varied between 3.1 mmol kg−1 in the Vitric Andosol and 4.2 mmol kg−1 in the Silandic Andosol.





4. Discussion


Vanadate and arsenate were intensely sorbed and poorly desorbed by both andosols studied. On the contrary, both soils sorbed relatively low concentrations of chromate, the Silandic Andosol being the one that sorbed more and the Vitric Andosol the one that desorbed more Cr.



Various authors reported a high involvement of Fe and Al compounds in the sorption of soluble forms of vanadium [16,24,26,58,68,69]. Peacock and Sherman [58] showed that V (V) strongly adsorbs onto goethite (α-FeOOH) forming inner-sphere complexes. Gäbler et al. [68], studying vanadium adsorption by thirty German soils, attributed this adsorption mainly to non-crystalline Fe, Mn, and Al oxides and hydroxides. Baken et al. [24] attributed the adsorption of vanadate by four European soils to poorly crystalline oxyhydroxides. Larsson et al. [26] also reported the vanadate sorption by Fe and Al hydrous oxides in 25 European mineral soils; in three out of these 25 soils, K-edge XANES spectroscopy confirmed that the added vanadate had accumulated mostly as adsorbed vanadate on Fe and Al hydrous oxides.



In accordance with the literature, in the present study the strong sorption of vanadate by both andosols suggests that non-crystalline iron and aluminum species, as well as crystalline iron compounds, efficiently sorb vanadate. The vanadate sorption capacity was slightly higher in the Silandic Andosol, richer in non-crystalline iron and aluminum.



The fit to the Freundlich model suggests that the adsorption energy decreases exponentially as the concentration in the adsorbed phase increases. As the amount of adsorbed ions increases, the affinity of the adsorbent surfaces for these ions decreases, since the higher-energy adsorption sites are increasingly occupied; the adsorption energy is progressively lower, varying exponentially with the concentration in the adsorbed phase. As in the present study, V adsorption by 30 German soils [68] and 25 European mineral soils [26] fitted to the Freundlich model. The constant KF, slightly higher in the Silandic Andosol (5.495 vs. 4.954), is related by some authors to the sorption capacity, but, according to Russell and Prescott [70], it is related to the retention force of the adsorbate by the adsorbent. The constant m, related to the accessibility of the sorbing surfaces [71], was very similar in both soils (0.4596 and 0.4468), indicating a rather high heterogeneity of the sorbing surfaces [67].



The hysteresis observed in the vanadate sorption/desorption (Figure 3) indicates the irreversibility of the sorption process. Consistent with our results, Mikkonen and Tummavuori [72] reported that only a minor part of the V retained by three Finnish mineral soils could be removed by KCl treatment.



The very-little desorption of vanadate promoted by the addition of phosphate is in accordance with the assertions that vanadate is more strongly bound than phosphate to iron hydrous oxides [16,28,29] or soils [73].



The results show that both soils are extremely effective against vanadium contamination, reducing the risk of V exportation to water bodies or vegetation.



The higher As sorption on the Vitric Andosol, despite its higher pH, indicates the predominant role of crystalline iron oxides in the sorption of arsenate. This fact is coherent with the observation by Jiang et al. [74] that iron extracted by dithionite-citrate exerts the greatest positive influence on the adsorption of arsenate by soils, while other factors, such as aluminum extracted by oxalate or dithionite-citrate and pH, are less important. Behera et al. [75] reported the efficiency of a goethite-rich iron ore in arsenate sorption, showing that it removes nearly 90% of As from a solution containing 0.265 mg As L−1. Additionally, Mansfeldt and Overesch [76] highlighted the role of iron oxides in the arsenate adsorption. Similarly, Gustafsson [77] and Pigna et al. [12] reported that arsenate is sorbed more on Fe than Al oxides. Arsenic forms inner-sphere complexes with goethite, ferrihydrite, amorphous Fe hydroxides, and Al oxides [55,78,79,80]. In addition, short-range ordered aluminosilicates, clays, and manganese oxides can adsorb As in soils [78,80]. Hue [32] attributed As sorption by Hawaiian andosols to amorphous aluminosilicates and iron oxides.



The sorbed As concentrations for the highest concentration in the equilibrating solution (25 mmol As kg−1 in both soils) were much higher than those reported by Jiang et al. [56] for Chinese agricultural soils, and even higher than the maximum adsorption value predicted by the Langmuir isotherm for those soils. Those Chinese soils had lower concentrations of Fe and Al extractable by oxalate and dithionite-citrate than the soils in the present study. The sorption values in the present study are comparable to those reported by Smith et al. [81] for the surface horizon of an Oxisol from Australia, which has 16% Fed and 1.6% Ald and low concentrations of Feo and Alo.



The fit to the Temkin model suggests that the adsorption energy decreases linearly as the concentration in the adsorbed phase increases. The affinity of the adsorbing surfaces for arsenate decreases as the amount of adsorbed arsenate increases, while the higher-energy adsorption sites are increasingly occupied; the adsorption energy is progressively lower, varying linearly with the surface coverage. Unlike our results, Yolcubal and Akyol [82] reported, for calcareous soils of Turkey, that the best fit was to the Freundlich model. Similarly, Smith et al. [81] reported the fit to the Freundlich model in surface horizons of four Australian soils. In the case of the Chinese agricultural soils studied by Jiang et al. [56], the best fit was to the Langmuir model. The fit to the Langmuir isotherm implies a finite number of uniform adsorption sites, with the same sorption energy, and the absence of interactions among the sorbed ions [67]. In the present study, the higher values of the constants A and B, related to the heat of adsorption, in the Vitric Andosol than in the Silandic Andosol indicate a higher affinity for arsenic of active surfaces in the Vitric Andosol.



The Vitric Andosol, having a very high sorption, showed also a very low desorption, less than the Silandic Andosol, confirming the As retention efficiency of crystalline iron oxides.



Sorption/desorption processes control the As concentration in the soil solution and the risk of exportation to vegetation and water bodies [78,80,81]. Both soils studied, particularly the Vitric Andosol, can effectively protect other environmental compartments against arsenic contamination.



Phosphate is known to displace sorbed As from soils [78,79,80]. Applications of relatively high rates of P fertilizers have been shown to enhance As mobility [30,32]. The higher As desorption with phosphate from the Silandic Andosol than from the Vitric Andosol is in accordance with the finding by Violante and Pigna [83] that iron-rich crystalline minerals were more effective in sorbing arsenate than phosphate, while more phosphate than arsenate was sorbed on non-crystalline and crystalline Al compounds.



The chromate sorption was notably lower than those of vanadate and arsenate. The sorption was higher than that published by Fernandez-Pazos et al. [84] for surface horizons of two Spanish soils with lower concentrations of iron and aluminum extractable by oxalate than those in the present study. The sorption was similar to that reported by Jiang et al. [40] for a subsurface horizon of an Acrisol from southern China, with a lower concentration of Fed than those in the present study, and lower than those of two Ferralsols with a higher concentration of Fed. According to these authors, iron oxides are major adsorbents for chromate on those Chinese variable-charge soils.



The Cr sorption by the Vitric Andosol was higher than that of the Silandic Andosol at low concentrations in solution, while at high concentrations in solution, the Silandic Andosol adsorbed more. The Vitric Andosol seems to have a limited number of adsorption positions with notable affinity for chromate, while the Silandic Andosol must have a higher number of adsorption sites but with lower chromate affinity. In contrast to sorption, at low concentrations in solution the desorption was low in the Vitric Andosol and higher in the Silandic Andosol; at high concentrations in solution, the desorption was higher in the Vitric Andosol than in the Silandic Andosol. The Vitric Andosol could be more efficient than the Silandic Andosol as a protector of the environment in the case of slight chromium contamination, while the opposite would be true in the case of heavy contamination.



The fit to the Freundlich model suggests that the adsorption energy decreases exponentially as the concentration in the adsorbed phase increases. Fernandez-Pazos et al. [84] also reported the fit to Freundlich model for surface horizons of two Spanish soils. The higher constant KF and the lower constant m in the Vitric Andosol indicates that it retains the chromate more strongly, but its sorbing surfaces have a high heterogeneity and are less accessible to the sorbate. Values of m close to 1, as in the Silandic Andosol, indicate a low heterogeneity and a high accessibility of the sorbent surfaces [67,71].



According to Fendorf [37], chromate can form inner-sphere complexes (specific adsorption) with goethite and, presumably, also with hydrous aluminum oxides. According to Jiang et al. [40], both specific adsorption and electrostatic adsorption contribute to chromate adsorption by variable-charge soils (Ferralsols, Acrisol). Saeki [85] reported that chromate is adsorbed by a Silandic Andosol forming outer-sphere complex.



The low sorption and high desorption of chromate indicate a low efficiency of both soils as chromate sorbents and a high risk of mobility of this anion to the environment. Nevertheless, the Vitric Andosol effectively retains small amounts of chromium. The higher value of m in the Freundlich equation and the irreversibility of chromate sorption by the Silandic Andosol seems to indicate the major role of non-crystalline Al and Fe oxides in chromate sorption.



The additional desorption with phosphate was less than that produced with NaNO3. Additionally, in this desorption, the Cr released from the Vitric Andosol was very low for initial additions up to 10 mg Cr L−1 (0.19 mmol L−1). The sum of chromate released in the two desorption processes reached over 50% in both soils (Table 2). This desorption is in accordance with the higher affinity of phosphate for iron oxides and soil surfaces compared with chromate [41,85].



According to Fendorf et al. [86], the potential hazard posed by Cr(VI) can be pre-vented by reducing it to Cr(III), using materials such as Fe(II), sulfides, and organic compounds, or by biological (i.e., enzymatic) reduction. This could be an alternative to the weak Cr(VI) sorption by soils.




5. Conclusions


Both the Silandic Andosol of Rwanda and the Vitric Andosol of São Tomé showed high sorption and low desorption of vanadate and arsenate, while for chromate the sorption was relatively low and the desorption relatively high. The V sorption was very similar in both andosols, indicating that non-crystalline iron and aluminum species, as well as crystalline iron compounds, efficiently sorb vanadate. The higher As sorption in the Vitric Andosol, rich in crystalline iron oxides, along with the very low desorption, highlight the role of these compounds in arsenate sorption. Chromium was more sorbed by the Vitric Andosol at low concentrations and by the Silandic Andosol at high concentrations, indicating a stronger interaction between sorbent and sorbate, but lower sorption capacity in the Vitric Andosol.



The V and Cr sorption and desorption isotherms fitted to the Freundlich model, while the As isotherms conformed to the Temkin model. Hysteresis was observed for V sorption/desorption in both soils and for Cr sorption/desorption in the Silandic Andosol.



Phosphate hardly displaced sorbed vanadate and induced a moderate desorption of arsenate, particularly from the Silandic Andosol. Conversely, phosphate increased the chromate desorption from both andosols up to values over 50% of the sorbed chromate. The phosphate fertilization could increase the environmental risk in the cases of soil contamination by arsenate or chromate.



Both andosols studied can effectively protect other environmental compartments (vegetation, water bodies) against contamination by vanadium and arsenic. However, the relatively weak sorption of chromate reveals the low efficiency of sorption by soils as a means to combat chromium pollution. In this case, the reduction and immobilization as chromium (III) could be an alternative to the adsorption by soil components as a remediation method for contaminated soils. The reduction of Cr(VI) can be accomplished by the addition of easily oxidizable organic matter.
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Figure 1. Location of the Vitric Andosol (São Tomé) and the Silandic Andosol (Rwanda). 
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Figure 2. V sorption isotherms (sorbed V (mmol kg−1) vs. V concentration in the equilibrium solution (µmol L−1)) fitted to the Freundlich model. 
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Figure 3. V sorption and desorption isotherms (sorbed V (mmol kg−1) vs. V concentration in the equilibrium solution (µmol L−1)) fitted to the Freundlich model. 
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Figure 4. As sorption isotherms (sorbed As (mmol kg−1) vs. As concentration in the equilibrium solution (µmol L−1)) fitted to the Temkin model. 
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Figure 5. As sorption and desorption isotherms (sorbed As (mmol kg−1) vs. As concentration in the equilibrium solution (µmol L−1)) fitted to the Temkin model. 
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Figure 6. Cr sorption isotherms (sorbed Cr (mmol kg−1) vs. Cr concentration in the equilibrium solution (µmol L−1)) fitted to the Freundlich model. 
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Figure 7. Cr sorption and desorption isotherms (sorbed Cr (mmol kg−1) vs. Cr concentration in the equilibrium solution (µmol L−1)) fitted to the Freundlich model. 
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Table 2. Percent sorption and desorption of oxyanions in the studied soils.
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Vitric Andosol

	

	
Silandic Andosol

	






	
V in the equilibrating solution, mg L−1

	
% V sorption

	
% V desorption with NaNO3

	
% additional V desorption with phosphate

	
% V sorption

	
% V desorption with NaNO3

	
% additional V desorption with phosphate




	
2

	
99.8 ± 0.0

	
0.35 ± 0.15

	
0.15 ± 0.02

	
99.9 ± 0.0

	
0.32 ± 0.05

	
0.14 ± 0.01




	
4

	
99.9 ± 0.0

	
0.11 ± 0.07

	
0.06 ± 0.00

	
99.9 ± 0.0

	
0.14 ± 0.00

	
0.10 ± 0.00




	
10

	
99.9 ± 0.0

	
0.06 ± 0.01

	
0.06 ± 0.01

	
99.9 ± 0.0

	
0.11 ± 0.01

	
0.09 ± 0.01




	
20

	
99.7 ± 0.1

	
0.33 ± 0.03

	
0.18 ± 0.02

	
99.4 ± 0.1

	
0.38 ± 0.07

	
0.25 ± 0.03




	
40

	
98.5 ± 0.4

	
0.68 ± 0.03

	
0.27 ± 0.09

	
98.3 ± 0.6

	
0.67 ± 0.07

	
0.47 ± 0.06




	
60

	
98.2 ± 0.7

	
1.42 ± 0.16

	
0.25 ± 0.05

	
97.3 ± 0.4

	
1.24 ± 0.18

	
0.50 ± 0.07




	
100

	
95.7 ± 0.4

	
3.13 ± 0.02

	
0.24 ± 0.11

	
97.3 ± 0.5

	
2.71 ± 0.18

	
0.47 ± 0.04




	
As in the equilibrating solution, mg L−1

	
% As sorption

	
% As desorption with NaNO3

	
% additional As desorption with phosphate

	
% As sorption

	
% As desorption in NaNO3

	
% additional As desorption with phosphate




	
2

	
99.9 ± 0.1

	
0.00 ± 0.00

	
5.89 ± 0.01

	
99.8 ± 0.1

	
0.04 ± 0.03

	
7.25 ± 0.70




	
4

	
99.8 ± 0.1

	
0.06 ± 0.01

	
7.55 ± 0.58

	
99.7 ± 0.1

	
0.12 ± 0.03

	
9.26 ± 0.40




	
10

	
99.8 ± 0.0

	
0.08 ± 0.05

	
8.64 ± 0.54

	
99.6 ± 0.1

	
0.20 ± 0.10

	
9.86 ± 1.36




	
20

	
99.8 ± 0.2

	
0.10 ± 0.05

	
8.77 ± 0.31

	
99.7 ± 0.1

	
0.65 ± 0.10

	
11.1 ± 0.6




	
40

	
99.5 ± 0.2

	
0.33 ± 0.04

	
11.8 ± 0.26

	
98.9 ± 0.1

	
1.97 ± 0.03

	
28.7 ± 2.1




	
60

	
99.6 ± 0.1

	
0.89 ± 0.10

	
13.3 ± 0.74

	
97.4 ± 0.4

	
1.87 ± 0.32

	
33.3 ± 2.6




	
100

	
99.1 ± 0.7

	
2.21 ± 0.16

	
14.0 ± 1.32

	
94.8 ± 1.8

	
4.93 ± 0.57

	
33.9 ± 3.6




	
Cr in the equilibrating solution, mg L−1

	
% Cr sorption

	
% Cr desorption with NaNO3

	
% additional Cr desorption with phosphate

	
% Cr sorption

	
% Cr desorption in NaNO3

	
% additional Cr desorption with phosphate




	
2

	
97.1 ± 0.2

	
2.2 ± 0.1

	
2.1 ± 0.4

	
56.2 ± 1.6

	
34.7 ± 1.0

	
24.0 ± 1.6




	
4

	
94.1 ± 2.1

	
2.1 ± 0.2

	
2.5 ± 0.2

	
53.0 ± 0.7

	
30.1 ± 3.6

	
21.1 ± 4.3




	
10

	
95.9 ± 0.6

	
2.3 ± 0.1

	
2.2 ± 0.3

	
42.7 ± 3.2

	
37.8 ± 3.7

	
27.0 ± 0.9




	
20

	
46.9 ± 5.8

	
29.6 ± 2.8

	
16.6 ± 2.2

	
38.3 ± 2.4

	
36.9 ± 3.4

	
24.7 ± 2.1




	
40

	
35.6 ± 5.4

	
31.6 ± 3.7

	
18.5 ± 1.0

	
39.9 ± 4.1

	
33.4 ± 1.3

	
18.2 ± 0.5




	
60

	
28.8 ± 3.1

	
30.8 ± 2.2

	
18.2 ± 3.6

	
34.8 ± 5.5

	
30.3 ± 3.8

	
15.9 ± 3.1




	
100

	
19.0 ± 2.1

	
37.7 ± 7.6

	
20.2 ± 4.0

	
23.2 ± 1.2

	
30.9 ± 2.9

	
21.6 ± 1.1
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