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Abstract

:

The adsorption and desorption process of the tungstate ion was studied in three soils characteristic of the Mediterranean area, with particularly reference to bioavailability pathways. In the three soils examined, the tungstate adsorption was described by a Langmuir-type equation, while the desorption process showed that not all the adsorbed tungstate was released, probably due to the formation of different bonds with the adsorbing soil surfaces. The pH was found to be the main soil property that regulates the adsorption/desorption: The maximum adsorption occurred in the soil with the acidic pH, and the maximum desorption in the most basic soil. In addition, the organic matter content played a fundamental role in the adsorption of tungstate by soils, being positively correlated with the maximum of adsorption. These results indicate that the lowest bioavailability should be expected in the acidic soil characterized by the highest adsorption capacity. This is confirmed by the trend of the maximum buffer capacity (MBC) of soils which is inversely related to bioavailability, and was the highest in the acidic soil and the lowest in the most basic soil. Our data could contribute in drafting environmental regulations for tungsten that are currently lacking for Mediterranean soils.
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1. Introduction


Tungsten (W) is a transition metal in the VI group of the periodic table of elements, together with chromium and molybdenum. Since its discovery in the late 1700s, tungsten has been used in many industrial productions, including domestic goods and highly specialized components of “high tech” equipment [1]. What make this element particularly attractive for industrial production are its melting point (the highest of all metals), its resistance to corrosion agents, and its property as a good electrical conductor. Tungsten is also widely used as a catalyst in many chemical reactions, and as a result, more than 33,000 t of tungsten are annually consumed by industry [2].



Tungsten is naturally present in the environment mainly in minerals such as Wolframite (Mn and Fe tungstate FeWO4/MnWO4) and Scheelite (CaWO4). Generally, its oxidation states ranges from −2 to +6, the most common of which is +6, in fact in soils, tungsten occurs mainly as tungstate anion (WO42−) which is thermodynamically very stable [1,3,4]. Tungsten chemistry is one of the most complex in soil due to the many possibilities of ways it forms soluble complexes with inorganic and organic ligands [5,6]. Tungsten anions can polymerize in various environmental compartments and under certain physiological conditions also in living organisms. These reactions lead to the development of polyoxyanions, which can have different chemical properties from monotungstates [7].



The toxicological profile of tungsten is still incomplete. However, the element is no longer considered inert as in the past and now adverse effects on humans and the environment have been recognized [1,8,9]. In fact, tungsten studies increased due to the discovery of cases of leukemia in Fallon in Nevada that were attributed to the presence of tungsten in the environment [10,11]. The aspects related to human health are of growing concern, due to the increasing military utilization of the element both, as an alternative to lead-based munitions [12] and as a replacement for depleted uranium in many military applications [13]. In 2016, tungsten was identified as presenting potential danger to public health and was reported in the EPA National Priorities List [14] with particular attention to the speciation of the element, since polytungstates are considered much more toxic than monotungstates [3,7].



The earth’s crust is by far the most significant source of tungsten. In soil the concentration of tungsten ranges from 0.5 to 83 mg·kg−1 with a reduced concentration in surface layers from 0.2 to 5 mg·kg−1 [15]. Tungsten compounds have also been found in groundwater in the vicinity of both natural and anthropogenic sources. Under certain conditions (for example a high soil pH), tungsten can dissolve in water and leach along the soil profile into groundwater. It can also potentially bioaccumulate in the trophic chain [16].



Pollution from mines and industrial excavation may contribute to the presence of tungsten in soil [2], as well as military operations, and waste production from the electronics industry [17]. The fate and transport of tungstate in soil depends above all on the processes of adsorption/desorption on the solid phase. Adsorption studies have mostly investigated the process on soil components such as silicate clay minerals [18,19,20] or metal oxides [21,22,23,24,25] to evaluate the interactions and the linkages between tungsten compounds and soil surfaces.



Understanding the adsorption processes of tungsten compounds in soils helps in evaluating the bioavailability and, therefore, the potential toxicity of tungsten for organisms, including humans. Plants, for example, can absorb tungstate in fairly high quantities according to the genotype of the plant and soil characteristics [3]. Despite the growing number of studies on tungsten in the environment, information on the characteristics of adsorption-desorption of tungsten on soils of the Mediterranean area is relatively scarce. In a previous work, we evaluated the adsorption processes of tungstate in Italian soils [26]. In this work, we have extended the survey to soils of the Mediterranean area, also introducing desorption processes. Desorption is in fact a process of great importance for the evaluation of the bioavailability of chemical substances, and also provides important indications for the drafting of environmental regulations related to the soil and the food chain.



The aim of this study was to provide data on the adsorption and desorption of tungstate in three Mediterranean soils, characterized by different properties focusing on bioavailability, and the potential transfer of the element from soil to the food chain.




2. Materials and Methods


2.1. Soils


The Mediterranean climate is characterized by rainy winters with warm and dry summer months with water shortages and the drying out of vegetation and soils. Many kinds of soil exist in the Mediterranean area, characterized by different properties. For this study soil samples were collected at a depth of about 0 to 20 cm. The soil TH was collected in southern France and can be classified, according to the USDA Soil Taxonomy, as Typic Hapludalf, soil TE was collected in central Italy (Typic Eutrochrept), and soil EH was collected southern Spain (Entic Hapludoll).



The soil samples were air-dried and ground to pass through a 2-mm sieve to determine various selected properties. Soil pH (soil/water ratio of 1:2.5), organic matter (OM) and cation exchange capacity (CEC) were determined according to the Chemical Methods of Soil Analysis of Soil Science Society of America [27], whereas the specific surface area (SSA) and particle-size distribution were determined according to the Physical Methods of Soil Analysis of Soil Science Society of America [28].




2.2. Adsorption Desorption Experiments


For the adsorption study, 1 g of soil sample and 25 mL of solution containing increasing concentrations of sodium tungstate (Na2WO4·H2O) from 0.2 to 2.5 mmol·L−1 were transferred into 60 mL polypropylene centrifuge tubes. To evaluate the best equilibration time, adsorption and desorption experiments were carried out with different contact times using the highest initial tungstate ions WO42− concentration 2.5 mmol·L−1. Samples were collected at 0, 0.5, 1, 2, 4, 6, 9, 12, 15, 18, 21 and 24 h for the tungsten analysis. On the basis of the results solutions were stirred at 288 K for 18 h to reach the adsorption equilibrium, and for 24 h for desorption step. Suspensions were centrifuged at 9500 rpm for 15 min, then the clear liquid supernatant was filtered through 0.2 mm Whatman filter paper for the analyses. The experiments were carried out in triplicate.



The amount of tungstate (WO42−) adsorbed per mass of soil was calculated by the difference between the quantity added and that recovered in the equilibrium solution, according to the equation,


q = [V × (Ci − Ce)]/m,



(1)




where q = the amount of tungstate adsorbed per unit mass of soil (mmol·kg−1), Ci = the initial tungstate concentration (mmol·L−1), Ce = the WO42− concentration at equilibrium (mmol·L−1), V = the volume of WO42− solution added (mL), and m = the mass of soil used (g).



Desorption was carried out for each soil sample remaining after the centrifugation by adding a 0.01 M CaCl2 solution to the residual soil. After the adsorption step, the supernatant was removed and 25 mL of 0.01 M CaCl2 solution was added to dry soil. The soil-water suspension was shaken for 24 h at 288 K and centrifuged at 9500 rpm for 15 min, then the supernatant was filtered through 0.2 mm Whatman filter paper for the analyses. This extractant, 0.01 M CaCl2, is considered representative of the concentration of tungstate in soil solution [7]. The mixture was re-suspended and stirred at the same temperature 288 K for 24 h. The suspension was centrifuged and the supernatant solution was collected for W tungsten analysis, to determine the concentration of WO42− desorbed.



To evaluate the effect of ionic strength on the adsorption, supplementary adsorption trials were performed with the same procedure previously described, but with the addition of ammonium chloride (NH4Cl) at concentrations of 0.05 M and 0.1 M to the WO42− solutions equilibrated with the soils. In all the experiments no adjustment of pH was carried out whichever the solution added, such as 0.01 M CaCl2 and ammonium chloride (NH4Cl) original soil pH values remained unchanged after equilibration in all cases.




2.3. Tungsten Analysis


Concentrations of tungstate in the supernatants of the adsorption and desorption experiments were measured by inductively coupled plasma optical emission spectroscopy (ICPOES Varian AX Liberty Varian Milano, Italy). Operating parameters wavelength 239.709 nm. Plasma flow = 16.5 L·min−1 Auxiliary flow = 2.25 L·min−1. The original tungsten concentration in the soils was determined by the USEPA method 3050B following, the modified digestion procedure with the addition of phosphoric acid to nitric acid developed by Dermatas [29] and described by Bednar [30]. This step is necessary because the specific tungsten properties can promote the formation of insoluble species under acidic conditions [7]. This method is a variation of the OSHA method ID-213. All chemicals used were of reagent grade.



Quality assurance and quality control were performed by: Verification of the linearity of the calibration line, verification of the reagent blank immediately after the calibration line, testing a standard solution every 10 samples and at the end of the analytical sequence. A certified reference soil material (NIST SRM 2710) was used to control the quality of the analytical procedure. The limit of detection (LOD) and the limit of quantification (LOQ) for WO42− were 0.02 mg·L−1 and 0.05 mg·L−1 respectively. The recovery of spiked samples ranged from 95% to 101% with an RSD of 1.89 of the mean.



Statistical analysis was performed using STATISTICA version 6.0 (Statsoft, Inc., Tulsa, OK, USA).





3. Results


The main properties of the soils are reported in Table 1. The soils show different properties, but with a similar tungsten content below 0.5 mg·kg−1.



The soils selected for this experiment were characterized by different pH values ranging from 4.70 to 8.01, and with an organic matter content from 1.43% to 5.32%. The soils were selected on the basis of their characteristics exclusively to evaluate the influence of these on tungsten adsorption. No attempt was made however to deepen their pedological or geological properties despite their strong influence on the soil characteristic. The original tungsten content was very low in all the soils.



3.1. Influence of Contact Time


Tungstate adsorption process can be distinguished into two stages a fast increase in the first 2 or 3 h due to a rapid retention of tungstate followed by a slow adsorption stage after this period of time in which the amount of adsorption increased very slowly. The process seemed to be completed within 12 h, since no variation was detectable for longer contact times in any of the three soils. This behavior, which is often found in soil adsorption studies can be explained by the nearly immediate adsorption on accessible sites followed by a decrease with time of the available adsorption sites on soil surfaces [20,31]. With the same procedure the release of WO42− in the desorption step was evaluated, and the process appeared completed in 12 h. The contact time is an operational parameter, however it may significantly influence the estimation of sorption. Consequently, to be sure that the equilibrium had been reached all the experiments were extended by shaking the suspensions for 18 h.




3.2. Modelling Sorption and Desorption of Tungstate by Soil


The adsorption of tungstate in the soils examined was investigated at the original pH of each soil by determining the adsorption isotherms, in which the amount adsorbed (q) is reported versus equilibrium concentration (Ce). In the range of concentrations used in this study, WO42− adsorption showed a curvilinear rather than linear behaviour (Figure 1). The value of R2 for linear isotherm was about 0.70 for all the soils. The non-linear trend is common in soil sorption processes [32,33] and may be related to the existence of different sorption mechanisms in relation to the concentrations of adsorbing species.



The adsorption isotherms of the three soils were analogous (Figure 1) and according to their shapes can be defined of “L type” [34]. Since the polytungstates formation can be expected only at more acidic pH, where up to 50% of the total tungsten may be in polymeric forms [35,36] in the pH range of the used soils, the fully dissociated tungstate ion can be considered the predominant form [37]. The amount of tungstate adsorbed appeared to reach a plateau, indicating that, in the used experimental conditions, tungstate ions occupied all the available surfaces sites in the soils investigated. The adsorption capacity of the soils greatly diminished, in the order TE > EH > TH.



Several isotherm equations are commonly used to describe sorption processes in soils. Of these, the Langmuir and the Freundlich equations are the most frequently used, to describe the nonlinear sorption processes in soil, due to their wide applicability.



The nonlinear forms of the Langmuir equation is,


q = (K × qmax × Ce)/(1 + K × Ce),



(2)




where Ce is the concentration of tungstate in solution (mmol·L−1) and q (mmol·kg−1) is the concentration of tungstate adsorbed to soil, qmax (mmol·kg−1) is the maximum adsorption capacity of the soil, and K (L·mmol−1) is the coefficient related to the bonding energy of tungstate adsorbing sites on soil surfaces.



The Freundlich equation is,


q = Kf × Ce1/n,



(3)




where q and Ce are defined as above, Kf the affinity constant (mmol·kg−1)(mmol·L−1)−1/n and 1/n the sorption intensity are the Freundlich constants derived from the experimental data which are linked to the adsorptive capacity of soil.



Data from the Langmuir and Freundlich equations are reported in Table 2.



Both equations described the sorption process well. However, the correlation coefficients R2 of the Langmuir model were higher than those of the Freundlich for all the soils thus the Langmuir equation was selected to describe the WO42− sorption. However, it should be noted that in the three soils the trend of qmax is similar to that of the constant Kf, which represents the adsorbing capacity of the soil in the Freundlich model: The higher qmax, the higher Kf.



Theoretically, the Langmuir approach is based on the statement that the bonding energy of all adsorbing sites is uniform. In soil various kinds of reacting surfaces are involved in the adsorption processes, but the Langmuir equation is one of the most used in soil chemistry when the adsorption approaches saturation. Under our experimental conditions the L-type isotherms obtained can be described by a Langmuir type equation in the range of applied concentrations. The Langmuir equation has been used for the description of tungsten compounds adsorption on different kinds of kaolinite [19,20] and on soils [38].



The WO42− behavior, at low concentrations added, could be ascribed to the prevalence of specific adsorption with the formation of inner-sphere surface complexes whereas the higher concentrations of the main mechanism was likely exchange reactions with the formation of outer sphere surface complexes [39]. Strong inner-sphere complexes have also been reported for anion similar to tungstate such as molybdate [40] and phosphate [41]. The same conclusions were also drawn from a study on the adsorption of tungsten and molybdenum on aluminum oxides [21]. The findings indicated that tungstate strongly interacts with the Al2O3 surface suggesting a nearly irreversible sorption at lower tungstate addition, on the other hand at higher tungstate loading some of the tungstate is bonded more loosely and can be released by exchange reactions [21].



Anion adsorption on variable charge soil surfaces should be considered as an essential process in tungstate adsorption [3] and can be described according to general anion reactions [19,29,42],


>S-H + WO42− → S-WO4− + OH−










2 >S-OH + WO42− → S2-WO4− + 2OH−








where WO42− is the tungstate anion and >S-OH is a reactive metal hydroxyl group. The same processes are also likely to have occurred in the three investigated soils.



Examination of the isotherms (Figure 1) shows how irrespective of the equilibrium concentration the adsorption of WO42− was maximum for the acidic soil (TE) and minimum for the most alkaline soil (TH). These results are in accordance with previous findings concerning tungsten adsorption on different oxides [18,21,22,23], on clays and peat [19], and soils [38], which showed a high dependence of tungsten adsorption on soil pH. This soil property is the most important in determining both the solubility of tungstate ions and the characteristics of the adsorbing soil surfaces, as reported in the study on three Italian soils, which showed that varying pH of each soil largely determined the amount of WO42− adsorbed for the same soil [26].



The maximum adsorption capacity calculated from the Langmuir equation was 10.1 mmol·kg−1 in Oxisols [20], ranged from 9.06 to 30.7 mmol·kg−1 in Italian soils [26] and resulted 6.14 mmol·kg−1 on kaolinite 27.4, and 22.9 mg·kg−1 for peat, montmorillonite, respectively [19]. Tungstate adsorption maximum was very higher 226 mmol·kg−1 onto pure goethite [20]. Thus, our results are similar to those of other soils and much lower than that for pure goethite.



The maximum adsorption was also linked to the organic matter content of the studied soils which was the highest in TE soil with decreasing quantities in EH and TH soils. This result is in agreement with previous studies concerning tungsten adsorption on Italian soils [26] and various organic materials, and is due to the stability of complexes between tungstate and humic substances [19]. As described for similar elements, such as arsenic and antimony [43,44] humic materials with a high binding capacity can greatly influence the adsorption of tungsten on variable charge minerals in soils. Also, the good correlation between the adsorption maximum and the soils CEC is mainly due to the contribution of the organic matter to the CEC.



Iron and aluminum oxy-hydroxides are very important especially in dynamic redox conditions [45] when there are variations in the interactions between organic matter and the oxides and hydroxides of iron on which tungsten can be adsorbed. However, since the content of iron and aluminum oxy-hydroxides was not very different between the three soils, we were unable to distinguish the influence of these soil components.



The TE soil was also characterized by the highest SSA value, which was the lowest in TH soil and as expected, the adsorption maxima, was related to the soils surface area which decreased in the order TE > EH > TH.



Although, the soil texture should be considered as essential in tungstate sorption [3], in the investigated soils, the influence of pH seemed to prevail considerably over other properties, such as the clay content. The lower influence of clay minerals with decreasing pH for tungstate can be ascribed to their net negative surface charges that drastically reduce the sorption ability. This has also been reported in the adsorption process of tungsten compounds from polluted waters, in fact biopolymer are often used to coated clay particles to increase the adsorption of tungsten [46].




3.3. Adsorption and Bioavailability


The immediate source of tungsten that is available for biological processes in soil, including plant uptake, is the amount present in the soil solution. This quantity is determined by the solubility of tungsten compounds and is controlled by the amount that is released by the adsorbing surfaces of the soil in the desorption processes. This bioavailable quantity is therefore determined by the actual concentration in the soil solution and the quantity adsorbed on the soil surfaces. The relationship between these two variables was defined in a seminal article by Holford and Mattingly [47] as the “soil buffer capacity” and determines, in this specific case, the amount of variation in the adsorbed quantity per unit of variation of the concentration of tungsten in the soil solution [47]. The buffer capacity represents a measure of the resistance of the soil to the variation in tungsten concentration in the liquid phase of the soil when adding or subtracting tungsten to/from the soil system, or in other words, the soil’s capacity to moderate changes in tungsten soil solution concentration when tungsten is added to, or removed from, the soil [48].



When tungstate ions are removed from the soil solution, for example by leaching or following uptake by plants, part of the adsorbed tungsten will be transferred to the soil solution to establish a new equilibrium. The release of tungsten from the solid surfaces of the soil is determined by the strength and type of bonds that have formed between the element and the soil surfaces in the adsorption processes, as well as the total quantity adsorbed. The strength of the bonds is represented in the Langmuir equation by the constant K, therefore the buffer capacity will depend both, on the adsorbed quantity (qmax) and on the strength of the bonds with which it is retained in the solid phase of the soil, identifiable by the value of K.



For each soil the maximum buffer capacity (MBC) is defined as the product of qmax and K the Langmuir equation [49]:


MBC = qmax × K.



(4)







Tungsten plant uptake will be inversely related to MBC, because, being MBC linked to the bonding energy K. the higher the buffer capacity the more difficult will be the release of tungsten in the soil solution from where it can be taken up by plants. The soil buffer capacity, which greatly influences the bioavailability can be obtained from the adsorption isotherms. In fact, when tungsten in soluble form is added to the soil, the metal will tend to adsorb on the surfaces of the soil, and the adsorbed quantity will depend on both the affinity of tungsten for these surfaces and the availability of adsorbing sites. According to equation (4), the MBC [49] for the three investigated soils were 90.5, 51.1 and 42.8 L·mmol−1 for TE, EH, and TH, respectively. MBC values suggest that the bioavailability of tungstate in the studied soils will follow the order TH > EH > TE.



With respect to bioavailability, desorption processes are just as important as those of adsorption. Thus desorption experiments were carried out to estimate the capability of soil to retain WO42− ions after adsorption. The desorption process in soils is crucial to the assessment of the extent of the metal that can be leached, or retained by soil surfaces. Soil desorption was carried out using CaCl2 0.01 M. This extractant is considered the best to simulate the release of metals in the soil liquid phase since it well reflects the concentration of soil solution [7]. It must be considered that, in the short-term experiments of adsorption/desorption, the quantity released may underestimate the soil retention capacity, which over time will tend to increase because aging favours the irreversibility of many reactions [50]. For this reason, in this experiment we chose not to use stronger extractants, such as ammonium sulphate [3,51], in order not to overestimate the bioavailability of tungsten.



The trend of WO42− desorption from the three soils was examined by plotting the desorbed amount in relation to the amount adsorbed. The desorption trend was similar for the three soils, the amount of WO42− released from the soil increases, as the quantity adsorbed in all the soils increase, however the amount of WO42− desorbed greatly changed (Figure 2).



The relationship between the amount of tungstate desorbed at each adsorbed concentration for the three soils, can be described by an exponential equation with high values of R2 (Soil TE = 0.922, EH = 0.985, TH = 0.981). The figures show that the higher the amount adsorbed the higher the tungstate concentration was in the desorbed solution. When the concentration of tungstate was added to the soils was low, the adsorbed quantity was small, but it appeared to be irreversibly retained. In fact, in the desorption solution there were no appreciable concentrations of tungsten for the lowest concentration added.



As in the case of the adsorption, soils pH influenced also the release of WO42− from the soil surfaces. Desorption experiments showed that the amount of desorbed W increased with increasing pH of the three soils. Considering the surface charge, with increasing soil pH the positive surface charge decreases and, the linkages of WO42− with soil are thus less stable.



At acidic pH (soil TE), the low rate of desorption highlights the increase in the retention of tungstate in the soil solid phase and thus tungstate’s reduced mobility. The amount of tungstate that was adsorbed but not desorbed was likely related to strong linkages with soil surfaces, and can be reasonably considered to be not available to plants. In relation to the adsorbed quantity, going from the lowest to the highest concentration adsorbed, the desorbed amount varies from 1% to 11% in soil TE, from 2% to 39% in soil EH, and from 2% to 44% in soil TH (Figure 3).



The results confirm the hypothesis that when added at low concentration, the adsorption of tungstate on the three soils mainly involved strong specific adsorption and the percentage of releasable metal was very low. At increasing concentration of adsorbed tungstate, the higher desorption rate showed the occurrence of non-specific adsorption with lower energy linkages between tungstate and the soil surfaces.



To compare the sorption and desorption trend of the soils, it is possible to consider the parameters TWads and TWdes. These refer to the total amount mM·kg−1 of WO42− adsorbed by, and desorbed from each soil at each WO42− equilibrium concentration in the adsorption step [52],


   TW ads    =  ∑  2.5   0.2   C a d s ,  



(5)






   TW des  =  ∑  2.5   0.2   C d e s   ,  



(6)







The maximum values of TWads, as well as the minimum values of TWdes, were recorded for soil TE 104 and 5.5 mM·kg−1 respectively which, had the acidic pH and relatively higher organic matter content (Table 1). On the other hand, the minimum values of TWads 48.51 mM·kg−1 was observed in soil TH, with the maximum values of TWdes 11.23 mM·kg−1. This soil showed the highest pH and the lowest organic matter content. Intermediate values were observed for EH soil with the values of 61.19 and 10.68 mM·kg−1 for TWads and TWdes respectively. The trend of TWads and TWdes provide an interesting contribute to understand the bioavailability of tungsten since they correlated well both positively and negatively with the buffer capacity of soils expressed as MBC. In Figure 4 the trend of MBC versus TWads and TWdes is reported.



These results further confirm the existence of both, a specific and non-specific adsorption mechanisms of tungstate in soils, with some nearly irreversible binding of tungsten by soil surfaces at low addition of this element, until the buffer capacity of soils can counteract the variations in the equilibrium concentration between the liquid and solid phases of soils.



This adsorption/desorption hysteresis of tungstate has been reported also for many metals, metalloids, and organic compounds in soil [53,54,55] and can be related to the concurrent reactions of tungstate with different kinds of adsorbing sites in soil [56].



The existence of different linkages following the adsorption of tungstate on the investigated soils was confirmed by the experiments carried out at different ionic strength. The effect of the background electrolyte at different concentrations is commonly utilized to distinguish the inner-sphere from the outer-sphere complexes. The adsorption process is influenced by the variation of the background electrolyte concentration due to changes in the activity of adsorbing anions and the competition of the electrolyte ions and adsorbing anions for the same surface sites of the soil. Thus, strongly bonded inner-sphere complexes are hardly influenced by changing ionic strength, while weakly bonded anions to soil surfaces are strongly dependent on ionic strength [57,58].



Increasing ionic strength, the isotherm patterns remain unchanged (figures not reported), but while in soil TE there was no reduction in adsorption (expressed as % TWads), in soil EH and TH there was a reduction in the value of these parameters (Figure 5). The electrolyte ions, which are placed in the same plane as the outer-sphere complexes [59], compete with tungstate for the available soil surface sites subject to ionic-strength variations.



The negligible effect of increasing ionic strength on adsorption in soil TE is indicative of the inner-sphere adsorption mechanism. In contrast, in soils EH and TH, adsorption appeared reduced by the increasing ionic strength, likely due to the anion competition with a consequent decrease in tungstate adsorption when the formation of outer-sphere complexes is involved [57].



Therefore, in soils EH and TH, tungstate adsorption proceeded through the formation of both inner- and outer-sphere complexes [55]. These results suggest the existence of different bonding strengths of tungstate ions in the three soils which are confirmed by the desorption experiments data which showed that tungstate is more loosely bound to adsorbing surfaces in soils EH and TH compared to soil TE. The simultaneous occurrence of inner- and outer-sphere complexes in the adsorption of WO42− in soils are in accordance with results from studies conducted on other soils [20].



Distribution Coefficients


The affinity of tungstate to the soil surface was also reflected by the distribution coefficient Kd, which is defined as the ratio of adsorbed concentration to equilibrium concentration in soil solution. The distribution coefficient shows the ability of a soil to retain tungstate in the solid phase and the extent of its release into the soil solution. It is an essential parameter to determine the behaviour of substances in the soil environment in relation to bioavailability and leaching processes. The bioavailability and toxicity to organisms are essentially determined by the partitioning of tungsten between the solid and liquid phases of soil. Therefore, they are directly related to the distribution coefficients. A high value of Kd means that WO42− is strongly adsorbed into the soil, while a low value means that it is highly mobile in soil. Figure 6 reports the Kd data for the three soils as a function of the equilibrium concentration in the adsorption process.



The Kd trends confirm the hypothesis that at low concentrations added tungstate ions are greatly adsorbed by soils presumably on sites characterized by a high affinity for this ion. The differences in the Kd values between soil TE and the other two soils are very high, due to the differences in soil characteristics such as pH and organic matter. Increasing the concentration of WO42− added, the adsorption proceeds on sites, characterized by a lower affinity for WO42− with reduced differences in the Kd values among the three soils.



If Kd is examined with respect to the amount of tungstate desorbed the relationship between the amount desorbed and Kd was not linear, but fitted a quadratic equation better (Figure 7).



Also, the non-linearity of the Kd trend can be ascribed to the existence of a tungstate fraction that once adsorbed onto soils is resistant to leaching, and which can be considered as nearly irreversibly adsorbed [60]. The Kd value is used in various environmental models to estimate the hazards deriving from a contaminant. Obviously, this parameter provides only indirect information on the type of surface interactions taking place because of the complexity of the adsorption/desorption mechanisms. For example, the desorption step can occur in the field in longer time with respect to laboratory experiments. However when the contact between tungstate ions and soil surfaces may have been months or years, the adsorbed fractions are characterized by higher strength of linkages and low bioavailability [50].






4. Conclusions


For Italian soils [26], there is little information available on the fate and transport of tungsten in Mediterranean soils, and there are no evaluation parameters for the concentration of tungsten in legislation concerning soil quality. No assessment has, therefore, been carried out regarding the potential risk for human exposure, despite the increasing concentrations of this element in the environment due to its increasing use in industrial activities. Relatively few studies have been carried out to investigate the adsorption and release of W from the soil in Mediterranean regions. In these soils the pH range most commonly encountered determines the presence of tungstate as dissociate ions together with polytungstates as the most abundant chemical species [35,36,37]. In these pH conditions, tungstate ion is considered as the only chemical form interacting with living cells, which utilize tungsten [61].



Adsorption/desorption is one of the most important processes affecting the mobility, and bioavailability of tungsten in the soil environment. As for Italian soils [26], we found a non-linear behaviour of tungstate sorption for the soils studied, which was likely due to the presence of multiple sites of sorption with different energies of retention. Our data show that there are two phases in the tungstate adsorption process in the three soils. In the first phase there is a specific adsorption characterized by strong bonds between the metal and the soil surfaces. In the second phase, weaker bonds are formed that lead to a greater release of tungsten in the desorption process. Tungstate anions initially link to the highest energy binding sites and then fill lower energy sites. As tungstate accumulates at binding sites, the soil surfaces become progressively negative, decreasing their affinity for this anion as tungstate concentrations increase. Thus in the desorption process, the release of tungstate is increased at higher tungstate concentrations due to the weaker linkages with soil surfaces.



Among the different characteristics of the soils examined, the adsorption and desorption processes are strictly dependent on the pH and organic matter content. Due to the unique features of tungsten, it is hoped that this study will contribute to further research to drive risk-based decision-making. This particularly applies to contaminated soil, where preliminary studies [62] indicate that phytoremediation may be a potential treatment method since plants tend to accumulate tungsten in their tissues.
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Figure 1. Tungstate adsorption isotherms in the investigated soils. 
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Figure 2. The relationship between tungstate adsorption and desorption in the three soils TE, EH and TH. 
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Figure 3. Desorption percentage in the three soils in relation to increasing adsorbed quantities. 
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Figure 4. Trend of Maximum Buffer Capacity (MBC) vs. total tungstate adsorbed (TWads) and desorbed (TWdes) amounts. 
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Figure 5. Percentage of the total amount of W adsorbed (TWads) at increasing ionic strengths for the three investigated soils. 
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Figure 6. Patterns of Kd of the investigated soils versus equilibrium concentrations in the adsorption experiment. 
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Figure 7. Trend of Kd vs. concentration of tungsten desorbed Cdes. 
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Table 1. Various properties of the soils used.
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	Parameters
	Soil TE
	Soil EH
	Soil TH





	Soil classification
	Typic Eutrochrept
	Entic Hapludoll
	Typic Hapludalf



	pH
	4.7
	7.1
	8.0



	Organic Matter
	5.32
	2.10
	1.43



	C.E.C (cmol (+) kg−1)
	25.6
	17.7
	16.6



	Clay%
	10.4
	12.5
	7.65



	Silt%
	23.6
	28.8
	14.0



	Sand%
	66.0
	59.3
	78.3



	Total W mg·kg−1
	0.32
	0.44
	0.29



	SSA (m2·g−1)
	186
	169
	140



	Fe
	2.42
	2.20
	2.15



	Al
	1.84
	2.11
	1.98
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Table 2. Langmuir and Freundlich parameters for the investigated soils.
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Soil

	
Langmuir

	
Freundlich




	

	
qmax

	
K

	
R2

	
Log Kf

	
1/n

	
R2






	
TE

	
35.08

	
0.259

	
0.957

	
1.421

	
0.553

	
0.822




	
EH

	
20.66

	
0.247

	
0.940

	
1.193

	
0.576

	
0.806




	
TH

	
16.15

	
0.265

	
0.966

	
1.0921

	
0.559

	
0.865
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