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INTRODUCTION

At oxic to anoxic transitions, arsenic is released from reductively dissolving iron hydroxides into the surrounding pore water, groundwater or water body (cf. [START_REF] Smedley | A review of the source, behaviour and distribution of arsenic in natural waters[END_REF]. In reducing waters with low sulfide, S(-II), concentrations, arsenic occurs in solutions predominantly as oxyanions of As(V) (Fig. 1a) or As(III) (Fig. 1b) and as oligomers such as As 6 O 6 (OH) 6 and As 3 O 3 (OH) 3 , the stable As(III) oligomers [START_REF] Pokrovski | Thermodynamic properties and stoichiometry of As(III) hydroxide complexes at hydrothermal conditions[END_REF][START_REF] Tossell | Theoretical studies on arsenic oxide and hydroxide species in minerals and in aqueous solution[END_REF]. In the presence of high S(-II) concentrations, the dissolved thioarsenite monomers AsS(SH) 2 and AsS 2 (SH) 2and trimer As 3 S 4 (SH) 2 may be significant [START_REF] Helz | Oligomerization in arsenic(III) sulfide solutions: theoretical constraints and spectroscopic evidence[END_REF].

While many of the trace metals form insoluble sulfides in sulfide-rich, reducing environments, arsenic is distinctive in being relatively soluble at pH values higher than 5.5, making As mobile over a wide range of redox conditions. Hence, a crucial control on the mobility and immobilization of arsenic is sorption onto particulate phases [START_REF] Mok | Mobilization of Arsenic in Contaminated River Waters[END_REF]. In anoxic sulfidic settings, iron(II) sulfides are ubiquitous and are likely to play such a crucial role, since the geochemical cycling of As in anoxic environments is strongly correlated to the geochemistry of iron sulfide minerals (e.g. Huerta-Diaz and [START_REF] Huerta-Diaz | Pyritization of trace metals in anoxic marine sediments[END_REF][START_REF] Morse | Chemical influences on trace metal-sulfide interactions in anoxic sediments[END_REF].

Arsenic sorption onto metal oxides has been examined intensively (e.g. [START_REF] Pierce | Adsorption of arsenite and arsenate on amorphous iron hydroxide[END_REF][START_REF] Waychunas | Wide angle X-ray scattering (WAXS) study of "two-line" ferrihydrite structure: effect of arsenate sorption and counter ion variation and comparison with EXAFS results[END_REF][START_REF] Fendorf | Arsenate and chromate retention mechanism on goethite. 1. Surface structure[END_REF][START_REF] Hiemstra | Surface structural ion adsorption modeling of competitive binding of oxyanions by metal (hydr)oxides[END_REF][START_REF] Swedlund | Adsorption and polymerisation of silicic acid on ferrihydrite, and its effect on arsenic adsorption[END_REF][START_REF] Ding | XPS studies on the electronic structure of bonding between solid and solutes: adsorption of arsenate, chromate, phosphate, Pb 2+ , and Zn 2+ ions on amorphous black ferric oxyhydroxide[END_REF]. Contrastingly, only a few studies on the sorption of arsenic onto Fe(II) sulfides have been reported [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF][START_REF] Bostick | Arsenite sorption on troilite (FeS) and pyrite (FeS 2 )[END_REF]. [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] investigated the mechanisms whereby As(III) and

As(V) in aqueous solution (pH 5.5-6.5) interact with the surfaces of, among others, crystalline mackinawite (tetragonal FeS) and pyrite (FeS 2 ) using As K-edge XAS. At low As(V) and As(III) concentrations, they observed for both As species similar surface complex structures with four oxygen atoms in the first shell and As to sulfur and to iron distances typical of outer-sphere complexation. At higher As(V) and As(III) concentrations, [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] observed the formation of different surface complexes along with poorly crystalline arsenic sulfide. [START_REF] Bostick | Arsenite sorption on troilite (FeS) and pyrite (FeS 2 )[END_REF] studied reactions of As(III) with crystalline troilite (hexagonal FeS) and pyrite surfaces. At low pH and at low As(III) concentrations, Langmuir -type isotherms were obtained, suggesting monolayer adsorption, although XAS analyses indicated surface precipitates at all arsenic concentrations. Their XAS data showed a reduction of As(III) at the surface of both Fe(II) sulfides, and a structural environment similar to As in arsenopyrite (FeAsS). Although the dominant aqueous As(III) in their experiments (pH 3-11) was either the neutral H 3 AsO 3 0 or the oxyanion H 2 AsO 3 -(Fig. 1b) they observed an adsorption pH-dependence typical of cation sorption (e.g. [START_REF] Stumm | Chemistry of the solid-water interface, processes at the mineral-water and particle-water interface in natural systems[END_REF]: sorption increased with pH. They explained this atypical behavior by the formation of Fe(OH) 3 associated with FeAsS precipitation, since the formation of Fe(OH) 3 is favored with increasing pH.

The crystalline pyrite studied by [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] and [START_REF] Bostick | Arsenite sorption on troilite (FeS) and pyrite (FeS 2 )[END_REF] may be representative of pyrite in sedimentary environments. In contrast, the crystalline Fe(II) monosulfides they studied are not representative, with respect to their crystallinity (mackinawite and troilite) and their crystal structure (troilite), of the characteristically finegrained natural iron monosulfide. Disordered mackinawite, or FeS, is thought to be a major component of the AVS fraction of sediments [START_REF] Berner | Sedimentary pyrite formation[END_REF][START_REF] Spadini | Analysis of the major Fe bearing phases in recent lake sediments by EXAFS spectroscopy[END_REF][START_REF] Morse | Chemical dynamics of sedimentary acid volatile sulfide[END_REF]. It is a precursor phase of pyrite, the most stable and ubiquitous authigenic iron(II) sulfide phase. Scavenging of trace elements by FeS is an important pathway for removal of these elements from solution in anoxic environments [START_REF] Kornicker | Interactions of divalent cations with pyrite and mackinawite in seawater and sodium-chloride solutions[END_REF][START_REF] Morse | Adsorption and coprecipitation of divalent metals with mackinawite (FeS)[END_REF][START_REF] Arakaki | Coprecipitation and adsorption of Mn(II) with mackinawite (FeS) under conditions similar to those found in anoxic sediments[END_REF][START_REF] Morse | Chemical influences on trace metal-sulfide interactions in anoxic sediments[END_REF][START_REF] Wharton | An X-ray absorption spectroscopy study of the coprecipitation of Tc and Re with mackinawite (FeS)[END_REF].

In this paper, experimentally determined sorption behavior of As(V) and As(III) onto the surface of FeS is reported. Synthetic FeS, which was characterized by Wolthers et al. (2003b;accepted), was used as a model solid for studying the interaction between aqueous arsenic species and FeS. The pH-dependence of sorption and the sorption isotherms of As(V) and As(III) were measured, and the isotherms were described by the Freundlich equation (e.g., [START_REF] Stumm | Chemistry of the solid-water interface, processes at the mineral-water and particle-water interface in natural systems[END_REF]. The results are interpreted in terms of outer-sphere surface complexation, in agreement with [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] and with the model proposed by Wolthers et al. (accepted). Additionally, the structures of the surface complexes and the possible surface precipitates are discussed, and the sorption results are compared with the surface acid-base chemistry model proposed by Wolthers et al. (accepted).

Disordered mackinawite properties

Disordered mackinawite refers to the first precipitated iron(II) monosulfide phase formed through the reaction between aqueous Fe(II) or metallic iron and S(-II) under ambient conditions (cf. [START_REF] Rickard | Kinetics of pyrite formation by the H 2 S oxidation of iron (II) monosulfide in aqueous solutions between 25 and 125ºC: The mechanism[END_REF]. It is nanocrystalline and displays a disordered tetragonal mackinawite structure (Wolthers et al., 2003b). Moreover, it was proposed that the hydrated FeS surface can be described by strongly acidic mono-coordinated and weakly acidic tri-coordinated sulfur sites as the surface reactive sites (Wolthers et al., accepted). In the latter study, the FeS solubility in the neutral pH-range is described by

K s app = {Fe 2+ }•{H 2 S(aq)}•{H + } -2 = 10 +4.87±0
.27 . Furthermore, they showed with acidbase titrations that the point of zero charge (pH PZC ) of FeS lies at pH ~7.5. The monocoordinated sulfur sites determine the acid-base properties at pH < pH PZC and have a concentration of ~1.2 × 10 -3 mol per gram FeS; at higher pH the tri-coordinated sulfur, which has a concentration of ~1.2 × 10 -3 mol per gram FeS as well, determines surface charge changes. Total site density is 4.0 sites per nm 2 (Wolthers et al., accepted). The surface complexation model proposed for FeS is summarized in Table 2. The individual pH-dependence experiments were performed for periods of up to six hours; the total As(V) and As(III) concentration was ~3 × 10 -5 M. Aliquots of the suspension were taken periodically over the course of an experiment; the first aliquot was a blank sample, taken before the arsenic addition. From these experiments the pH-dependence of sorption was established. A stable arsenic concentration in solution was reached within ten minutes for both arsenic species. The sorption isotherms for As(III) and As(V) were measured at pH 7.4.

MATERIALS AND METHODS

Materials

All solutions, including a series of arsenic solutions covering the concentration range required, were freshly prepared before each experiment in a 0.05 M MOPS buffer solution set to pH 7.4. Known amounts of As(III) or As(V) were added to the FeS suspension and left for half an hour, a time sufficient for the arsenic concentration to stabilize. Aliquots were taken after 30 minutes, before the next arsenic addition. As(V) reduction by FeS was investigated by acid titrations of FeS suspensions with arsenic initially sorbed on the surface at pH ~7.5.

Subsequently, the pH was lowered to pH 6 by slowly adding 0.1 M HCl solution aliquots, while regularly sampling the suspension.

From the total reaction volume of 400 mL aliquots of 5 mL were taken by pipette and transferred immediately into a syringe for filtration through a 0.45 µm pore diameter Acrodisc TM HT Tuffryn filter disc. Subsequently, the filter membrane was washed with 5 mL 6 M HCl to dissolve FeS. Sample preparation for analysis was done on the same day as the experiment; the samples were stored at 4°C and analyzed within a week.

In order to check for As(III) and As(V) sinks other than FeS in the set-up, control experiments were conducted without FeS present. No loss of dissolved arsenic occurred in these control runs. H 2 S degassing was negligible over the course of an experiment (cf. method described by Wolthers et al., accepted). Nevertheless, during experiments at pH < 7, the N 2 outflow from the reaction vessel was bubbled through a concentrated Fe(II) solution. If any H 2 S(g) bubbled through, the solution would turn black, but no color was observed.

Solution analyses

Total dissolved iron in the filtrates was measured spectrophotometrically by the ferrozine method [START_REF] Viollier | The ferrozine method revisited: Fe(II)-Fe(III) determination in natural waters[END_REF] using a Unicam TM UV1 spectrophotometer. Furthermore, samples were routinely analyzed for a range of elements including Fe and As concentrations by ICP-OES (Perkin Elmer TM Optima 3000).

Total dissolved arsenic and dissolved As(III) concentrations were determined using a AAS-5100 with a MHS-20 hydride system (Perkin Elmer TM ). In the hydride system, only dissolved As(III) is rapidly reduced to arsine, AsH 3 , and analyzed. In order to analyze total dissolved arsenic, sample preparation included the reduction of As(V) to As(III).

Contrastingly, in the sample preparation for dissolved As(III) analyses, the reduction of As(V)

to As(III) was avoided. Thus, depending on the sample preparation before hydride generation, As(III) or total arsenic was determined [START_REF] Kuhn | Arsenic cycling in eutrophic Lake Greifen, Switzerland: influence of seasonal redox processes[END_REF][START_REF] Isenbeck-Schröter | Tracer test with As(III) and As(V) at the Cape Cod Site[END_REF]. The concentration of As(V) was calculated from the difference between the total As and As(III) concentrations.

The selective determination of As(III) only works in the pH range from 4 to 6 [START_REF] Kuhn | Arsenic cycling in eutrophic Lake Greifen, Switzerland: influence of seasonal redox processes[END_REF]. Therefore, 10 mL samples were mixed with 10 mL of buffer solution to set the pH at 5. The buffer solution consisted of 25 wt.% Citric Acid Monohydrate (Merck TM ) and 11 wt.% NaOH in Milli-Q TM water (after [START_REF] Kuhn | Arsenic cycling in eutrophic Lake Greifen, Switzerland: influence of seasonal redox processes[END_REF]. The calibration solutions were made by a step dilution of a 13.4 × 10 -6 M As(III) solution. During the hydride formation, the pH dropped to a minimum of ~4. The pre-reduction step of As(V) to As(III) required for total As analysis was performed in 15 mL centrifuge tubes (Greiner TM ): 10 mL of the sample solution was allowed to reacted with 3 mL concentrated HCl (Merck TM ) and 1 mL of the pre-reducing reagent, a 10 wt.% potassium iodide (Merck TM , suprapur) and 10 wt.% ascorbic acid (Merck TM ) in Milli-Q TM water (after [START_REF] Kuhn | Arsenic cycling in eutrophic Lake Greifen, Switzerland: influence of seasonal redox processes[END_REF]. The calibration solutions were prepared through a step dilution of a 13.4 × 10 -6 M As(V) solution. The pre-reduction step was complete within one hour at room temperature. Within the MHS-20 system, the final reduction step of As(III) to arsine prior to analysis was done using a reagent of 0.02 wt.% NaBH 4 (Fluka TM ) with 0.01 wt.% NaOH (Merck TM ); the reducing reagent was stable for two days.

RESULTS

FeS stability

Figure 2 shows the pH dependence of the total iron concentration measured in the supernatant of the As(V) experiments (Fig. 2a) and the As(III) experiments (Fig. 2b). Also shown in Figures 2a and2b is the solubility of disordered mackinawite, logK s app = +4.87 ± 0.27 from Wolthers et al., (accepted). The scatter in the iron data from the sorption experiments is significantly larger than observed in the study by Wolthers et al. (accepted). Moreover, on average, the iron concentrations in the supernatant of the As(III) experiments tend to be higher than the previously observed FeS solubility, while in the As(V) experiments, the iron concentrations indicate an approximately similar solubility. The scatter in the iron concentration is, most likely, caused by the pore size of the filters used to separate the solid from the supernatant. This pore size, 0.45 µm, is larger than the 0.2 µm diameter used by Wolthers et al. (accepted), and may allow for a less reproducible filtration due to the small particle size (cf. Wolthers et al., 2003b).

The data for sorption of As(V) and As(III) were normalized to the amount of FeS present as predicted by the solubility of disordered mackinawite. Such a correction is significant due to the high solubility of FeS. For example in the experiments performed at pH 6, up to 80% of the total iron may be in solution rather than in the solid.

Sorption of As(V)

The sorption of As(V) onto disordered mackinawite is strongly dependent on pH (triangles, Fig. 3a). With decreasing pH from pH 8.5 sorption first increases strongly, then, below pH 7, a drop in sorption intensity is observed. The scatter in the sorption pH-dependence plot (Fig. 3a) can be explained by the variance in specific surface area of the disordered mackinawite over a series of separate experiments (Wolthers et al., 2003b, accepted), or by the effect of the pore size of the filters used as discussed above. The data were corrected for FeS dissolution.

The strongest sorption, 73% of the total As(V), is found at pH ~ 7.4 where 0.43 × 10 -3 mol As(V) sorbed per gram FeS, or 0.044 mol As per mol suspended FeS.

The sorption isotherm for As(V), measured at pH 7.5, is depicted as triangles in Fig. 3b. The slope of the isotherm is ~1; it can be described as a Freundlich isotherm (e.g., [START_REF] Stumm | Chemistry of the solid-water interface, processes at the mineral-water and particle-water interface in natural systems[END_REF].

Fig. 3c shows an example of a sorption rate experiment. Within ten minutes after As(V) addition, the amount of arsenic in solution has decreased and stabilized, indicating a rapid sorption reaction. As(V) sorption was found to be associated with a slight increase of pH and a slight decrease in total dissolved iron was observed with As(V) sorption. No increase in As(III) concentration in either the solution or the solid extract was measured, suggesting insignificant As(V) reduction.

Sorption of As(III)

The sorption of the neutral As(III) complex onto disordered mackinawite (diamonds in Fig. 4a) is not as strongly pH-dependent as the sorption of anionic As(V). There is a weak sorption maximum at pH ~7.2. The data were corrected for FeS dissolution during the experiments.

Similarly to the As(V) data, the scatter in the sorption pH-dependence plot (Fig. 4a) can be explained by the variance in the specific surface area of the disordered mackinawite over separate experiments (Wolthers et al., 2003b), or by the effect of the pore size of the filters used as discussed above.. The strongest sorption, ~ 23% of the total As(III), is found at pH ~ 7.2 where 0.13 × 10 -3 mol As sorbs per gram suspended FeS, or 0.012 mol As(III) per mol FeS.

The sorption isotherm for As(III) (diamonds in Fig. 4b) at pH 7.4 shows linear sorption. Fig. 4c shows and example of a sorption rate experiment. Within ten minutes after As(III) addition, the amount of arsenic in solution has decreased and stabilized, indicating a rapid sorption reaction. As(III) sorption was found to be associated with a slight increase of pH. No significant change in total dissolved iron was observed with As(III) sorption, nor was an increase in As(V) concentration in the solution or the solid extract measured.

DISCUSSION

As(V)

pH-dependence of As(V) sorption

Within the experimental pH range, the dominant As(V) species are the negatively charged H 2 AsO 4 and HAsO 4 2-(Fig. 1a). Generally, sorption of anions is strongest at low pH and gradually decreases as pH increases. For As(V) sorption onto FeS, such an increase in sorption with decreasing pH is observed above pH PZC (pH 7.2). However, below pH PZC , a decrease in sorption with pH is observed and coincides with an increase in dissolved iron concentration. The solubility of FeS increases rapidly with decreasing pH (Fig. 2). The increased instability of the solid and surface may be the cause for decreased sorption, even after correction for loss of solid. Similarly, [START_REF] Widler | The adsorption of gold(I) hydrosulphide complexes by iron sulphide surfaces[END_REF], who studied the sorption of the gold(I) hydrosulfide complex AuHS 0 onto several iron(II) sulfides, observed a decrease in gold sorption onto crystalline mackinawite and a simultaneous increase of dissolved iron concentration due to solid dissolution at low pH. [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] investigated the mechanisms whereby As(III) and As(V) in aqueous solution (pH 5.5-6.5) interact with the surface of mackinawite using X-ray absorption spectroscopy (XAS). The mackinawite they used was synthesized according to the method of [START_REF] Vaughan | Spectroscopic studies of iron sulfide formation and phase relations at low temperatures[END_REF] and, hence, is more crystalline than the FeS used in the present study (Wolthers et al., 2003b) and, probably, has more acidic surface functional groups which are (Wolthers et al., accepted). These differences may influence the amount and the pHdependence of sorption, but they are not expected to influence the mechanism and resulting sorption products on the surface. They observed that, at [As(V)] tot ≈ 4 × 10 -5 M, the complex formed by As(V) at the mackinawite surface has four oxygen atoms in the first shell at 0.170 nm, one sulfur atom in the second shell at 0.311 nm and one iron atom in the third shell at 0.351 nm [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF]. They concluded that As(V) forms an outer-sphere complex at the surface of mackinawite, binding to one surface sulfide group. The fact that there is only one iron in the third shell suggests that the sulfide is coordinated to one iron atom. The XAS data from [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] therefore specifically indicate that As(V) forms an outer-sphere complex with a mono-coordinated sulfur surface site, proposed by Wolthers et al. to be the major reactive surface site (accepted, see also Table 2). Since As(V) is negatively charged in the experimental pH range (Fig. 1a), and since outer-sphere complexation is generally involving electrostatic interactions (e.g., [START_REF] Stumm | Chemistry of the solid-water interface, processes at the mineral-water and particle-water interface in natural systems[END_REF], it is most likely that ≡FeSH 2 + is the surface reactive species where adsorption occurs (solid line in Fig. 3a).

Sorption isotherm for As(V)

The As(V) sorption isotherm for FeS (Fig. 3b) is linear. As can be seen in Fig. 3b, the sorption isotherm data do not level off at the ≡FeSH 2 + site concentration (horizontal dashed line, Fig. 3b). This shows that As(V) does not only sorb onto ≡FeSH 2 + site, and that sorption continues into coprecipitation, as observed by [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] when mackinawite is exposed to higher As concentrations, that is log[As(V)] aq ≥ -2.2.

Sorption of As(V) can be expressed as a Freundlich isotherm (R 2 = 0.88), describing the relation between the As(V) concentration in mmol g -1 FeS at the surface, [As(V)] ads , and in µM solution, [As(V)] aq (Fig. 3b):

(1) [As(V)] ads = 0.021[As(V)] aq 0.90

The slope of 0.90 implies that sorption is not controlled by a single binding site (e.g. [START_REF] Stumm | Chemistry of the solid-water interface, processes at the mineral-water and particle-water interface in natural systems[END_REF], but the scatter of points at low As(V) concentration precludes the analysis and quantification of adsorption onto high energy sites.

As(V) sorption characteristics

As(V) sorption onto FeS is found to be fast. Within ten minutes after As(V) addition, the amount of arsenic in solution has decreased and is stable for up to at least five hours (Fig. 3c).

Therefore, it may be assumed that the time used (30 minutes) between two successive As(V) additions in the sorption isotherm experiments was enough to reach "equilibrium" time. The relatively fast sorption found in this study agrees with outer-sphere complexation, which is generally a matter of minutes (e.g. [START_REF] Stumm | Chemistry of the solid-water interface, processes at the mineral-water and particle-water interface in natural systems[END_REF]. No kinetics for As(V) sorption onto iron(II)

sulfides has been reported in literature. Sorption of gold(I) hydrosulfide complexes onto crystalline mackinawite has been reported to reach equilibrium within half an hour [START_REF] Widler | The adsorption of gold(I) hydrosulphide complexes by iron sulphide surfaces[END_REF]. [START_REF] Morse | Adsorption and coprecipitation of divalent metals with mackinawite (FeS)[END_REF] reported equilibration times of five to ten minutes for cobalt and nickel sorption onto FeS. For manganese sorption onto FeS, they observed equilibration times of less than thirty minutes [START_REF] Arakaki | Coprecipitation and adsorption of Mn(II) with mackinawite (FeS) under conditions similar to those found in anoxic sediments[END_REF]. So, generally, sorption reactions with iron(II) monosulfide surfaces attain equilibrium, or at least steady state, relatively fast.

As(V) sorbs onto FeS relatively stronger than As(III) (Fig. 3a and4a). If fitted as a linear isotherm, As(V) is found to be adsorbed with a partition coefficient, K d , =

([As(V)] ads )([As(V)] aq ) -1 ≈ 9 L g -1 . For comparison, the K d value observed for As(III) was equal to ~2 L g -1 , reflecting a less strong partitioning with FeS. No significant reduction of As(V) to As(III) was observed; and this confirms an outer-sphere mechanism. This is also in agreement with [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] who observed in their XAS study that As(V) did not change redox state upon sorption onto the mackinawite surface. [START_REF] Bostick | Kinetics of As(V) reduction by dissolved sulfide[END_REF] found

As(V) reduction by aqueous S(-II) to be insignificant at pH 7 over a time of 7 days and the rate to increase rapidly with decreasing pH. [START_REF] Bostick | Arsenite sorption on troilite (FeS) and pyrite (FeS 2 )[END_REF] reported As(III) reduction within 15 to 30 minutes at pH 7, during or upon sorption onto the Fe(II) sulfides troilite and pyrite. Expectedly, As(V) would also be reduced in troilite and pyrite suspensions.

The absence of As(V) reduction in the sorption experiments with FeS is in agreement with the results of [START_REF] Bostick | Kinetics of As(V) reduction by dissolved sulfide[END_REF] and shows that the surface of FeS does not reduce As(V)

within the timeframe of the experiments, which is, in turn, an additional argument in favor of an outer-sphere complex formation . [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] studied the complex formed by As(V) at the mackinawite surface (see section 4.1.1.). They interpreted their data as outer-sphere complexation distances, and the results presented here are generally in agreement with Farquhar et al.'s structural data.

Therefore, their XAS data are used here to investigate the structural aspects of As(V) sorption onto FeS through an outer-sphere complex formation.

The As(V) oxyanion sorbs to the mono-coordinated sulfur surface site with an As-S distance of 0.311 nm [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF]. As the mono-coordinated sulfur surface site is positioned at the edges of the tetragonal layers only (Wolthers et al., accepted), sorption will occur preferentially at the edges of the mackinawite lattice and not at the basal (001) plane. One oxygen bridges the As and S, the other three hydroxyl groups of the oxyanion are pointing towards the solution. The As-As distance of 0.335 nm observed by [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] at the highest As(V) concentration i.e. at log[As(V)] aq ≈ -1.3, could be explained as such a surface-complex polymerization, since it is approximately twice the length of the As-O distance. Equilibrium calculations using MINEQL+ and the data listed in Table 1, showed that, even at the highest aqueous As(V) concentrations, the solution was strongly undersaturated with respect to As 2 O 5 . Hence, no As(V) oxide precipitation is to be expected.

The observed slight decrease in total dissolved iron observed with As(V) sorption suggests the (co)precipitation of a ferrous-iron containing arsenate phase. This could be similar to the MnHAsO 4 phase Krautite formed at the surface of MnO 2 (s) [START_REF] Tournassat | Arsenic(III) oxidation by birnessite and precipitation of manganese(II) arsenate[END_REF], which has an As-As distance of 0.335 nm. However, although the XAS data from [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] are in agreement with respect to the As-As distance of Krautite, their data show that no Fe is present in the surface precipitate at log[As(V)] aq ≥ -2.2. So, the available data are inconclusive with respect to which phase precipitates.

As(III)

pH-dependence of As(III) sorption

In the experimental pH range, the aqueous As(III) speciation is relatively simple (Fig. 1b) compared to As(V) (Fig. 1a). The dominant aqueous As(III) species is the neutral H 3 AsO 3 0 complex, and its sorption onto FeS is not strongly pH-dependent (Fig. 4a), relative to As(V) sorption. Note that in the experiments performed at the lowest pH, i.e. at pH 5.9, approximately 10% of the solid remains at the end of the experiments and this results in an extremely strong correction for dissolution of the solid and the large scatter observed (Fig. 4a). [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] observed in their XAS study on the sorption of As onto mackinawite that that, at [As(III)] tot ≈ 4 × 10 -5 M, the complex formed by As(III) at the mackinawite surface has four oxygen atoms in the first shell at 0.176 nm, one sulfur atom in the second shell at 0.309 nm and one iron atom in the third shell at 0.340 nm. They concluded that As(III) forms an outer-sphere complex at the surface of mackinawite, binding to one surface sulfide group. Their data indicate that, like for As(V), the outer-sphere complex of As(III) forms at the mono-coordinated surface. Since As(III) is not charged at the experimental pH range of the present study(Fig. 1b), no strong pH dependence is expected, nor observed.

Sorption isotherm for As(III)

The As(III) sorption isotherm for FeS (Fig. 4b) can be interpreted in terms of a Freundlich This conditional Freundlich isotherm fits the sorption isotherm data with R 2 = 0.98 (Fig. 4b).

As(III) sorption characteristics

At the same total As concentration, less As(III) is sorbed than As(V) (Fig. 3a and4a), as is reflected by the partition coefficients of ~2 L g -1 for As(III) and ~9 L g -1 for As(V). Similar to As(V), As(III) is found to sorb fast onto FeS. Within fifteen minutes after As(III) addition, the amount of arsenic in solution has decreased and is stable for up to at least four hours. No longer experiments were run. It may be assumed that the time between individual As(III) additions in the sorption isotherm experiments, which was 30 minutes, was a sufficient "equilibration" time. The relatively fast sorption found in the present study agrees with equilibration times observed by [START_REF] Bostick | Arsenite sorption on troilite (FeS) and pyrite (FeS 2 )[END_REF] of ~ 15 to 30 minutes for As(III)

reactions with troilite and pyrite, and, more generally, with outer-sphere complexation (e.g. [START_REF] Stumm | Chemistry of the solid-water interface, processes at the mineral-water and particle-water interface in natural systems[END_REF]. [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] observed that the complex formed by As(III) at the mackinawite surface is almost identical to the As(V) complex, binding to one surface sulfide group as an outer-sphere complex. So, similarly to As(V), As(III) outer-sphere complexes may form preferentially at the mono-coordinated sulfur surface site. The observed the coordination of As(III) to four oxygen atoms in the first shell [START_REF] Farquhar | Mechanisms of arsenic uptake from aqueous solution by interaction with goethite, lepidocrocite, mackinawite, and pyrite: an X-ray absorption spectroscopy study[END_REF] could be explained by an S-O group existing on the surface of FeS, and the oxygen forming the bridge between the S and the As(III). However, this would not be in agreement with the surface chemistry model proposed by Wolthers et al. (accepted, see also Table 2). Alternatively, the As(III) complexes at the surface may be oriented in such a way, that As(III) has four oxygen atoms in its first shell: three that are bound in its complex and one oxygen from the neighboring As(III) complex. Equilibrium calculations using MINEQL+ and the data listed in Table 1 showed that, at log[As(III)] aq > -7, the solution was supersaturated with respect to orpiment (As 2 S 3 ), but at all [As(III)] aq values it was undersaturated with respect to amorphous As 2 S 3 . At room temperatures, however, the more soluble amorphous As 2 S 3 is expected to precipitate as the precursor to orpiment [START_REF] Eary | The solubility of amorphous As 2 S 3 from 25 to 90°C[END_REF]. So, from the available data it may be concluded that, at higher As(III) concentrations, arsenic co-precipitates as poorly crystalline As 2 S 3 at the surfaces of FeS and mackinawite, before the solution is saturated with respect to amorphous As 2 S 3 .

IMPLICATIONS

Sorption slows down the transport of a dissolved substance compared to the water flow [START_REF] Appelo | Geochemistry, Groundwater and Pollution[END_REF] and thus is a controlling factor in the mobility and immobilization of chemicals. In the case of As sorption onto FeS, its Freundlich isotherms are straightforward relations and define a linear retardation factor. As(V) partitions more strongly with FeS than As(III). It follows from their different sorption behavior, that As(V) and As(III) will show differential mobility and will travel through an aquifer with different velocities. This will lead to their increased separation along a flow path in a non-steady state situation. Generally, the neutral H 3 AsO 3 complex is less strongly sorbed under oxic groundwater settings than As(V)

species and may travel five to six times faster than As(V) [START_REF] Gulens | Influence of redox environments on the mobility of arsenic in groundwater[END_REF]. From the present study, it can be concluded that, under anoxic sulfidic groundwater settings, a higher As(III) mobility may also be expected if disordered mackinawite controls arsenic mobility (Wolthers et al., 2003a).
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  temperature and pH monitoring, solution additions and sampling. The suspensions were stirred magnetically with a Teflon TM -coated stirring bar. The temperature in the reaction vessels was not controlled, but never varied more than ± 1.5°C during the course of an experiment. Throughout the experiments, pH was measured using an Orion TM Ross combined glass electrode incorporated in the reaction cell. Prior to use the electrode was calibrated in Calitech TM pH 4, 7 and 10 buffers traceable to NIST (National Institute of Standards and Technology) standards and after use the electrode was checked for drift in the pH 7 buffer. The drift of the electrode during a run was always less than 0.01 pH.Experiments done in the pH 6-7.5 range were conducted in the 0.05 M MOPS or MES buffer solution to maintain constant pH conditions; experiments in the pH 7-8.5 range were performed in a 0.05 M KNO 3 background ionic medium. The pH of the MOPS and MES buffers was set with a fresh 1 M NaOH during preparation of the buffers; the pH of the KNO 3 solution was set to the desired value by small additions of 1 M NaOH or 1 M HCl aliquots after the FeS suspension had been allowed to equilibrate for one hour. In the overlap of both pH ranges, no difference in experimental results was found showing no significant influence of the MOPS buffer on sorption in the range of experimental conditions used. The concentration of the in situ prepared FeS was 0.5 × 10 -3 M, that is ~0.044 g L -1 .

  isotherm. It shows no surface site saturation at high As(III) concentrations, but a linear sorption with a slope of ~1.25. Any of the predicted specific surface sites (horizontal dashed line in Fig. 4b, from Wolthers et al., accepted) would be saturated before the highest levels of sorbed As(III) in the isotherm experiment were reached. At the highest As(III) concentrations, all sites are saturated while As(III) sorption does not tend to level off, indicating a continuum from sorption to coprecipitation as observed by Farquhar et al. (2002) when mackinawite is exposed to higher As(III) concentrations, that is, at log[As(III)] aq ≈ -1.3. The association of As(III) with FeS can be expressed in terms of a Freundlich isotherm, describing the relation between the As(III) concentration in mmol g -1 FeS at the surface, [As(III)] ads , and in µM in solution, [As(III)] aq : (2) [As(III)] ads = 0.026[As(III)] aq 0.98

Farquhar

  et al. (2002) observed at their highest As(III) concentrations, i.e. at log[As(III)] aq > -3.7, the presence of sorption complexes and of a poorly crystalline As 2 S 3 phase in the XAS spectra (note: they studied As(III) sorption at log[As(III)] aq values of approximately -4.4, -3.7, and -1.3). Such a coprecipitation could explain the high As(III) part of the Freundlich isotherm found in the present study. Since no correlation between total dissolved iron and As(III) sorption was observed (data not shown), As(III) co-precipitates in an iron-free phase.
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