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Abstract

The sorption processes of metals and semimetals on siderite are being studied because of the potential adequacy of the mineral for removing contaminants from natural waters and because of its formation during the reduction of iron(III) (hydr)oxides under anaerobic conditions in the presence of organic matter or bacteria. This transformation could involve the release of contaminants previously sorbed on the iron(III) (hydr)oxides. 
In this work, the sorption of selenite on natural siderite (Bordes de Conflent, Lleida, Spain) is experimentally studied and the results obtained are compared to the previous results on selenite sorption on magnetite, hematite and goethite.Results indicate that the process of sorption was very fast; the equilibrium was reached in less than 1 hour, which indicates that sorption will not be kinetically controlled. The experimental data were fitted with a non-competitive Langmuir isotherm, which would indicate that the main process for the decrease of selenite in solution would be its sorption on siderite via monolayer coverage of the solid surface.  The values of maximum sorption capacity of siderite obtained at pH 7,1 and 8,0 were 6,9 10-7 and 6,4 10-7 mol g-1, respectively and the same value of Langmuir constant was obtained for both pH values, 4,7 104 L mol-1. 
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INTRODUCTION
Siderite (FeCO3) is assumed to be formed as a secondary solid phase during the reductive dissolution of iron(III) (hydr)oxides by organic matter and bacteria under anaerobic conditions (Polizzotto et al.  2005). This process could be critical from the environmental point of view because the contaminants previously adsorbed onto the high-sorption capacity iron (III) (hydr)oxides could be released to the natural waters. Selenium is an element of special concern in the nuclear fuel cycle and it is one of the main radionuclides considered in the safety analysis of a High Level Nuclear Waste Repository (HLNWR), because of the long half-life of 79Se isotope, which is chemically and radiologically toxic. In addition to the toxicity of the 79Se isotope, selenium is a highly mobile element in oxidizing geochemical environments and may have a high impact on the cumulative radioactive dose if there is not a mechanism retarding its transport through the geosphere (Séby et al. 1998). The main objective of this work was to determine the incorporation of Se(IV) to siderite under oxic conditions, in order to determine the sorption capacity separated from possible redox reactions between the mineral and the contaminant. This determination will allow evaluating its potential capacity to retard the migration of selenium through the environment.
EXPERIMENTAL

Batch adsorption experiments were carried out at room temperature. 0,1 g of natural siderite (Lleida, Spain) were put in contact with 20 cm3 of a selenium solution in stoppered polystyrene tubes. The ionic medium was 0,1 mol L-1 NaCl. The tubes were continuously stirred until equilibrium. Once equilibrium was reached, samples were taken and filtered through 0,22 µm pore size filters. The concentrations of selenium and iron in solution were measured by Inductively Coupled Plasma (ICP). The point of zero charge of the solid (pHpzc) was determined by using the so-called ‘immersion methodology’.
RESULTS AND DISCUSSION

The kinetic study showed that sorption was very fast, with equilibrium in less than 5 minutes after the contact between both phases. The pH at equilibrium was always similar to the pHpzc (the value determined was 7,2±0,1). Sorption onto natural siderite was also faster than the sorption of selenite on other iron(III) natural minerals such as goethite, hematite and magnetite, where the equilibrium was reached in some hours or days [Martinez et al. 2006; Rovira et al. 2008). Thus, the sorption of selenite on siderite will not be kinetically controlled. On the other hand, similar results were obtained for the sorption of arsenic oxyanions on synthetic siderite, with very fast sorption kinetics, faster than on other iron(III) solids [Jönsson et al. 2008]. 
Experimental equilibrium data points were fitted to the Langmuir isotherm model (equation 1): 
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Where qe is the amount of sorbate adsorbed per unit mass of sorbent, qmax is the maximum metal uptake per unit mass of sorbent (i.e. saturation), Ce is the equilibrium concentration of the sorbate in solution and b is the Langmuir constant related to the energy of sorption, which reflects quantitatively the affinity between the sorbent and the sorbate. The specific uptake qe (mol·g-1 dry solid) was calculated using the equation  2:
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Where V is the volume, Ci and Ce (molL-1) are the initial and final concentration of selenium in solution, respectively, and w is the dry mass of the siderite.

The values of maximum sorption capacity of siderite obtained at pH 7,1 and 8,0 were 6,9 10-7 and 6,4 10-7 mol g-1 (9,1 10-8, 8,4 10-8 mol m-2) respectively and the same value of Langmuir constant was obtained for both pH values, 4,7 104 L mol-1.
The fitting of the Langmuir isotherm to the experimental data is shown in Figure 2.The same model was previously deduced for the sorption of selenite onto magnetite (Martinez et al. 2006), goethite and hematite (Rovira et al. 2008). As it can be seen, the results obtained at both pH values are very similar, indicating that the main sorption mechanism is not based on electrostatic interactions. Iron concentrations were always lower than 3.0 x 10-7 mol L-1, confirming the low siderite solubility. 
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Figure 1. Variation of the Se(IV) sorption as a function of Se(IV) concentration 
CONCLUSIONS
The main result obtained in this work is the fact that natural siderite has a very high adsorption capacity for selenite under oxic conditions that, together with the very fast sorption, indicates that siderite could be used as a reactive barrier in selenite polluted environments. On the other hand, the transformation of iron(III) (hydr)oxides to siderite under particular conditions would not involve a release of selenium to natural waters, because at the pH of most natural waters the sorption capacity of siderite for selenite is higher or of the same magnitude than the sorption capacity of minerals such as hematite, goethite and magnetite, which are characterized by incorporating oxyanions. 
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ISOTERMA PH = 7,10

		

				Sòlid		Siderita FeCO3		115.85		g/mol						Vol. Diss (mL)		20				Massa Siderita (g)				0.1000				àrea esp. [m2/g]		pHf mig																														Sòlid		Siderita FeCO3		115.85		g/mol				Vol. Diss (mL)		20				Massa Siderita (g)				0.1000				pHf mig

																														7.57		7.10																																																						7.10

				Mostra		Massa (g)		Concentració inicial						Concentració final				D[Se(IV)]		pH inicial		pH final		DpH		q (mg Se(IV)/g siderita)		q (mol Se(IV)/g siderita)		% Recuperació		q (mol Se(IV)/m2 siderita)																														Experiment		Massa (g)		Concentració inicial				Concentració final				D[Se(IV)]		pH inicial		pH final		DpH		q (mg Se(IV)/g sòlid)		q (molSe(IV)/g sòlid)		% Eliminació		RL

								mol/L		ppm				mol/L		ppm		ppm																																																mol/L		ppm		mol/L		ppm		ppm
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				Sòlid		Siderita FeCO3		115.85		g/mol						Vol. Diss (mL)		20				Massa Siderita (g)				0.1000				àrea esp. [m2/g]		pHf mig																														Sòlid		Siderita FeCO3		115.85		g/mol				Vol. Diss (mL)		20				Massa Siderita (g)				0.1000				pHf mig

																														7.57		8.02																																																						8.02

				Mostra		Massa (g)		Concentració inicial						Concentració final				D[Se(IV)]		pH inicial		pH final		DpH		q (mg Se(IV)/g siderita)		q (mol Se(IV)/g siderita)		% Recuperació		q (mol Se(IV)/m2 siderita)																														Experiment		Massa (g)		Concentració inicial				Concentració final				D[Se(IV)]		pH inicial		pH final		DpH		q (mg Se(IV)/g sòlid)		q (molSe(IV)/g sòlid)		% Eliminació		RL

								mol/L		ppm				mol/L		ppm		ppm																																																mol/L		ppm		mol/L		ppm		ppm

				1		0.1051		1.55E-05		1.22				8.3544E-07		0.066		1.16		7.76		7.91		0.15		0.2204		2.79E-06		94.61%		3.68E-07																														1		0.1051		1.55E-05		1.22		8.3544E-07		0.066		1.16		7.76		7.91		0.15		0.2204		2.79E-06		94.61%		0.5760

				2		0.1051		3.73E-05		2.95				2.1646E-06		0.171		2.78		7.68		7.64		0.04		0.5284		6.69E-06		94.20%		8.84E-07																														2		0.1051		3.73E-05		2.95		2.1646E-06		0.171		2.78		7.68		7.64		0.04		0.5284		6.69E-06		94.20%		0.3607

				3		0.1056		4.53E-05		3.58				2.5949E-06		0.205		3.37		7.52		7.62		0.10		0.6384		8.08E-06		94.27%		1.07E-06																														3		0.1056		4.53E-05		3.58		2.5949E-06		0.205		3.37		7.52		7.62		0.10		0.6384		8.08E-06		94.27%		0.3174

				4		0.1057		6.06E-05		4.79				3.5949E-06		0.284		4.51		7.25		7.56		0.31		0.8524		1.08E-05		94.07%		1.43E-06																														4		0.1057		6.06E-05		4.79		3.5949E-06		0.284		4.51		7.25		7.56		0.31		0.8524		1.08E-05		94.07%		0.2578

				5		0.1016		7.68E-05		6.07				4.8228E-06		0.381		5.69		7.06		7.53		0.47		1.1193		1.42E-05		93.72%		1.87E-06																														5		0.1016		7.68E-05		6.07		4.8228E-06		0.381		5.69		7.06		7.53		0.47		1.1193		1.42E-05		93.72%		0.2151

				6		0.0993		2.37E-04		18.75				2.3620E-05		1.866		16.88		9.08		8.40		0.68		3.4006		4.30E-05		90.05%		5.69E-06																														6		0.0993		2.37E-04		18.75		2.3620E-05		1.866		16.88		9.08		8.40		0.68		3.4006		4.30E-05		90.05%		0.0815

				7		0.1043		4.70E-04		37.11				1.3403E-04		10.588		26.52		9.22		8.70		0.52		5.0857		6.44E-05		71.47%		8.50E-06																														7		0.1043		4.70E-04		37.11		1.3403E-04		10.588		26.52		9.22		8.70		0.52		5.0857		6.44E-05		71.47%		0.0429

				8		0.1030		6.29E-04		49.71				2.6953E-04		21.293		28.42		9.37		8.76		0.61		5.5186		6.99E-05		57.17%		9.23E-06																														8		0.1030		6.29E-04		49.71		2.6953E-04		21.293		28.42		9.37		8.76		0.61		5.5186		6.99E-05		57.17%		0.0324

																																																														AJUST NO LINEAL = SOLVER

																																																														Experimental								Teòric												SOLVER

																																																														Ce		Qe		Ce/Qe				Ce		Q langmuir		Ce/Qlangmuir				Error^2				b (l/mol)		4.66E+04

																																																														8.35E-07		2.79E-06		3.47E+01				8.35E-07		2.39E-08		3.49E+01				0.0388865364				qmax (mol/l)		6.39E-07

																																																														2.16E-06		6.69E-06		3.75E+01				2.16E-06		5.85E-08		3.70E+01				0.2623839008

																																																														2.59E-06		8.08E-06		3.72E+01				2.59E-06		6.89E-08		3.76E+01				0.2029813725

																																																														3.59E-06		1.08E-05		3.86E+01				3.59E-06		9.17E-08		3.92E+01				0.3796402928

						Langmuir										teorcio																																														4.82E-06		1.42E-05		3.94E+01				4.82E-06		1.17E-07		4.11E+01				2.8939132308

				Experiment		Ce/Qe (g/L)		Ce/Qe (mol/L)		Q Langmuir (mg/g)		Q mol /m2		Q Langmuir (mol/g)		Ceeq																																														2.36E-05		4.30E-05		6.36E+01				2.36E-05		3.35E-07		7.06E+01				48.805471376

												Q mol /m2																																																		1.34E-04		6.44E-05		2.41E+02				1.34E-04		5.51E-07		2.43E+02				4.6936847201

				1		0.2995		3.47E+01		2.27E-01		3.79E-07		2.87E-06		0.0000008354																																														2.70E-04		6.99E-05		4.47E+02				2.70E-04		5.92E-07		4.55E+02				71.3778703557

												6.61E-07		5.00E-06		1.50E-06

				2		0.3236		3.75E+01		5.54E-01		9.26E-07		7.01E-06		0.0000021646

												9.40E-07		7.12E-06		2.20E-06

				3		0.3211		3.72E+01		6.52E-01		1.09E-06		8.25E-06		0.0000025949																																																										SUMA				128.6548317852				R^2		0.9999

												1.31E-06		9.92E-06		3.20E-06

				4		0.3332		3.86E+01		8.67E-01		1.45E-06		1.10E-05		0.0000035949

												1.59E-06		1.20E-05		4.00E-06

												1.65E-06		1.25E-05		4.20E-06

				5		0.3404		3.94E+01		1.11E+00		1.85E-06		1.40E-05		0.0000048228

												2.34E-06		1.77E-05		6.50E-06

												4.84E-06		3.66E-05		2.00E-05

				6		0.5487		6.36E+01		3.14E+00		5.25E-06		3.98E-05		0.0000236203																																																Experimental		teòric

												6.99E-06		5.29E-05		5.00E-05

												8.21E-06		6.21E-05		1.00E-04

				7		2.0819		2.41E+02		5.13E+00		8.58E-06		6.50E-05		1.34E-04																																																Qe		Q langmuir				Error^2

												8.81E-06		6.67E-05		1.65E-04

												8.99E-06		6.80E-05		2.00E-04

												9.16E-06		6.94E-05		2.50E-04

				8		3.8584		4.47E+02		5.51E+00		9.21E-06		6.97E-05		2.70E-04																																																2.79E-06		2.39E-08				7.65E-12

												9.28E-06		7.03E-05		3.00E-04																																																6.69E-06		5.85E-08				4.40E-11

																																																																8.08E-06		6.89E-08				6.42E-11

																																																																1.08E-05		9.17E-08				1.14E-10

								32.43																																																								1.42E-05		1.17E-07				1.97E-10

						b (l/mol)		6.17E+04																																																								4.30E-05		3.35E-07				1.82E-09

						qmax (mol/g)		5.00E-07																																																								6.44E-05		5.51E-07				4.07E-09

																																																																6.99E-05		5.92E-07				4.80E-09

																																																																				SUMA		1.11E-08

																																																																				SE		4.31E-05

																																																																				R2		0.9989

								0.2799

						b (l/mg)		6.01E-01																				0.2799

						qmax (mg/g)		5.9417706477																		b (l/mol)		4.75E+04

																										qmax (mol/g)		0.0000751936





		



Ce (mg/l)

q (mg Se (IV)/ g siderita)



		



Experimental

Langmuir

Freundlich

Ce (mol/l)

q (mol Se (IV)/ g siderita)



		



Ce (mol/l)

Ce/Qe (mol/L)

Isoterma de Langmuir



		



Ci (mg/l)

RL



		

				Sòlid		Siderita FeCO3								Vol. Diss (mL)		20						Massa Siderita (g)		0.1000				àrea sup. [m2/g]		pHf mig

																												7.57		6.44

				Mostra		Massa (g)		Concentració inicial				Concentració final				D[Se(IV)]		pH inicial		pH final		DpH		q (mg Se(IV)/g siderita)		q (mol Se(IV)/g siderita)		% Recuperació		q (mol Se(IV)/m2 siderita)

								mol/L		ppm		mol/L		ppm		ppm

				1		0.1004		1.67E-04		13.20		2.5316E-06		0.20		13.00		2.83		4.82		1.99		2.5896		3.28E-05		98.48%		4.33E-06

				2		0.1007		1.72E-04		13.60		1.1392E-05		0.90		12.70		3.97		6.15		2.18		2.5223		3.19E-05		93.38%		4.22E-06

				3		0.1085		1.68E-04		13.30		1.1392E-05		0.90		12.40		5.16		6.36		1.20		2.2857		2.89E-05		93.23%		3.82E-06

				4		0.1027		1.70E-04		13.40		1.3924E-05		1.10		12.30		5.91		6.54		0.63		2.3953		3.03E-05		91.79%		4.01E-06

				5		0.0993		1.75E-04		13.80		1.6456E-05		1.30		12.50		6.64		6.71		0.07		2.5176		3.19E-05		90.58%		4.21E-06

				6		0.1074		1.70E-04		13.40		1.6456E-05		1.30		12.10		7.41		6.89		0.52		2.2533		2.85E-05		90.30%		3.77E-06

				7		0.1039		1.67E-04		13.20		1.6456E-05		1.30		11.90		7.94		7.02		0.92		2.2907		2.90E-05		90.15%		3.83E-06

				8		0.0999		1.67E-04		13.20		2.2785E-05		1.80		11.40		8.87		7.05		1.82		2.2823		2.89E-05		86.36%		3.82E-06

								1.70E-04		13.43





		



q - pH inicial

pH inicial - pH final
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q - pH inicial

pH inicial - pH final

pH inicial

q (mg Se (IV)/ g siderita)

pH final



		

				Sòlid		Siderita FeCO3								Vol. Diss (mL)		20						Massa Siderita (g)		0.1000				àrea sup. [m2/g]		pHf mig

																												7.57		6.54

				Mostra		Massa (g)		Concentració inicial				Concentració final				D[Se(IV)]		pH inicial		pH final		DpH		q (mg Se(IV)/g siderita)		q (mol Se(IV)/g siderita)		% Recuperació		q (mol Se(IV)/m2 siderita)

								mol/L		ppm		mol/L		ppm		ppm

				1		0.1031		2.00E-05		1.58		1.2658E-06		0.10		1.48		2.44		4.56		2.12		0.2871		3.63E-06		93.67%		4.80E-07

				2		0.1020		2.00E-05		1.58		1.2658E-06		0.10		1.48		3.34		6.08		2.74		0.2902		3.67E-06		93.67%		4.85E-07

				3		0.1061		2.00E-05		1.58		1.2658E-06		0.10		1.48		4.85		6.49		1.64		0.2790		3.53E-06		93.67%		4.67E-07

				4		0.1044		2.00E-05		1.58		1.2658E-06		0.10		1.48		6.24		6.79		0.55		0.2835		3.59E-06		93.67%		4.74E-07

				5		0.1100		2.00E-05		1.58		1.2658E-06		0.10		1.48		7.00		6.91		0.09		0.2691		3.41E-06		93.67%		4.50E-07

				6		0.1039		2.00E-05		1.58		1.2658E-06		0.10		1.48		7.73		7.06		0.67		0.2849		3.61E-06		93.67%		4.76E-07

				7		0.1091		2.00E-05		1.58		1.2658E-06		0.10		1.48		8.95		7.12		1.83		0.2713		3.43E-06		93.67%		4.54E-07

				8		0.1088		2.00E-05		1.58		1.2658E-06		0.10		1.48		10.30		7.34		2.96		0.2721		3.44E-06		93.67%		4.55E-07





		



q - pH incial

pH incial - pH final
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