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Adsorption of U(VI) and Pu(IV, V) onto ferric oxyhydroxides

Gaskova О.L., Varvariyk I.A.
gaskova@uiggm.nsc.ru; fax: (3832) 33-27-92; phone: (3832) 33-30-26


As a rule, concentrations of natural and “anthropogenic” actinides in the environment are low enough, but even this quantity may be destructive for the biosphere owing to the chemical and/or radiation impact. Therefore, in the systems in which these elements are microcomponents (without forming their own phases) a reliable quantitative prediction of their transport is impossible without taking into consideration the adsorption onto widespread sedimentary Fe(III) oxyhydroxides of Fe2O3·Н2О(am), hematite (-Fe2O3 and goethite (-FeOOH type.

For the purpose of radionuclide adsorption modeling, the Gibbs free energy minimization computer code “HCh” [1] was used in combination with a simple non-electrostatic surface complexation approach [2]. Within the scope of this approach, the surface protonation/deprotonation and complexation with actinide reactions for iron oxides can be described by equations of the following form:

>FeOH + H+aq = >FeOH2+





(1),

>FeOH = >FeO- + H+aq





(2).

>FeOH + Pu4+ + H2O = >FeOHPuO2+ + 2H+



(3)

>FeOH + Pu4+ + 2H2O = >FeOHPuO2 + 4H+



(4)

>FeOH + PuO2+ = >FeOHPuO2+




(5)

>FeOH + PuO2+ + H2O = >FeOHPuO3-



(6)

>FeOH + UO22+ + H2O = >FeOHUO3 + 2H+



(7)

>FeOH + UO22+ = >FeOHUO22+




(8)

where >FeOH is a functional group on the surface of iron oxide and Pu4+, PuO2+ and UO22+ are aqueous species that sorb onto the surface to form complexes with the stehiometry suggested by [2, 3, 4, 5, 6].

For the calculations with the aid of the “HCh” code the following admissions have been made:

1) With the assumption of a “conditional insolubility” of Fe(III) phases at 25°C and in the near neutral solutions, the passing of the respective reactions was “suppressed”, i.е. all solid phases besides those concerned with the surface >FeOH functional group were withdrawn.

2) Zero value was allocated for the free energy of >FeOH and another values were calculated using the constants of equations (1 – 8) from Table 1.

3) The non-electrostatic model assumes that electrical charge at mineral surfaces does not effect surface complexation of ions which form intersphere complexes. Therefore, adsorption is only a function of concentration of surface >FeOH functional group and chemistry of solution.

4) The concentration of >FeOH functional group was calculated by formula: 

Ntot = Ns(A(Cs(1/NA(1018, 





(9)

where Ns (site/nm2) is the total number of sites, A is the specific surface area (m2/g), Cs  is the concentration of solid mineral in the aqueous dispercion (g/l), NА – is Avogadros number (6,02252(1023), and the factor 1018 converts nm2 to m2. 

The free energy of formation of U- and Pu-species was compiled according to [7, 8].

Rather good correspondence of calculated and experimental values was achieved as a result (Fig. 1, 2). In the following simulations systematic calculations will be carried out in the systems with variable concentrations of microcomponents (radionuclides) and basic electrolyte ions including carbonate ion.

Table 1. 

	Surface complexation reaction constants for iron (III) oxyhydroxides according to [1, 9].

№ reac
	1
	2
	3
	4
	5
	6
	7
	8

	logK
	7.29
	-8.93
	9.25*
	-1.29
	4.79
	-10.66
	-3.05
	6.63


* this value was selected to fit experimental data of [2] instead 6.93.
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Fig. 1. Calculated adsorption of Pu (IV and V) on (-FeOОH (solid lines) in comparison with experimental data from [3] (crosses and squares). The lines represent the data fit using total Pu(IV) = 10-11 mole/l, 0.5g/l of solid and its specific surface area is 50 m2/g.
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Fig. 2. Calculated adsorption of U(VI) on Fe2O3·Н2О(am). (triangles on the line) in comparison with experimental data from [5] (points). The line represents the data fit using total U(IV) = 10-5 mole/l, 1g/l of solid and its specific surface area is 600 m2/g.

Preliminary results using the non-electrostatic model indicate that the iron oxyhydroxide surfaces can significantly reduce the U(VI) mobility even at рН = 4. At the same pH value, only 2% of PuO2+ (basic valence form of Pu in surface environment) is connected with the surface of (-FeOOH.. Plutonyl ion leaves a solution almost entirely only at рН 7 - 8. If the reduction of Pu(V) to Pu(IV) occurred in solution [3] or in the reduced environment, the removal of 60-70% of Pu(IV) could be expected.
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		Adsorption of uranium

		=====================

		Temperature  298.15 K (25.00 C)

		Total pressure  1.000 bar (Sat.)

		0.0024HNO3+10-5U        0.0023HNO3+10-5 U       0.0021HNO3+10-5U        0.002HNO3+10-5U         0.001HNO3+U 10-5

		Total system composition

		H2O  5.551000E+01  mol       5.551000E+01  mol       5.551000E+01  mol       5.551000E+01  mol       5.551000E+01  mol

		H  2.400000E-03  mol       2.300000E-03  mol       2.100000E-03  mol       2.000000E-03  mol       1.000000E-03  mol

		O  7.200000E-03  mol       6.900000E-03  mol       6.600000E-03  mol       6.000000E-03  mol       2.000000E-03  mol

		N  2.400000E-03  mol       2.300000E-03  mol       2.100000E-03  mol       2.000000E-03  mol       1.000000E-03  mol

		Na  0.000000E+00  mol       0.000000E+00  mol       0.000000E+00  mol       0.000000E+00  mol       0.000000E+00  mol

		Fe  2.300000E-03  mol       2.300000E-03  mol       2.300000E-03  mol       2.300000E-03  mol       2.300000E-03  mol

		U  1.000000E-05  mol       1.000000E-05  mol       1.000000E-05  mol       1.000000E-05  mol       1.000000E-05  mol

		====== Aqueous solution ======

		0  9.999137E-01* 1.00000*  9.999169E-01* 1.00000*  9.999207E-01* 1.00000*  9.999225E-01* 1.00000*  9.999193E-01* 1.00000* H2O

		1  9.024830E-05  0.95092   1.169701E-05  0.95184   5.816313E-07  0.95371   3.648192E-07  0.95466   4.472322E-08  0.96601  H+

		2  1.246619E-10  0.94690   9.598024E-10  0.94798   1.922069E-08  0.95015   3.057759E-08  0.95125   2.432034E-07  0.96414  OH-

		3  1.219991E-03  0.94650   1.119991E-03  0.94760   1.219991E-03  0.94980   8.199938E-04  0.95091   1.156608E-31  0.96395  NO3-

		4  1.179991E-03  0.94768   1.179991E-03  0.94873   8.799933E-04  0.95083   1.179991E-03  0.95191   1.000014E-03  0.96449  NO2-

		5  3.612658E-31  0.99991   3.044995E-31  0.99992   6.497616E-31  0.99992   1.632696E-31  0.99992   4.527166E-87  0.99992  O2

		6  1.320958E-31  0.99991   1.438826E-31  0.99992   9.849719E-32  0.99992   1.964934E-31  0.99992   1.180016E-03  0.99992  H2

		8  1.482054E-06  0.80621   9.548090E-08  0.80981   2.196972E-11  0.81707   5.681513E-12  0.82078   1.962842E-14  0.86530  UO2++

		9  9.426416E-08  0.94768   4.696715E-08  0.94873   2.183704E-10  0.95083   9.025054E-11  0.95191   2.615286E-12  0.96449  UO2OH+

		10  7.840989E-09  0.99991   3.014682E-08  0.99992   2.819569E-09  0.99992   1.858084E-09  0.99992   4.397952E-10  0.99992  UO2(OH)2

		11  1.233356E-13  0.94768   3.651096E-12  0.94873   6.838833E-12  0.95083   7.169910E-12  0.95191   1.350217E-11  0.96449  UO2(OH)3-

		12  2.673856E-23  0.80621   6.080858E-21  0.80981   2.270864E-19  0.81707   3.779044E-19  0.82078   5.513718E-18  0.86530  UO2(OH)4--

		13  5.179571E-11  0.61579   1.655218E-12  0.62199   1.754984E-18  0.63462   1.867213E-19  0.64113   1.772798E-23  0.72214  (UO2)2(OH)+++

		14  5.528235E-10  0.80621   1.369339E-10  0.80981   2.946876E-15  0.81707   5.022093E-16  0.82078   4.106671E-19  0.86530  (UO2)2(OH)2++

		15  4.350177E-14  0.80621   4.142891E-14  0.80981   8.338680E-20  0.81707   9.364912E-21  0.82078   1.812560E-24  0.86530  (UO2)3(OH)4++

		16  1.023039E-13  0.94768   7.535012E-13  0.94873   3.064569E-17  0.95083   5.500374E-18  0.95191   8.929537E-21  0.96449  (UO2)3(OH)5+

		17  3.676650E-22  0.94768   1.608908E-19  0.94873   2.636185E-21  0.95083   1.200257E-21  0.95191   1.266286E-22  0.96449  (UO2)3(OH)7-

		18  7.286624E-18  0.94768   2.063432E-16  0.94873   7.849076E-22  0.95083   9.283781E-23  0.95191   3.567346E-26  0.96449  (UO2)4(OH)7+

		19  1.333095E-06  0.99991   1.024050E-05  0.99992   1.897255E-04  0.99992   2.882365E-04  0.99992   1.218794E-03  0.99992  FeOH

		20  1.990144E-11  0.94768   1.177084E-09  0.94873   4.367448E-07  0.95083   1.055600E-06  0.95191   3.551296E-05  0.96449  FeO-

		21  2.290235E-03  0.94768   2.279914E-03  0.94873   2.099824E-03  0.95083   2.000693E-03  0.95191   1.035725E-03  0.96449  FeOH2+

		22  1.949993E-07  0.99991   5.759222E-06  0.99992   9.979517E-06  0.99992   9.991150E-06  0.99992   9.999582E-06  0.99992  FeOHUO3

		23  8.219554E-06  0.80621   4.067824E-06  0.80981   1.734108E-08  0.81707   6.813024E-09  0.82078   9.952706E-11  0.86530  FeOHUO2++

		I = 0.002               I = 0.002               I = 0.002               I = 0.002               I = 0.001

		pH = 4.066              pH = 4.953              pH = 6.256              pH = 6.458              pH = 7.364

		Eh = 0.581              Eh = 0.527              Eh = 0.455              Eh = 0.434              Eh =-0.441

		Bulk composition (mol)

		Water  55.508859694     Water  55.508854132     Water  55.508849995     Water  55.508849974     Water  55.507669756

		H  4.680612E-03         H  4.591736E-03         H  4.400009E-03         H  4.300051E-03         H  5.660487E-03

		O  8.340306E-03         O  8.045868E-03         O  7.750005E-03         O  7.150026E-03         O  4.330244E-03

		N  2.400000E-03         N  2.300000E-03         N  2.100000E-03         N  2.000000E-03         N  1.000000E-03

		Na     --               Na     --               Na     --               Na     --               Na     --

		Fe  2.300000E-03        Fe  2.300000E-03        Fe  2.300000E-03        Fe  2.300000E-03        Fe  2.300000E-03

		U  1.000000E-05         U  1.000000E-05         U  1.000000E-05         U  1.000000E-05         U  1.000000E-05

		Options used: /i

				FeOUO2OH				FeOHUO2++				Utot		%

		2.953		4.00E-10				2.97E-06		2.97E-06		1.00E-05		2.97E+01

		3.189		1.71E-09				4.21E-06		4.21E-06		1.00E-05		4.21E+01

		4.066		1.95E-07				8.22E-06		8.42E-06		1.00E-05		8.42E+01

		4.953		5.76E-06				4.07E-06		9.83E-06		1.00E-05		9.83E+01

		6.256		9.98E-06				1.73E-08		1.00E-05		1.00E-05		1.00E+02

		6.458		9.99E-06				6.81E-09		1.00E-05		1.00E-05		1.00E+02

		7.364		1.00E-05				9.95E-11		1.00E-05		1.00E-05		1.00E+02

				%

		2.953		29.7

		3.189		42.1

		4.066		84.20

		4.953		98.30

		6.256		99.97

		6.458		99.98

		7.364		100.00

		3.1				10

		3.6				20

		3.5				30

		3.1				38

		4				39

		3.3				48

		3.5				60

		4				79

		4.2				77

		4.5				83

		4.6				90

		5				98
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		6				100
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Pu(V)

												Pu(V)

												=====

								==		==== Aque		ous solution ==		====

		0		9,999896E-01*		9,999910E-01*		9,999921E-01*		9,999969E-01*		H2O

		1		4.82E-05		9.11E-06		1.90E-07		2.37E-08		H+

		2		2.18E-10		1.15E-09		5.48E-08		4.33E-07		OH-

		3		2.40E-04		2.00E-04		1.50E-04		2.50E-05		NO3-

		4		6.84E-85		6.84E-85		6.84E-85		2.74E-84		O2

		5		9.60E-05		9.60E-05		9.60E-05		4.80E-05		H2

		7		9.87E-12		9.37E-12		2.82E-12		1.32E-12		PuO2+

		8		4.13E-17		2.07E-16		2.99E-15		1.13E-14		PuO2OH

		9		1.27E-32		1.21E-32		3.63E-33		2.41E-33		PuO2OH+

		10		2.10E-07		1.10E-06		4.16E-05		6.39E-05		FeOH

		11		5.47E-12		1.52E-10		2.73E-07		3.32E-06		FeO-

		12		1.92E-04		1.91E-04		1.50E-04		2.87E-05		FeOH2+

		13		1.25E-13		6.27E-13		7.10E-12		5.13E-12		FeOHPuO2+

		14		2.13E-20		2.98E-18		7.70E-14		3.54E-12		FeOHPuO3-

				pH = 4,324		pH = 5,048		pH = 6,727		pH = 7,628

				Eh =-0,229		Eh =-0,272		Eh =-0,371		Eh =-0,415

				% Pu ads
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Pu(V)
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PUIV

																Pu(IV)

																======

														Total sy		stem compositio		n

				H2O  5.55		1,00E+04		mol       5.55		1,00E+04		mol       5.55		1,00E+04		mol       5.55		1,00E+04		mol       5.55		1,00E+04		mol       5.55		1,00E+04		mol

				H  5.00		0,00E+00		mol       2.40		0,00E+00		mol       2.00		0,00E+00		mol       1.00		0,00E+00		mol       9.00		0,00E+00		mol       9.50		0,00E+00		mol

				O  1.50		0,00E+00		mol       7.20		0,00E+00		mol       6.00		0,00E+00		mol       3.00		0,00E+00		mol       2.70		0,00E+00		mol       2.85		0,00E+00		mol

				N  5.00		0,00E+00		mol       2.40		0,00E+00		mol       2.00		0,00E+00		mol       1.00		0,00E+00		mol       9.00		0,00E+00		mol       9.50		0,00E+00		mol

				Fe  9.60		0,00E+00		mol       9.60		0,00E+00		mol       9.60		0,00E+00		mol       9.60		0,00E+00		mol       9.60		0,00E+00		mol       9.60		0,00E+00		mol

				Pu  1.00		0,00E+00		mol       1.00		0,00E+00		mol       1.00		0,00E+00		mol       1.00		0,00E+00		mol       1.00		0,00E+00		mol       1.00		0,00E+00		mol

												==		==== Aque		ous solution ==		====

		0		9,999811E-01*		9,999905E-01*		9,999919E-01*		9,999955E-01*		9,999958E-01*		9,999910E-01*		H2O

		1		4,04E-04		1,44E-04		1,04E-04		5,00E-06		7,06E-07		1,78E-06		H+

		2		2,64E-11		7,29E-11		1,01E-10		2,07E-09		1,47E-08		5,83E-09		OH-

		3		5,00E-04		2,40E-04		2,00E-04		1,00E-04		9,00E-05		9,50E-05		NO3-

		4		2,74E-84		2,74E-84		2,74E-84		2,74E-84		2,74E-84		6,80E-86		O2

		5		4,80E-05		4,80E-05		4,80E-05		4,80E-05		4,80E-05		3,04E-04		H2

		6		5,55E-20		2,48E-21		9,31E-22		5,71E-26		7,74E-30		6,54E-28		Pu++++		0		0		0		0		0

		7		4,76E-16		6,26E-17		3,27E-17		4,30E-20		4,14E-23		1,39E-21		PuOH+++

		8		1,09E-12		4,14E-13		3,02E-13		8,39E-15		5,75E-17		7,66E-16		Pu(OH)2++

		9		3,23E-12		3,50E-12		3,55E-12		2,07E-12		1,01E-13		5,33E-13		Pu(OH)3+

		10		4,04E-15		1,23E-14		1,72E-14		2,09E-13		7,20E-14		1,51E-13		Pu(OH)4

		11		1,25E-08		3,51E-08		4,86E-08		1,00E-06		6,67E-06		2,77E-06		FeOH

		12		3,95E-14		3,07E-13		5,86E-13		2,49E-10		1,17E-08		1,93E-09		FeO-

		13		9,60E-05		9,60E-05		9,59E-05		9,50E-05		8,93E-05		9,32E-05		FeOH2+

		14		5,68E-12		6,06E-12		6,12E-12		3,50E-12		1,60E-13		8,84E-13		FeOHPuO++

		15		1,02E-15		8,68E-15		1,68E-14		4,21E-12		9,67E-12		8,43E-12		FeOHPuO2

				I = 0		I = 0		I = 0		I = 0		I = 0		I = 0

				pH = 3,404		pH = 3,849		pH = 3,99		pH = 5,306		pH = 6,156		pH = 5,755

				Eh =-0,165		Eh =-0,192		Eh =-0,2		Eh =-0,278		Eh =-0,328		Eh =-0,328

								Pu ads

						3.4		56.8102

						3.85		60.6868

						4		61.368

						5.31		-77.1

						5.78		93.14

						6.16		98.3

						0		0		0		0		0

						0		0		0		0		0		98.3






