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Figure 1: Published Sorption Data
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Figure 2: Typical Chromatograms of
Np(V)
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Column are first purged with CO2 gas, and saturated with 0.05 M CaCl2.
The pore volume (Vp = Q µ1) and the dispersion of the flow are deduced
from the first moment, µ1, and variance of a pulse injection of CaCl2
detected by conductivity at the outlet of the column. Injections of 22Na at
different pH are interpreted as three exchange capacities. The choice of
experimental conditions for injection of Np(V) is determined by theoretical
considerations on Kd, that are checked by a priori simulation (not shown on
the figure) of the breakthrough curves, with the IMPACT code.
Experiments: 237Np(V) is typically 8µM in ([HCO2-] + [CO2+2-] = 0.2 M,
[Na+] = 1 M, ) aqueous solutions. The response to pulse-injections (0.5 Vp)
is counted in each collected fraction, by liquid scintillation (on only the alpha
signal). If the recovery is close to 100%, Kd (figure 3) is deduced from the
first moment of the recovery peak. Flow rate is Q = 0.5 ml/mn.
The variations of dispersion and position of the peak (and then of Kd)
with pH, do not depend on flow rate (this is not shown on the figures). It is
then mainly attributed to competing sorption mechanisms of trace (NpO2+)
and of major (H+, Na+) cations on the porous medium (see figure 3). A
minimum retention is found at pH 9.65.
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Kd° is experimental Kd value corrected for the influence of Np(V) complexation in
aqueous solution: Kd° = x Kd, where x = [Np(V)]t,aq / [NpO2+]. x is calculated from chemical
conditions (typically pH and [CO3]t,aq) and known complexation constants. Note that Kd° = Kd in
non complexing (typically acidic) media: Kd° is the "partition coefficient of NpO2+", while Kd is
the " partition coefficient of total Np(V)".
Depending on pH, clay sorption sites, S, are expected to be in either sodic (SONa) or
acidic (SOH) form. These classical Na+ / H+ cationic exchanges between major cations, is
competiting Np sorption. Np is at trace concentration: it cannot modify the heterogeneous
equilibria of major ions. According to the ionic exchange theory, the ratio of the sodic to the
acidic form of the clay is only dependent of the [Na+]/[H+] ratio. Data are then plotted vs. X =
lg([Na+]/[H+]) = pH + lg[Na+].
lg Kd° is expected to be proportional to -lg[M+] (M+ = Na+ or H+), when sorption is due to
the M(f) + NpO2+ <=> M+ + NpO2(f) ionic exchange, and when the clay is in M form (i.e SOM
predominates). Straightforward calculations using the ionic exchange theory, indicate that
Kd° [Na+] as well as Kd° [H+] are only dependent on the [Na+]/[H+] ratio. We then plot Y =
lg(Kd° [Na+]) = lgKd° + lg[Na+].
Observed slope 1 is consistent with this representation. See the figures 3 and 4 for more
details on the above interpretation in two particular cases. We also add our results (black
sqares) taken from the figure 3.
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Migration of Np(V) through natural porous media is
governed by both the water motion and the
heterogeneous and homogeneous reactions, that occur in
solution and on the solid. Usually, a lumped coefficient,
so-called distribution coefficient, Kd, is used to describe
radioelement retention. But, published Kd can vary by up
to 6 orders of magnitude with soil and solution
compositions (typically pH).
To understand and quantify the mechanisms, that
control the transport of neptunium, transient
experiments of Np(V) injection in sodo-carbonated
medium have been performed in columns packed with a
mixture of silica sand and natural clay minerals (6.5%,
essentially smectite and kaolinite with 6.5% of
goethite). The Kd is measured from the mean position of
the experimental response at the oulet of the column. The
curve lg(Kd) vs. pH displays a characteristic shape,
decreasing from 1.5 at pH 8.2 to 0.5 at pH 9.8, value for
which a minimum is observed and increasing 1.3 at pH
11.8.
Even when Np(V) anionic complexes are
predominant in the aqueous solution, adsorption should
essentially be attributed to its cationic form, NpO2+.
Kd variations are modelled by using aqueous
speciation, and ionic exchange equilibria on the
porous medium involving Np(V) at trace concentration
and several major aqueous ions. The two sites of Na+ /
H+ cationic exchange, found in neutral to acidic media
are attributed to clay minerals. In neutral to basic media a
third site, S, is probably amphoteric. It is completely
anionic above pH 11. At pH less than 9 HCO3-/OH- anionic
exchange is suspected on the same site S. For these two
reasons, S is attributed to goethite.

Figure 3: Kd variations with
pH 2-in 0.2 M
HCO3 /CO3 media
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(figure
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2). [CO3]t,aq = 0.2 M, [Na ] = 1 M, ClO4- . All the curves
are calculated.
lg Kd black curve is nearly parallel to +the
(pH - lg x) green one, (where x = [Np(V)]t,aq/[NpO2 ] is
calculated from Np(V) aqueous speciation): following
ionic exchange theory,
this +indicates that Np(V) sorption
+
is mainly due to H /NpO2 cationic exchange on one
site, S. x variations are here mainly due to carbonate
complexation
of Np(V). x2--decreases with pH as long as
HCO3 is titrated into CO3 .
Acidic basic titration (these experimental data are not
shown here) of the porous medium can be interpreted
with three sorption sites, Si (i = 1 to 3, see also figure 4).
Here S is S3, that is enough to interpret Np(V) fixation.
SOH starts to be partially transformed into SONa only at
pH more than 10 (curves at the bottom of the figure),
where lg[SONa] curve is parallel to the lg Kd data:
this SONa/SOH cationic exchange explains that the
deviation of the black lgKd curve, from the
(pH - lgx) green one.
At pH less than 9 SOH/SOHCO3 anionic
exchange is suspected on the same site (curves at the
bottom of the figure). This equilibrium between major
cations would then now explain the deviation of the
black lgKd curve, from the (pH - lgx) green one. This
amphoteric behaviour and the 0 charge point suggest
that S should be attributed to goethite.
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Figure 4: Kd variations with pH (Dolo's data)

Mineral composition of soil
Soil composition
% weight
silica (sand RF)
93.45
Clays (FOCA7)
6.55
Clays (< 2mm) composition
quartz
goethite
calcite
kaolinite
(50 % kaolinite, 50 % smectite)

% weight
5.9
5.7
1
4.6
82.1

Soil Column characteristics
Column
4C2
Inner diameter (cm)
1.6
Length of bed (cm)
8.0
Type of sand
RF70 250µ + FOCA7, 6.55%w/w
Mass of sand mixture(g)
22.1
3
7.75
Pore Volume (cm )
Porosity
Number of mixing cells : J (water tracer) 100
Dispersivity : a = L/2J (cm)
3
-1
0.5
Flow rate (cm .mn )
Exchange capacity (m eq/g) (pH=9.22) 48.5
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At least two of the three exchange capacities (see figure 3) are needed to model Kd
variations.
The first site, S1, is always sodic (S1ONa) in Dolo's chemical conditions, and at pH less
than 5, Np(V) sorption could be attributed to the S1ONa/S1ONpO2 cationic exchange.
At pH 5 to 6 S2ONa/S2ONpO2 cannot now be neglected, this is partially due to the
S2OH/S2ONa titration.
At pH more than 6, Kd increase is attributed to the same site, S3, as in our (figure 3)
work (but here S3HCO3 is not formed since [CO3]t,aq is too low). For this we assume, that the
clay mineral was not completely purified from goethite. We then fit the concentration of this
impurity.
For clarity, curves are drawn only in 1 M Na conditions. When [Na] is decreased by 1
order of magnitude, lg[SiONa] and then lg Kd (if due to site i) are shifted by 1 unit toward high
pH values. lg Kd is also shifted up vertically by 1 unit, if the Np(V) sorption is mainly due to the
SiONa/SiONpO2 cationic exchange.
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