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Migration Behavior of a Nuclide in Surface Soil (IIT)
Hiroshi OHASHI *
Abstract

In order to understand the migration behavior of radioactive nuclides in the surface soil
more exactly, the equilibrium vapor pressure of the water in compacted sodium montmorillonite
was first measured as a function of water content and temperature, and the thermodynamic
properties of water was determined, in the point of view that the water in soil is the medium for
the migration of radioactive nuclides. The thermodynamic properties depend on water content, but
not on the dry density of unsaturated specimens. In montmorillonite, single-layer adsorption may
proceed from 0 to 16wt% water content, two-layer adsorption from 16 to 27wit%, and three-layer
adsorption above 27wt%; pore water appears only in the last region.

Next the effect of humic acid, which is one of the universally occurring natural organic
substances, on the distribution of strontium was investigated. The stability constant of Sr{II)
-humate complexes decreased with temperature. The ligand to metal ratio, 1, decreased similarly
in the same temperature interval, and from the values of i larger than unity, it is suggested that
two kinds of Sr-humate complexes, StHA and Sr(HA)., are likely formed under the experimental
conditions. On the basis of the findings and the temperature dependence of the measured stability
constants, the thermodynamic functions (A G,A H and A S) of the complexation reaction of Sr
ions with humic acid were determined. Furthermore, the effect of humic acid on the distribution
of Sr(II) onto kaolinite was investigated. The effect of humic acid on the distribution of Sr(II)
onto kaolinite was observed above 40ppm humic acid concentration, and the distribution
coefficient decreased with increasing humic acid concentration. The effect was markedly
increased with pH. Further, we developed a model, in which the distribution coefficient of Sr
under the coexistance of humic acid is estimated from the distribution of Sr onto kaolinite under-
humic acid-free conditions, the stability constant of Sr-humic acid and the adsorption coefficient
of humic acid onto kaolinite, respectively.

Finally, the apparent diffusion coefficients and the activation energies of diffusion of
sodium, cesium and strontium ions in compacted sodium montmorillonite, a major mineral in soil,
was determined, as a part of the fundamental study for the assessment of the migration behavior
of radioactive nuclides in the surface soil. Most activation energies obtained in the present study
were different from those for the diffusion of the cations in free water, and showed higher values
for montmorillonite specimens with dry density of 1.6 Mg m™ or above, Three-water layer hydrate
in the interlamellar space was observed by the X-ray diffraction method for the water-saturated
montmorillonite with dry densities of 1.0 and 1.2 Mg m®, while the two-water layer hydrate was
found in the montmorillonite with dry densities of 1.6 and 1.8 Mg m®, where higher activation
energies were obtained. These findings cannnot be explained by the pore water diffusion model.
Possible explanations for the dry density dependence of the activation energy are the changes of
the temperature dependence of the distribution coefficients and/or of the diffusion process with
increasing dry density.

Work performed by Hokkaido University under contract with Power Reactor and Nuclear Fuel
Development Corporation.

* Department of Nuclear Engineering, Faculty of Engineering, Hokkaido University, Sapporo 060,
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Fig.2.1 Classification of soil by grain size

Table 2.1 Grain size of clastic sediment

$FOoER FEBRNTFOX S & EREE mm
=2 B (boulder)
= 256
% B (cobble)
64
B (pebble)
=3 4
i Bt (granule)
2
b B RE) (very coarse sand)
1
# kr % (coarse sand)
1/2
fr ¥/ & (medium sand)
1/4
# ¥ ¥ (fine sand)
1/8
= BHIEIR (very fine sand)
1/16
B v b ¥ b (silt)
. 1/256
= ol v = M 1 (clay)




Table 2.2 Relationship between grain size and chemical composition

w & MO B ‘y(s}i[it)}‘ (ccgfgeﬁc:ﬁy) (ﬁf:ﬂé%)
(fine sand) (6~5037mv) (~5:i7mv) (13:7evT)
Si0, 71.15 61.29 48.07 40. 61
TiO, 0. 50 0. 85 0. 89 0.79
A0, 10. 16 13. 30 18.83 18. 97
3 3 ] 3.72 3.94 6.91 7. 42
MgO 1. 66 3.31 3.56 3.19
Ca0 3.65 5.11 4.96 6. 24
Na,0 0. 86 1.32 1.17 1.19
K0 2.20 2.33 2.57 2,62
R 5, 08 7.05 10.91 12.51

* E.J. Pettijohn, Sedimentary Rocks, Harper & Brothers, New York, p.101, 1957,

Table 2.3 Relationship between grain size and mineral composition

514 i3 3
B R R 7T ARL FIRCREE
(silt) (coarse clay) {fine clay)
(6~50i 7)) (A~53izuav) (1 37w [TF)
HA D v R+ #4 (Kaolinite and Clay
Minerals) 7”5 17.0 23.2
== 225 ici -
BERLASIFA b (Sermrter :gnc?ni]f‘.’él) 16.6 21.2 2.1
A ¥ (Quartz) 36.7 19.3 13.1
#BIEa L EEfCE (Chlorite and Serpex;iéi)- 8.9 10.3 7.3
WL & Rk L kg (Limonite, He-
matite, and Pyrite) 3.0 5.5 &0
FRA LFRE (Calkcite and Dolomite) 10.5 7.5 5.7
& B # (Feldspars) ' ' 12.6 7.2 7.3
# A (Zeolites) 3.0 7.5 6.9
F 2 v AL &IE (Titanite and Rutile) 1.7 2.0 1.7
RFEHE Y (Carbonaceous Matter) 0.2 0.9 0.6
K 4 (Moisture) 0.9 1.3 4.1
100. 9 99.7 100.0

* F.J. Pettijohn, Sedimentary Rocks, Harper & Brothers, New York, p.113, 1957
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Table 2.4 Major clay minerals and their charge properties

C.E.C | H&mBi
Mg BT [emol/kg] | [m?/g] BH LACES
AV FAL |11 615 15 | BTIRER, WRE) ZEABLU

~ BOKRES B kBN TIR) | BEER
174 b 2:1 25 go | ABEBREVSH | LAY
== v K& ORI FIRBFREER | EEEA
7uz4 b 2:2 _ AL
E ﬁb:%‘% 10~40 80 Eﬂff/ﬁ@ @i%rﬁf
N—IFaFA P21 . EEAY
= B Mg a4 100~150 700 | EES B
EvEYOSfr|2:1 80100 800 FAEE#RL W op [IEEAY
== FECHOES ONFIRBFEES | EEER
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Table 2.5 Vapor pressure and activity of water in
saturated sodium montmorillonite, NaOH
solution, sea water, and saturated NaCl

at 298.15K
vapor pressure activity
/k Pa of water
_________________ purewater 3148 1000
sodium montmorillonjte
7 T ——
/ 103kgem=3 - / wt%
0.80 45.0 3.146 1.000
1.00 36.7 3.123 0.993
120 31.2 3.091 0.983
1.40 27.1 3.010 0.957
1.60 22.9 2.747 0.873
1.76 20.5 2.756 0.856
1.80 19.2 2.600 0.827
_______ 200 1O 2475 078]
sea water (salinity:23%o Red Séa) 3.148 0.987 (ref.20)
saturated NaCl 3.098 0.978 (ref.20)
0.1M-NaOH 3.156 0.996 (ref.21)
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Fig2.7 Experimental apparatus for measuring water vapor
pressure in equilibrium with water in compacted

Na-montmorillonite. Temperature range 298 to 313K.
V1-VS5 are valves. |
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Fig.2.9 Activity of water in compacted bentonite MX-80 as

a function of water content at 298.15K. @, present
work by vapor pressure measurements; A, KAHR

et al. (1989) by desorption pressure measurements.
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Fig2.10 Activity of water in compacted
Na-montmorillonite as a function of water content

at 298.15K. O: dry density 0.80x103 kg/m3 ;
[0: 1.20x10° kg/m3; A: 1.76x103 kg/m3.
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Fig2.11 Activity of water in compacted
Na-montmorillonite and in powder
Na-montmorillonite at 293.15K. @, present work
for compacted specimens at dry density

1.20x10° kg/m3; A, MOONEY et al. (1989) for

powder specimen.
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Fig.2.12 X-ray diffraction profiles for compacted |
Na-montmorillonite at dry density 1.20 X103

kg / m3. Water contents: A, 33wt%; A,, 31wt%;
B, 28wt%; B,, 22wt%; Bs, 17wt%; Cy, 15wt%;
C,, 11wt%; Cs, 9wt%; and D, Owt%.
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Fig2.13 Number of hydrated layers of compacted
Na-montmorillonite as a function of water content;

dry density 1.2x103kg/m3.
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Table 3.1 Elemental analyses of humic acid samples in wt% (a)

and elemental analyses nomarized to 100% of organic
components (b)

(a)
organic components / inorganic impurities
element . .
camplo C H N 0 S P Na|l K {Ca | Mg | Mn |Fe | Al |Si Ti
HA ‘
os received (391 |31 |0.6 143.6 | 0.41|<0.03 7.10) 0.16|2.02 | 0.25)0.016 |1.11|0.71 |1.78 |0.041
EA . 57.0 |4.6 |1.0 [36.0 | 0.77 | <0.03/0.014{0.029 | 0.010{0.011 | <0.001] 0. 18[0.082 | 0.30 | 0. 002
urified ‘
(b)
element H N 0 S
samp o ¢ H/0) (N/C) (0/0) (S/0)
HA 45 0 3.6 0.7 50. 2 0. 47
as received (0. 95) (0. 013) (0. 84) (0. 004)
HA 4.6 1.0 36.0 0. 77
Purified 91.3 (0. 97) (0. 015) (0. 47) (0. 005)
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Fig.3.1 Logarithmic distribution coefficients of Sr as a function
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Table 3.2 Values of logarithmic stability constants, log 8, and
ligand to metal ratio, i, for the Sr(HA): complex at
pH 5 and u« =0.1 mol dm” at different temperatures

T /K log 8 l
283 + 0.3 3.97% 0.25 1.4 £ 0.1
293+ 0.3 3.94+ 0.20 1.3+ 0.1
298 + 0.3 3.21 + 0.15 1.2 + 0.1
313 + 0. 3 2.95+ 0.15 1.1+ 0.1




Table 3.3 Logarithmic stability constant, log 8, and ligand to

metal ratio, i, for the strontium humate complex at
298K

pH I, log B i ref
5.0 0.1 3. 21 1.2 present work
4. 49 0.05 12 0. 71 Carlsen et al. [3]
6. 99 0.1 3.32 0. 82 Carlsen et al. [3]
5.0 0.1 4.53 1.43 Ibarra et al. [14]
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Fig.3.3 Plots of (1 «/A-1) versus humic acid concentration
in meq dm”, according eq. (3.15)



Table 8.4 Logalithmic stability constants, log 8 +, and log 8 »,
for Sr(HA) and Sr(HA): complexes at different

temperatures
T/ K log B | log 8,
283 £ 0.3 2.6] + 4.85 = 0.16
293 = 0.3 2.64 £ 0.11 4,68 = 0.14
298 = 0.3 2.64 + 4.68 = 0.20
313 = 0.3 2.64 = 0.17 4.60 £ 0.23
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Fig.3.4 Temperature dependence of log 8 1(4A)
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Table 3.5 Themodynamic parameters of SrHA, ThHA, and
UO:HA complexes at 298K

comp | ex AG AH AS ref.
(kd eq™) (kJ eq™") (J eq”! K1)
Sr (HA) -15.0+1.1 -1.5 £1.0 45.3x7.0 present

Sr (HA) ) -26.7+1.4 -13.3+4.4 45.0x16.1 work 2

Th(HA)  -63.56+0.06 32.6+3.2  323%10 [7] ®
Th(HA), -92.23+0.12 42.7+3.3  453%12 [7]
UO,(HA)  -29.2+0.1 -2.7+0.4 89 [11] ©
U0, (HA), -51.0+0.2 +8.0+4.0 200 [11]

a pH=5 and u
b pH=4 and u

0.1
0.1
¢ pH=4 and u=0.1
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by equation (3.24)
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Table 4.1 Basal spacing and water content of water-saturated Na-
montmorillonite with different dry density

Dry density Basal spacing Water Average basal
(Mg m™) (nm) content (%) spacing(nm)
1.0 1.87 - 38.1 2.54
1.2 1.85 - 31.9 2.17
14 1.80 1.57 27.2 1.93
1.6 - 1.54 22.6 1.73
1.8 - 1.53 19.3 1.60
Montmorillonite

o L T

: L Radioactive tracer
Fozzzzzons . ( 35Sr, 2Na, 134Cs )

Fig.4.1 Diffusion cell
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Fig.4.2 X-ray diffraction profiles for water-saturated Na-
montmorillonite with different dry density



10 ' - - -

D=9.6X10-12 m2 s-1

8 -
=
g1 :
1=

6 -

5 - -

4 : ] \ i

0 S0 100

x2 / mm?2
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compacted at dry density of 1.2 Mg m™ at 298 K; diffusion
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