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Sorption of Radioactive Cobalt and Ruthenium on Soil Minerals

Byung-Hun Lee and J. D. Hands
Hanyang University and Leicester Polytechnic, Leicester, England.

ABSTRACT

The sorption of radioactive cobalt and ruthenium on alumina, silica gel, zeolite 3A, kaolin and
Na-bentonite has been studied as a function of pH, nuclide concentration and ionic strength. Retarda-

tion factor for cobalt and ruthenium on soil minerals was determined through porosity measurement.
Hydrolysed species, cobalt and ruthenium interact with solid surfaces by physical adsorption proces-
ses. Freundlich sorption isotherms for cobalt and ruthenium are effectively linear. The sorption decrea-
ses with increasing ionic strength for cobalt and ruthenium. The effect of increasing porosity on
the retardation factor countered the effect of a significant increase in the distribution coefficient.

1. Introduction )

The disposal of radioactive wastes generated
by nuclear installations has been receiving gro-
wing attention. The method for disposing of low-
level solid wastes is shallow land burial and that
of high-level solid wastes is disposal to the deep
geologic formatioms.

Cobalt-60 is one of the predominant radionucli-
des at nuclear power plants as low-level radioac-
tive wastes. Ruthenium-106 is one of the hazar-
dous fission products which are contained in the
spent nuclear fuels as high-level radioactive was-
tes. Kinetics and adsorption of ruthenium are co-
mplex and slow due to the large number of chemi-

cal forms and complexes of ruthenium  under

varying conditions. Because of their low permea- .

bility, high sorption capactity and plasticity, clay
minerals are used for a surface seal to minimize
excessive infiltration of rain water and for sealing
or backfilling of waste repositories to prevent or
retard fluid flow and radionuclide migration by

sorption [1—15].

The objective of this study is to examine some
of the factors such as the effects of pH, nuclide
concentration, ionic strength and retardation fac-
tors affecting sorption and migration of cobalt and
ruthenium by both soil minerals and some indivi-
dual soil components.

The distribution coefficient, Kd(m3/kg), of ra-
dionuclides on soil minerals is calculated by

Ki=(c—c)v/ cm
where ¢, =initial count rate of solute in solu-
tion (cpm)
c=count rate of solute in solution after
equilibrium {cpm)
v=volume of aqueous phase (m®
m=mass of solid phase (kg

The amount of isotopically exchangeable, sorbed

nuclides is calculated by a—c

c.=nuclide concentration in solution X—q



8 HOHRR SRS

where c.=amount of isotopically exchangea-
ble, sorbed nuclide
¢ =1initial activity of nuclide in the so-
lution
¢:=final activity of nuclide in the solu-
tion

Sorption of nuclide as a function of nuclide conce-
ntration in solution is described by the Freundlich
equation

C.=aC:

where C.=nuclide concentration adsorbed on
the soil minerals(pg/ g
C.=nuclide concentration in solution
(ug/ cm®

a,b= coefficients

The retardation factor, ratio of the groundwa-
ter velocity to the radionuclide migration velocity,
is obtained from experimental porosities, experi-
mental bulk densities, and from batch distribution
coefficient based on the assumption that the ex-
change reaction is described by a linear adsorp-
tion isotherm®,

R=V./V,=1+Kep,(1-€) ¢

where R =retardation factor
Va=velocity of nuclide (m/’s) -
V.=velocity of groundwater (m./'s)
Ks=distribution coefficient (m%/kg)
p.=density of solid (kg/m®
g=porosity of solid

2. Experimental

2. 1. Materials
Approximately 3um samples of the soil mine-
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rals . bentonite (light grey power, Aldrich Chemi-
cal Co. Ltd.), kaolin, (heavy, BDH Chemicals Ltd.)
and zeolite (type 3A, Union Carbide Co. Ltd.)
were used with the soil components : aluminium
oxide, activated acidic, (150 mesh,Aldrich Chemi-
cal Co. Ltd.),silica gel (70—230 mesh, Aldrich).
For their preconditioning, both soil minerals
and soil components were prewashed and equilib-
rated with simulated groundwater for 3 days. The
composition of the simulated groundwater is given
in Table 1. The solids phases in the systen were
allowed to settle by gravity or by centrifugation
with MSE °‘High speed 18’ Refrigerator Centri-
fuge (Measuring and Scientific Equipment Ltd.,
Crawley, Sussex, England), and the aqueous pha-
ses were discharged, and then fresh simulated
groundwater was added. The system was allowed
to equilibrate for 1 week. The solids recovered
were dried in an air-circulation oven at 105TC.
Liquid sources of cobalt-60(cobalt(I) chloride
in 0.IM HCJ, 2.0pgCo/ cn?®, 0.114mCi/” cm®) and
ruthenium-103(ruthenium(II) chloride in 3.67M
HC), 27mgRu/cm?, 107mCi/ecm®) obtained
from Amersham International plc were neutrali-
sed and diluted to have concentration of 0.04
pgCo/ cm?(2.28uCi cm® and 27ugRu cm®( 10.
7uCi/em®) for ®*Co and Ru, respectively.

2.2. Sorption measurements

Samples of sorbent(100 mg) were equilibrated
in a 250-cm®stoppered Erlenmeyer flask with10 ¢m?
of the simulated groundwatet containing 0.0lcm®
of the prepared “Co tracer solution and 0.0lcm®
of 107*M cobalt(ID) chloride solution, and contai-
ning 0.0lcm® of *Ru solution. The pH of the
aqueous solution was adjusted by adding small
volumes of 0.05M-, 0.1M-, IM-NaOH and 0.1M-
, 1 M-HCI solution. Sorption of cobalt and ruthe-
nium was carried out by shaking gently the flasks



Byung-Hun Lee, et al © Sorption of Radioactive Cobait and Ruthenium on Soil Minerals 9

Table 1. Composition of simulated groundwater.

lIon mg/ dm* Salt added meq,/ dm® mg/ dm?
Na* 30 NaHCO, 0.95 79.8
K* 8 Na,S0, 0.35 24.85
Ca?* 65 MgSO. - TH,0 0.08 9.85
Mg** 10 CaS0, 0.07 476
HCO3 58 CaCl, - 2H,0 0.26 19.10
SO 23 0.20 14.91
CI- ‘16

on the shaker, Shaking Incubator (The Mickie
Laboratory Engineering Co., Gomshall, Surrey,
England) at 20C for 4 hours and standing at am-
bient temperature for 1 day. After the period of
equilibration, the mixtures of soil and groundwa-
ter were centrifuged and aliquots of the superna-
tant solutions were taken for measurements of
pH and radioactivity by using a well-type NaI(TI)
crystal gamma scintillation counter with scaler-ra-
temeter SR 7 (Nuclear Enterprises Ltd.).

The measurements of the nuclide concentration
dependence on the sorption were carried out with
107°M-, 107*M-, 10~ "®M-cobalt(II) chioride solu-
tion and 107"M-, 107*M-, 10™*M-ruthenium(III)

chioride solution with the procedure similar to

that of the sorption measurement.

The measurement of ionic strength dependance
on the sorption were carried out with 0.1 M- and
4 M-sodium chloride with the procedure similar
to that of the sorption measurement.

The porosity, ratio of the volume of the voids
in the soil minerals to the total volume of the
soil minerals, was calculated by

[
Pe

€ =1—

where py=bulk mass density of the soil mine-
rals

p,= particle mass density of the soil mine-
rals

The bulk mass density is the oven-dried mass
of the soil minerals divided by its field volume.
The particle mass density is the oven-dried mass
divided by the volume of the soil particles, deter-

mined by a water-displacement test.

2. 3. Paper-electrophoresis

The investigation of the hydrolysis products of
%Co and "Ru was carried out by the paper-elect-
rophoresis method using LKB 3276 paper-electro-
phoresis apparatus(LKB-Produkter AB, Stoc-
kholm, Sweden). 725 cm® of 0.1 M-NaCl solution
were poured into the cathode and anode elect-
rode vessels, respectively. 0.0lcm® of the nuclide
solution was applied at the fiducial point of a strip
of Whatman No. 1 filter paper, 40X410 mm. A
potential of 300 volts was applied for 5 hours.
After the electrophresis run was over, the strip
was dried and cut into 1-cm pieces, and the acti-
vity was measured by the well-type Nal(TI) crys-
tal gamma scintillation counter.

3. Results and discussion

3. 1. Effect of pH



10 HoHEE e EE

The pH dependence of distribution coefficients
for cobalt and ruthenium on soil minerals is
shown in Table 2 and 3. Al results show the mean
values of determination carried out on duplicate

Table 2. Distribution coefficients, Kd(m*/kg),
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samples. Differences in values between duplicates
were small, less than 6%. The change in pH of
aqueous phase on soil-groundwater mixture after
contact time are shown brackets.

On alumina K, increases from low value at pH

for cobalt-60 on soil minerals from batch experi-

ment.
Basic Simulated Acidic
groundwater groundwater groundwater -
(pH=105) (pH=82) (pH=4.8)
Alumina 1.647+ 0.0065 3.832+ 0.077 0.017+ 0.001
87 (65) (6.3
Silica gel 0.640+ 0.019 0.354:+ 0.0015 0.0840.0005+
(9.0 (82) 74
Zeolite 3A 0473+ 0.017 19.075+ 0.915 - 25668+ 1.597
(106) (10.0) (98
Kaolin 0.479+ 0.0025 2481+ 0.173 0.045+ 0.0005
(9.4) (82) (65)
Na-bentonite 0.375+ 0.008 1322+ 0.044 1.396£ 0.051
(9.9) (89) (8.6)

( ) pH at defined distribution coefficient after 4 h shaking time and 1 d standing time.

Table 3. Distribution coefficients, Kd(m?/kg), for ruthenium-103 on soil minerals from batch

experiment.
Basic Simulated Acidic
groundwater groundwater groundwater
(pH=102) (pH=8.3) (pH=42)
Alumina 4.822+ 0.080 11.799+ 0.239 2560+ 0.033
(86) (7.5) (59
Silica gel 0.050+ 0.0005 0.051+ 0.0001 .0479+0.003
(8.8) 6D (7.4
Zeolite 3A 0.027+ 0.0005 0.032+ 0.0005 0.207+ 0.0005
(10.5) (10. (99
Kaolin 31124+ 0025 34.102:+ 4.203 2.834: 0.069
(86) (8.0) 46
Na-bentonite 0.889+ 0.033 0.373+ 0.0005 2767+ 0.113
' (9.5) (8.7) (8.4)

( ) pH at defined distribution coefficient after 4 h shaking time and 1 d standing time.
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below 5 to maximum value at pH 8 and then dec-
reases at pH above 10 for cobalt and ruthenium.
On silica gel Ky increases from low value at pH
below 5 to high value at pH above 10 for cobalt,
while decreases from high value at pH below 5
to low value at pH 8 and levels out at pH above
10 for ruthenium.

Alumina and silica gel show either cation or
anion exchangers depending upon the pH of the
solution according to the equilibria

Al(OH)3+OH"~ 7> AI(OH); == AIO(QH);+H*
=Si"+OH™ 2 Si-OH <= Si—0 +H"

Cobalt hydrolyses in higher pH region (higher
than.7) and a maximum in sorption is observed

11

at pH around 8.
M(H,0)3+ 2 M(H,0),(OH) " "* + H"

Ruthenium exists in aqueous solution in nume-
rous forms. Various hydration processes result
in complex shifts of equilibria. The hydrolysis
products of cobalt and ruthenium are shown in
figs. 3 and 4.

On zeolits 3A K decreases from high value at
pH below 5 to low value at pH above 10 for cobalt
and ruthenium. The ionic sieve properties of the
zeolites make it possible to carry out the exchange
of cations. The rate of exchange is dependent
upon the ionic radii, that is, the extent of exchange
of cobalt is greater than that of ruthenium and
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Fig. 3. Paper-electrophoresis histogram of cobalt-60 labelled cobalt(li) chioride. Paper wet with
0.1 M NaCl. Running time, 5 hrs. at 300 V.



the hydrolysis products have lower rate of excha-
nge.

On kaolin K, increases from low value at pH
below 5 to maxium value at pH 8 and then decrea-
ses at pH above 10 for cobalt and ruthenium. On
Na-bentonite K; decreases from high value at pH
below 5 to low value at pH above 10 for cobalt
and decreases from high value at pH below 5
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to low value at pH 8 and then increases at pH
above 10. In clay minerals cation adsorption is
described as exchange of interlayer ions and com-
plexation with surface OH groups, while anion

adsorption is due to surface exchange only'?.

SOH + M™ I >0M™"* + H*
SMOH + A2 >MA + OH~
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Fig. 4. Paper-electrophoresis histogram of ruthenium-103 ruthenium(Ill) chioride. Paper wet
with 0.1 M NaCl. Running time, 5 hrs. at 300 V.

3. 2. Effect of nuclide concentration

Cobalt adsorption isotherm for silica gel, zeolite
3A, kaolin, Na-bentonite and ruthenium adsorp-
tion isotherm for silica gel, zeolite 34, Na-benton-
tonite are shown in figs. 1 and 2, respectively.

Freundlich plot of the logarithm of the soil
phase nuclide concentration against the logarithm
of the aqueous nuclide concentration is effectively
linear and described by the equations :

For cobalt,

C,=3421(C.)*®  on silica gel
C.=76.10(C.)*"
C.=104.71(C,)
C.=7.29(Co*™

For ruthenium,
C,=7.66(C)'*
C,=201(C,)**
C,=48.15(C,)**2

on zeglite 3A
on kaolin
on Na-bentonite

on silica gel
on zeolite 3A
on Na-bentonite

3. 3. Effect of ionic strength

The dependance of the ionic strength on distri-
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Fig. 1 Cobalt adsorption isotherm for individual
soil minerals at pH 8.2. Silica gel(A),
zeolite 3A(), kaclin(Q), Na-bentonite
(x).

10-5¢ Ru adsorbed (ug/g)

1076

1077¢

1073

©107% T 107
Equilibrium solution Co concentration(iig/ cm?).

bk

Fig. 2 Ruthenium adsorption isotherm for indi-
vidual soil minerals at pH 8.3. Silica gel
(A), zeolite 3A([0), Na-bentonite(X).

1078 1077 107 10
Equilibrium solution Ru concentration(ug”cm?).

bution coefficients for cobalt and ruthenium on
soil minerals is shown in Table 4 and 5. The sorp-
tion is decreasing with increasing ionic strength
for soil minerals. The sorption is less effective
for radionuclides in brines than for those in dilute
groundwater, because ions of the brine compete
with the radionuclide ions from sorption sites, that
is, electrolytes which the not supply a common
ion generally have the opposite effect from thie

common ion effect, making the solubility greater.

3. 4. Retardation factors

Retardation factors for cobalt and ruthenium
on soil minerals are shown in Table 6. The retar-
dation factor is proportional to the distribution
coefficient (Ka) and to t = bulk density (ps), but
inversely proportional to the porosity(e).

As shown in Table 6, the resulting retardation
factors (R) increased as the K, values increased.
The decreases of porosity in zeolite 3A and kaolin
than that in silica gel is attributed to clay-size
particles filling the pore space. The porosity inc-
reased as the Na-bentonite occupied more space
than that provided by the larger pores of the silica
gel.

The retardation factor for cobalt increases six-
fold in zeolite 3A than in silica gel as Ky increases
two-fold, due to the decrease of porosity on zeo-
lite 3A and increases six-fold in kaolin as K, inc-
reases three-fold, while decreases one-third in
Na-bentonite as K, decreases one-fifth and poro-
sity increases. The retardation factor for ruthe-
nium decreases seven-tenth in zeolite 3A than
in silica gel as Ky decreases three-tenth and poro-
sitv decreases, while increases eight-fold in Na-

™ bentonite as Kyincreases six-fold and porosity in-

Creases.
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Table 4. Effect of ionic strength on distribution coefficients for cobalt-60 on soil minerals
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Kq, m*/kg
0.1M NaCl 4M NaCl
(pH=825) (pH=7.6)
Alumina 5.120+ 0.055 6.645+ 0.416
(7.9 (7.15)
Silica gel 0.293+ 0.012 0.002+ 0.0003
8.1 (6.75)
Zeolite 3A 42547+ 2.734 0.089++ 0.004
(9.05) (7.75)
Kaolin 0.784+ 0.003 0.209+ 0.003
(8.25) (74)
Na-bentonite 12.048+ 0.814 8.986+ 0.377
(8.45) (7.85)

( ) pH at defined distribution coefficient after 4 h shaking time and 1 d standing time.

Table 5. Effect of ionic strength on distribution coefficients for ruthenium-103 on soil mine-

rals
Ke, m*/ kg
0.IM NaCl 4M NaCl
(pH=82) - {(pH=7.45)
Alumina 3.748 0.084 2,873+ 0.050
(7.85) (7.25)
Silica gel 0.671 0.001 0.820+ 0.005
(7.95) (7.35)
Zeolite 3A 42434 0181 1312+ 0016
(095) (7.65)
Kaolin 101.824+ 11.467 12.328 0.069
(8.15) (7.4)
Na-bentonite 5.466+ 0.041 3.182+0.118
(845) (7.85)

() pH at defined distribution coefficient after 4 h shaking time and 1 d standing time.
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Table 6. Retardation factors cobalt-60 and ruthenium-103 on soil minerals.

Soil Nuclide K4 Po Pr € R
Silica gel ®Co 34.21X1073 0.497X1073 1.599X1073 0.689 25.69
Ry 7.66X1073 0.497X1073 1.599X 1073 0.689 6.53
Zeolite 3A ®Co 76.10X1073 0.974X1073 2.004X107° 0514 145.19
13Ru 2.01X1073 0.974X1073 2.004X1073 0.514 4.81
Kaolin ®Co 10471X107  0.900X1073 2205X107 . 0502  160.14
193Ru - - - -
Na-bentonite “Co 729X1073 0.959%X107% 11282X1073 0.915 8.64
3Ry 48.15X 1073 0.959X1072 11.282X1073 0.915 51.46

4. Conclusion

The pH dependence indicates that the hydroly-
sis of cobalt and ruthenium, and the complex for-
mation of ruthenium seem to be the prime factor
determiring the sorption and migration. Hydroly-
sed species, cobalt and ruthenium interact with
solid surfaces by physical adsorption processes.

Freundlich sorption isotherms for cobalt and
ruthenium are effectively linear and have expone-
nts close to 1. There is a dependence on ionic
strength indicating that the sorption is decreasing
with increasing ionic strength for cobalt and ru-
thenium:. The effect of increaseing porosity on
the retardation factor countered the effect of a
significant increase in the distribution coefficient
of cobait and ruthenium.
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