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Abstract

An experimental study on the sorption of U(VI) onto a Korean granite was performed as a

function of the geochemical parameters such as contact time, pH, ionic strength, and carbonate

concentration using a batch procedure. The distribution coefficient, K; , was about 1-200 mL/g

depending on the experimental conditions. The sorption of U(VI) onto granite particles was greatly

dependent upon the contact time, pH, and carbonate concentration, but insignificantly dependent

on the ionic strength. It was noticed that the sorption of U(VI) onto granite particles was highly

correlated with the uranium speciation in the solution, which was dependent on the pH and

carbonate concentrations. It was deduced from the kinetic sorption experiment that a two-step first-

order kinetic behavior could dominate the kinetic sorption of U(VI) onto granite particles. In the

alkaline range of a pH above 7, U{VI) sorption was greatly decreased and this might be due to the

formation of anionic U{VI)-carbonate aqueous complexes as predicted by the speciation

calculations.
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1. Introduction

During the last few years, safety assessments
have been performed at KAERI (Korea Atomic
Energy Research Institute) as a part of the high-
level radioactive waste disposal technology
development program. The disposal concept being
conceived is to encapsulate spent fuel in corrosion
resistant containers {1]. The spent fuel packages will
then be disposed in an underground facility located
at about 500 m below the surface in a crystalline
rock. In Korea, no site for an underground
repository has been specified for high-level
radioactive wastes, even for low- and intermediate-
level radioactive wastes. Therefore, a safety
assessment has been performed for a generic site
with crystalline rocks such as granite.

One of the major tasks in safety assessments is
the prediction of the radionuclide migration
behavior in the far-field, which takes account of the
sorption characteristics of various radionuclides.
Thus, the sorption study of radionuclides in the far-
field is an important part of the overall
investigations needed for the safety assessment of
potential sites for radioactive wastes disposal [2]. In
general, the sorption has been empirically
characterized by the distribution coefficient, Ky,
which describes the equilibrium partitioning of a
solute between the solid and solution phases due to
sorption. A number of reviews of sorption literature

have been performed in the past, usually with the
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intention of recommending K, values for various
elements [3-7]. In fact, the current approach is to
treat K; as an empirical parameter and Kj is
representative only of the specific conditions being
studied. Therefore, an understanding of the factors
that influence the sorption characteristics of the
radionuclides is essential when we apply the
empirically derived sorption value outside the range
of the experimental parameters.

Therefore, the aims of this study are to
determine the K, values of U(VI) onto a domestic
crushed granite by performing batch sorption
experiments, to investigate the effects of the
geochemical parameters such as contact time, pH,
ionic strength, and carbonate concentration, and to
analyze the sorption behavior of U(VI) correlated

with the aqueous speciation of U(VI).

I1. Experimental

1. Materials and Apparatus

The granite rock used in the study was sampled
from a domestic granite quarry site located at
Dukjeong-myun, Gyeonggi-do, Korea. The crushed
granite particles were prepared by crushing the bulk
granite rocks and sieving the crushed particles. The
granulometric fraction, which was in the range of
0.15 mm to 0.3 mm in diameter, was taken for the
sorption experiments. Mineralogical composition of
the crushed granite rock was determined by point

counter methods using electronic microscope and
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X-ray diffraction. The crushed granite was mainly
composed of quarts, plagioclase, K-feldspar, biotite,
hornblende, and a small amount of the sphene and
opaque phases [7].

In this study, U{VI) in the nitrate form
(UO4(NOj), - 6H,0) was used, and the
concentration of the uranium was measured by
ICP-MS (Varian, Ultramass 700). The pH of each
solution was adjusted by NaOH and HCIO, , and
measured by lon Analyzer EA-940 (ORION).
Anaerobic sorption experiments were performed in
a glove box, having the dimensions of 210 x80 x
60 cm, and N, gas of a high purity (99.999 %) was
used as an inert gas (see Fig. 1). A column filled
with LiF pellets was installed to remove CO, from
the air in the glove box by circulating the air using a
gas-circulating pump. In order to maintain the
temperature in the glove box at 25 °C, the air was
cooled by a cooling water system. The
concentration of CO; in the glove box was analyzed
by GC (DID, HP Agilent) and the almost CO, -free
conditions were verified (< 1.0 ppm).

1. Front acryl panel 5. CO, trap column

2. Glove 6. Vacuum pump

3. Cooling water circulator 7. Pressure controf panel
4. Gas circulating pump 8. N, gas tank

Fig. 1. Schematic diagram of the glove box filled with
inert N, gas for the anaerobic sorption
experiment

2. Method

The somtion of U(VI) onto the crushed domestic
granite particles was studied as a function of pH, ionic
strength, and carbonate concentration using a batch
procedure. The experiments were performed at about
25 +2°C under an ambient and controlled condition.
All the solutions used were made of AR grade reagents
and high purity water with the resistivity of 18.3 M2-cm
(Milli-Q), Millipore). In order to maintain a constant ionic
strength in the system, an appropriate concentration of
NaClO, was used as an electrolyte. One gram of the
crushed granite was transferred to a 30 mL PP
(polypropylene) flask and contacted with 20-mL of
NaClO, solution with an appropriate concentration.
The flask was adjusted to a desired pH using 0.1 and
1.0 M NaOH or HCIO, solutions, respectively. When
the pH was stabilized, 103 M UQ,(NO,), - 6H,0
(MERCK) stock solution (at pH 3) was added to the
flask to achieve an initial uranium concentration of 10°
6 M. We also conducted kinetic sorption experiments
to investigate the effect of contact time of U(VI) with
granite particles using the same electrolyte at three
different initial pH values of 5.5, 7.0, and 8.5.

3. Control of Carbonate Concentration

To control the carbonate concentrations, the
carbonate concentration was varied from 10* M
to 10?2 M using NaHCOj;. For the sorption
experiments in the ambient condition, water-
saturated air was bubbled through the solutions in
order to maintain an equilibrium with atmospheric
CO; . On the other hand, the glove box system
was used for the sorption experiments in the

anaerobic conditions.
111. Results and Discussion

1. Distribution Coefficient

In general, the sorption is empirically
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characterized by the distribution coefficient K,
{mL/g), which describes the equilibrium partitioning
of a solute between the solid phase and the solution
phase:

kLUl _(Qua-ud y
S (/A R (/A R

where [U] (mol/g) and [U,] (mol/mL) are the
concentrations of the solute in the solid phase and
in the solution phase, respectively, {Ur] (mol/mL) is
the initial concentration of U{VI), V is the solution
volume (mL) in contact with the crushed granite
particles, and M (g) is the mass of the crushed

granite particles used.

2. Effects of Contact Time

We conducted kinetic sorption experiments to
determine the change of the U(VI) sorbed over time
at three different pH values of 5.5, 7.0 and 8.5. The
experimental results are shown in Fig. 2. Fig. 2
indicates that it takes over 4 days to reach a steady
state {or an equilibrium condition). The time
needed for the equilibrium of the uranium sorption
onto granite is relatively longer than that of the
other geological minerals [8]. In some instances,
however, even longer timescales have been
required for equilibrium [8]. This longer time

needed for equilibrium may be due to the
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Fig. 2. The effect of contact time on the sorption of U(VI)
onto granite particles
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composite mineralogical composition of the granite
particles.

The kinetic sorption data can be interpreted
based on the assumption that the uranium sorbs on
the granite according to a first-order reaction. The

time dependence can be given as:
P t=P 5(1—8 _H)

and this equation is linearized as:

P
{15 )=t

where P, and P, are the percentages of uranium
sorbed on the granite at time t and at steady state,
respectively, k (1/day) is a kinetic sorption rate
constant, and t is time in days. The plot of In(1-
P,/P,) against t should be linear for a first-order
kinetic reaction.

It is shown in Fig. 3 that the sorption of U(VI)
onto granite particles follows a two-step kinetic
sorption process. Hsi and Langmuir [9] also
concluded that uranium adsorption occurs in two
steps. Recently, Baik et al. [10] have studied the
kinetic behaviors of U(VI) sorption on granite
surfaces using the linearlization technique proposed
by Jannasch et al. {11]. They concluded that a two-
step first-order kinetic behavior dominated the

sorption of U(VI) onto granite particles [10]. We
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Fig. 3. The linearization plot of the kinetic U(VI) sorption
on granite depending on the pH.
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noticed that the sorption reaction rates did not
greatly depend upon pH although the surface
sorption coefficients of U(VI) sorbed onto the

granite surfaces was dependent on the pH.

3. U(V]) Speciation

The chemical speciation of uranium was
calculated by the geochemical code MINTEQA2
[12] with the thermodynamic data from Table 1 in
order to provide information on the probable
uranium speciation in the solutions depending on
the atmospheric conditions. The distribution of the
aqueous species of 10 M U(VI) in 0.01 M NaClO,
solution equilibrated with air (Peo, =103 atm) at
25 °C is given in Fig. 4.

Free uranyl ion UO,2% is the dominant species
in the acidic pH range up to 5. UO,(OH)",
(UOy),(OH)22 and (UO,)3(OH)s* are the
dominant species in the pH up to 6 and then the
ternary anionic complex (UO,),CO3(OH); in the
pH range of 6 to 8. In the alkaline pH range over 8,
UO,(COg)4%+ is the dominant species. On the other
hand, the calculated distribution of the aqueous
species of U(VI) in the anaerobic condition is given
in Fig. 5. As shown in Fig. 5, the speciation of U{VI)
in the anaerobic condition is quite different from

that in the atmosphere condition. UO,0H™ is the
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Fig. 4. Dissolved speciation of U(VI) as a function of pH in
the open atmosphere (P,,=10°5 atm). (U;)=106
M; 1=0.01 M NaClO,
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Table 1. Formation constants for the calculation of U(VI)
aqueous speciation

logp
Reaction (1=0) @
U0+ +H,0 - H+ « UO,0H* -5.20
UOz2++2H,0 - 2H* - UO,{OH),%(aq) -11.5[14)
UOz2+ + 3H,0 - 3H* — UO,(OH);” -20.00 [15]
UO2* + 4H,0 - 4H* — UO,{OH)2 -33.0
2U0,2++ H,0 - H* - (UO,),0H,* -2.70
2002+ +2H,0 - 2H* — (UQ,),(OH),2+ -5.62
3002 +4H,0 - 4H* — (UO,),{OH)2* -11.90
3U02++5H,0- 5H* — (UO,)5(OH)s+ 1555
3002+ +TH,0- TH* — (UO,),{OH), -31.00
4UOz2+ +TH,O-TH — (UO,)(OH),* -21.90
U0+ + COsE™ - UO,CONaq) 9.67 [16)
U0+ + 2C052" - UQ,(CO4)> 16.94
UOz2+ + 3C0Z" — UO,{CO3)5* 21.60
2U02++CO# +3H,0 - 3H+— (UO,L{CO,)(OH),~  -0.86
3002+ +COZ +3H,0 - 3H+— (UO,K(COy(OH)*  0.66
11UO2++6COZ +18H,0-24H+ — (U0 (COsK(OH)*  -54.36
UOz2+ + NO;~ — UO,NO;* 0.3
UO2+ + ClOy —-UO,CIO,* 0.5
UO2+ + ClO;~ —UO,CI0;* 0.26
H* + COg2- —HCO;~ 10.33
2H* +COg2~ — H,CO, 16.68
2H* + CO2" - H,0 —COylg) 18.14

(a) Values from Grenthe et. al. (13), usless otherwise
indicated
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dominant species in the pH around 6 and then the
complex UO,(OH),%aq) in the pH range of 6 to
8.5. In the alkaline pH range over 8.5, the anionic
species UO,{OH);™ is the dominant species.

4. Effects of lonic Strength and pH

Sorption experiments were carried out to
investigate the effect of ionic strength on the
sorption of U(VI) onto the crushed granite particles
at different pH values. These experiments were
performed by varying the concentration of NaClOy.
As shown in Fig. 6, the distribution coefficient K,
{mL/g) at all the pH values are slightly decreased as
the concentration of NaClO, increases.

Fig. 6 also shows the retention of uranium onto
the crushed granite as a function of pH as well as
the effects of ionic strength. As shown in Fig. 6, the
K, values are greatly dependent upon the pH. The
distribution coefficient K, increases from pH 3
continuously to a maximum value at pH ~6.5.

The increase of U{VI) sorption has to be related
with the uranium speciation, which shows
successively different cationic species, namely
UO,2*, UOL(OH)* and (UO,);(OH)s* (see Fig. 4).

E § &

T(VD concentration in the sotution (mold}

Fig. 5. Dissolved speciation of U(VI]) as a function of pH in
the anaerobic condition.
(Up) = 10° M; 1=0.01 M NaClO,
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It is known that U{VI) sorption occurs in the pH
range where U(VI) hydroxyl complexes are
predominant [17]. However, when the pH
increased above 6.5, K; was greatly decreased. The
decreased sorption of U(VI) sorbed in an alkaline
pH and atmospheric conditions is correlated with
the increased importance of the anionic U(VI}-

carbonate aqueous complexes [18].

5. Effects of Carbonate

In the presence of CO,(g) or dissolved
carbonates, U(V]) sorption onto mineral surfaces is
at a maximum at a near-neutral pH between ~6.0
and ~7.0 and decreases sharply towards a more
acidic or alkaline conditions [18, 19]. The
importance of aqueous carbonate complexation in
reducing U(VI) sorption onto granite is emphasized
by the data in Fig. 7. The figure compares the
results of experiments on U(VI) sorption onto
granite conducted under atmospheric (Pco, = 10385
atm) and anaerobic (Pco, ~10% atm) conditions as
well as 10%-10% M total carbonate concentrations.
Fig. 7 shows that the maximum value of the

distribution coefficient, K;, is increased about 5
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Fig. 6. The effects of ionic strength on the sorption of
U(VI) onto crushed granite particles as a function
of pH.
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Fig. 7. The effects of carbonate concentration on the
sorption of U(VI) onto crushed granite particles
as a function of pH. (Up)= 10 M; 1=0.01 M
NaClO,

times and the position of the peak of the sorption
curve is shifted to a lower pH-side as the carbonate
concentration decreases from atmospheric
condition to anaerobic condition. Thus the effect of
an increased carbonate concentration can be
directly related to its effect on the aqueous
speciation of U(VI).

Fig. 8 shows the aqueous speciation of U(VI) as
a function of pH for a 10 M U(VI) solution at a
0.01 M NaHCO; total carbonate concentration in
the atmosphere condition. Comparison of Fig. 4
with Fig. 8 shows that at a higher carbonate
concentration, the predominant field of the
monomeric U(VI)} hydroxy species becomes
reduced in a manner similar to the reduction in
U(V]) sorption, i.e., the maximum is lowered and
the high-pH side is shifted to a lower pH. This is
due to the increased importance of the U(VI)
carbonate complexes at a higher carbonate

concentration.
IV. Conclusions

From this experimental sorption study, the

following conclusions were made:
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Fig. 8. Dissolved speciation of U(VI) as a functiorr of pH in
a closed atmosphere equilibrated with the total
carbonate concentration (Cr) of 0.01 M
NaHCO;(Up)= 10" M; 1=0.01 M NaClO,

@ The distribution coefficients of U(VI) for granite
patticles were about 1-200 mi/g depending on
the experimental conditions.

@ The sorption of U{VI) onto granite particles was
greatly dependent on the contact time, pH, and
carbonate concentration but little on the ionic
strength.

® It can be deduced that a two-step first-order
kinetic behavior dominates the kinetic sorption
of U(VI) onto granite particles.

@ It was noticed that the sorption of U(VI) onto
granite particles could be highly correlated with
the uranium speciation in the solution, which
was dependent on the pH and carbonate
concentrations.

® In the alkaline region, in the presence of
carbonates, U{VI) sorption onto granite was
greatly decreased and this may be due to the
formation of the anionic U(VI)-carbonate

agqueous complexes.
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