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Abstract : An experimental study on the sorption of Eu(Ill) onto granite was performed as a function of
pH in order to investigate the effects of speciation and carbonate on the sorption using a batch procedure.
The distribution of Eu(Ill) species was also calculated both in the aerobic and anaerobic conditions as a
function of pH. The sorption of Eu(lil) onto granite particles was found to be greatly dependent upon the
pH regardless of the atmosphere conditions. The distribution coefficient K, of Eu(Ill) for granite was about
2~1000 ml./g in the aerobic condition and 2~1500 mL/g in the anacrobic condition depending on the pH.
In the aerobic condition, the sorption of Eu(lll) onto granite above pH 8.5 was decreased and this
decreased sorption may be due to the formation of anionic ternary Eu(lIl)-hydroxyl-carbonate complexes in
the solution. However, in spite of the formation of the anionic ternary complexes, the sorption of Eu(lll)
onto granite was not significantly decreased. Therefore, the effect of carbonate on the sorption of Eu(Ill)
onto granite was considered to be insignificant although the speciation of Eu(lll) in the solution was greatly

affected by the presence of carbonates.
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INTRODUCTION

One of the major tasks in safety assessments
for radioactive waste repositories is to predict
the radionuclide migration, which takes account
of the sorption characteristics of various radionu-
clides. Thus radionuclide sorption onto geologi-
cal media is an important part of the overall
investigations needed for the safety assessment
of a potential site for the disposal of radioactive
wastes.” In the most of high-level radioactive
waste disposal concept being conceived, the wa-
stes will be disposed in an underground facility
located at about 500 m below the surface in a
crystalline rock. Granite has been considered a
representative crystalline rock in Korea when a
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safety assessment has been performed for a
generic site for high-level radioactive waste
disposal.”

Based on laboratory migration experiments of
radionuclides in a single fracture, two types of
retardation mechanisms were proposed: (1) sur-
face sorption at the fracture walls and (2)
diffusion and bulk sorption into the rock mat-
rix.”” There is a large potential for bulk sorption
due to the large volumes of rock matrix
available relative to fracture surfaces.” Generally
speaking, surface sorption may prevail at small
timescales, whereas bulk sorption may be domi-
nant at larger geological timescales.” Until now,
many sorption experiments for rock materials
have also been performed using crushed rocks.
Thus, in this study, crushed granite was consi-
dered as a sorbing solid medium.

In general, the sorption has been empirically
characterized by the distribution coefficient, K.,
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which describes the equilibrium partitioning of a
solute between the solid and solution phases. A
number of sorption studies have been performed
in the past, usually with the intention of recom-
mending K, values for various elements.”” In
fact, the current approach is to treat K; as an
empirical parameter and K, is representative
only of the specific conditions being studied.
Therefore, an understanding of the factors that
influence the sorption characteristics is essential
when we apply the empirically derived K, val-
ues outside the range of the experimental para-
meters.

Europium has been considered as an analogue
for trivalent lanthanides and actinides (e.g., Am’*
and Puh). It has also some similarities with
other common trivalent elements (e.g., A" and
Fezl).“” Thus there have been many studies on
the thermodynamic chemical behavior of Eu(IIl)
species in an aqueous solution'"'” and the sorp-
tion of Eu(Ill) onto various clay minerals ™"
and oxides.''*'” However, only a few of stu-
dies have been performed on crystalline rocks
such as granite.

Because natural aquatic systems comprise a
wide variation of chemical parameters, such as
pH, Eh, ionic strength, and CO(g) partial pre-
ssure, the speciation and precipitation (or solid
phase formation) are very sensitive to the aqu-
atic conditions of a given system. This is parti-
cularly true for carbonate formation of metal
ions with higher oxidation state (Z = 3+), such
as lanthanides and actinides.'’ Thus in this
study, we investigated the effects of carbonate
both on the speciation of Eu(Ill) in the solution
and on the sorption of Eu(lll) onto granite.

Therefore, the aims of this study are 1) to
determine the K, values of Eu(ill) onto a
domestic crushed granite depending on the expe-
rimental conditions, 2) to analyze the precipi-
tation and sorption behavior of Eu(lll) correlated
with the aqueous speciation of Eu(lll), and 3)
finally to investigate the effects of the carbonate
concentration as a function of the pH.

EXPERIMENT

The granite rock used in the study was
sampled from a domestic granite quarry site
located at Dukjeong-myun, Gyonggi-do. The
crushed granite particles were prepared by cru-
shing the bulk granite rock and sieving the
crushed particles. The granulometric fraction in
the diameter from 0.15 to 0.3 mm was taken for
the sorption experiments. Mineralogical compo-
sition of the crushed granite rock was deter-
mined by the point counter method using a
polarizing microscope and an X-ray diffracto-
meter (Philips, MPD). The results are shown in
Table 1 and Figure |. The crushed granite was
mainly composed of quarts, plagioclase, K-
feldspar, biotite, hornblende, and a small amount
of the sphene and opaque phases.'”

Table 1. Mineralogical Composition of the Gra-
nite Particles by a Modal Analysis of a
Polarized Microscope (1000 Points)

. Composition (volume %)
Minerals ; e —
Section 1 Section2
Quartz 46.8 416
Plagioclase 242 26.6
K-feldspar 12.4 106
Biotite 12.8 16.6
Hornblende 2.2 2.0
Sphene 0.4 1.2
Opaque Phases 1.2 1.4
Total | 100.0 100.0
2500
Qz+Bt
2000 |
2 1500 f
= Jo00 |
500
0

¢} 10 20 30 40 50

Figure 1. X-ray diffraction result for the granite

sample (Hb: hornblende, Cl: chlorite,

Qz: quartz, Bt: biotite, Ab: albite (kind

of K-feldspar), M: microcline (kind of
plagioclase)).
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In this study, Eu(Ill) in the nitrate form
(Eu(NOs); - SH20) was  used, and the con-
centration of the uranium was measured by an
ICP-MS (Ultramass 700, Varian). All the solu-
tions used were made of AR grade reagents and
high purity water with a resistivity of 18.3 MQ
-em (Milli-Q, Millipore). In order to maintain a
constant ionic strength in the system, 0.01 M
NaClO, was used as an electrolyte. One gram of
the crushed granite was transferred to a 30 mL
PP (polypropylene) bottle and contacted with 20
mL of a 0.01 M NaClO4 solution. The solution
was adjusted to a desired pH using 0.1 and 1.0
M NaOH or HCIO; solutions. The pH of each
solution was measured by a pH meter (EA-940,
Orion). When the pH was stabilized, 10° M
europium stock solution (at pH 3) was added to
the flask to achieve an initial europium concen-
tration of 10 M.

For the aerobic sorption experiment, water-
saturated air was bubbled through the solution in
order to maintain equilibrium with an ambient
atmosphere. The bottle was placed in an auto-
matically temperature controlled shaker to main-
tain the temperature at 25°C, and was gently
shaken at 100 rpm. Anaerobic sorption experi-
ment was performed in a glove box, having the
dimensions of 210 X80 <60 cm, and N> gas of
a high purity (99.999%) was used as an inert
gas (see Figure 2). 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 an
appropriate  CO.-free condition was verified
( Ceo, < 1.0 ppm or P, < 10° atm).

The sampled aliquots after reacting the 10°
M Eu(lll) solution with granite for 2 weeks
were filtered with a syringe filter of 0.22 um
pore size (Whatmann) and stored for the
analysis of the europium concentration.

Separate experiments were carried out in
order to investigate the precipitation behavior of

L]

5. CO; trap column

1. Front acryl panel
2. Glove 6. Vacuum pump
3. Cooling water circulator 7. Pressure control panel

4. Gas circulating pump 8. N, gas tank

Figure 2. Schematic diagram of the glovebox
filled with inert N, gas for the ana-
erobic sorption experiments ( P, < 10°

atm).

Eu(Ill) as a function of the pH, and to quantify
the Eu(Ill) losses on the bottle walls by filtering
the 10° M Eu(IIl) blank solutions of different
pH values through filters of 0.22 uym pore size
(Whatmann). Uncertainties arising from the Eu
(1) losses on the bottle walls and from the
analytical error were also taken into account.

RESULTS AND DISCUSSION

Distribution Coefficient

In general, the sorption of radionuclides onto
geological media has been empirically charac-
terized by the distribution coefficient K, (mL/g),
which describes the equilibrium partitioning of a
solute between the solid phase and the solution
phase:

: v
C C M

where C; (mol/g) and C, (mol/mL) are the con-
centrations of the solute in the solid phase and
in the solution phase, respectively, C; (mol/mL)
is the initial concentration of Eu(lll), ¥ is the
solution volume (mL) in contact with the granite
particles, and M (g) is the mass of the granite
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particles.

The contaminants or radionuclides placed in
the repository will not travel through the repo-
sitory at the same rate as the groundwater itself
because the contaminants are affected by retar-
dation. The distribution coefficient, K, is related
to the retardation by the following equation:'”

R =1+Prk,
£

where o, (g/cmj) is the dry bulk density of the
solid, € is the porosity of the solid medium, and
R. is the retardation factor of the solid medium.
Retardation factor is generally defined as the
average migration velocity of a contaminant (V)
relative to the average groundwater velocity (V)
according to Ry=V,/V.'"" Therefore the ave-
rage migration velocity of a contaminant in the
groundwater will be decreased as the conta-
minant sorption onto solid surfaces increases.

Speciation and Precipitation of Eu(Ill)

The chemical speciation of Eu(lll) was cal-
culated by the geochemical code MINTEQA2™
with the thermodynamic data from Table 2 in

163

order to provide information on the probable
europium speciation in the solutions depending
on the atmospheric conditions.'*” The calcu-
lated distribution of the aqueous and precipitated
species of 10° M Eu(lll) in the anaerobic
condition ( Pgg, < 10° atm) at 25°C is given in
Figure 3. The uncomplexed Eu’’ dominates in
an acidic pH range up to 7. The hydroxyl
complexes Eu(OH)," and EuOH™ are also
present between pH 6 and 8.5. However, in an

Eu]c

Eu(OH);(s)

.

Cy=10%M
1=0.01 M NaCIO,

60 - Anaerobic condition

Percentage of species (%)

40 -
20
0 z
3 4 5 6 7 8 9 10 11
pH
Figure 3. Calculated results of the Eu(Ill) species

in the anaerobic condition ( P (g, < 10°
atm) as a function of the pH.

Table 2. Formation Constants of the Solution and Solid Species of Eu(IH)

Reactions 7 log K (I1=0)
R+ HO - H' ( BuOH" | 7.9 ]
Fu’ + 2 HhO - 2 H' ( Eu(OH),’ | -14.9"
_Eu' +3 H:0 -3 H' ( EwOH)(aq) 240"
. BT 4 H0 -4 H (BWOH) | 366"
Rd" 4 CO% (Ru(COy) ( 79"
R 42€08 (EwcOyy o | 122
Fu' + 3 CO™ ( Ew(COs)™ 140" )
L BuT W4 €O (EuHCOS IR 2
B ¥ 2 H0 x €O - 2 H (EuOH):COy 76

| COs™ - H' (_Eu(OH)CO(s)
Eu + 3 H:0 + 3 €O ( Fu(COs)s snOKs)
2 Eu'' + 3 H0 - 6 H' ( Fu0xc) 5247

.34
2 Eu

+ 3 H:0 - 6 H ( EwnO3(m)

l
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alkaline region above pH 7.5, the precipitated
species Eu(OH)i(s) is the dominant species.

The distribution of the aqueous species of 10
M EuWIl) equilibrated with an ambient air
( Po, = 107 atm) at 25°C is shown in Figure
4. The calculated speciation of Eu(lll) in the
aerobic condition is quite different from that in
the anaerobic condition. The uncomplexed FEu’
dominates at a pH < 6. The carbonate com-
plexed EuCO;" is the dominant aqueous species
between pH 6 and 8 and then the anionic

ternary  Eu(Ill)-hydroxyl-carbonate  complexes

120

Eu' . EuOH(CO4):"
100 EuOHCO4(s) (€O

Co=10"M
1=0.01 M NaClO,
Aegrobic condition

80

60

40

Percentages of species (%)

|

EuCOy” [}
\ o~ En{OH),COy

-A

9 10 11

20

pH
Figure 4. Calculated results of the Eu(lll) species
in the aerobic condition ( Pcq, = 107*

atm) as a function of the pH.

120

B I‘ﬁ CulcuI;tcd (aérobic)

. Ei(OH)y(s)
100 - Calculated (anacrobic) .

|

f ®  Experimental (aerobic)
80 ®  Experimental (anacrobic)

60 Cy=10"M
1=0.00 M NaCl0,

40 EuQOHCO4(s

20

T TEILE

3 4 s 6 7 8 9 10
pH

Percentage of the precipitated Eu(111) (%)

Figure 5. Experimental results of the Eu(lll) pre-
cipitation compared with the calculated
results in the aerobic ( P, = 107 atm)
and anaerobic ( P, < 10° atm) condi-

tions as a function of the pH (data
were obtained in triplicate).

(i.e., Eu(OHRCO; and EuOH(COs),”) dominate
at a pH up to 10. The ternary complex EuOH
(COs)* mainly dominates at pH > 10. Figure 4
also shows that the precipitated solid phase of
10° M Eu(II) is EuOHCOs(s) in the pH range
between pH 6.5 and 9.0 and this precipitated
species dominates at this pH range.

Figure 5 shows the result of the precipitation
experiments for 10° M Eu(Ill) both in the
aerobic ( Pgo, = 10* atm) and anaerobic ( Pco,

< 10® atm) conditions. The experimental result
shows that Eu(lll) does not precipitate in a
lower pH below 6 but suddenly starts to
precipitate at pH 6 and then attains a maximum
precipitation of about 100% at pH 8 in the
anaerobic condition and about 95% at pH 7.8 in
the aerobic condition, respectively. This result is
very consistent with the result of Runde et al.'”
showing that the solid species of Eu(Ill)
investigated by TG/DTA and XRD were Eu
(OH)COs(s) between pH 5 and 7 at 0.03%
COxg) and Eu(COs)(s) at 1% and 100%
CO»(g). Rizkalla and Choppin also suggested
that europium was present as a precipitate at a
higher pH above 7 and the precipitate was
Eu(OH)s(s).™

The experimental data for the Eu(Ill) precipi-
tation were also compared with the calculated
speciation and is shown in Figure 5. As shown
in Figure 5, the experimental data is in good
agreement with the result by the speciation
calculation. Therefore it can be deduced that
europium is present as the uncomplexed ionic
species, Eu'’, at a pH < 6 regardless of the
presence of CO»(g) or carbonates and then the
europium starts to precipitate to Eu(OH)COjs(s)
in the aerobic condition and to Eu(OH)i(s) in
the anaerobic condition, respectively, as the pH
increases.

Sorption of Eu(Ill) onto Granite
Sorption experiments were carried out to
investigate the effect of carbonates on the
sorption of Eu(Ill) onto the granite particles as a
function of the pH. As shown in Figure 6, the
sorption of Eu(lll) onto granite is greatly
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Figure 6. The experimental results of the Eu(Ill)
sorption onto granite in the aerobic
( Pco, =107 atm) and anaerobic ( Pco,

<10 atm) conditions, respectively, as
a function of the pH.

dependent upon the pH. In the anaerobic
condition, the sorption of Eu(Ill) sorbed onto
granite increased continuously from pH 3 to pH
8.5 where a maximum K, value of about 1500
mL/g was attained. The increase of Eu(lll)
sorption in the acidic and circum-neutral pH
regions is related to the cationic europium spe-
cies in the solution, which shows successively
Eu’’, Eu(OH)* and EuOH” with an increasing
pH (refer to Figure 3). However, the decreased
sorption at a higher pH above 8.5 was not
noticed since Eu(Ill) precipitates in the form of
Eu(OH)i(s) and does not form carbonate
complexes due to the absence of carbonates in
the solution.

On the other hand, in the aerobic condition,
the sorption of Eu(ITII) sorbed onto granite also
increased continuously from pH 3 to pH 8.5
where a maximum K, value of about 1000 mL/g
was attained. After the maximum sorption was
attained, the Eu(Ill) sorption onto granite slowly
decreased with a further increasing pH. The
increase of Eu(Ill} sorption in the acidic and
circum-neutral pH regions is also related to the
cationic europium species in the solution, which
shows successively Euv’* and Ew(CO;)" (refer to
Figure 4). The decreased K, value above pH 8.5
can be explained by the presence of the anionic
ternary complexes which are hard to sorb onto

granite since the anionic ternary Eu(IIl)-
hydroxyl-carbonate complexes (i.e., successively
Eu(OH%COs and EuOH(COs),”) dominate in
the region as predicted in the speciation cal-
culation. Thus the decreased sorption of Eu(IIl)
above pH 8.5 may be due to the increased
importance of the anionic ternary Eu(Ill)-
hydroxyl-carbonate complexes in the solution. ™"
However, Figure 6 shows that the effect of
carbonate on the sorption seems to be insig-
nificant although the speciation and precipitation
of Eu(lll) is greatly affected by the presence of
the carbonates in the solution.

CONCLUSIONS

From the experimental sorption study, the
following conclusions are made:

« The sorption of Eu(lll) onto granite is greatly
dependent upon the pH. The distribution coef-
ficient K, of Eu(lll) for granite is about
2~1000 mL/g in an aerobic condition and
2~1500 mL/g in an anaerobic condition
depending on the pH.
It is considered that the sorption of Eu(Ill)
onto granite is correlated with the europium
speciation in the solution and the precipitated
species, which depends upon the pH and
carbonate concentration.
In spite of the formation of anionic termnary
Eu(III)-hydroxyl-carbonate complexes, the sor-
ption of Eu(Ill) onto granite is not signifi-
cantly decreased in the aerobic condition at a
higher pH greater than 8.5.
The effect of carbonate on the sorption of
Eu(Ill) onto granite is considered to be insig-
nificant although the speciation of Eu(lll) in
the solution is greatly affected by the
presence of the carbonates in the solution.
This reveals that Eu(lll) have a stronger
affinity to sorb onto granite than an affinity to
form carbonate complexes in the solution.
Therefore, Eu(IIl) migration in granite will be
greatly retarded by the sorption onto granite
surfaces regardless of the concentration of
carbonates.
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