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Abstract : The adsorption and transport characteristics of uranium (VD) by using a crushed-granite of
Korean origin were investigated to better identify the adsorption processes involved and to obtain suitable
data for models describing the uranium transport in the granite. In order to obtain the batch K4 and the
breakthrough curve of uranium, experiments were conducted with both batch and column systems under the
conditions of varying pH and temperature. Model prediction for the uranium transport was performed with
the plate model of chromatography combined with two adsorption models: the equilibrium adsorption model
and the kinetic adsorption model.

The batch K4 was increased with temperature, indicating that the uranium adsorption onto the granite was
endothermic. The pH dependency of the Kq showed a typical adsorption characteristic of actinides onto
constituent mineral of geological media, which showed very strong adsorption in the range of pH 6 ~7. The
uranium transport data was well described by the linear kinetic transport model. The result indicated that
the uranium adsorption process was time-dependent, rather than in equilibrium during the migration in the
column. The column Kyq was much larger than the batch Ky at the same total concentration and pH.
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INTRODUCTION

The safe disposal of high-level radioactive
wastes (HLW) is a crucial step of the nuclear
fuel cycle. The most widely accepted solution
for the disposal of HLW is the construction of
underground repository to accommodate waste
packages.” In this case, the most probable
escape pathway for radionuclides from a
repository to the biosphere is via water-bearing
fractures in surrounding rock. A safety
assessment for such a disposal requires the
knowledge of the dynamics of groundwater
flow and of role of the surrounding geological
body for ensuring an adequate nuclide con-
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tainment.

The radionuclide transport through geologic
media is strongly influenced by sorption onto
surrounding rock and mineral phases. The
sorption process is dependent on various
geochemical parameters, including aqueous
properties, sorptive properties as well as
temperature and redox potentials. Such a
complexity of sorption process in natural
system makes it difficult to describe and
predict radionuclide retardation and transport in
geochemical systems of variable mineralogic
composition and changing aqueous speciation.
Although a surface complexation model can
deal with the dependency of chemical
conditions, especially the pH and concen-
trations of complexing ligands, on adsorption
of radionuclide onto mineral,’® the model is
yet impractical to the safety assessment due to
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the uncertainty and lack of data available.” At
the present exercise of safety assessment,
sorption process is mostly described in terms of
an empirical distribution coefficient (Kg), ex-
pressed as concentration ratio of radionuclide
between water and solid surface. The value of
Ks is normally measured by batch (static)
method for a specified condition. However,
flow-through column experiment,” '? together
with the batch experiment for Ky measurement,
is also important to examining how adsorption
influences radionuclide migration.

In this study, uranium(VI) is used to
investigate actinide transport in domestic granite,
which is potential bedrock for deep geological
disposal of HLW in Korea. The purposes of
this paper are to improve our understanding of
the uranium migration in domestic granite, to
compare the batch and column Ky, and to
obtain suitable data for a transport model to
describe the movement of U(VI).

MODEL

The surface environment can be regarded as
giant chromatography systems with porous
media as the solid phase and groundwater as
the carrier. Depending on the groundwater flow
concept applied, transport model can be
classified into two types: a continuous model
and a discrete mixing cell model. The con-
tinnous model assumes continuous spatial
variations in solute concentrations. The discrete
model uses a network of suitably connected
subsystems, each one having its own properties,
to represent spatial variations. The basic
subsystem of discrete model is mixing cell of
uniform concentration. In face of the difference
of the hydrological transport concept, the two
models produce same prediction results at
broad conditions."

The plate theory of chromatography or
mixing cell concept has been often applied to
predict the movement of reactive and non-
reactive solute in soil and groundwater.'“s)
According to the plate theory, the chromatog-

C,
o

stage

CD-A CI
C Vo L
et rate = ke (K Gy}

V. cell volume
$ : porosity

Figure 1. Concept of plate model of chroma-
tography.

raphic column is mathematically equivalent to
a plate column where the total length is
divided into N. plates (Figure 1). A differential
material balance on solute around plate » gives

L e, - cra=d s c,t 01— 9l
n=1,2,...N, (1)

where F is the mobile phase flow rate, C, and
C,.1 the mobile phase concentration of plate »
and n-1, respectively, g. the adsorbed phase
concentration of plate », V. the volume of plate
n, ¢ the column porosity, and p, the particle
density.

The first order linear kinetic adsorption
model assumes that the sorption rates are to be
first order with respect to the mobile and
adsorbed phase concentration, respectively.

dq,
dt

= kg (KyCo—q,), n=1,2,...N, 2)

In the case of the equilibrium adsorption
model, the adsorption rate is equal to the
desorption rate. There is no net change in g,
and C,. Thus, as g, is no longer a function of
time under equilibrium conditions, the left side
of Equation (2) is zero and the equation lead
to

4,=K,C,, n=1,2,...N. 3)

For initial and boundary conditions, it is
assumed that the mobile phase enters plate |
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with a solute concentration of C, but all the
plates at the start are solute free so that

B.C.; C,= constant - “)
1LC;Ci=Ci=...... =Cx=0,
A=aG=...... =qn=0 ()

From the above model we can see that the
kinetic transport model consists of 2N, ordinary
differential equations with four parameters (Kgs,
K4 N., ¢), while the equilibrium transport
model is given by N. ordinary differential
equations with three parameters (K4, Ne, ¢). In
the case of the equilibrium transport model the
concentration of solute in the plate N, can be
analytically derived.'®

N.—1 r
Crld=C,(1— ;‘0 (”T’[")

e " ®

where ¢, is the mean residence time of tracer in
a plate, which is defined by £~=RL/UN. where
L is the total column length, U the velocity of
mobile phase in column, and R the retardation
factor given by R=1+(1-¢)pKs/¢.

EXPERIMENTALS

Materials

Crushed granite was prepared by sieving
after crushing the granite block quarried from
a domestic site (Eyjungbu, Gyeonggi-do). The
particle diameter is ranged between 0.021 c¢m
and 0.03 cm and the surface area measured by
BET (N, adsorption) is 1.0 m*/g. A suitable
amount of the crushed granite was sufficiently
washed in acidic solution to remove impurities
and organics. After the washing the crushed
granite was smoothly dried at about 40°C in an
oven. Uranium nitrate (UO2(NO3);-6H,0) and
ultra pure water were used to make the
uranium solution. The ionic strength of the
solution was adjusted to 0.01 M with NaClOy
all through experiments.

Experimental Method

Batch adsorption experiments were conducted
in a temperature controlled incubator shaker
without attempting to exclude air. The solid to
liquid ratios was fixed at 250 g/L.. The 25 g of
adsorbent were added to 0.1 liter NaClO4 (0.01
M) solution in PMP (poly methyl propylene)
flask. The suitable amount of uranium nitrate
was then added to the solution to adjust the
initial concentration, and the pH was checked
and adjusted if necessary to the prefixed value.
After the reaction the final pH was measured,
and two phases were separated by membrane
filter with the pore size of 0.2 ym. The
solution passed through the filter was analyzed
for the uranium concentration by the ICP-MS
(Ultramass 700).

Figure 2 shows the schematic column
experimental system. The chromatographic
column was made of a Pyrex tube with water
jacket, 31 cm in length and 1 cm in inside
diameter. The column was connected to a
HPLC pump and to a conductivity cell or a
fractional collector. A three-way valve was
installed at the column inlet, allowing the
column to be washed out when an abrupt
composition change was performed. The dead
volume (6.48 mL) in the connecting tube was
determined by the retention time of the
bromide peak measured by directly connecting
the inlet tube and the outlet tube of the
column. Temperature was controlled by circu-
lating water from the water-bath equipped with

Figure 2. Schematic diagram of column ex-
perimental system.



106 Dong-Kwon Keum, Byung-Jae Choi, Min-Hoon Baik, and Pil-Soo Hahn

temperature controller. The bromide chromato-
gram was obtained with varying flow rate. The
bromide concentration at the column outlet was
continuously measured using the ion-conduc-
tivity meter in order to obtain the chromato-
gram. In the uranium transport experiment, the
flow rate was fixed to 60 mL/h. The uranium
solution at the column outlet was sampled
using the fractional collector, and the concen-
tration was analyzed by the ICP-MS.

RESULTS AND DISCUSSION

Uranium Adsorption in Batch Experiment

The formation of precipitates of adsorbing
components during the adsorption experiment
produces the confounding and biasing results
on the adsorption.” We first evaluated the
solubility of uranium as a function of pH using
the geochemical code MUGREM'” and the
thermodynamic data.” In the calculation, the
hydroxyl as well as the carbonate complex of
uranium was considered because the experi-
ment was conducted with the distilled water
without attempting to exclude air. The schoepite
(UO;-2H;0) was assumed to be the solubility-
limiting solid phase. The calculation result
revealed that the solubility was a minimum
(about 2x 10° M) at near the pH 6. In order
to experimentally check the possibility of
uranium precipitation, we performed the blank
test without adsorbent with solution of concen-
tration of 10° M. As a result, no difference in
concentration was found between after and
before filtration of solution in the blank
experiment. Accordingly, all the batch adsorp-
tion experiments were conducted with the total
uranium concentration of 10° M.

Figure 3 and Table 1 show the percent
adsorbed amount and static Kg values of
uranium with varying pH and temperature,
respectively. Uranium sorption starts to in-
crease at the weak acidic conditions and is a
maximum at near neutral pH (6~7) and
decreases sharply toward alkaline conditions.
The increase in the uranium adsorption at the
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Figure 3. Percent adsorbed amount of uranium
measured from the batch experiment
under varying pH and temperature
(total uranium concentration=10" M,
ionic strength=0.01 M, ratio of solid
to solution=250 g/L).

Table 1. The K values estimated from the
batch experiment

Temperature pH
() 4|1 5 | 6 7 8 | 9
20 38| 134 |107.3] 104.1| 147 6.5
35 5.632.41292.3] 258.0 | 26.8 | 14.2
50 6.4 1404 1396.0{1996.0| 71.5 | 22.7

a) Ka(mL/g)={%ads/(100-%ads)} X W(solid concentration)

acidic pH is due to the increase in the uranium
hydroxyl strongly adsorbed in this pH range.
The decrease in the uranium adsorption at the
alkaline pH is ascribed to the increase in
aqueous uranium carbonate complexes with
increasing pH." This sharp decrease in uranium
sorption in the alkaline conditions is generally
not observed in the carbonate-free systems.mo)
The pH dependency of uranium adsorption on
granite is very similar to the metal adsorption
onto minerals such as goethite, hematite and so
on, which shows very strong adsorption in the
pH range of 6~7. On the other hand, the
increase in temperature enhances the uranium
adsorption on . granite. This indicates that
uranium adsorption reaction onto the granite is
endothermic.

Column Characteristics
The measurement of breakthrough of non-
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sorbing tracer allows the measurement of the
flow characteristics of column such as porosity
and axial dispersion. In the plate model of
chromatography, the number of cell (N.)
accounts for the extent of axial dispersion. If a
pulse of bromide is added at the inlet of a
column, the retention time and the dispersivity
of chromatogram at the column outlet are
determined by the extent of porosity and the
axial dispersion. We estimated N, and porosity
(¢) as fitting parameters from the bromide
chromatogram by the Marquardt algorithm.”
The porosity was estimated to be 0.50£0.01,
which was independent of flow rate. This value
of the porosity agreed well with that estimated
by using the particle density (2.55 g/em’) and
the weight of the crushed granite packed in the
column. Table 2 shows N. values calculated
with varying flow rate. The values increase
with decreasing flow rate. The larger the flow
rate is, the greater dispersive flow is resulted in
within the range of the studied flow rate.
According to Sardin and Schweich,” the
number of cell in the plate model of chro-
matography corresponds to the Peclet number
(Pe) of the continuous model, and both models
lead to almost the same results if Pe(>10) is
equal to 2N,. We also confirmed no difference
of calculation result between the two models
when Pe=2N.. The Peclet numbers reduced
from the relationship are in the range of 180 to
250. These values of Pe reveal small dispersive
flow. On the other hand, Figure 4 shows the
comparison of the experimental bromide
chromatogram with the equilibrium transport
model without adsorption (K¢=0). The very
good agreement between the model prediction
and the experimental data proves that no
kinetic limitation to diffusional mass transfer
around or inside the granite particles occurs in
the conditions chosen for the experiment.

Sensitivity of N. and ks, on Break-
through Curve

The retention time of the breakthrough curve
of adsorbing solute is determined by the value

Table 2. The number of cell and Peclet
number obtained from the chromato-
gram of bromide

Flow rate (mL/h) N, Pe*
30 126 252
45 119 238
60 93 186
75 90 180
* Pe=2N,
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Figure 4. Comparison of the experimental data
with the model calculation for the

bromide transport.

of Kq, while the dispersivity is controlled by
both the rate constant of sorption (k) and the
number of cell (N.) when no other process
such as intraparticle diffusion is involved. The
sensitivity analysis of N. and kus on the
breakthrough curve of adsorbing solute is
therefore necessary to understand the relative
importance of those two processes on the
dispersivity of the curve. Figure 5 shows the
breakthrough curves calculated with varying N,
and ks The model prediction was numerically
obtained by the IMSL subroutine DIVPAG,
which uses the Gear algorithm with variable
step size.”> When the value of kus approaches
to infinite (the equilibrium case), only the AN,
which accounts for the extent of axial dis-
persion, is responsible for the dispersivity of
the breakthrough curves. The breakthrough
curve becomes steeper with increasing the
number of cell (Figure 5(a)). The effect of
dispersion begins to decrease with increasing
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Figure 5. Sensitivity of N. and kg, on the dispersivity of the uranium breakthrough curve.

kinetic effect (decreasing sorption rate). At the
low value of adsorption rate constant the
dispersion effect appears to be negligibly small,
and the dispersion effect is no longer a
significant factor on the transport of uranium
(Figure 5(c)). At constant N, the dispersivity
of breakthrough curve is only affected by the
sorption rate constant. The more dispersive
breakthrough curve is produced with the less
value of sorption rate constant (Figure 5(d)). In
this case, the rate -constant is the only fitting
parameter to adjust the dispersivity of the
experimental breakthrough curve.

Transport of Uranium in Column

In this study, the uranium transport experi-
ments at pH 4 where a week adsorption of
uranium is expected were performed to obtain
breakthrough curves within a reasonable expe-
rimental time. Figure 6 shows the experimental
breakthrough curves of uranium measured with
different temperature. The increase in tempera-
ture produces delayed breakthrough time, which
is consistent with the temperature -effect
obtained by the batch experiment; the batch K4
was increased with temperature. Under the
present experimental conditions, the uranium

seems to be fully recovered in the elution
stage, indicating the reversible adsorption of
uranium.

From the comparison of the model prediction
with the experimental data of uranium trans-
port, we can see that the equilibrium transport
model is unable to describe the experimental
data. The curve predicted by the equilibrium
model with the batch Ky elutes much earlier
and shows steeper rising than the experimental
curve. The equilibrium model with the column
K4 has a retention time similar to the experi-
mental curve but produces steeper rising and
sharper decreasing breakthrough curve. The
equilibrium transport model may give a good
match with the experimental curve if two
parameters (Kq and N.) are used as fitting
parameters. However, the extent of axial
dispersion is generally not a fitting parameter
for the breakthrough curve of adsorbing solute
because the axial dispersion is independent of
the sorption effect, and thus it should be
determined from a separate experiment using
non-adsorbing tracer to prevent the misleading
of the result due to the sorption. In this study
N; was estimated from the chromatogram of the
bromide (Table 2). The discrepancies between
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Figure 6. Comparison of the experimental data
with the model predictions for the

uranium {ransport.

the equilibrium transport model and the
experimental curve imply that the uranium
adsorption process is time-dependent and needs
a finite time to reach equilibrium. This result
seems to be caused by the relatively large
convective flow rate, compared to the sorption
rate. On the other hand, the experimental
curves show an asymmetrical shape. It indi-
cates that the sorption rate during the loading
step is different from that during the elution
step. Hence we have applied different values of
the adsorption rate constant for the front zone

and the trailing zone of the experimental curve,
respectively. The calculated result is shown in
Table 3. For the elution step the adsorption rate
constant is smaller than that for the loading
step. It reveals that desorption rate is slower in
the course of the elution step. Meanwhile, no
difference is found between the Ky values
obtained by the equilibrium transport model
and the kinetic transport model. It is because
the K4 is responsible only for the retention time
of breakthrough curve and does not affect the
dispersivity of the curve. From comparing the
column and the batch Kj value, we can sce
that the column Ky is much larger than the
batch K; at the same total uranium con-
centration and pH. The difference is possibly
due to the different ratio of solid to solution
volume between the batch and the column
experiment.

CONCLUSION

The adsorption and transport of uranium (VI)
was investigated with a series of batch and
column experiments using the granite sampled
from Eyjungbu, Gyeonggi-do, Korea. The batch
K4 and the breakthrough curve of uranium
were obtained under the conditions of varying
pH and temperature. Model prediction for
uranium transport was performed with the plate
model of chromatography combined with two
different adsorption models: the equilibrium
adsorption model and the kinetic adsorption
model.

The batch Ky was increased with temper-
ature, indicating that the uranium adsorption
onto the granite was endothermic. The pH

Table 3. Experimental conditions and fitting parameters obtained from the column experiment of

uranium
Equilibrium model (EM) Kinetic adsorption model (KM)
Loading time Temp.
P pH ©) Baich Column Ky kel ks
Ki (mL/g) | Ki (mL/ig) | (ml/g) ™" )
18 4 20 38 10.0 10.0 4.2 0.60
23 4 35 5.6 20.0 20.0 4.2 0.54
step 4 50 6.4 70.0 70.0 42 -
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dependency of the K4 showed a typical ad-
sorption characteristic of actinides onto constit-
uent minerals of geological media, which
showed very strong adsorption in the range of
pH 6~7. The experimental breakthrough curves
of uranium exhibited the kinetic adsorption
characteristics during the migration in the
column. The significance of this result lies in
that the local equilibrium assumption of
adsorption is not always true in the transport of
uranium. The kinetic adsorption model may be
necessary for the modeling of uranium trans-
port under the condition where the adsorption
rate is not sufficiently high, compared to the
mobile phase velocity. However, the column
K4 obtained from the transport data of the
uranium was independent of the adsorption
model applied. This result is ascribed to the
fact that the equilibrium state approaches to the
same conditions given the total concentration,
pH and temperature. The column K was much
larger than the batch Kq4, which is likely to be
attributed to the larger solid to liquid volume
ratio of the column system.
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