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'e dissolution behavior of U, contained in the soils, was examined through chlorination with ZrCl4 to reduce the U con-
centration to clearance levels. Natural soils, composed of Si, Al, and approximately 2 ppm U, acted as surrogates for the
contaminated soils. A salt mixture of LiCl-KCl-ZrCl4 was prepared in an Al2O3 crucible at 500°C, and SiO2 or natural soils were
loaded for the chemical reactions. 'e reaction of SiO2 and Al2O3 with ZrCl4 was monitored by cyclic voltammetry, and no
obvious change was observed.'e results showed that SiO2 and Al2O3 were stable against ZrCl4. 'e reaction of natural soils with
ZrCl4 indicated that the U content decreased from 2 to 1.2 ppm, while ∼0.4 ppm U appeared in the salt. 'us, the U, in the soils,
dissolved into the salt by chlorination with ZrCl4. 'erefore, based on these results, a new method to remediate U-contaminated
soil wastes by chlorination with ZrCl4, followed by electrorefining of U, is suggested.

1. Introduction

Technologies that contribute to the effective decom-
missioning and/or dismantling of nuclear power plants are
essential, especially considering that many power plants are
close to the end of their design life. 'e dismantling of
nuclear facilities produces a significant amount of radio-
active waste; one such major waste is radiation-contami-
nated soil [1]. It is thus necessary to develop suitable
technology for decontaminating the soil for disposal. Si-
multaneous improvement in the volume reduction of waste
will significantly reduce the disposal costs and result in the
efficient utilization of depository space [2].

Two research reactors and a U conversion facility have
been decommissioned in Korea, generating a significant
amount of radioactive soil, which is currently in temporary
storage. Figure 1 shows the categories for the radioactive
wastes established by Korea Institute of Nuclear Safety [3].
'e majority of these soils show very low-level radioactivity,
i.e., 60 Bq/g (the clearance level for U is 1 Bq/g, and thus,
very low-level wastes are those that show radioactivity below

100 Bq/g). However, this number is still 60-fold greater than
the permissible radioactivity for clearance. Despite the ex-
tremely low levels of radioactivity, these soils are considered
as radioactive waste and therefore cannot be disposed
normally. 'us, decontamination of the soils, to a level
below that of deregulation, is essential.

In the aforementioned stored soils, the main contami-
nating radionuclide is U, and thus, the radioactivity must be
reduced below 1 Bq/g for deregulation and safe disposal [3].
Contaminated soils are generally remediated by washing
techniques, such as wet screening, and chemical treatments
with various organic and inorganic acids, bases, salts, and
chelating agents [1, 4]. However, these chemical treatments
produce secondary waste, thereby reducing the decontam-
ination efficiency. 'us, a technique that can remediate the
soils, without generating secondary radioactive waste, must
be developed.

'e key technique for the reduction of secondary ra-
dioactive wastes is the selective dissolution of uranium
oxide, which is the main contaminant. Herein, we introduce
the selective dissolution of U via a chlorination of UO2 with
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ZrCl4 in LiCl–KCl molten salt (equation (1); UO2 is assumed
a crystal structure of U):

UO2(s)+ZrCl4(l)� UCl4(l)+ZrO2(s)ΔG 500 °C(  � −10.2 kcal.

(1)

In this study, we examined the dissolution behavior of U,
contained in soils, through chlorination with ZrCl4. Natural
soils were used as surrogates for the contaminated soils
showing extremely low-level radioactivity. 'e reactivity of
SiO2 and Al2O3 (which are the major components in soils)
with ZrCl4 was evaluated to estimate the dissolution be-
havior of the main soil products. 'e change in the con-
centration of U in the natural soils was examined, before and
after the chlorination with ZrCl4. A salt mixture—LiCl-KCl-
ZrCl4—was prepared in an Al2O3 crucible at 500°C, and SiO2
or natural soils were immersed in it to induce a chlorination,
which was monitored via cyclic voltammetry (CV). 'e
natural soils were characterized, before and after the
chemical reaction, to evaluate the amount of UO2 dissolved.
Based on these experimental results, herein, a possible
method for the remediation of radiation-contaminated soils
is suggested.

2. Materials and Methods

LiCl-KCl eutectic salt (Alfa Aesar, A Johnson Matthey
Company, purity> 99.9%) was dried at 500°C, under vac-
uum, before use. ZrCl4 (Alfa Aesar, A Johnson Matthey
Company, purity> 99.5%) was dissolved into the molten
LiCl-KCl for the preparation of LiCl-KCl-ZrCl4. SiO2
(Sigma-Aldrich, purity> 99.5%, ∼325 mesh) and natural
soils were used for the chlorination.'e natural soils, used as
the surrogate material for U-contaminated soils, were col-
lected near the dismantled nuclear facility. 'e soils were
sieved by 70 mesh, indicating that the particle sizes were less
than 210 μm.

160 g of LiCl-KCl were loaded into an Al2O3 crucible
(diameter: 70mm and height: 55mm), which was then
heated to 500°C. 9.2 g of ZrCl4 was added into the molten
LiCl-KCl, and temperature was maintained for 4.3 h.

50 g of SiO2 was added into LiCl-KCl-ZrCl4, in the Al2O3
crucible, at 500°C, and the temperature was maintained for
4 h.'e consumption of ZrCl4 was monitored from the peak
intensity for oxidation/reduction of Zr4+ via CV (Bio-Logic,
SP-300 potentiostat/galvanostat) during the chlorination of
SiO2 and Al2O3 with ZrCl4. 'e cell configuration is shown
in Figure 2. AWwire (diameter: 1mm, Nilaco Corp., Japan)
and glassy carbon (diameter: 3mm, Alfa Aesar, USA) were
immersed into the salt to be used as a working electrode and
counter electrode, respectively. An Ag wire inserted into
LiCl-KCl-1mol% AgCl loaded in a Pyrex tube was used as a
reference electrode. 'e distance between working and
counter electrode was 25mm. 'e CV was measured at a
potential from 0 to −1.6V in a scan rate of 100mV/s. A
detailed description of measurement was already described
in a previous report [5].

'e LiCl-KCl-ZrCl4 mixture was heated to 500°C, and
50 g of natural soils were placed in the crucible for the
chlorination of natural soils with ZrCl4. 'e temperature of
the mixture was maintained for over 20 h, and then it was
gradually cooled to room temperature. 'e soils were then
water washed to remove the adhered salt and mix homo-
geneously. And then the soils were vacuum dried for
characterization.

'e crystal structures of the samples were studied by
X-ray diffraction (XRD), using a multipurpose attachment
X-ray diffractometer (Bruker Corp. D8 ADVANCE, USA)
with an X-ray tube producing Cu Kα radiation. 'e mor-
phology and chemical composition were observed via
scanning electron microscopy (SEM) (Hitachi Ltd. S-8010,
Japan), in conjunction with energy dispersive X-ray spec-
troscopy (EDS) (Horiba Ltd. EX-250 X-max, Japan).'e soil
compositions, before and after the reaction, were analyzed
by inductively coupled plasma mass spectrometry (ICP-MS)
('ermo Fisher Scientific, iCAP Qc). 'e uncertainty in the
ICP measurements was within the range, 1–10%, depending
on the element.

'e change in the Gibbs free energy, with the reaction of
various oxides and ZrCl4, was calculated by using the HSC
Chemistry v.9 (Outotec Oyj, Finland) software [6], as a
function of temperature from 0°C to 700°C.

3. Results

To estimate the reaction trend of soils against ZrCl4, we
characterized the composition of natural soils collected near
the dismantled nuclear facility. Figure 3 shows the crystal
structure of the soils. A pattern for illite, which consists of Si,
Al, K, and OH, is mainly observed. OH was attributed to the
adhered water on the soils because the samples were ana-
lyzed without drying. A pattern for SiO2 is also provided
here. 'e chemical composition, observed by SEM-EDS,
confirmed that the main components of the soils were Si and
Al, as shown in Table 1. Fe was present in minor
concentrations.

Considering the composition of soils, thermodynamic
reactivity of various oxides containing Si, Al, Fe, and U was
estimated against ZrCl4. Figure 4 shows the changes in the
Gibbs free energy for the reactions as a function of the
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Figure 1: Radioactive-waste classifications, established by the
Korea institute of nuclear safety [3].
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temperature, calculated using HSC Chemistry v. 9. 'e
major components, SiO2 and Al2O3, were estimated to be
stable against ZrCl4, showing positive values for the changes
in the free energy at temperatures below 600°C. However, the
changes in the free energy became smaller with increasing
temperature, showing negative values for SiO2 at temper-
atures above 600°C. Furthermore, UO2 was estimated to
react with ZrCl4, showing negative free energy changes. In
this study, we assumed that the crystal structure of uranium
oxide was UO2, as we could not define the crystal structure
due to its small contents. 'e results suggest that UO2 can be
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Figure 2: Cell configuration for the chlorination.
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Figure 3: XRD pattern of the natural soils.

Table 1: Chemical composition of the natural soils, observed via
SEM-EDS.

Element Weight (%) Atomic (%)
C K 8.51 13.33
O K 53.86 63.32
Mg K 1.00 0.78
Al K 10.21 7.12
Si K 18.02 12.07
K K 2.75 1.33
Ca K 1.24 0.58
Fe K 4.39 1.48
Total 100.00 —

0 100 200 300 400 500 600 700

–50

–40

–30

–20

–10

0

10

20

30

40

50

Temperature (°C)

SiO2 + ZrCl4 = SiCl4 + ZrO2
Al2O3 + 1.5 ZrCl4 = 2AlCl3 + 1.5 ZrO2
Fe2O3 + 1.5 ZrCl4 = 2FeCl3 + 1.5 ZrO2
UO2 + ZrCl4 = UCl4 + ZrO2

D
elt

a G
 (k

ca
l)

Figure 4: Gibb’s free energy changes for chlorination with ZrCl4 as
a function of temperature.
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selectively dissolved into LiCl-KCl salt by reaction with
ZrCl4, without affecting the major components of soils. 'e
minor component, Fe2O3, is also estimated to dissolve into
the salt by reaction with ZrCl4. 'erefore, Fe can be sepa-
rated from U using by the considerable difference in the
potential for deposition on the cathode electrode (Fe is
approximately −0.7V [7] and U is approximately −1.5V [8])
as described in Section 4.

'e chlorination of SiO2 with ZrCl4 was carried out in an
Al2O3 crucible to confirm the stability of SiO2 and Al2O3 be-
cause the thermodynamic estimation showed that the free
energy changes became smaller as the temperature increased
(Figure 4). SiO2 was immersed into LiCl-KCl-5.4wt% ZrCl4,
whichwas loaded in theAl2O3 crucible at 500°C andmaintained
for 4h.'e reaction was monitored by the intensity decrease of
Zr4+ peak in CV measurement. Figure 5 shows the CV pattern
of the salt mixture, before and after the reaction test, showing
oxidation/reduction peaks of Zr4+ at −0.9 and −1.2V [9]. No
obvious changewas observed.'e result confirms that SiO2 and
Al2O3 were stable against ZrCl4 at the reaction temperature.

'e reaction test of natural soils andZrCl4was performed to
examine the dissolution behavior of U. Natural soils were used
as surrogates for the radioactive soil waste. As mentioned be-
fore, the primary aim of this study was to develop an effective
soil-remediation method to reduce the radioactivity of radia-
tion-contaminated soils to a level below the clearance level
(Figure 1); therefore, the U in the natural soils was suitable as a
surrogate in an extreme case. 'e concentration of U in the
natural soils was characterized by ICP-MS, and it was found that
approximately 2.0ppm of U was contained in the natural soils.

50 g of natural soils were immersed into LiCl-KCl-5.4wt%
ZrCl4 at 500°C and maintained for 20h for sufficient reaction
with ZrCl4. Figure 6 shows the soils before and after the re-
action. 'e soils settled to the bottom of the crucible after the
reaction (Figure 6(b)), showing clear separation of salt (top,
bright yellow) and soils (bottom, gray). 'e bottom was

collected and water washed to remove adhered salt
(Figure 6(c)). Table 2 shows the contents of U before and after
the test in both soils and salt. 'e contents of U in the soils
decreased from 2.0 to 1.2 ppm, while approximately 0.4 ppm U
appeared in the salt. Even though the concentration of initial U
in the soil was extremely small, 40% of U was dissolved by the
reaction with ZrCl4.

4. Discussion

'e results of the reaction between soils and ZrCl4 in LiCl-KCl
salt showed that the U, in radioactive soils, selectively dissolved
into the salt mixture, leaving behind the major soil compo-
nents—SiO2 and Al2O3—unaffected. In addition, the very low-
level (below the clearance level) U, in natural soils, was suc-
cessfully dissolved into the LiCl-KCl salts during the chlori-
nation of the natural soils with the salt mixture, suggesting that
theU in the contaminated soils can be removed for deregulation
by utilizing the method described, in this paper. 'e U, dis-
solved in the LiCl-KCl salts, seems to behave similarly to that, in
the pyroprocess, i.e., the U in salt can be recovered almost
completely by electrolysis. 'e U recovery, utilizing the elec-
trorefining technique, is one of the most important processes in
pyroprocessing, which recycles the U and transuranic materials
for fuel fabrication [10, 11]. It is confirmed that almost all of the
U can be recovered, from the LiCl-KCl-UCl3 mixture, by this
process [12–14].

'erefore, herein, we suggest a new method to remediate
the U-contaminated radioactive waste via chlorination with
ZrCl4, followed by electrorefining of U. Figure 7 shows a
schematic of the process. First, the U-contaminated soils are
immersed in the LiCl-KCl-ZrCl4 salt at 500°C for reaction with
ZrCl4 (equation (1)), to selectively dissolve the U into the salt
mixture. Second, theU in the salt is recovered by electrorefining
on the cathode. 'e selective recovery of only U from the soils
can dramatically reduce the volume of the radioactive waste.
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Figure 5: CV pattern of the salt mixture, before and after the reaction of SiO2 and Al2O3 with ZrCl4.
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Figure 6: Soils (a) before and (b and c) after the chlorination.

Table 2: U contents in both soils and salts, before and after the reaction test.

Samples U contents (ppm)

Initial Soils 2.0
Salts N.D.∗

After reaction Soils 1.2
Salts 0.4

∗denotes detection limit: 0.1mg/kg.
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As shown in Table 1, ∼4.4wt% of Fe was contained in the
soils, as a minor component, and possibly dissolved into the salt
due to a reaction between Fe2O3 and ZrCl4, as implied by the
negative free energy changes (Figure 4).'erefore, Fe, dissolved
into the LiCl–KCl salt, can be separated by Fe electrorefining,
without U contamination, which is evident from the significant
difference of equilibrium potential between Fe and U (the
equilibrium potentials of Fe and U are approximately −0.7V
and −1.5V, respectively [7, 8]). Moreover, the U possibly de-
posited on the cathode would dissolve again into the salt by the
chlorination of U with FeCl3 (equation (2)):

FeCl3(l) + U(s)� UCl3(l) + Fe(s)ΔG 500 °C(  � −107 kcal.
(2)

Even though K and Ca can dissolve from the soils into
the salts (Table 1), they are quite small and stable and do not
affect the electrorefining; KCl is one of the main components
of the electrolytes; the standard potential of Ca, depositing
on the cathode, is considerably low.

'us, the proposed method, which consists of a chlo-
rination of the contaminated soils with ZrCl4 in LiCl-KCl
salt followed by electrorefining, can remediate the U-con-
taminated soils, generating negligible secondary radioactive
waste.

5. Conclusions

'e dissolution behavior of U, contained in natural soils,
with ZrCl4 in LiCl-KCl salt was examined. 'e concentra-
tion of U in the soils was evaluated before and after the test.
'e following results were obtained:

(i) SiO2 and Al2O3 were estimated to be stable for the
chlorinationwith ZrCl4, while UO2was destabilized, as
indicated by the thermodynamic calculations

(ii) 'e chlorination test of SiO2 and Al2O3, which were
the main component of soils, confirmed their sta-
bility against ZrCl4 in LiCl-KCl

(iii) 'e U in the natural soils was successfully dissolved
into LiCl-KCl by chlorination with ZrCl4, even
though the initial U was extremely small

Based on these results of the laboratory test that 40% of U
was dissolved from natural soils into LiCl-KCl salt by the
chlorination with ZrCl4, we suggest a newmethod to remediate
the U-contaminated soils by chlorination and followed by U
electrorefining. We believe that the U dissolved into the LiCl-
KCl salt can be recovered by U electrorefining similarly to the
pyroprocess. Further research studies of a bench scale are
planned to figure out the feasibility of the proposed method.
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