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on the surface of stainless steel 304, respectively.

INTRODUCTION

The decontamination is necessary to reduce the radiation
field during normal operations and the decommissioning of
complex equipment of nuclear facilities. Chemical deconta-
mination technology in particular is a highly effective method
to remove radioactive contamination through chemical disso-
lution or a redox reaction. However, this method has a serious
drawback owing to the generation of large amounts of radio-
active liquid waste'*.

To avoid the disadvantages of chemical decontamination
techniques while retaining their high decontamination effi-
ciency, a few papers have recently reported the preparation of
chemical gel decontaminants to reduce the amount of radio-
active liquid waste and enhance the decontamination efficiency
by increasing the contact time between the gels and the radio-
active contaminants™®. In particular, the control of the viscosity
depends highly on the amount of coviscosifier used among
the components of the gels, which consist of a viscosifier, a
coviscosifier and a chemical decontaminant. Gels can be easily
prepared through various formulations of viscosifiers, chemical
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reagents and coviscosifiers. To decontaminate the contaminants
of nuclear facilities using the gel, it has to meet such require-
ments as a thixotropic property, fast drying, easy peel off and
non-toxicity. In particular, the thixotropic property is a very
important factor in the characteristics of the gels because the
gel requires adhesion at a vertical or complex surface and a
long contact time between the gel and the contaminant. The
gel requirements are summarized in Table-1.

TABLE-1

REQUIREMENTS OF THE CHEMICAL GELS
Items Requirements
Thixotropy M < 0.5 Pa-s under stress; 4 <M < 8.0 Pa-s at rest
Suitability Corrosion resistance, Solubility
Drying <24h
Detachability ~ One-piece or crack
Toxicity Non-toxic

In this work, a new and effective method for gel preparation
was investigated by introducing various organic solvents such
as alkyl alcohols. The mixture solution of coviscosifier and
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alkyl alcohols was more effective in the control of the viscosity
compared with that of the coviscosifier only in the gels. The
viscosity properties of the gels for the alkyl-chain length in
the alkyl alcohols were examined. Furthermore, the deconta-
mination efficiency of the gels was measured using a multi-
channel analyzer and showed a high decontamination
efficiency for Co-60 and Cs-137 contaminated on the surface
of stainless steel 304.

EXPERIMENTAL

Preparation of the chemical gels: Silica-based chemical
gel for the decontamination was prepared using fumed silica
as a viscosifier, a 0.5 M Ce (IV) solution dissolved in concen-
trated nitric acid as a chemical decontamination agent and
tripropylene glycol butyl ether as a coviscosifier. In a typical
procedure, 2 g of the fumed silica was added into the reaction
bottle containing the decontaminant solution (ca. 31.2 g)
under vigorous stirring. The tripropylene glycol butyl ether of
varying amounts was then slowly added after stirring for 0.5 h
and stirred for 3 h more at ambient condition. To investigate
the effect of alkyl alcohol with a different alkyl-chain length
such as methanol, ethanol, butanol and hexanol in the forma-
tion of the gels, the viscosity of the gels prepared using the
mixture solution consisting of tripropylene glycol butyl ether
and the alkyl alcohol was compared with that prepared
without alkyl alcohol under various experimental conditions
such as the amount of tripropylene glycol butyl ether and alkyl
alcohol, the stirring time and the stirring speed.

Measurement of the viscosity: The viscosity properties
of the gels were measured under conditions of a high shear
rate of 500/s for 1 min (60 points) and a low shear rate of 5/s
for 2 min (120 points), respectively, using a rheometer
(Brookfield Eng. and Lab. Inc., RVDV-IIIU) and Rheocalc 32
software.

Investigation of the decontamination efficiency: The
contaminated specimens used to investigate the decontami-
nation efficiency of the gels were prepared through the drying
of a Co-60 and Cs-137 radionuclide solution on the surface of
a SUS 304 plate (3.5 cm x 3.5 cm) overnight at ambient
temperature and calcination for 24 h at 573 K using a muffle
furnace. The contaminated SUS 304 plates were covered with
a thickness of ca. 1.0 mm using the gels prepared and dried
overnight at ambient temperature. Finally, the dried gels were
removed from the contaminated SUS 304 plate. The radioac-
tivity before and after the decontamination was measured using
a multi-channel analyzer (Canberra, 2025).

RESULTS AND DISCUSSION

The fumed silica as a viscosifier exhibited network
structures consisting of primary particles with a size of ca.
30-50 nm in diameter, as shown in SEM images (Fig. 1a). In
case of using the tripropylene glycol butyl ether only, the
viscosity of the gels showed a steep increase over 0.16 mL of
the tripropylene glycol butyl ether (TPGBE) (Fig. 1b). These
results imply that the viscosity of the gels is hard to control
depending on the amount of coviscosifier used. On the other
hand, the viscosity of the gels prepared using the mixture
solution of the tripropylene glycol butyl ether/ethyl alcohol

was easily controlled (Fig. 1c), showing a gradual slope
compared with that of the tripropylene glycol butyl ether only.
These results demonstrate that using the mixture solution of a
coviscosifier/alcohol is more effective than that of the
coviscosifier only because it makes the viscosity easy to control
and reduce amount of the coviscosifier.
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Fig. 1. (a) SEM image of the fumed silica and viscosity properties for the
gels prepared by varying the amount of (b) tripropylene glycol butyl
ether only and (c) a mixture solution of the tripropylene glycol
butyl ether (0.104-0.142 mL)/ethyl alcohol (0.5 mL)
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From these results (Fig. 1b-c), the ethyl alcohol as an
organic solvent played a key role as an effective dissolution
solvent for the covicosifier, resulting in a reduction in the
amount of covicosifier compared with that of the gel prepared
without the ethyl alcohol. It was considered that the ethyl
alcohol contributed to the effective dissolution of the coviscosifier
as well as the homogeneous mixing in the formation of the
gel, while the coviscosifier in aqueous media shows a lower
solubility’. The influence of the viscosity properties for the
stirring time (1-12 h) and speed (250-1000 rpm) was investi-
gated. The resultant gels were nearly independent on the
viscosity properties (data not shown). This implies that the
preparation of the gels can be completed within 1 h regardless
of the stirring speed.

The effect of alkyl alcohol with a different alkyl-chain
length was also investigated. As shown in Fig. 2a, the longer
alkyl-chain length showed a higher viscosity property and
steeper slope. The viscosity of the gels indicated the highest
values when using the amount of methyl alcohol (1.6 mL),
ethyl alcohol (1.2 mL), butyl alcohol (0.9 mL) and hexyl
alcohol (0.3 mL), respectively. Also, the viscosity properties
for the amount of tripropylene glycol butyl ether used were
studied (Fig. 2b). The viscosity of the gels prepared using the
methyl alcohol and ethyl alcohol increased with an increase
in the amount of tripropylene glycol butyl ether used, showing
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Fig. 2. Viscosity properties of the gels prepared using various alkyl alcohols
as organic solvents and the tripropylene glycol butyl ether as a
coviscosifier. Control of the amount of (a) alkyl alcohols and (b)
tripropylene glycol butyl ether

a gentle slope. However, the use of butyl alcohol and hexyl
alcohol with a longer alky-chain length showed a similar
behaviour of viscosity. This implies that the alkyl-chain of the
butyl alcohol and hexyl alcohol provides an additional contri-
bution as a coviscosifier together with the tripropylene glycol
butyl ether.

To decontaminate the contaminated surfaces using the
gels, the gels must possess a thixotropic property, which is
one of the main characteristics in the gels and must be
effectively sprayed onto the contaminated surface. The gels
with viscosity properties in the range of ca. 4.0-8.0 Pa-s are
selected as the recommended range from the standpoint of
good thixotropic behaviour and effective spraying, as men-
tioned in Table-1. As aresult, it can be suggested that the methyl
alcohol and ethyl alcohol are more effective than the butyl
alcohol and hexyl alcohol for the dissolution solvents of the
coviscosifier. Fig. 3 shows rheograms for the gels prepared by
varying the amount of tripropylene glycol butyl ether for the
alkyl alcohol indicating the highest viscosity properties.
Although all gels showed proper viscosity properties below
0.5 Pa-s to effectively spray onto the contaminated surface at
a high shear rate of 500/s, those of the gels prepared using the
butyl alcohol and hexyl alcohol were over 8 Pa-s at a low shear
rate of 5/s, which does not satisfy the requirements of the
chemical gels. A low viscosity of less than 0.5 Pa:s at a high
shear rate of 500/s results in effective spraying onto the surface,
while a high viscosity shows proper surface adhesion at a low
shear rate of 5/s°.

The equilibrium viscosity at a low shear rate below 5/s
varies depending on the gel formulation. It was reported that
the equilibrium viscosity has an effect on the amount of gelator,
chelating agent concentration, type and concentration of the
surfactant and the salinity and electrolyte properties of the
medium®. From the results of the viscosity properties and
rheograms, as shown in Fig. 2 and Fig. 3, the gels prepared
using methyl alcohol and ethyl alcohol together with
tripropylene glycol butyl ether show that they have excellent
viscosity properties for a thixotropic behaviour and effective
spraying compared with using butyl alcohol and hexyl alcohol,
indicating higher viscosity properties over 8.0 Pa:s.

Fig. 4 shows the results of SEM image, EDX mapping
and a spectrum for the cross section of the dried gel prepared
using the mixture solution of the tripropylene glycol butyl ether
(0.09 mL)/ethyl alcohol (1.2 mL). The thickness of the dried
gel was measured as ca 0.67 mm from the SEM image (Fig.
4a). The EDX mapping revealed a homogeneous element
distribution between the viscosifier (M-5) and chemical
decontamination agent, ammonium cerium (IV) nitrate
[(NH4).Ce(NOs)s], in the dried gel (Fig. 4b). Peaks correspon-
ding to silicon and oxygen for the M-5 silica and cerium and
nitrogen for the (NH.),Ce(NO;)s present in the dried gel can
be identified from the results of the EDX spectrum (Fig. 4c).

The decontamination for the SUS 304 plate (3.5 cm x 3.5
cm) contaminated with Co-60 and Cs-137 radionuclides was
investigated. The gel prepared using the mixture solution of
tripropylene glycol butyl ether (0.09 mL)/ethyl alcohol (1.2
mL) was used for the decontamination owing to a proper thixo-
tropic behaviour and effective spraying. The decontamination
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Fig. 3. Representative rheograms for the gels prepared by the control of the amount of tripropylene glycol butyl ether and alkyl alcohols of (a) methyl
alcohol (1.6 mL), (b) ethyl alcohol (1.2 mL), (c) buty alcohol (0.9 mL) and (d) hexyl alcohol (0.3 mL). The symbols represent the amount of
tripropylene glycol butyl ether used [0.05 mL (), 0.06 mL (@), 0.07 mL (A), 0.08 mL (¥), 0.09 mL () and 0.10 mL (»)]
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Fig. 4. (a) SEM image, (b) EDX mapping and (c) EDX spectrum, for the cross section of the dried gel prepared using the mixture solution of the tripropylene
glycol butyl ether (0.09 mL)/ethyl alcohol (1.2 mL)
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efficiency of the gels using a multi-channel analyzer (MCA)
showed a high decontamination efficiency of over ca. 94 %
and ca. 92 % for the Co-60 and Cs-137 radionuclides, respec-
tively. The results of the multi-channel analyzer measurement
for the gels are summarized in Table-2.

TABLE-2
RESULTS OF THE MCA MEASUREMENT FOR THE GELS
PREPARED USING THE TPGBE/EtOH MIXTURE SOLUTION

Sample Co-60 Cs-137
No. Before After DF (%) Before After DF (%)
1 338 8.5 97.8 650 N/D 100
2 214 12.9 94.0 447 N/D 100
3 185 8.3 95.5 632 51.5 91.9
4 319 18.0 94.4 526 N/D 100
Conclusion

The use of an organic solvent together with a coviscosifier
is very effective owing to the dissolution of the coviscosifier
as well as the homogeneous mixing in the formation of the
gel, resulting in a reduction in the amount of covicosifier com-
pared with that of a gel prepared without an organic solvent.
The viscosity property of the gels was easily controlled more
than the use of the coviscosifier only. The gels prepared using
the mixture solution of the coviscosifier and organic solvents
with a short alkyl-chain length, such as methyl alcohol and
ethyl alcohol in particular, exhibited proper viscosity properties
for a good thixotropic behaviour and effective spraying
compared with the use of a long alkyl-chain length. The

decontamination efficiency of the gels showed a high decon-
tamination efficiency for the surfaces contaminated with Co-
60 and Cs-137 radionuclides on the surface of stainless steel
304, respectively. Further research for the preparation of the
gels using various organic solvents is currently under progress.
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