
A B S T R A C T

 *   Power Generation Business Group, Fuji Electric Co., Ltd.

180

1. Introduction

Nuclear power plants stably supply large amounts 
of electricity.  However, they produce radioactive waste 
including liquid waste, such as concentrated liquid 
waste, and solid waste, such as spent ion exchange 
resin, during operation.  In Japan, these types of ra-
dioactive waste are stabilized and solidified in drums 
using cement, asphalt, plastic, and other solidify-
ing agents, and then disposed of as landfill waste at 
the Rokkasho Low-Level Radioactive Waste Disposal  
Center of Japan Nuclear Fuel Limited in Rokkasho-mura, 
Aomori Prefecture.

Although cement is becoming the mainstream 
solidifying agent for radioactive waste, geopolymers, 
which are inorganic materials like cement, have been 
attracting attention in recent years as a new type of 
solidifying agent.  Geopolymers are physically and 
chemically more stable than cement and are character-
ized by their high ability to confine radionuclides and 
heavy metals.

Outside Japan, AllDeco Ltd. (currently, Jacobs  
Engineering Group Inc.) developed an advanced 
“SIAL®*1” solidification technology using geopolymers.  
This technology was licensed by the Nuclear Regulatory  
Authority of the Slovak Republic (UJD SR) in 2003 and 
the State Office for Nuclear Safety (SUJB) of the Czech 
Republic in 2006 to be utilized for the first time in the 
world in radioactive waste treatment.  Fuji Electric  
has been developing a technology to use Jacobs  
Engineering Group’s SIAL® for radioactive waste treat-
ment in Japan.  In this paper, we will describe the fea-
tures of the technology and the demonstration tests.
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Geopolymer has been attracting attention as a solidifying agent for radioactive waste treatment because it is 
physically and chemically more stable than cement and provides better confinement of radionuclides and heavy met-
als.  Fuji Electric conducted the first demonstration test in Japan using the filter sludge and spent ion exchange resin 
disposed by nuclear power plants to facilitate the application of the geopolymer-based advanced solidification tech-
nology“ SIAL®”.  We confirmed that solidified products filled with radioactive waste up to 40 wt% had higher compres-
sive strength than required for geological disposal.  In addition, we confirmed that the partition coefficients of repre-
sentative radionuclides sufficiently satisfied the configuration values for geological disposal facilities.

2. “SIAL®” Features

Geopolymers are a condensate of inorganic materi-
als formed from aluminosilicates powder and alumino-
silicates solution.  SIAL® is uses metakaolin (SIAL-B) 
as alumina-silica powder and water glass (SIAL-A) as 
alkali-silica solution.  It solidifies at room temperature 
just like cement.  Optimizing the composition of SIAL-
A, SIAL-B, and various additives will allow SIAL® to 
have more superior ability than cement.  SIAL® can 
improve fill rate and directly solidify waste without 
requiring a pretreatment when in stabilizing and so-
lidifying concentrated liquid waste that contains high 
concentrations of sulfate, borate, and other inorganic 
salts, ion exchange resins that contain organic matter, 
incinerator ash, and oils.

3. “SIAL®” Basic Performance Capabilities

3.1 Comparison with cement
In order to understand the basic performance capa-

bilities of SIAL®, we used cold testing*2 to evaluate the 
partition coefficients*3 Kd of cobalt (Co), strontium (Sr), 
and cesium (Cs).  We then compared its performance 
with cement.  Table 1 shows the comparison of parti-
tion coefficients between cement and SIAL® composed 
of SIAL-A and SIAL-B.  Compared with cement, con-
finement of Sr and Cs was higher.  Although that of Co 
was lower, but it was proved to have sufficient confine-

*2 Cold testing: A preliminary or simulated test conducted 
without radiation or radioactive materials.

*3 The partition coefficient: An indicator of characteristics in 
a partitioning equilibrium model.  It represents the con-
finement of elements such as radionuclides.  The higher 
the value, the higher the confinement.

*1 SIAL:  A registered trademark of Jacobs Slovakia s.r.o.
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yment as basic properties.

Kd = (V/Ws)・(C0 -  Ci) /Ci

 Kd : Partition coefficient (m3/kg)
 C0 : Initial solution element concentration (ppm) 
 Ci :  End-of-reaction solution element concentra-

tion (ppm) 
 V : Solution volume (m3) 
 Ws : Solidified body mass (kg) 

3.2 Solidification of inorganic salts
We conducted solidification tests with the basic 

compound composition of SIAL® to investigate how 
geopolymer solidification is affected by inorganic salts 
such as carbonate, borate, and sulfate, which can be 
present in radioactive waste.

First, we checked the time variation of the viscos-
ity after kneading geopolymer.  Table 2 shows the ini-
tial viscosity immediately after kneading geopolymer.  
The initial viscosity increased as the inorganic salt 
fill rate increased.  Figure 1 shows the time variation 
of the magnification ratio of the viscosity rate based 
on the initial viscosity at an inorganic salt fill rate of 
10 wt%.  Compared with viscosity increase variation as 

the reference standard when unfilled, carbonate accel-
erated the curing process, whereas metaborate delayed 
it.  Sulfate worked to slightly accelerate solidification.  
For sulfate, the data is shown only during the first two 
hours because the viscosity exceeded the upper limit of 
measurement after the time.  These results suggested 
that the effect of inorganic salts on the solidification 
of geopolymer tended to be similar to that on conven-
tional cement.  We also evaluated the compressive 
strength of solidified bodies filled with inorganic salts.  
They were solidified at a fill rate of up to 40 wt%.  As 
shown in Fig. 2, the compressive strength reached 
32 MPa when filled with carbonate, 9 MPa with metab-
orate, and 10 MPa with sulfate, all exceeding 1.5 MPa, 
which is the required compressive strength for dis-
posal.  We thus confirmed that the inorganic salts had 
sufficient strength.  We plan to optimize the fill rate 
and compound composition when the commercial oper-
ation starts for solidifying radioactive waste including 
those inorganic salts using SIAL®.

4. Radioactive Waste Treatment Demonstration 
Test

SIAL® has been commercialized for radioactive 
waste treatment outside Japan, but since Japanese 
evaluation criteria are different, it was necessary to 
perform demonstration tests using radioactive waste 
produced by a nuclear power plant in Japan.  In coop-
eration with Japan Atomic Power Company, we con-
ducted demonstration tests using radioactive waste 
produced by the Tsuruga Nuclear Power Plant in ac-
cordance with Japanese standards.

The radioactive waste used during the test in-
cluded filter sludge (FS) and spent ion exchange resin 
(SR).  Filters precoated with filter aid are used in nu-
clear reactor purification systems.  FS is a sludge-like 
radioactive waste containing filter aid and iron rust 
produced during filter cleaning.  SR is the radioactive 
waste of ion exchange resin used to remove ionic im-
purities from liquids.  These types of radioactive waste 
contain a variety of radionuclides.

Table 1   Comparison of partition coefficients Initial concentra-
tion: 100 ppm

Partition coefficient (m3/kg)

Element Co Sr Cs

SIAL® solidified 
body 0.28 0.95 0.55

Cement solidified 
body 37 0.004 0.0003

Table 2  Comparison of initial viscosity

Inorganic salt fill rate (wt%) 0 10 40

Initial  
viscosity
 (Pa・s)

Carbonate

3

5 10

Metaborate 9 10

Sulfate 21 23
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Fig.1  Comparison of viscosity rate of increase  
(fill rate of 10 wt%)
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Required compressive strength for 
disposal: 1.5 MPa

Fill rate 40 wt%

Fig.2  Comparison of compressive strength



182 FUJI ELECTRIC REVIEW vol.66 no.3 2020

4.1 Optimization of compound composition in cold testing
In order to solidify radioactive waste, it is neces-

sary to optimize the compound composition of the so-
lidifying agent for each type of radioactive waste.  We 
performed cold testing beforehand using simulated 
radioactive waste samples.  By optimizing the com-
pound composition of SIAL® for each simulated FS and 
SR sample, we solidified samples at a fill rate up to 
40 wt%, achieving the required compressive strength of 
1.5 MPa or higher.

4.2 Demonstration of SIAL® in hot testing
For one of the demonstration tests, we performed 

hot testing*4 of geopolymers compounded with SIAL®.  
The composition was determined during cold testing us-
ing the radioactive waste shown in Table 3 and Fig. 3.   
Isosaccharinic acid (ISA), a decomposition product of 

cellulose contained in FS, has been reported to signifi-
cantly increase the solubility of alpha-nuclides*5 such 
as plutonium.  We were concerned that this could re-
duce the partition coefficient, making radionuclides 
more soluble.  Therefore, we investigated the effect of 
FS-containing ISA on the partition coefficient.  We also 
investigated SR because there was a concern that ISA 
eluted after landfill burying could affect SR.

4.3 Demonstration testing method in hot testing
(1) Radioactive waste solidification

We solidified radioactive waste using SIAL® with 
the compound composition optimized by cold testing.  
We set the fill rate of radioactive waste to 40 wt%, 
which was the same as that used during cold testing.  
After kneading SIAL® with the radioactive waste, we 
evaluated the solidified product after 28 days of curing.
(2) Compressive strength

We measured the unconfined compressive strength 
of the solidified bodies.
(3) Partition coefficient measurement testing

We evaluated the partition coefficient for repre-
sentative radionuclides.  Table 4 shows the partition 
coefficient measurement conditions.  We set the initial 
concentration of ISA to 10 mM (M = mol/L), which was 
excessive for the nuclide concentrations and the sorp-
tion to the solidifying agent and waste, to secure safety 
margin.

4.4 Results and evaluation
(1) Uniformity and compressive strength

Figure 4 shows the cross-sectional photographs of 
the solidified radioactive waste.  We confirmed that 
the solidified bodies for both FS and SR solidified uni-
formly.  As shown in Table 5, the compressive strength 
was 14 MPa for the FS solidified body and 7.7 MPa for 
the SR solidified body.  Both of them had a sufficient 
compressive strength of more than 1.5 MPa, which is 
the required strength for landfill burying.
(2) Partition coefficient results

Figure 5 shows the partition coefficients for the 
FS and SR solidified bodies.  The partition coefficients 
of representative radionuclides sufficiently satisfied 
the configuration values of the No. 3 Waste Disposal  
Facility at the Rokkasho Low-Level Radioactive Waste 
Disposal Center.  As shown in Table 6, the effect on 
ISA partition coefficients showed that the partition 

*4 Hot test: A test that uses radiation or radioactive materi-
als.

*5  Alpha nuclide: Radionuclide that emits alpha rays (He 
nuclei) during nuclear fission.

Table 3  Types of radioactive wastes used in hot testing

Surface dose equivalent 
rate  (mSv/h)

Moisture content
 (%)

FS 0.27 74 to 75

SR 0.50 to 0.60 52 to 55

(a) Filter sludge (FS)

(b) Spent ion exchange resin (SR)

Fig.3  Appearance of radioactive waste

Table 4  Partition coefficient measurement conditions

Item Condition

Sample FS solidified body, SR solidified body
Shape: Granular (0.5 to 5 mm)

Test solution Equilibrium water

Solid-liquid ratio Solid/liquid = 1/10

ISA initial concentration Without ISA, 10 mM

Testing time 168 hours

Testing environment Nitrogen atmosphere
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5. Postscript

In this paper, we described radioactive waste 
treatment using the advanced “SIAL®” solidification 
technology.  Geopolymers have a track record of use 
outside Japan.  However, in Japan, it is necessary to 
reasonably show that their use provides medium- to 
long-term stability.  In the future, we intend to con-
duct a full-scale demonstration test using real-life 200- 
liter drums and then evaluate long-term performance 
changes.

We conducted the demonstration test for radioac-
tive waste treatment in cooperation with the Japan  
Atomic Power Company and Jacobs Engineering 
Group Inc. (Critical Mission Solutions International).  
We would like to conclude by expressing our apprecia-
tion to all those involved in this project.

coefficients of 90Sr and all-alpha (all nuclides emit-
ting alpha-rays) decreased slightly in the SR solidified 
body, but all of the nuclides performed better than the 
partition coefficient configuration values at the No. 3 
Waste Disposal Facility.  We verified that there was no 
significant impact for all-alpha, which was our greatest 
concern with respect to ISA.

(a) Filter sludge (FS) solidified body

(b) Spent ion exchange resin (SR) solidified body

Fig.4  Cross-sectional photographs of solidified body (dimen-
sions φ50 × 100 mm)

Table 5   Surface dose equivalent rate and compressive strength 
of solidified bodies

Surface dose equivalent 
rate (mSv/h)

Compressive strength
 (MPa)

FS solidified 
body 0.12 14

SR solidified 
body 0.08 7.7
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(a) FS solidified body

60Co 63Ni 90Sr 137Cs All-alpha
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(b) SR solidified body

60Co 63Ni 90Sr 137Cs All-alpha

Without ISA With ISA Configuration value

Fig.5  Partition coefficient of major nuclides

Table 6  ISA impact assessment results

Partition coefficient rate of increase (factor)
60Co 63Ni 90Sr 137Cs All-alpha

FS solidi-
fied body 1.0 1.0 1.3 1.0 1.0

SR solidi-
fied body 0.9 1.2 0.6 1.0 0.5



＊  All brand names and product names in this journal might be trademarks 
or registered trademarks of their respective companies.


