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Abstract: With the active development of the nuclear industry in China, it is extremely urgent to study and develop advanced
technologies for the radioactive waste treatment and disposal. With features of high temperature, high energy density and broad
applicability, the thermal plasma melting technology has been considered as one of the key subjects in the radioactive waste
treatment research field. A pilot scale experimental study was carried out on the treatment of typical low and intermediate level
radioactive wastes (LILWs) from the nuclear power plant in China with thermal plasma melting technology. Two representative
wastes, thermal insulation waste and cotton, were selected and melted in the plasma melting furnance at 1250°C for ~ 100
minutes until they were completely vitrified. Meanwhile, tracers of Co,0;, CsCl and SrCO; were added to the original wastes to
simulate the containment effect of **Co and “’Co, **Cs and '*’Cs as well as *°Sr in the vitrification during the treatment process.
The XRD patterns of both vitrification samples displayed as the typical amorphous state. Performances of resultant glass
waste-forms, including the physical property, the leachability and the mechanical capacity, were in accordance with the standard
requirements of the hign level radioactive waste glass vitrificaton, and were better than those of the cement solidified waste.
Further experimental work is in need to better understand the radioactive nuclide migration regularity and to improve the

performance of the plasma melting system.
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1. Introduction

The utilization of nuclear energy can reduce the
consumption of traditional fossil energy and the emission of
carbon and pollutes. As a result, the nuclear energy has been
widely acknowledged as a clean energy. With the active
development of the nuclear industry in China, the volume
reduction treatment and the final safe disposal of radioactive
wastes from nuclear power plants have become crucial
problems which are of intense concern by general public.
Therefore, it is extremely urgent to study and develop
advanced technologies for the radioactive waste treatment and
disposal.

With features of high temperature, high energy density and
broad applicability, the thermal plasma melting technology

has been applied in the treament of hazardous waste such as
incineration ash, medical garbage and printed circuit board
(PCB). Now it is considered as one of the key subjects in the
radioactive waste treatment research field [1]. According to
relevant studies in the USA, Japan, Korea and Taiwan area,
high volume reduction factors as well as stable waste forms
containing radioactive nuclides can be obtained with the
thermal plasma treatment technology [2-5]. Recently, a pilot
scale plasma melting system for the radioactive waste
treatment was established in CNPRI and several experimental
studies were performed on the system [6-10].

In present work, two types of typical low and intermediate
level radioactive wastes (LILWs) from the nuclear power
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plant in China were chosen to be experiment materials.
Parameters indicating the operation status of the thermal
plasma melting system together with performance parameters
of the glass vitrifications were recorded and analyzed to
estimate the applicability of the system in the radioactive
waste treatment field.

2. Materials and Methods
2.1. Materials

As shown in Figure 1, two types of uncontaminated typical
LILWs from the nuclear power plant in China, i.e. thermal
insulation waste and cotton, were selected to be the simulated
radioactive wastes. Compositions of the simulated wastes
were listed in Table 1. The thermal insulation waste was
pre-treated into flocs with the dimension of ~10 cm. The
cotton was firstly converted into ash after complete
combustion in the muffle furnace; then the ash were treated
with the compression granulation technology, resulting in
particles with diameters between 15 ~ 20 mm. In order to
eliminate the moisture effect, the materials were placed in the
constant temperature drying oven for at least 1 h at the
temperature of 105°C before the experiment.

()

Figure 1. Simulated radioactive wastes: (a) thermal insulation waste; (b)
incineration ash of cotton.

Table 1. Compositions of two typical radioactive wastes from the nuclear
power plant in China.

C it Wastes

fr(:clgool:lo/loo)n (mass Thermal insulation Incineration ash of
waste (BX) cotton (MZ)

SiO, 71.7 14.9

B,0O; 2.27 4.07

Na,O 15.7 1.01

CaO 7.88 74.6

MgO 2.00 -

CuO - -

TiO, = -

ZnO - -

Fe,05 0.486 3.01

AlLOs - 2.38

In line with previous research experiences of the glass
vitrification formula, the borosilicate glass was chosen to be
the base and a few additives were added according to the
original compositions of the simulated wastes [10], including
boric acid (H3;BOs), sodium carbonate (Na,COj3) and silicon
dioxide (SiO,). Radioactive nuclides of **Co, ®Co, 'Cs,
7Cs and *’Sr were common nuclides in concern during the
reactor operation and maintenance period. Therefore,
nonradioactive isotopes of Co, Cs, and Sr were chosen to be
indicators of corresponding nuclides in this study. The
additive amount of each isotope tracer, in compound forms of
Co0,03, CsCl and SrCO;, was around 0.2 wt% of the total
materials in the glass formula to avoid influence on the glass
property. The modified glass formula and tracer information
were shown in Table 2.

Table 2. Content of the glass formula and tracers [10].

Wastes
BX MZ
Original wastes 77 45
H3;BOs 23 12
Glas§ formula (mass Na,CO; _ 15
fraction %)
ALO; = -
Si0, - 28
C0,0; 0.212 0.195
Tracer (mass fraction%) SrCO; 0.232 0.221
CsCl 0.224 0.194

2.2. The Plasma Melting System

Figure 2 shows the schematic figure of the plasma melting
system. It consists of the gasification and melting furnace, the
secondary combustion chamber, the off-gas treatment system
and control system. There are three non-transferred type arc
plasma generators, each with a rated power of 120 kW, in the
gasification and melting furnace. After fed into the
gasification and melting furnace, the mixed materials are
gasified at high temperature and the residual ash part of the
product is solidified into the glass vitrification. The gas part of
the product enters the secondary combustion chamber for
complete combustion. Then the off-gas leaves the secondary
combustion chamber and goes into the off-gas treatment
system, which purifies the off-gas with quencher, baghouse
filter, activated charcoal adsorbent bed, scrubbing tower and
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selective catalytic reduction (SCR) system in sequence. In the
end, the purified off-gas is released into the air through the
stack of the ventilation system.

The treatment capacity is designed as 50 kg/h. This system
can be utilized in the treatment of technical and process wastes
including exposure suit, rag, plastic, metal, thermal insulation
material, filter cartridge and resin, etc..

2.3. Experienced Method

All the materials were mixed based on the ratios listed in
Table 2 and fully stirred until they were uniformly mixed.
Then the materials were divided into small packages with the
same weight of 5 kg, so that they could be fed into the furnace
in batches in the experiment.

The plasma melting system must be inspected, cleaned
and tested before formal startup. When the system was in
stable operation state and the temperature of the
gasification and melting furnace stay around 1250°C,
materials were fed into the furnace package by package; at
the same time, the feeding time and temperature were
recorded. A new package of materials should not be fed
until the former one was completely disposed and the
temperature returned to the original level before feeding.
This operation repeated till all the packages of the present
batch were fed and disposed completely. After that, the
generator was shut down and the discharge passage on the
bottom of the furnace was opened. The outflow of molten

Radioactive
wastes

Gasification & melting

149

glass was collected in a sample container and then cooled
down to the state of glass vitrification at room temperature.
Finally, sample analysis were conducted on the vitrification
samples. Since there was no organic wastes in the original
experiment materials, monitoring of parameters relating to
the gas pollution was not in consideration in this
experiment.

3. Results and Discussion
3.1. Melting Temperature and Time Duration

The power of the plasma generator, the operation
temperature of the melting furnace and the melting time
duration of the simulated wastes were recorded during the
experiment.

As shown in Figure 3, the power of the plasma generator
reached the pre-set value of 115 kW within 10 min and then
remained in the stable operation state to heat the melting
furnace. The temperature of the melting furnace rose from
the room temperature to the working temperature of 1250°C
in about 3 h (see Figure 4). Then materials were fed into the
furnace package by package. After approximately 100 min,
all packages of materials were fed, melted and converted into
the state of molten glass. It then flowed out through the

discharge passage to a sample container and cooled down in
the air.

| Stack |
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Secondary combustion
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Figure 2. Schematic figure of the plasma melting system.
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Figure 3. Relationship curve between the power of plasma torch and the
operation time.
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Figure 4. Relationship curve between the temperature of melting furnace and

the operation time. 3.2. Glass Vitrification

3.2.1. XRD Analysis
Vitrifications of the two simulated wastes in this study are
given in Figure 5 and a typical XRD pattern is given in Figure
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6. From the appearance shown in Figure 5, both of the
vitrifications are in the glassy form. In Figure 6, the vertical
coordinate is the relative intensity and the horizontal is the
diffraction angle. The diffraction peak of the vitrification
appears to be the typical amorphous state, which indicates that
the vitrification is in complete glassy state.

3.2.2. Vitrification Performance Analysis

Due to the fact that there is no standard relating to glass
vitrifications of LILWs in China, performance indicators of
vitrifications in current study were determined as follows
referring to similar studies [11-12]:

(b

Figure 5. Glass vitrifications of: (a) thermal insulation waste and (b) cotton.

vitrification of high level radioactive waste;

ii. Leachability: Under the condition of a 28-day static
immersion in the deionized water of 90°C, the total weight
loss per surface area should be < 15.0 g/m’ and the
normalized leaching rates of element Si, B, Na, Cs and U
should be < 1 g/(m*-d);

iii. Compressive strength: > 7 MPa, better than the cement

i. Density: > 2.5 g/em’, with reference to the glass

solidified waste;
iv. Shock resistance: < 12 cm?/J, with reference to the glass
vitrification of high level radioactive waste.

1200
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Figure 6. A typical XRD pattern of the glass vitrification.

The static coal sampling method described in reference GB/T
475-2008 was applied to the sampling of cooled glass
vitrification [13]. With the cross principle, four groups of
vitrification samples were collected respectively from the center
of each quadrant. The density was measured with the buoyancy
method in reference GB/T 5432-2008 [14], while the normalized
element leaching rate with the static leaching test in ASTM C
1220 [15] and the shock resistance with the heavy free fall shock
test in EJ 1186-2005. The compressive strength was tested
according to the reference GB/T 8489-2006 [16].

Performance parameters of the two vitrifications of the two
simulated wastes in this study are summarized in Table 3 and
Table 4. From these results, both of the vitrifications meet the
disposal requirements for physical property, leachability and
mechanical capacity regulated in the reference EJ 1186-2005.
From Table 4, normalized leaching rates of tracing istopes of
Co, Cs and Sr are all under 1 g/(mz'd), however, a large part of
the results of Cs and Sr is below the detection limit. There
might be two reasons for this: on one hand, the vitrifications
possess relatively good performance of leaching resistance; on
the other hand, tracing isotopes volatilize under the condition
of high temperature, leading to the poor containment of
nuclides within the vitrification. Further experimental study
on nuclide migration and distribution regularity in the plasma
melting system need to be carried out for explanation and
validation, including element analysis of the vitrification and
nuclide retaining efficiency test, etc.

Table 3. Physical properties of the glass vitrification.

Waste Sample Density (g/cm’) Weight loss (g/m?) Compressive strength (MPa) Shock resistance (cm?/J)
1# 2.52 4.8 74 8.5
2# 2.62 3.5 95 7.9
3# 2.52 4.7 78 7.9
BX 4# 2.54 3.8 81 8.2
Mean value 2.55 42 82 8.125
Standard deviation 4.76E-02 0.65 9.1 0.29
1# 2.82 5.9 136 9.2
Mz 2# 2.60 7.1 123 10.4
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Waste Sample Density (g/cm’) Weight loss (g/m’) Compressive strength (MPa) Shock resistance (cm’/J)
3# 2.61 6.8 129 9.6
4# 2.69 6.8 124 10.7
Mean value 2.68 6.65 128 9.975
Standard deviation 0.102 0.52 5.94 0.69
Table 4. Leaching performance of the glass vitrification.
Normalized leaching rate (g/(m’-d))
Waste  Sample Si B Na Cs Co Sr
1# 0.362 0.497 0.008 - 0.355 -
2# 0.258 0.372 0.006 - 0.257 -
BX 3# 0.359 0.516 0.008 - 0.332 -
4# 0.277 0.399 0.006 - 0.272 -
Mean value 0.314 0.446 0.007 - 0.304 -
Standard deviation 5.426E-02 7.115E-02 1.155E-03 - 4.697E-02 -
1# 0.259 0.353 0.409 - 0.004 0.608
2# 0.324 0.447 0.496 - 0.006 0.726
MZ 3# 0.301 0.424 0.471 - 0.005 0.693
4# 0.308 0.412 0.468 - 0.005 0.685
Mean value 0.298 0.409 0.461 - 0.005 0.678
Standard deviation 2.772E-02 4.006E-02 3.687E-02 - 8.165E-04 4.993E-02
Note: “-” for undetected
[3] Nakashima M., Fukui T., Nakashima N., et al.

4. Conclusion

A preliminary experiment was conducted on the pilot scale
plasma melting system for radioactive waste treatment. Two
types of typical LILWs from the nuclear power plant in China,
i.e. thermal insulation waste and cotton, were selected to be
the experimental materials. The following conclusions can be
derived from the experiment results:

i. The borosilicate glass can work as the basic glass formula
for both type of simulated radioactive wastes in this study. The
wastes can be completely solidified into the corresponding
glass vitrifications under the condition of being melted for 100
min at the temperature of 1250°C;

ii. For both kinds of glass vitrifications, the densities were
larger than 2.5 g/cm’, the total weight losses in leaching tests
were lower than 7 g/m’ the compressive strengths were
greater than 80 MPa and the shock resistances were less than
10 cm?J. In a word, performances of both kinds of glass
vitrifications were compatible with the requirement of the
hign level radioactive waste glass vitrificaton, and were better
than those of the cement solidified waste.

Further study will be carried out on the radioactive
nuclide migration and distribution regularity in the plasma
melting system. Process parameters of the system will be
optimized to increase the applicability of the thermal
plasma melting technology in the area of radioactive waste
treatment.
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