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A computer model is used to simulate the volatility of some radioelements cesium (137Cs), cobalt (60Co),
and ruthenium (106Ru) during the radioactive wastes vitrification by thermal plasma. This model is based
on the calculation of system composition using the free enthalpy minimization method, coupled with the
equation of mass transfer at the reactional interface. The model enables the determination of the effects
of various parameters (e.g., temperature, plasma current, and matrix composition) on the radioelement
volatility. The obtained results indicate that any increase in molten bath temperature causes an increase
adioactive wastes
olatility
rc plasma
odeling

hermodynamics

in the cobalt volatility; while ruthenium has a less obvious behavior. It is also found that the oxygen flux in
the carrier gas supports the radioelement incorporations in the containment matrix, except in the case of
the ruthenium which is more volatile under an oxidizing atmosphere. For electrolyses effects, an increase
in the plasma current considerably increases both the vaporization speed and the vaporized quantities
of 137Cs and 60Co. The increase of silicon percentage in the containment matrix supports the incorpora-
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. Introduction

Radioactive wastes are classified into various categories accord-
ng to their type of emitted radiation. Each category requires a
pecific treatment, such as storing on the surface, coating in various
inders, or conditioning in a vitreous matrix by plasma vitrification
1]. Plasma technology is an effective solution to treat the most toxic
astes like organohalogen wastes, contaminated hospital wastes,
y ashes, and radioactive wastes [2].

Plasma torch technology has been developed to produce tem-
eratures as high as 4000 ◦C. At these temperatures, any substance

s vitrified, i.e., reduced in volume and transformed into a glassy
bsidian whose leachability is many times less than bottle glass.
hermal plasma technology takes the advantages to incinerate the
ombustible parts of radioactive wastes for volume reduction and
o vitrify the noncombustible counter parts simultaneously into
lassy slags with very low leaching rate [3,4].

The vitrified may contain a proportion more or less important

n the crystallized phase: the proportion between vitreous phases
nd crystallized phases depending on the waste composition and
he cooling method of the liquid during the treatment [5]. The prop-
rties of the glassy slags depend on many parameters like treatment
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atrix. The simulation results are compared favorably to the experimental
ission spectroscopy.

© 2008 Elsevier B.V. All rights reserved.

emperature, waste composition, etc. For example the density and
he hardness of vitrified decrease when the heat treatment tem-
erature increases, whereas its porosity and its water absorption

ncrease with heat treatment temperature [6].
The problem of radioactive wastes vitrification by arc plasma

s the volatility of radioelements (e.g., 60Co, 137Cs, and 106Ru.)
hich end up leaving the furnace and reaching the filtering units

nd the washing column [7]. Hence, the volatility of these ele-
ents needs to be controlled during the treatment. Experimentally,

adioelements volatility during the plasma vitrification of radioac-
ive wastes is measured using emission spectroscopy diagnostic.
uring such diagnostic, the variations over time of the molar

atio of Cs/Ar, Co/Ar, and Ru/Ar are measured and the effect of
xygen and hydrogen on radioelement volatility is investigated
8].

The main objective of this work is to study the behaviors
f radioelements like (137Cs, 60Co, and 106Ru) during the arc-
ransferred plasma vitrification of radioactive wastes using a
omputer code. This code combines three important factors: (a)
he thermal effects during liquid–gas equilibrium at the interface,
b) the diffusion phenomena in the gas phase, and (c) the electroly-

es effects, which occur between the electrodes and the liquid bath.
recisely, the work aims at the determination of the effects induced
n the radioelement volatility by the liquid bath temperature, by
he plasma current, by the matrix composition, and by the oxygen
ressure in the carrier gas.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:ghiloufimed@yahoo.fr
dx.doi.org/10.1016/j.jhazmat.2008.06.110
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Table 1
Composition of basalt

Elements

Mg K Na Ca Si Al Fe Ti
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• In the vapor phase: Cs, Cs2, CsK, CsNa, CsO, Cs2O, Cs2O2, Ru, RuO,
RuO2, RuO3, RuO4, Co, Co2, and CoO.

• In the condensed phase: Cs, Cs2O, Cs2O2, Cs2SiO3, Cs2Si2O5,
Cs2Si4O9, Ru, CoAl, CoO, Co2SiO4, CoSi, CoSi2, Co2Si, and Co.

Table 2
Chemical forms and mass percentages of radioelement
hemical form MgO K2O Na2O
in mass 10.2 1.2 3

ation mole number 0.253 0.021 0.154

. Model equations

In the model, the species distribution in the liquid and gas
hases is obtained iteratively using the calculation of system com-
osition coupled with the mass transfer equation. The quantity of
atter formed in the gas phase is distributed into three parts: the

rst part is in equilibrium with the bath, the second part is diffused
n the diffusion layer, and the third part is retained by the bath
nder the electrolyses effects. The gas composition at the surface is
hus modified. It is not the result of a single equilibrium liquid–gas,
ut instead, it is the outcome of a dynamic balance comprising:
combined action of reactional balances, electrolyses effects, and
iffusive transport.

The system composition at equilibrium is calculated according
o the principle of total free enthalpy minimization. The minimiza-
ion has two constraints: the matter conservation [9] and the proper
hoice of the partial pressure of oxygen [10]. This model determines,
or a given temperature and total pressure, the equilibrium compo-
ition of a closed system. The model can handle 20 elements, 99
pecies, and 10 different phases as a maximum.

The matter conservation equation of oxygen or the mass transfer
quation at the interface is given by [11]

L

j=1

ϑj(J
G
Mj

) −
M1∑
i=1

aikJG
i − 1

A

L∑
j=1

nMj

dϑj

dt
= 0 (1)

here ϑj and aik are, respectively, the stoichiometric coefficient of
metal j and of oxygen in species i. nMj

(mol) represents the total

ole number of metal j in the liquid phase, and JG
Mj

(mol s−1 cm−2)

s the equivalent density of molar flux of a metal j from the gas
hase. The flux density of a gas species i (JL

i
) lost in each iteration

s given by

L
i = JD

i − JR
i (2)

here JD
i

and JR
i

are, respectively, the diffusion flux density and the
etained flux by the bath for the gas species i.

The diffusion flux density for a gas species i is given by [12,13]

D
i (mol s−1 cm−2) = − Di

RT

(
px

i
− pw

i

ıi

)
+ JT

pw
i

P
(3)

here pw
i

(Pa) and px
i

(Pa) represent the partial pressure of species i,
t the interface and in the carrier gas, respectively. JT (mol s−1 cm−2)
s the total mass flux density (with JT =

∑L−1
i=1 JG

i
), P is the total pres-

ure, ıi (cm) is the boundary layer thickness; Di (cm2 s−1) is the
iffusion coefficient. Here, argon is used as a carrier gas which, in
he plasma conditions, is supposed to be an inert gas with molar
ux density zero (i.e., JG

Ar = 0).
For temperatures less than 1000 K, the diffusion coefficients

or current gases (oxygen, argon, nitrogen, etc.) are known. For

emperatures higher than 1000 K, these coefficients can be calcu-
ated according to level 1 of the Chapman–Enskog approximation
14]. However, for the other gas species (e.g., the metal vapor
nd radioelements), the parameters of the intermolecular potential
emain unknown regardless of the interaction potential used. This

M
%

CaO SiO2 Al2O3 FeO TiO2

8.8 50.4 12.2 11.9 2.2
0.157 0.838 0.239 0.165 0.034

akes the determination of the reduced collision integral impos-
ible. Therefore, the diffusion coefficients are calculated using the
ethod developed in [11].
The flux retained by the bath for a gas species i, is given by [15]

R
i = I

AFv
n0

i (4)

here I represents the plasma current, F = 96,485 C mol−1 is Fara-
ay’s constant, A (cm2) is the value of the interface surface, v is the
alence number of the substance as an ion (electrons per ion), and
0
i

is the initial mole number of a substance i.

. Application to radioelements

To simulate the same emission spectroscopy conditions in which
he experimental measurement are obtained, the containment

atrix used for this study is formed by basalt, and its composition
s given in Table 1.

At high temperatures (T > 1700 K), in the presence of oxygen and
rgon, the following species are preserved in the model:

In the vapor phase: O2, O, Mg, MgO, K, KO, Na, Na2, NaO, Ca, CaO,
Si, SiO, SiO2, Al, AlO, AlO2, Fe, FeO, Ti, TiO, TiO2, and Ar.
In the condensed phase: CaSiO3, Ca2SiO4, CaMgSi2O6, K2Si2O5,
SiO2, Fe2SiO4, Fe3O4, FeO, FeNaO2, Al2O3, CaO, Na2O, Na2SiO3,
Na2Si2O5, K2O, K2SiO3, MgO, MgAl2O4, MgSiO3, Mg2SiO4,
CaTiSiO5, MgTi2O5, Mg2TiO4, Na2Ti2O5, Na2Ti3O7, TiO, TiO2,
Ti2O3, Ti3O5, and Ti4O7.

This study focuses on the three radioelements 137Cs, 60Co, and
06Ru. Ruthenium is a high activity radioelement, and it is an
mitter of �, �, and � radiations, with long a radioactive period.
owever, cesium and cobalt are two low activity radioelements and

hey are emitters of � and � radiations with short-periods on the
verage (less than or equal to 30 years) [16]. To simplify the system,
he radioelements are introduced separately in the containment

atrix, in their most probable chemical form. Table 2 recapitulates
he chemical forms and the mass percentages of the radioelements
sed in the system. The mass percentages chosen in this study are
he same as that used in experimental measurements made by [8].

The addition of these elements to the containment matrix, in the
resence of oxygen, leads to the formation of the following species:
Radioelement

137Cs 60Co 106Ru

ost probable chemical form Cs2O CoO Ru
in mass 10 10 5
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Table 3
Mole numbers of Ru components in the gas phase at different temperatures

Species

Ru RuO RuO2 RuO3 RuO4

Mole numbers
1700 K 6.10−14 3.10−10 4.10−6 7.10−5 1.10−6

2000 K 5.10−11 2.10−8 1.10−5 3.10−5 1.10−7

2500 K 1.10−7 2.10−6 8.10−5 1.10−5 2.10−8
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Fig. 1. Influence of temperature on Co volatility.

These species are selected with the assistance of the HSC com-
uter code [17]. In the simulation, the selected formation free
nthalpies of species are extracted from the tables of [18–20].

. Simulation results

.1. Temperature influence

To have the same emission spectroscopy conditions in which
he experimental measurement are obtained [8], in this study the
artial pressure of oxygen in the carrier gas PO2 is fixed at 0.01 atm,
he total pressure P at 1 atm, and the plasma current I at 250 A.
igs. 1 and 2 depict, respectively, the influence of bath surface
emperatures on the cobalt and ruthenium volatility. Up to tem-
eratures of about 2000 K, cobalt is not volatile. Beyond this value,
ny increase of temperature causes a considerable increase in both
he vaporization speed and the vaporized quantity of 60Co. This
ehavior was also observed for 137Cs [15]. Contrarily to cobalt,
uthenium has a different behavior with temperature. For temper-
tures less than 1700 K and beyond 2000 K, ruthenium volatility
ncreases with temperature increases. Whereas in the temperature
nterval between 1700 K and 2000 K, any increase of temperature
ecreases the 106Ru volatility.

To better understand this Ru behavior, it is necessary to know its
omposition at different temperatures. Table 3 presents the mole

umbers of Ru components in the gas phase at different temper-
tures obtained from the simulation results. The first observation
hat can be made is that the mole numbers of Ru, RuO, and RuO2
ncrease with temperature, contrary to RuO3 and RuO4 whose mole

Fig. 2. Influence of temperature on Ru volatility.

t
a
2
a

Fig. 3. Influence of the atmosphere nature on the Co volatility.

umbers decrease with increasing temperatures. These results are
ogical because the formation free enthalpies of Ru, RuO, and RuO2
ecrease with temperature. Therefore, these species become more
table when the temperature increases, while is not the case for
uO3 and RuO4. A more interesting observation is that at tem-
eratures between 1700 K and 2000 K the mole numbers of Ru,
uO, and RuO2 increase by an amount smaller that the amount
f decrease of the mole numbers of RuO3 and RuO4 resulting in
n overall reduction of the total mole numbers formed in the gas
hase. At temperature between 2000 K and 2500 K the opposite
henomenon occurs.

.2. Effect of the atmosphere

The furnace atmosphere is supposed to be constantly renewed
ith a composition similar to that of the carrier gas made up of
he mixture argon/oxygen. For this study, the temperature is fixed
t 2500 K, the total pressure P at 1 atm and the plasma current I at
50 A. Figs. 3 and 4 present the results obtained for 60Co and 106Ru
s a function of PO2 .

Fig. 4. Influence of the atmosphere nature on the Ru volatility.
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Fig. 6. Influence of current on Cs volatility.
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Three matrices are used in this study and their compositions
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Fig. 5. Influence of current on Co volatility.

For 60Co, a decrease in the vaporization speed and in the
olatilized quantity can be noticed when the quantity of oxygen
ncreases, i.e., when the atmosphere becomes more oxidizing. The
resence of oxygen in the carrier gas supports the incorporation of
obalt in the containment matrix. The same behavior is observed
n the case of 137Cs in accordance with PO2 [15].

When studying the ruthenium volatility presented in the curves
f Fig. 4 it is found that, contrary to 60Co, this volatility increases
ith the increase of the oxygen quantity. This difference in the

uthenium behavior compared to cobalt can be attributed to the
edox character of the majority species in the condensed phase and
as in equilibrium. For 60Co, the oxidation degree of the gas species
s smaller than or equal to that of the condensed phase species,
ence the presence of oxygen in the carrier gas supports the volatil-

ty of 60Co. Whereas 106Ru, in the liquid phase, has only one form
Ru). Hence, the oxidation degree of the gas species is greater than
r equal to that of liquid phase species and any addition of oxygen
n the gas phase increases its volatility.

.3. Influence of current

To study the influence of the current on the radioelement volatil-
ty, the temperature and the partial pressure of oxygen are fixed,
espectively, at 2200 K and at 0.2 atm, whereas the plasma current
s varied from 0 A to 600 A. Figs. 5 and 6 depict the influence of
lasma current on the cobalt and cesium volatility. The curves of
hese figures indicate that the increase of the plasma current con-

iderably increases both the vaporization speed and the vaporized
uantity of 60Co and 137Cs.

In the model, the electrolyses effects are represented by the ions
ux retained by the bath, given by Eq. (4), which depends essentially

a
o
t
i

able 4
ontainment matrices compositions used for Co and Cs

Elements

Mg K Na Ca

atrix 1
% in mass 14.4 1.7 4.2 12.
Mole number 0.356 0.03 0.217 0.

atrix 2
% in mass 6.18 0.72 1.8 5.
Mole number 0.153 0.01 0.093 0.

asalt
% in mass 10.2 1.2 3 8.
Mole number 0.253 0.021 0.154 0.
Fig. 7. Influence of matrix composition on Co volatility.

n the plasma current. As the evaporation kinetics decrease with
ntensity current, the bath is in cathode polarization which prevents
0Co and 137Cs from leaving the liquid phase. Theses results assert
he validity of Eq. (4) used by this computer code and conforms
ith the experimental results obtained by spectroscopy emission

8]. The same behavior is observed in the case of 106Ru as a function
f plasma current.

.4. Influence of matrix composition
re given in Table 4. Matrix 1 is obtained by the elimination of 29 g
f silicon for each 100 g of basalt, whereas matrix 2 is obtained by
he addition of 65 g of silicon for each 100 g of basalt, and matrix 3
s basalt. Figs. 7 and 8 depict the influence of containment matrix

Si Al Fe Ti

5 30.1 17.2 16.8 3.1
221 0.5 0.337 0.232 0.189

3 70 7.39 7.21 1.33
095 1.918 0.144 0.1 0.08

8 50.4 12.2 11.9 2.2
157 0.838 0.239 0.165 0.034
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Fig. 8. Influence of matrix composition on Cs volatility.

omposition, respectively, on the cobalt and cesium volatility. The
ncrease of silicon percentage in the containment matrix supports
he incorporation of 60Co and 137Cs in the matrix.

For 137Cs, the increase of silicon percentage in the containment
atrix is accompanied by an increase in mole numbers of Cs2Si2O5

nd Cs2Si4O9 in the condensed phase. The presence of these two
pecies in addition to Cs2SiO3 in significant amounts (between
0−3 mol and 10−2 mol) prevents Cs from leaving the liquid phase
nd reduces its volatility. For cobalt, the increase of silicon per-
entage in the system supports the confinement of 60Co in the
ondensed phase in the Co2SiO4 form. Ruthenium is not consid-
red in this study because, in the liquid phase, it has only the Ru
orm and any modification in the containment matrix has no effect
n its volatility.

.5. Distribution of Co and Ru on its elements during the
reatment

Figs. 9 and 10 depict the distribution of cobalt components on
he liquid and gas phases. In the gas phase, cobalt exists essentially
n the form of Co and, to a smaller degree, in the CoO form. In the
iquid phase, cobalt is found in quasi totality in CoO, Co, and Co2SiO4
orms.

Fig. 11 presents the distribution of ruthenium components on

he liquid and gas phases. In the gas phase, ruthenium exists essen-
ially in the form of RuO2 and, to a smaller degree, in the form of
uO3 and RuO, whereas Ru and RuO4 exist in much smaller quan-
ities compared to the other forms. In the liquid phase, ruthenium
as only the Ru form.

Fig. 9. Variation of the mole numbers of Co composition in the gas phase.
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ig. 10. Variation of the mole numbers of Co composition in the liquid phase.

. Comparison with the experimental results

The experimental setup is constituted of a cylindrical furnace,
hich supports a plasma device with twin-torch transferred arc

ystem. The two plasma torches have opposite polarity. The reactor
nd the torches are cooled with water under pressure by two com-
letely independent circuits. Argon is introduced at the tungsten
athode and the copper anode while oxygen, helium, and hydrogen
re injected through a water-cooled pipe [21].

To perform spectroscopic diagnostic above the molten surface,
water-cooled stainless-steel crucible is placed under the coupling
one of the twin plasma torches. This crucible is filled with basalt
nd 10% in oxide mass of Cs. On the cooled walls, the material does
ot melt and, hence, runs as a self-crucible. The intensities of the Ar

ine (� = 667.72 nm) and the Cs line (� = 672.32 nm) are measured
y using an optical emission spectroscopy method (Fig. 12). The
olar ratio Cs/Ar is deduced from the intensity ratio of the two

ines [8].
Fig. 13 shows the code results in comparison with the exper-

mental measurements. This figure reveals that the experimental
nd simulation results are relatively close. The small difference
etween the simulation results and the experimental measure-
ents can be attributed to the measurements errors. In fact, the

stimated error committed on the measurement of the ratio Cs/Ar

s around 10% [8]. The model calculations assumed a bath fully

elted and homogeneous from the beginning (t = 0 s), while in
ractice the inside of the crucible is not fully melted and there is
progress of fusion front that allows a permanent alimentation of

ig. 11. Variation of the mole numbers of Ru composition in the gas and liquid
hases.
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Fig. 13. Comparison between the simulation and experimental results.

he liquid phase in elements from the solid. These causes explain
he perturbation of the experimental measurements and the large
ap between these measurements and the results obtained by the
odel in the first few minutes.

. Conclusions

The objective of this study is to improve the evaporation phe-
omena related to the radioelements volatility and to examine their
ehavior when they are subjected to a heat treatment such as vitrifi-
ation by arc plasma. The main results show that up to temperatures
f about 2000 K, cobalt is not volatile. For temperatures higher
han 2000 K, any increase in molten bath temperature causes an
ncrease in the cobalt volatility. Ruthenium, however, has a different
ehavior with temperature compared to cobalt. For temperatures

ess than 1700 K and beyond 2000 K, ruthenium volatility increases
hen temperature increases. Whereas in the temperature interval

rom 1700 K to 2000 K, any increase of temperature decreases the
06Ru volatility. Oxygen flux in the carrier gas supports the radioele-
ent incorporations in the containment matrix, except in the case
f the ruthenium which is more volatile under an oxidizing atmo-
phere. For electrolyses effects, an increase in the plasma current
onsiderably increases both the vaporization speed and the vapor-

[

[

[

ntal set-up.

zed quantities of 137Cs and 60Co. The increase of silicon percentage
n the containment matrix supports the incorporation of 137Cs and
0Co in the matrix. The comparison between the simulation results
nd the experimental measurements reveals the adequacy of the
omputer code.
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