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Abstract

Chemical equilibrium calculations were performed on the speciation of tellurium in-core
and inside the primary heat transport system (PHTS) under loss-of-coolant accident
conditions. Data from recent Knudsen-cell experiments on the volatilization of Cs2Te
were incorporated into the calculation. These data were used to recalculate
thermodynamic quantities for Cs2Te(g), including AfG°(298 K) = -118 ± 9 kJmol'1. The
description of the condensed high-temperature cesium-tellurium phase was expanded to
include Cs2Te3(c) in addition to Cs2Te(c). These modifications were incorporated into
the database used in the equilibrium calculations; the net effect was to stabilize the
condensed cesium-tellurium phase and reduce the vapour pressure of Cs2Te(g) between
1200 and 1600 K. The impact of tellurium speciation in containment, after release from
the PHTS, is discussed along with the possible effect of tellurium on iodine chemistry.

1 Atomic Energy of Canada Limited, Whiteshell Laboratories, Pinawa, MB, Canada,
ROE 1L0
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1. INTRODUCTION

1.1 Review of Tellurium Chemistry in the PHTS

In reactor safety analysis, particular attention is paid to radiobiologically hazardous
volatile fission products, such as iodine, that may escape the reactor coolant system in the
event of a large loss-of-coolant accident. The chemical speciation of these fission
products and their precursors will affect their transport and also the procedures effective
in mitigating the transport of activity from the fuel into containment or beyond. The
chemistry of fission product tellurium will affect iodine speciation, volatility, and release
as a consequence of a severe reactor accident. For instance, 132I, ti/2 - 2.28 h, is derived
from the beta decay of 132Te, ti/2 - 78 h. The overall ratio of fission yield of iodine to
tellurium is about 0.5, and "Te is about 2.5% of the total yield of tellurium, giving a
ratioof131I/132Teof2.7.

Under normal operating conditions, in-core tellurium in CANDU® fuel may show
differences both in speciation and location from that expected in light-water reactor
(LWR) fuel. Because of the relatively high centreline temperatures of CANDU fuel,
about 8% of the tellurium will have migrated to the fuel-cladding gap and grain
boundaries during irradiation [1]. This can be compared with less than 1% of volatile
fission products expected to segregate from LWR fuel during operation. Once outside the
UO2 lattice, tellurium will be able to combine with fission product cesium, present in
excess, to form cesium telluride, CS2TC At slightly elevated oxygen potentials, where
cesium can form ternary compounds such as uranates and molybdates, tellurium may be
able to form a telluride with palladium [2] or react with the cladding. If reaction with
Zircaloy occurs, then intermetallic zirconium-tellurium compounds can form, comprising
a number of different stoichiometries, including: Zri.xTe (0 < x < 0.5), ZrTe2, ZrTe3,
ZrTes, ZrsTe, and Z^Tes [3], as predicted by thermodynamic calculations discussed later.
In CANDU fuel the cladding is normally coated with a graphite lubricant that minimizes
pellet or fission product-clad interaction.

Under accident conditions and with significant oxidation of the Zircaloy cladding, the
minor alloying element tin will come out of solid solution. Fission-product tellurium can
combine with tin to form tin telluride. At temperatures above 1400 K, any segregated
tellurium phase will be volatile, whether SnTe, elemental tellurium or CS2TC However,
the chemistry of the vapour phase will be highly dependent on the speciation. For
instance, tin telluride is much less soluble in water than Cs2Te and much more stable in
the presence of steam. The transport of tellurium, whether as a gas or an aerosol, will
also be greatly affected by its chemical speciation. Fission-product release from the
reactor coolant system will depend on the sequence and timing of events occurring in a
severe accident, and on reaction kinetics as well as thermodynamics. Cesium telluride,
being highly water soluble, is expected to transport as an aqueous aerosol in containment.

CANDU® is a registered trademark of Atomic Energy of Canada Limited (AECL).
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In certain accident scenarios, tin telluride and elemental tellurium may deposit in the
reactor coolant system, mitigating release.

1.2 Thermodynamic Calculations

Tellurium is thought to exist mainly as Cs2Te in the fuel/cladding gap; however
information is lacking on gaseous and condensed phase cesium-tellurium species.
Because of this, conservative assumptions must be made about the thermodynamic
parameters and stability of these species for safety analysis. The relative stability of gas
phase cesium telluride, tin telluride and elemental tellurium, Te2, were calculated using a
Gibbs free energy minimization routine [4]. However, earlier Knudsen cell experiments
[5] indicated the volatilization of Cs2Te was incongruent, and further identification of
gaseous and condensed-phase components was necessary for accident analysis, including
the measurement of their thermodynamic parameters. In addition, in the earlier analysis
[4] the structure of gas phase Cs2Te was derived from that of Cs2O, using a bond angle of
120°. Since then, vibrational spectroscopy performed elsewhere has shown that Cs2Te
has a bond angle close to 90° [6]. Hence the release fractions of stable volatile tellurium
species in a severe accident were recalculated, using recently obtained Knudsen cell data
on the incongruent volatilization of Cs2Te [7], an experiment briefly reviewed in this
paper.

Results of our chemical equilibrium calculations indicated that the volatility of tellurium,
as Cs2Te(g), is lower than previously estimated [4]. However, in a severe accident
scenario, most of the cesium telluride will leave the PHTS in the form of an aqueous
aerosol, whereupon it will condense into the containment sump along with fuel
fragments, other fission products and cooling water. The importance of aqueous
tellurium chemistry, along with the decay of 132Te, has been discussed in the context of its
possible effect on the iodine source-term.

2. KNUDSEN CELL STUDY OF CESIUM TELLURIDE
VOLATILITY

Because of unresolved questions regarding the speciation of the vapour phase in
equilibrium with high-temperature cesium telluride [5], the behaviour of Cs2Te was
investigated in a Knudsen cell mass-spectrometric apparatus [7]. Cesium telluride
(99.9%, Cerac) was contained in a tantalum Knudsen cell, which was inductively heated
to 1450 K. The ion signal intensities were measured over a descending temperature ramp
for volatile species effusing from the cell, giving second-law entropies and enthalpies of
vaporization and vapour pressures. Electron-impact appearance potentials suggested that
the components of the gas phase included atomic cesium, CsTe, CsTe2, Cs2Te, Cs2Te2,
Cs2Te3, and elemental tellurium; atomic cesium dominated from 762 K and tellurium
appeared at higher temperatures, above 990 K. Vapour pressures were calculated for all
the volatile species by ratioing the ion signal intensities with those derived by calibration
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with silver, incorporating corrections for ionization cross section, isotopic abundance and
instrumental bias. Vapour pressures are presented for individual species in Table 1, and
computed sums used for further analysis in Table 2. The detection limit of the

,-3-experiment was about 10" Pa.

Table 1. Vapour Pressures above Cesium Telluride

Temp(K)
736
762
801
844
900
934
990
1055
1101
1167
1210

Pressure (Pa)
Cs
6.46 x
1.35 x
6.17 x
1.81 x
1.25 x
3.44 x
1.45 x
5.59 x
1.15 x
2.41 x
4.37 x

10 j

104

10J

10*
IO-1

10'1

10°
10°
101

101

101

Te2

1.65 x
1.21 x
6.30 x
2.27 x
4.02 x

uf1

101

10'1

10°
1C°

CsTe

1.04 x
2.86 x
1 . 1 1 X
2.22 x

10"1

101

10°
10°

Cs2Te

1.22 x
2.92 x
9.28 x
1.60 x

10"'
10'
10'
10°

Cs2Te2

4.32 x 10 '
1.49x10°

CsTe2

4.18 x 10"'
1.49x10°

Table 2. Total Vapour Pressure above Cesium Telluride in the Knudsen Cell
Temperature
(K)
736
762
801
844
900
934
990
1055
1101
1167
1210

Vapour Pressure Cs(g)
(Pa)
6.46 x 10"J

1.35 xlO"4

6.17 x 10J

1.81 x 10"2

1.25x10'
3.44x10"'
1.45x10°
5.59 x 10°
1.15 xlO1

2.41 x 101

4.37 x 101

Ep(cesium-tellurium
species) (Pa)

2.26 x 10 '
1.43x10°
5.02x10°
3.82x10°

Ep(tellurium species)
(Pa)

1.65 xlO"2

1.21 x 10"'
6.30 x 10"'
2.27 x 10°
4.02 x 10°

Second-law thermodynamic parameters were computed from the slopes and the intercepts
of the plots of In (pressure) as a function of T 1 for Cs2Te and other vapour phase species.
Data were averaged for atomic cesium (i.e., for Cs+ and Cs"1"1" ions), for tellurium (i.e., for
Te+ and Te2

+ ions) and for all other cesium-tellurium species (i.e., CsTe+, Cs2Te+,
CsTe2

+, and Cs2Te2
+ ions) and are presented in Table 3. The uncertainties calculated for

Ar//°(T) and ApS°(T) were derived from the standard deviation on the average of the data
sets. The uncertainty in the atomic cesium parameters is comparable with the others,
even though the signal-noise ratio was greater for Cs+ than for any other ion, because
fewer data sets were included in the average.
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Table 3. Second-Law Enthalpies and Entropies
Gaseous Species

cesium-tellurium
elemental tellurium
atomic cesium

Ar#°(T) kJ-mor1

199 ±15
206 ± 21
175 ±12

Af5°(T)J.K"1.mol"1

80 ±18
78 ±18
69 ±23

Temperature Range
(K)
1055 -1210
990 -1210
762-1210

3. DERIVATION OF THERMODYNAMIC DATA FOR CESIUM-
TELLURIUM SPECIES

The Knudsen cell results indicated an incongruent volatilization process for Cs2Te and a
variety of stable gas-phase cesium-tellurium species. Hence to model the volatilization,
thermodynamic data had to be determined for a tellurium-rich cesium-tellurium
condensed phase, and gas phase data for Cs2Te had to be reconsidered. Although the
condensed phase was not examined directly in this study, Cs2Te3 was chosen as a
probable candidate, mainly because it has been observed elsewhere [8]. This study did
not include the derivation of thermodynamic parameters for the polytelluride. Such data
have been published only for the monotelluride [9]. Likewise, the gas phase cesium-
tellurium species have not been characterized, except for Cs2Te(g). Because atomic
cesium was the most important gas phase component as the cesium-tellurium system was
heated, and the vapour phase components other than Cs(g) and Cs2Te(g) could not be
described in thermodynamic terms, the incongruent volatilization of cesium telluride was
represented as occuring by the following two processes.

Cs2Te(c) - Cs2Te(g).

3Cs2Te(c) - Cs2Te3(c) + 4Cs(g).

(1)

(2)

The Cs2Te(g) subsequently establishes an equilibrium with other cesium-tellurium
compounds: CsTe(g), Cs2Te2(g) and CsTe2(g).

The release of elemental tellurium occurs at higher temperatures as the condensed phase
becomes more tellurium-rich, likely corresponding to the decomposition of Cs2Te3(c).
However, process (2), being dominant, was used to compute thermodynamic parameters
for Cs2Te3(c), rather than data from the small signals for Te+ and Te2+. Thermodynamic
data for elemental tellurium are included in the database used in the chemical equilibrium
calculations.

A third-law analysis was performed on the vapour pressure results derived from the
Knudsen cell experiment. Details are presented in the attached appendix. From the
measured Ar#°(298), the Gibbs free energy of formation, AfG°(298), of Cs2Te was
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computed, -118 ± 9 kJ-mol"1. This parameter is important in modelling the equilibrium
phase relationships of the system.

To generate thennodynamic data for Cs2Te3(c) it was assumed that the atomic cesium
observed in the Knudsen cell apparatus arose from (2), and that the Ari/°(T) of this
process was temperature independent. This step was necessary because neither the free
energy function nor the thermodynamic parameters at 298 K have been published for this
species.

400 500 600 700 800 900 1000 1100 1200 1300
Temperature (K)

Figure 1: Free energy function of Cs2Te3(s) as a function of temperature. The data points are derived, as
discussed in the text. The linear extrapolation was used to determine the value of the function at 298 K, and
for temperatures lower than 1200 K. The polynomial fit was used for the function above 1200 K.

The free energy function of Cs2Te3(c) was plotted as a function of temperature, Figure 1.
The data were extrapolated to 298 K to derive <£°(298), 222 J-K^mol"1, and AfG°(298),
-611 ± 4 4 kJ-mol'1. A linear fit of the data was used in the chemical equilibrium
computation at temperatures below 1050 K, a polynomial fit for temperatures between
1050 and 1250 K, and a constant value above 1250 K. More detail is presented in the
appendix.
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With the newly derived thermodynamic parameters for Cs2Te(g) and Cs2Te3(s), chemical
equilibrium calculations were performed for cesium-tellurium-iodine-fuel-Zircaloy
systems. These calculations encompassed a variety of conditions, including the
determination of tellurium speciation in the fuel-clad gap under normal operation, and
predicting the consequences of reaction with H2/H2O, air or steam. The role of Zircaloy
oxidation in tellurium chemistry was also examined.

4. Calculations of Tellurium Volatility in the Primary Heat Transport
Circuit under Accident Conditions

Equilibrium compositions were computed using the "CHMWRK" code, developed by
Garisto at AECL [4]. This program uses a modified Villars-Cruise algorithm to minimize
the chemical potentials of the species present in the system. Recent changes have allowed
us to include phases with fractional stoichiometries and to account for energy
minimization during mixing, or solvation. The latter, for instance, has been used to
incorporate UO2+X into a model of irradiated fuel, represented by a solid solution of U4O9
/UO2 or U3O7/UO2 [10]. Computations are performed on a closed system, in the current
work corresponding to constant pressure, although constant volume calculations are also
possible. Input parameters, including the amounts of each element or compound used in
the calculations, are noted in the captions of the figures showing the results of the
analyses.

The data derived for Cs2Te(g) and Cs2Te3(c) were used in the "CHMWRK" code along
with parameters for pressure and temperature representing the Knudsen cell experiment.
Computed vapour pressures of atomic cesium and Cs2Te corresponded to those observed
(Figure 2).
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Figure 2: Vapour pressures calculated for atomic cesium and the cesium-tellurium species above cesium-
telluride under conditions similar to those of the Knudsen cell experiment The symbols (circles and
squares) represent measured data points and the lines, the calculated data.

Thermodynamic calculations were performed to give tellurium speciation under a variety
of conditions: temperature, pressure, presence of cesium, tin, Zircaloy and fuel. The
CANLUB coating used on the inside of Zircaloy-4 pressure tubes in CANDU reactors
was not included in these calculations, because the coating is not expected to alter
significantly fission-product release in a reactor accident. Hence results are applicable to
both CANDU and LWR reactors.

Calculations were initially performed on systems that did not include fuel or structural
materials, to determine which species were stable in simple chemical systems: tellurium-
cesium (Figures 3 and 4), tellurium-cesium-tin (Figure 5), and tellurium-cesium-tin-
zirconium (Figure 6). The results of calculations performed on a system of tellurium
heated in a steam/H2/air mixture were reported earlier [4] and are not affected by our
recent changes to the thermodynamic database. These will be discussed only in
comparison with our newly performed analysis.
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Figure 3: Plot of the vapour pressure of tellurium-containing molecules, and the ratio of elemental tellurium
to CsiTe as a function of temperature. The total pressure of the system is 1.2 MPa, and consists of a 2
mole:3 mole ratio of steam/inert gas. Cesium and tellurium are the only other elements included in the
calculation, 0.08 and 0.02 mole respectively. The circles refer to vapour pressure data (left-hand ordinate),
the squares to the ratio of elemental tellurium species to cesium telluride (right-hand ordinate).

Once cesium was introduced into the system, differences were observed between the
current and previous analysis. The stability of cesium and tellurium compounds were
calculated, ignoring the effect of fuel or Zircaloy (Figure 3). Results of the "CHMWRK"
calculation showed that Cs2Te3(c) was the dominant tellurium species up to 1400 K, with
Cs2Te(g) being the main vapour phase constituent. Above that temperature, the vapour
pressure of the tellurium species rose rapidly, mainly with contributions from Te2(g).
(The relative amount of elemental tellurium and Cs2Te in the gas phase is indicated by the
dashed line above.) In the earlier study the volatility of tellurium was much higher at
intermediate temperatures because of the higher vapour pressure of Cs2Te used in the
calculation. The reduction of tellurium volatility at intermediate temperatures is a
common feature of the more recent calculations, over a wide variety of conditions.
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Figure 4: Plot of vapour pressure of tellurium-containing molecules, and the ratio of elemental tellurium to
Cs2Te as a function of temperature. Calculations were done for initial amounts of 0.02 and 0.002 mole
tellurium added to the system, filled and open symbols respectively, both at 1.2 MPa overall pressure under
1 mole H2 and 1 mole H2O. The circles refer to the pressure of tellurium species (left-hand ordinate). The
squares refer to the ratio of elemental tellurium to Cs{Te (right-hand ordinate).

Results for a Ha/steam system (Figure 4), were similar to those for a steam-only system
(Figure 3). One notable difference was the significant contribution of IfeTe to the total
vapour pressure above 1600 K in the Hysteam system. Results for 0.02 mole and 0.002
mole tellurium were qualitatively similar, demonstrating, at high temperatures, that the
factor limiting the amount of volatile tellurium was the amount available to the system
(i.e., all of the tellurium was vapourized above 1600 K).
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Figure 5: Plot of vapour pressure of tellurium-containing molecules as a function of temperature.
Calculations were done for a system at 1.2 MPa, equimolar H2/H2O, 0.02 mole tellurium, Cs/Te - 4, excess
tin, and no Zircaloy or fuel in the system. Diamonds refer to volatile SnTe, circles to Cs2Te(g) and squares,
to elemental tellurium (Te(g) and Te2(g)).

When tin was introduced into the calculation (Figure 5) it was found to dominate at high
temperatures, above 1400 K. This prevalence occured at even lower temperatures when
lower amounts of cesium (0.002 mole) were used in the calculation (not shown on the
figure). The vapour pressure of elemental tellurium did not increase above those of the
tellurides under these conditions. The results of these calculations are quite similar to
previous ones [4], except that the condensed phase tellurium included Cs2Te3(c) as well
as Cs2Te(c). This corroborates the earlier result that tin telluride is more stable than
cesium telluride in the presence of steam.
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Figure 6: Plot of the vapour pressure of tellurium species as a function of temperature. Calculations were
done for conditions similar to those expected in the fuel/clad gap without any CANLUB: 2.5 MPa inert gas,
excess Zircaloy, and 0.001 mole tellurium. Calculations were performed with 0.003 mole and 0.002 mole
cesium, filled and open symbols respectively.

Figure 6 displays the volatility of tellurium in the presence of cesium and Zircaloy, found
to be mainly Cs2Te(g). The objective of this calculation was to check if tellurium can
react with Zircaloy to produce ZrsTe^s), under conditions of pressure and temperature
that could occur in an accident situation before failure of the cladding and ingress of
steam. In agreement with earlier calculations [4], ZrsTe4 is formed at higher
temperatures; however, the recent results show that it forms for a Cs/Te ratio of 3 as well
as 2. However, because a significant inventory of tellurium is in the condensed phase
(mainly Cs2Te(c) below 1400 K and the intermetallic compound above 1400 K) across
the temperature range, the volatility of tellurium is reduced by over a factor of four in
comparison with the Zircaloy-free case, Figure 7.

These calculations were performed assuming that tin forms a solid solution with
zirconium, as outlined by Garisto [4]. Earlier computational efforts treating the alloy as a
stoichiometric compound (i.e., Zr^Sn) yielded substantial SnTe volatility, a physical
improbability because tin will not be available for reaction with tellurium until the
Zircaloy is oxidized. The cladding will remain as an alloy under inert atmosphere
conditions; as would be expected in the fuel-cladding gap.
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CANLUB, a graphite coating on the inside of the Zircaloy cladding, is unique to CANDU
reactors and presents a physical barrier to fission product reaction with the Zircaloy.
Hence under normal operating conditions, with the CANLUB layer intact, tellurium is
expected to have little opportunity to react with Zircaloy. At high temperatures, or at high
burnups, >400 MW-d-kg IT1, the CANLUB is degraded and interaction will occur, as in
the scenario modelled in Figure 6. Under oxidizing accident conditions, the CANLUB
will be converted to CO2 and released. In this case, it is not expected to affect fission
product speciation in the PHTS significantly.

800 1000 1200 1400

Temperature (K)
1600 1800 2000

Figure 7: Plot of vapour pressure of tellurium species as a function of temperature. Calculations were done
with fuel/clad gap parameters: 2.5 MPa inert gas, Cs/Te - 3, 0.001 mol tellurium, UO2/U4O9 solid solution.

In the calculation presented above (Figure 7), fuel was included as a solid solution of
UO2/U4O9 [10]. However, it was found that the presence of the fuel, UO2.004, made little
difference to the tellurium speciation or volatility, because the slight oxidation of the fuel
was insufficient to convert all the cesium to cesium uranate, although some CsaUCUCs)
was formed. Hence the tellurium was predominantly Cs2Te3(c) up to 1600 K, whereupon
Cs2Te(g) became more important.
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Figure 8: Plot of the vapour pressure of tellurium-containing species as a function of temperature, under
oxidizing conditions (air/steam) at 0.1 MPa. No Zircaloy or fuel were included in these calculations.
Circles show results when tin was included in the calculation; diamonds show results without tin.

If an accident occurs such that air comes into contact with the fuel, such as in the case
when fuel is ejected from the channel, oxidizing reactions are probable (Figure 8).
Oxidizing conditions dramatically change the speciation of gas phase tellurium, because
cesium telluride decomposes in contact with steam. Condensed phase tellurium is present
primarily as Cs2Te04(s) and Cs2Te03(s) up to 1200 K. Above that temperature TeO(g),
TeO2(g), Te(g), Te2(g), Te2O2(g), and TeO(OH)2(g) are important species, their relative
stabilities little affected by cesium.

When tin is introduced into the calculation, the tellurium-oxygen compounds no longer
dominate, and condensed phase Cs2Te(c) and Cs2Te3(c) are observed up to 1200 K.
However, at temperatures at which tellurium has a significant vapour pressure, the gas
phase consists mainly of SnTe(g). Below 1400 K, most of the tin is condensed as Sn(c)
or SnO2(c), the ratio of the element to the oxide varying from 2.8 at 600 K to 8.5 at
1200 K. Above this temperature, the pressures of SnTe(g) and SnO(g) become
significant, although Sn(c) is still the major tin species. Above 1600 K, the vapour
pressure of SnO surpasses that of SnTe.
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To introduce tin into the calculation and maintain a high oxygen potential, it was
necessary to eliminate zirconium species from the database, because of the propensity of
the zirconium to form Z1O2. An alternative route to the result was also attempted,
assuming a very rapid oxidation of Zircaloy, liberating tin for reaction with tellurium.
(Tin oxide is not stable in the presence of zirconium metal.) The results depicted below
(Figure 9) were generated using fully oxidized Z1O2 as input. Vapour pressure results for
both methods were very similar, as can be seen by comparing the data represented as solid
circles in both Figures 8 and 9. In the gas phase, the amount of SnTe(g) is at least 17
times that of Cs2Te(g) across the range of temperature, as shown by the ratio (dashed line)
in Figure 9. However, the condensed phase tellurium present up to 1200 K is in the form
of Cs2Te3(c).

i 1 , , . , 1
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0.04 {
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a
0.03 ©
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0.01

9

800 1000 1200 1400

Temperature (K)
1600 1800

Figure 9: Plot of the vapour pressure of tellurium-containing species, and ratio of Cs2Te/SnTe as functions
of temperature. Calculations were done for 0.002 mole tellurium in the presence of 1:1 air/steam (0.008
mole) at 0.1 MPa. Zircaloy was assumed to be fully oxidized at the start of the calculation. Circles refer to
vapour pressure information (left-hand ordinate), and the dotted line, to the ratio of Cs2Te/SnTe (right-hand
ordinate).
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Figure 10: Plots of the vapour pressure of tellurium-containing species as a function of temperature.
Calculations were done for an oxidizing atmosphere (air/steam) at an overall pressure of 0.1 MPa, 1:1 and
1:0.1 air/steam respectively. Calculations for both 0.08 and 0.008 mole H2O were performed (the solid line
and points respectively), showing very little difference in the resulting vapour pressure of tellurium species.
The filled circles show where the vapour is close to 100% CS2TC The open circle indicates where
elemental tellurium (13%) contributes a significant amount to the gas phase speciation.

Figure 10 depicts the same analysis as Figure 9, but the Zircaloy is assumed not to have
been oxidized in the accident sequence. Because the Zircaloy consumes all the oxygen
introduced in the calculation, the resulting oxygen potential of the system is very low, and
computed tellurium volatilities are similar to those arising in an inert atmosphere in the
fuel/cladding gap, Figure 6. At high temperatures, above 1600 K, the volatility of
elemental tellurium becomes significant, surpassing that of Cs2Te at 1800 K, in the case
of 0.08 mole H2O.

Overall, the results of the analysis have been presented in two tables. Table 4 focuses on
each tellurium species and gives the accident conditions under which the volatility of this
species dominates tellurium transport. Table 5 presents similar information, but turns it
around to give the major tellurium vapour species under various accident conditions. The
information in the tables can be used to assign the speciation of the tellurium that will be
released from the PHTS. Overall, this work has shown that tellurium volatility is reduced
at temperatures below 1600 K, arising from the stability of Cs2Te3(c), and this should
result in a lower source term for tellurium at intermediate temperatures.
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Table 4. Gas Phase Tellurium Species Important in Accident Scenarios
Species
Te,Te2,H2Te

TeO, Te2O2

Cs2Te

SnTe

Temperature/Atmospheric Conditions where Important
- Elemental tellurium is important when there is no tin or cesium

present in the system, in both steam and H^/st&am atmospheres.
- These species dominate at temperatures greater than 1400 K in

steam and H^steam even when cesium is present. H2Te is also
present at high temperatures.

- These species are important under oxidizing conditions
(e.g., steam/air) if tin is not available for reaction.

- Cs2Te is important at temperatures below 1400 - 1600 K in steam
or H^steam. At higher temperatures it decomposes.

- Cs2Te dominates over SnTe at high temperatures only under an
inert atmosphere (such as might be found in the fuel cladding gap
under normal operating conditions). This was also observed when
the calculation was performed including fuel.

- Cs2Te is not stable under oxidizing conditions (e.g., steam/air).
- If tin is present then SnTe will prevail over Cs2Te under H^steam

and air/steam, although the extent to which it dominates depends
on the amount of cesium present (in Hfe/steam).

- As long as the Zircaloy is not oxidized, the solvated tin is thought
to have a very low activity and should not react with the tellurium
[11].

Table 5. Accident Conditions and Resulting Tellurium Speciation in the Gas Phase
Accident
Conditions
Pre-accident
Intact fuel/clad gap
H^steam
steam

Air/steam

Relative Stability of Tellurium Species

Cs2Te

Tin dissolved in Zircaloy
Zircaloy unoxidized
Tin available
Tin dissolved in Zircaloy
Zircaloy unoxidized
Tin available

- below 1400 K Cs2Te > Te, Te2

- above 1400 K Te, Te2, H2Te
- SnTe > Cs2Te = Te, Te2

- TeO, Te2O2

-SnTe

In cases where cesium-tellurium species are less important than elemental tellurium or
SnTe, the calculations presented in this report do not differ from those of Garisto [4].
However, the effect of the new thermodynamic data has been to stabilize the condensed
cesium-tellurium phases and to reduce the partial pressure of Cs2Te(g). This has reduced
the volatility of tellurium below 1600 K.

Below 1300 K, most of the segregated in-core tellurium will be condensed, as Cs2Te(c) or
Cs2Te3(c), and escape from the fuel will be possible by dissolution in coolant that has
penetrated the fuel/clad gap via a breach in the cladding or by aerosol transport. Above
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1600 K, all tellurium species (i.e., SnTe, Te2 or Te, and Cs2Te) are volatile, and the
predominance of one over the other will depend on their relative stability in the
atmospheric conditions of the accident. At intermediate temperatures, 1400 to 1600 K,
usually more than one tellurium species is present at equilibrium. Release will not only
depend on the relative stability of the condensed phase and the vapour, but also on the
timing of events in the accident sequence, and the kinetics of heterogeneous reactions
with clad components and aerosols, an area of concern not addressed in this study.

5. TELLURIUM IN CONTAINMENT

Little discussion of tellurium speciation in reactor containment has been presented in the
literature; however, the system is in many ways analogous to aqueous tellurium speciation
in geological deposits. Hence models of tellurium chemistry in containment can use
information already compiled for groundwater systems: a tabulation of equilibrium
constants of aqueous tellurium reactions [12] and a review of the thermodynamics of
hydrothermal tellurium speciation [13] covering temperatures between 298 and 623 K.

Of specific interest to reactor safety is the reactivity of alkali tellurides, which, along with
alkaline-earth tellurides, decompose rapidly in air to give elemental tellurium, especially
in the presence of water vapour [14j. In aqueous solution, alkali tellurides are strong
reductants. Alkali tellurides evolve H2Te in acidic solution. Hydrogen telluride,
H2Te(aq), is stable below pH - 2.7, a condition that is unlikely to occur in the
containment sump. Telluride compounds are very corrosive, and the characteristics of
these corrosive properties have been studied extensively, with a variety of alloys and
structural materials, including Zircaloy [15] and stainless steel [16]. The interaction with
metals may help to trap telluride species released into containment [17].

Tellurium species that could condense on containment walls and piping include elemental
tellurium and its oxidized form TeC>2. Anhydrous tellurium dioxide is slightly water
soluble at neutral pH, reaching a minimum of 2.1 x 10"10 mol(TeO2)-dm'3 at pH = 5.5, but
the solubility increases at low and high pH, i.e., 6.6 x 10"6 mol(TeO2>dm*3 at pH - 10. If
hydrated as TeO2-H2O, the tellurium dioxide becomes significantly soluble in water
between 5.4 < pH < 7.8, giving concentrations of HTeCb2' beween 7.8 x 10"5 and
1.6 x 10"2 mol(TeO2-H2O)-dm"3 [18]. However, TeO2-H2O is less thermodynamically
stable than anyhydrous TeC>2, and the more stable TeO3-3H2O forms only under highly
oxidizing conditions, such as in the presence of HNO3 or H2O2.

Tellurium compounds that do not plate out or react with primary heat transport
components and other structural materials, will likely be washed into the containment
sump as part of a fission-product aerosol. Speciation of tellurium in aqueous solution is
strongly dependent on pH and oxygen potential [13]. If introduced into the sump as a
soluble telluride, tellurium forms HTe" under reducing conditions, in acidic and weakly
basic solution [19]. At high pH, HTe' can deprotonate to form Te2", which can oxidize to
Te22". However, elemental tellurium does not dissolve in, or react with, water except at
high pH or in the presence of strong oxidizing agents [18]. Under these conditions
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tellurium will dissolve to form tellurite ions, TeO32\ A reaction between CsOH and TeO2
will also give Cs2TeO3. Tellurites, tellurium(IV), will form tellurates, tellurium(VI), by
reaction with an oxidizing agent such as H2O2. Telluric acid, as highly soluble
tellurium(VT), is itself a powerful oxidizing agent and, depending on relative
concentrations in the containment sump, could couple with the oxidation of iodide to
form iodine (3,4).

HeTeOe + 2 H+ + 2 e"« TeO2 + 4 H2O, E° = 1.02 V. (3)
2 r - 1 2 + 2 e", E° - -0.5355V. (4)

Oxidation of tellurites to form tellurates could be facilitated by interactions with water
radiolysis products in containment; however, not much is known about the effect of
radiation on tellurium chemistry. In-core fuel-clad gap concentrations of I, I2, Te and Te2

have been observed to increase for dose rates of 21.6 W-g"1 and 50 W-g'1 [20]. Water
radiolysis would also yield reactive intermediates that may react with solvated fission-
product compounds in aerosols. It is expected that the oxygen potential in containment
will exceed that in the reactor coolant system.

In containment, organic tellurides can be formed by reactions between tellurium and
radiolytically-produced organic radicals. Both tellurium and cesium telluride can react
with CH3I to produce (CU^Teh and (CHs^Te respectively. In general, organic
tellurides are less stable than those of sulphur and selenium; however, because the alkyl
tellurides have low boiling points (e.g., 365 K for (CH3)2Te), they may dominate
tellurium transport in containment [17]. In solution, organo-tellurium(II) and (TV)
complexes can form. Some of these will subsequently form organo-iodine complexes
upon decay of 132Te to 132I. The action of SnTe(g) and other tellurides on organic
compounds, specifically paints and pigments, is an area that deserves further attention,
especially because organic speciation could determine transport and reactivity of
tellurium in containment.

6. CONCLUSIONS

In summary, we repeated thermodynamic calculations, incorporating updated information
for Cs2Te(g) and new data for Cs2Te3(s). The results showed that tellurium will likely
enter containment as Cs2Te in an aqueous aerosol, at fuel temperatures below 1600 K, or
as a gas phase Te2 or SnTe species above 1600 K. The volatile inorganic species have
high melting points, e.g., 674 K for elemental tellurium [21], are not water soluble, and
thus will collect on the walls and surfaces of the containment building. Elemental
tellurium is labile and will react with metals and painted surfaces, especially in the
presence of condensed steam, to produce metal tellurides and organic derivatives. Tin
telluride may be less reactive, depending on the relative thermodynamic stabilities of the
metal tellurides that could form in the locus of deposition.
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If tellurium is going to have significant impact on iodine release, it will likely arise from
interactions in the aqueous environment of the sump, rather than in release from the
reactor coolant system. The water chemistry of tellurium will be strongly dependent on
pH and radiolysis. These are areas that deserve further attention in an integrated test
facility supported by bench-scale experiments, to examine how the combination of
chemical and radiological factors will affect tellurium and iodine volatility.
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9. APPENDIX

Derivation of Thermodynamic Data for Cs2Te(g) and Cs2Te3(c)

As discussed in Section 3, the incongruent volatilization of cesium telluride was
represented as occuring by the following two processes.

Cs2Te(c) -= Cs2Te(g).

3Cs2Te(c) - Cs2Te3(c) + 4Cs(g).

(1A)

(2A)

Thermodynamic data were derived for Cs2Te(g) using the heat of vaporization determined
using the third-law method. Estimates for thermodynamic parameters of Cs2Te3(c) were
based on the the measured vapour pressures of atomic cesium in the Knudsen cell.

Cs?Te

A third-law analysis requires knowledge of the Gibbs energy function defined as

(3A)

Free-energy function data for Cs2Te were obtained for the condensed phase [9] and for
the vapour phase [6], and used to calculate ArO for (1A) as a function of temperature,
Table 1 A. Entries in the third column of Table 2 were used to compute -RTlnK and the
resulting Ar/J°(298) were averaged, a value used to derive AiGo(298) of Cs2Te,

-i-118±9kJ.mol

Table 1A. Third-Law Calculation for Cs2Te
Temperature (K)
1055
1101
1167
1210

-RTlnK (J-mol1)
114000
102000
96100
102000

A,* (JK^mol1)
160.1
158.8
157.4
156.1

ArH°(298) (J-mor1)
283000
277000
280000
291000

Average Ar#°(298) - 283 ± 6 kJ-mol"1

ArS°(298) - O°(298)Cs2Te(g) - <D°(298)Cs2Te(s) - 350 -185 ± 0.2 - 165 ± 0.4 J-K^mol1

ArG°(298) - Artf°(298) - 298(ArS°(298)) - 234 ± 6 kJ-mol'1

AfG°(298)Cs2Te(g) - ArG°(298) - AfG°(298)Cs2Te(s) = 234 - 352 ± 3 - -118 ± 9 kJ-mol"1

To generate thermodynamic data for Cs2Te3(c) it was assumed that the atomic cesium
observed in the Knudsen-cell apparatus arose from Reaction (2A). In addition, the
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enthalpy of reaction was assumed to change very little
A r#°a>A r#°(298), and was taken to be 752 ± 12 kJ-mol"1

Cs+. Therefore the heat of formation

Af#°(298)Cs2Te3(c) • Ar#°(298) + 3Afff°(298) Cs2Te(s) - 4Af#°(298)Cs(g)
- -640 ± 22 kJ-mol"1.

with temperature, or
from the data for

(4A)

Using the reaction scheme (2A), values for the free energy of formation of Cs2Te3(c) were
computed from (5A) and are listed in Table 2A.

AfGo(T)Cs2Te3(c) - 3AfG°(T)Cs2Te(c) - 4RTlnpcs. (5A)

The free energies of formation, along with Ar#°(298) = 752 kJ-mol"1, and data for
<£(T)Cs2Te(c) and O(T)Cs(g), gave the free energy function of Cs2Te3(c) as a function of
temperature (6A). Results are listed in Table 2A.

<D(T) Cs2Te3(c) = T1Ar/T(298) +RlnK - 3<D(T) Cs2Te(c) - 4<D(T) Cs(g)

Table 2A. Free-Energy Function for Cs2Te3

(6A)

Temperature
(K)

736
762
801
844
900
934
990
1055
1101
1167
1210

AfG°(T)
Cs2Te3(c)
J-mol'1

-328000
-327000
-323000
-320000
-315000
-312000
-304000
-292000
-283000
-269000
-259000

3>(T) Cs2Te(c)
J-K-'-mol1

210
212
214
217
221
223
227
231
234
239
241

<D(T) Cs(g)
J-K'-mol1

182
182
183
184
185
185
186
187
188
188
189

S>(T)Cs2Te3(c)
MC'-mol1

375
247
296
292
307
316
326
332
330
267
330

The free-energy function of Cs2Te3(c), column 5 of Table 2A was plotted as a function of
temperature, Figure 1. The data were extrapolated to 298 K to derive O°(298),
222 ± 100 J-K^mol'1, and AfG°(298), -611 ± 44 kJ-mol'1. Fits of the data were used in
the CHMWRK computation (7A,8A,9A).

<D(7/) = 180 + 0.1427 JK' -mol ' 1 ,298<T<= 1050K.

<D(7/) = -45 +0.6207/- 2.5lxlO-4!2 J-K'^mol"1,1050 <T < 1250 K.

<D(7/) = 338 J-K-'-mol"1, T > 1250 K.

(7A)

(8A)

(9A)


