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RESUME

Des calculs d'equilibre thermodynamique ont servi a determiner la
formation d'especes chimiques de ruthenium dans des conditions d1accident
hypothetiques. On a determine la formation d'especes de ruthenium pour
diverses valeurs de temperature, pression, pression partielle d'oxygene et
concentration de ruthenium. On a demontre clairement, dans le present
rapport, I1importance de ces variables, en particulier la pression partielle
d'oxygene, en determinant la volatility du ruthenium.

II faut des donnees thermodynamiques siires pour determiner le
comportement du ruthenium par des calculs d'equilibre. Done, il a fallu
compiler une base de donnees sur les especes pouvant se former dans des
conditions d*accident de reacteur. On examine en detail, a 1'Annexe A,
1'origine des donnees thermodynamiques sur les especes de ruthenium
comprises dans nos calculs.
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ABSTRACT

Thermodynamic equilibrium calculations are used to determine the

chemical speciation of ruthenium under postulated reactor accident conditions.

The speciation of ruthenium is determined for various values of

temperature, pressure, oxygen partial pressure and ruthenium concentration.

The importance of these variables, in particular the oxygen partial pressure,

in determining the volatility of ruthenium is clearly demonstrated in this

report.

Reliable thermodynamic data are required to determine the behaviour of

ruthenium using equilibrium calculations. Therefore, it was necessary to

compile a thermodynamic database for the ruthenium species that can be formed

under reactor accident conditions. The origin of the thermodynamic data for

the ruthenium species included in our calculations is discussed in detail in

Appendix A.
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1. INTRODUCTION

Some postulated nuclear reactor accidents, e.g., loss-of-coolant

accidents (LOCA), can lead to fuel failures and hence release of fission

products into the primary heat transport system (PHTS). To determine the

consequences of such accidents, it is important to understand the behaviour of

fission products both in the PHTS and in the teactor containment building.

Many factors can influence the behaviour of fission products once

they are released from the fuel. Consequently, the prediction of fission

product behaviour during a LOCA is a complex problem. To a large extent,

however, fission product behaviour will be determined by the physical and

chemical properties of the predominant fission product chemical species formed

in the PHTS. Thus, it is important to identify the chemical forms of the

radionuclides in the PHTS.

Fuel failures during a LOCA occur predominantly for fuel-sheath

temperatures in excess of 1100 K [1]. At these high temperatures, chemical

reactions are generally fast. Thus, chemical equilibrium should be rapidly-

attained after the fission products are released from failed fuel into the

PHTS. For these cases, fission product chemical speciation can be determined

using chemical equilibrium calculations [2,3).

This approach has been used in the past to determine the chemical

speciation of iodine, cesium and tellurium in the PHTS during a LOCA [2,3J.

Moreover, kinetic calculations [4] have confirmed, at least for cesium and

iodine, the validity of the equilibrium assumption for temperatures down to

approximately 1000 K. Thus, thermodynamic calculations are indeed useful for

predicting the behaviour of fission products at high temperatures. In this

report, chemical equilibrium calculations are used to investigate the

behaviour of ruthenium under reactor accident conditions.

Ruthenium, a transition metal belonging to the platinum group [5], is

found in relatively large quantities in irradiated CANDU™ fuel. The

ruthenium isotopes represent ~ 8% by weight of the total fission product

inventory of a reactor. The stable ruthenium isotopes make up a large

fraction (~ 85X) of the ruthenium inventory in the fuel. The radioisotopes
106Ru (368.2 d half-life) and 103Ru (39.3 d half-life) comprise 102 and 5%,

respectively, of the ruthenium inventory.

Ruthenium is usually associated with the metallic inclusions or

precipitates (6-8] that are found in irradiated fuel. Ruthenium metal has a



high boiling point (~ 4400 K) [5]. Therefore, for reactor accidents in which

reducing conditions prevail, ruthenium is non-volatile and should not pose a

significant health hazard. Under oxidizing conditions, however, ruthenium can

form volatile oxides, e.g. RuO4, at relatively low temperatures and, hence,

could escape from failed fuel and enter the containment building. The

ruthenium radioisotopes, in particular 106Ru [9], present a potentially

significant health risk [9-11] if they are released outside the reactor

containment building. Consequently, it is important to understand the

behaviour of ruthenium during a nuclear reactor accident.

2. BEHAVIOUR OF RUTHENIUM AT HIGH TEMPERATURES: KINETICS

The volatility of ruthenium in air at high temperatures has created

problems in several industries. In the automobile industry, the use of

ruthenium as a catalyst in exhaust systems for N0x reduction proved unfeasible

because of high ruthenium volatility (the catalyst disappears!) especially at

high exhaust flow rates [12J. In the nuclear industry, relatively large

amounts of ruthenium are released during the reprocessing of used fuel, the

solidification of high-level liquid wastes [13], and the oxidation of

irradiated fuel [14,15]. These problems have encouraged studies on the

kinetics of ruthenium volatilization. It is useful to briefly review what is

known about the kinetic behaviour of ruthenium at high temperatures, before

describing its thermodynamic behaviour.

2.1 OXIDATION OF RUTHENIUM METAL

Ruthenium dioxide is the only solid formed when ruthenium metal is

heated in air at high temperatures. The kinetics of ruthenium oxidation has

been studied by Ryumin and Ivashentsev [16] using metal powders with particle

sizes in the range 0.5 to 0.75 um. They found that appreciable oxidation of

ruthenium begins at ~ 450°C and reaches a maximum rate at ~ 800°C. At the

higher temperatures, the reaction is fast in the early stages (first five

minutes or so), but is greatly retarded once the degree of oxidation, a, of

the metal reaches ~ 0.70. This is due to formation of a Ru02(s)* layer on the

In this report the state of a species is denoted by the letters: c
(condensed state, solid or liquid), s (solid), 1 (liquid) and g (gas).
The gaseous state is implied if the state of the species is not
explicitly indicated.
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ruthenium metal, i.e., the reaction rate is controlled by the diffusion of

oxygen through the expanding oxide layer.

Ryumin and Ivashentsev state that their data can be described by

Jander's diffusion equation [17]:

11 - (1 - a) 1 / 3] 2 = kt, (1)

where t is the time variable. Ryumin and Ivashentsev do not give values for

the reaction rate k. We have fitted their experimental a versus time curves

to Jander's equation in order to obtain values of k at different temperatures.

We find, to a good approximation, that

k = 1.10 x 106 exp(-19292/T) min"1.

Thus, the apparent activation energy for oxidation of ruthenium is - 160 kJ/mol.

Although it is not explicitly shown in Equation (1), the rate con-

stant k depends on the size of the ruthenium particles. Theoretical consid-

erations show that k is inversely proportional to the square of the particle

size [17]. For example, the work of Ryumin and Ivashentsev [16] shows that

metallic ruthenium, in the form of a finely dispersed powder (0.5 to 0.7 um),

is oxidized rapidly by atmospheric oxygen when heated above 75O°C. In com-

parison, Bayer and Wiedemann [18], using even finer powders of ruthenium

metal with a surface area of 17 rn^g"1 (particle sizes of ~ 0.03 urn), found

that significant oxidation of ruthenium begins at 32O°C and is virtually

complete at 500°C.

2.2 VOLATILIZATION OF RUTHENIUM DIOXIDE

The oxidation of Ru02(s) in air leads to formation of the gaseous

oxides Ru03 and Ru04. Ru03 is important at temperatures above 1200°C whereas

Ru04 predominates below this temperature [19J. Although the total vapour

pressure of these gases appears low, i.e., 2.5 x 10'4 atm* at 1000°C, these

1 atmosphere (atm) = 101.325 kPa. The thermodynamic data used in this
report are referenced to the standard state of the elements at 298.15 K
and 1 atm pressure. Therefore, the pressures calculated using these
data (see Equation (6) or Table 2) are in atmosphere units. Thus, it
is convenient to express all pressure values in atmospheres rather than
pascals.



pre.-:;1 ues can be quite significant in applications where air flows are high.

Consider, foi exsnpie, the use of RuO2(s) as a catalyst in automobile exhaust

systems. Gandhi et al. [12] found that at a space velocity of 105 h"1 (2.5%

02 in N?) the rate of RuO2(s) loss climbs from 20% per hour at 350°C to 85%

per hour at 750°C. (The space velocity gives the rate at which the

atmosphere in a particular volume is replaced.) The rate of ruthenium loss

is reduced significantly if ruthenates, e.g., LaRuO3(s) or SrRuO3(s), are

used as the catalyst material rather than RuO2(s) [12).

Johnston [20) studied the volatilization of RuO2(s) using 6.4-mm-

diarneter pellets. These thermogravimetric experiments confirmed that

significant amounts of RuO2(s) are lost by oxidation of the dioxide to the

volatile ruthenium oxides during air firings at 1000 to 1200°C. The samples

lost 1.6 and 3.7 weight percent per hour at 1050 and 1200°C, respectively,

during the 18-hour experiments. The initial oxidation rates over the first

two-hour period were approximately double the rates for the long-time

firings.

Holdoway [21] studied the reaction of Ru02(s) with various gases at

high temperatures. These experiments showed that (i) the volatilization of

Ru02(s) in 02 is a surface reaction, (ii) the weight-loss versus time plots

are linear, as expected if the products of the oxidation of RuO2(s) are

volatile, (iii) the rate of volatilization is strongly dependent upon the gas

flow rate,and (iv) the rate of volatilization (at constant temperature and

flow rate) depends on the square root of the oxygen partial pressure. This

last observation provides evidence for the reaction

Ru02(s) + 1/2 02 -> Ru03, (2)

at the oxide surface. Since Ru04 also exists at equilibrium, it appears that

the formation of Ru04 occurs by gas phase oxidation of RuO3.

Holdoway [21] found that the rate of volatilization of ruthenium in

oxygen depends strongly on temperature. The volatilization rates at 775,

940, 1043 and 1094°C are 0.62, 6.0, 16.9 and 27.0 mg-cm-^h1, respectively

(The overall activation energy for the volatilization of Ru02(s) in oxygen is

139 kJ'mol"1.) These volatilization rates are approximately proportional to

the total vapour pressure of the ruthenium oxide gases above Ru02(s). This

suggests that the gases are in equilibrium with the solid. Under these

conditions, the loss of Ru02(s) due to oxidation is controlled by the rate at

which the ruthenium vapours are swept out of the furnace by the gas flow.
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RuO2(s) is unstable at high temperatures and decomposes to the

metal. The decomposition of RuO2(s) in an inert (argon or nitrogen)

atmosphere commences at ~ 900°C, and the oxygen dissociation pressure reaches

0.2 atm and 1 atm at 1400 and 1560°C, respectively [22]. Holdoway [21]

found, for example, that a small sample (20 rug disk with a diameter of 0.6 cm)

of RuO2(s) is converted into ruthenium metal in less than two hours when heated

in an inert atmosphere at 1O85°C. The rate of decomposition appears to be

constant with time, i.e., 1.1% decomposition per minute. Similar results were

obtained for the reduction of Ru02(s) in steam at 1050°C. In this case, 95% of

the RuO2(s) sample (63 mg) was converted to the metal in three hours.

2.3 RUTHENIUM DEPOSITION

We have described the volatilization of Ru02(s) in air at high

temperatures. However, as the hot gases containing the ruthenium oxide species

cool down (after leaving the vicinity of the hot fuel), deposition or

condensation of Ru02(s) will occur.

Holdoway [21J volatilized RuO2(s) at 1050°C and observed the ruthenium

deposition pattern in a thermal-gradient tube using 103Ru tracer techniques.

These experiments were carried out in a stainless steel tube containing

Knitmesh. The oxygen flow rate was 1.0 dm3imin"1. His results can be

summarized as follows, (i) RuO.,(s) deposition is favoured when the gases pass

through a tube with a rapidly decreasing temperature gradient compared with a

slowly decreasing gradient, (ii) Ru02(s) deposition is not uniform. Ru02(s)

deposition occurs first at selected sites, and subsequent deposition occurs on

the surface of the Ru02(s) already deposited in the tube. This is in agreement

with previous studies [13,23] which showed that the presence of RuO2(s)

catalyzes the dissociation of Ru04 vapours, (iii) The temperature of deposition

depends on the oxygen partial pressure. If the oxygen partial pressure is

decreased, deposition occurs at higher temperatures. For example, ir. pure 02

the deposition band occurs in the temperature range 400 to 650°C, whereas, for

a 10% oxygen atmosphere, deposition occurs in the temperature range 700 to

900°C. This is in accord with the thermodynamic behaviour of ruthenium (see

Figure 6). (iv) The deposition temperature depends on the gas flow rate. An

increase in flow rate from 1.0 to 1.5 dm3<min"1 led to deposition of Ru02(s) in

the temperature range 600 to 800°C rather than 700 to 900°C. (v) Although a

secondary ruthenium deposition band was observed in the temperature range 250

to 500°C when the oxygen purge gas was diluted with nitrogen, the high

temperature desposition band accounted for the bulk of the deposited ruthenium.

Further details on these experiments can be obtained from Reference 21.
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3. TBERMODYNAMIC BEHAVIOUR OF RUTHENIUM AT HIGH TEMPERATURES

In this section chemical equilibrium calculations are used to study

the chemical speciation of ruthenium under reactor accident conditions. The

ruthenium species included in the calculations are listed in Table 1. The

origin of the thermodynamic data for these species is described in detail in

Appendix A. Thermodynamic data for species that are also present in the PHTS

during a LOCA, e.g., H20 and H2, were obtained from the compilation of Glushko

et al. [24]. The high temperature Gibbs energies of formation for all chemical

species were calculated using the procedure outlined in Appendix A.

Our computer program CHEMEQ was used to perform the chemical

equilibrium calculations described in this report. CHEMEQ uses an improved

version of the Cruise algorithm [25,26]. The Cruise algorithm is based on the

stoichiometric formulation [26] of the chemical equilibrium problem and on the

conservation of elemental abundances. It is particularly efficient in

determining the equilibrium composition for a system composed of a gas phase

in contact with pure condensed chemical species. Because the algorithm is

based on the conservation of elemental abundances, CHEMEQ can only determine

the chemical equilibrium composition of a closed system.

The results of our calculations are presented in the form of

ruthenium speciation versus temperature diagrams (see Figure 1). The ordinate

of a ruthenium speciation diagram gives the abundance of a particular

ruthenium species, at equilibrium, as the fraction of ruthenium in the system.

The vapour pressures of the ruthenium gases, at equilibrium, can be calculated

using the fractions obtained from the chemical speciation diagrams (see

Equation (4)).

The temperature, pressure, ruthenium abundance, and H2/H2O or 02/H20

ratio must be fixed for each equilibrium calculation. Values for some of

these parameters, e.g., pressure, can be obtained from thermalhydraulic

calculations. Other parameters, e.g., ruthenium abundance, are varied from

calculation to calculation to determine ruthenium behaviour for different

accident scenarios or different ruthenium release mechanisms. Interactions of

the ruthenium species with PHTS surfaces or other fission products are not

considered in these calculations.

The amount of ruthenium that can be released from fuel is limited by

the reactor core inventory. A CANDU™ fuel bundle (18.9 kg of uranium) with a
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TABLE 1

RUTHENIUM SPECIES INCLUDED IN

THE EQUILIBRIUM CALCULATIONS

Species*

Ru(c)

RuO2(s)

RuO4(l)

Ru

RuO

RuO2

RuO3

RuO4

S°(298)
(J/(K-mol))

28.6

52.2

179.1

186.4

242.0

283.9

291.4

289.0

AfG°(298)
(kJ-mol-1)

0.0

-253.1

-153.2

602.6

339.0

118.7

-35.1

-142.5

The state of a species is denoted by the letters: c (condensed state,
solid or liquid), s (solid), 1 (liquid) and g (gas). The gaseous
state is implied if the state of the species is not explicitly
indicated.

burnup of 180 MWh/kg U contains approximately 0.11 moles of ruthenium [27].

The maximum ruthenium concentration considered in this report is equivalent to

the release of ~ 10% of the fuel bundle inventory into the coolant volume of a

CANDU™ fuel channel. This maximum release is not intended to simulate any

particular accident, but is simply a convenient reference case for subsequent

calculations.

The pressure, temperature and coolant volume (20.5 litres) of a

CANDU™ fuel channel can be used, along with the ideal gas law (pV = nRT), to

determine the quantity of steam in a fuel channel during a LOCA. Therefore,

in principle, the number of moles of steam in the fuel channel is temperature

dependent. However, preliminary calculations showed that, for the temperature

range of interest, the amount of steam in the fuel channel does not affect the

ruthenium speciation to any significant degree. Therefore, for simplicity,
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the amount of steam in the fuel channel, calculated at - 1000 K, î  kept

constant for all temperatures.

3.1 BEHAVIOUR OF RUTHENIUM UNDER NEUTRAL OR REDUCING CONDITIONS

At high temperatures, the production of hydrogen by the zircaloy-

steam reaction ensures that reducing-steam conditions are maintained in the

PHTS during a LOCA. Neutral-steam conditions (the H/0 ratio in the system is

approximately 2.0) should prevail at lower temperatures since the zircaloy-

steam reaction occurs at appreciable rates [28] only for fuel sheath

temperatures above 1200 K. Oxidizing-steam conditions should not occur in the

PHTS (for most accident scenarios) because the high pressure (~ 12 atm) in the

PHTS during a LOCA prevents invasion of the PHTS by the containment building

atmosphere. In this section we describe ruthenium behaviour under neutral- or

reducing-steam conditions.

The ruthenium speciation diagram for release of 0.01 moles of

ruthenium in 3 moles of steam at 12 atm is shown in Figure 1. For this case,

ruthenium metal is the predominant ruthenium species at all temperatures. At

2000 K, only about 1.5% of the ruthenium is found in the gas phase. Ru03 and

Ru02 are the predominant ruthenium species in the gas phase.

At the lower temperatures, a small amount of Ru02(s) is formed

because the initial hydrogen pressure is equal to zero; that is, the reaction

Ru(c) -t 2 H20 = Ru02(s) + 2 H2 (3)

proceeds to the right until the partial pressure of H2 attains its equilibrium

value, i.e., Peq(H2) = p(H20)(K3)
1/2 where K3 is the equilibrium constant for

Reaction (3). Ru02(s) does not form in this system if the initial hydrogen

pressure exceeds the equilibrium partial pressure. At high temperatures

Ru02(s) is unstable and decomposes to the metal.

It should be noted that the partial pressure of the ruthenium species

Ru0n, i.e., p(RuOn), can be determined from the fraction, f, found in Figure 1

by using the formula

p(Ru0n) = f(RuOn) x p x (N^/N,),
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where p is the system pressure, NRu is the total abundance of ruthenium in the

system, and NT is the total number of moles of gas in the system. For the

case shown in Figure 1, NT = 3, the number of moles of steam in the system.

The effect of decreasing the amount of ruthenium released into the

PHTS is shown in Figure 2. The relative amount of ruthenium in the gas phase

increases substantially compared to the results presented in Figure 1.

However, the absolute amount of ruthenium in the gas phase is equal in these

two cases. This is due to the existence, in both cases, of ruthenium metal at

equilibrium, i.e., the equilibrium partial pressures of the ruthenium gas

phase species above Ru(c) are independent of the absolute amount of ruthenium

metal in the system. Consider, for example, the equilibrium

Ru(c) + 2 H20 = RuO2 + 2 H2. (5)

The partial pressure of RuO2, p(RuO2), at equilibrium is given by the equation

p(RuO2) = [p(H20)/p(H2)]
2 K5. (6)

K5 is the equilibrium constant for Reaction (5), i.e,

K5 = exp(-Ar5G(T)/RT) (7)

where A[5G(T) is the Gibbs energy change for Reaction (5) and R is the gas

constant (R = 8.3144 J-R-^mol"1). Equation (6) shows that p(RuO2) is

independent of the amount of Ru(c) present in the system, but is strongly

dependent on the partial pressure of hydrogen in the system. Equation (6) is,

of course, not valid if Ru(c) is not present in the system at equilibrium.

The chemical speciation of ruthenium in a 50X steam-hydrogen mixture

has also been studied (see Figure 3). (The notation 60% steam-hydrogen

mixture, for example, is used to denote a mixture in which the mole fractions

of steam and hydrogen are 0.60 and 0.40, respectively.) As expected, since

the ruthenium oxides are the predominant gas phase species, addition of

hydrogen decreases the amount of ruthenium in the gas phase. Consider, for

example, Reaction (5). Addition of hydrogen shifts the equilibrium to the

left (Le Chatelier's principle), thus decreasing the partial pressure of Ru02.

This is shown explicitly by Equation (6). Similar arguments apply for all the

Ru0n species (n = 1,2,3 and 4). Only the partial pressure of Ru is unaffected

by the H2/H2O ratio.
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The ruthenium speciation diagram for release of 10~4 moles of

ruthenium into a 502 steam-hydrogen mixture is illustrated in Figure 3. In

this figure only the gas phase species are shown. The remaining fraction of

the ruthenium in the system (~ 1.0) is in the form of Ru(c). RuO is the

predominant ruthenium species in the gas phase. Only 3.9 x 10~3X of the

ruthenium is in the gas phase at 2000 K. This should be compared with Figure

2 where 1002 of the ruthenium is in the gas phase at 2000 K. Thus, for the

conditions expected in the PHTS during a LOCA, i.e., reducing-steam

conditions, the volatility of ruthenium is negligible. To be more specific,

for the case illustrated in Figure 3, the fuel channel coolant volume must be

swept out ~ 25 000 times (at 2000 K) in order to remove all the ruthenium

(10~4 moles) in the fuel channel. This is highly improbable considering that

the high temperatures required for fuel failures during a LOCA only occur

under so-called stagnant flow conditions.

The partial pressures of the species Ru0n above Ru(c) in steam-

hydrogen mixtures can be explicitly calculated using the equations listed in

Table 2. These equations were derived as follows. (1) The thermodynamic data

in Appendix A were used to calculate values of ArG(T) over the temperature

range 500 to 2000 K for the reactions in Table 2. (2) These values of ArG(T)

were then fitted to a three-parameter function of the temperature:

A + BT ln(T) + CT. (3) Finally, the expression for &rG(T) was used to

determine the equilibrium constant, Kr, of the reactions in Table 2 and,

hence, the partial pressures of the Ru0n gases (see, for example, Equations

(6) and (7)). The errors in the pressures introduced by using the functional

expressions in Table 2 are less than 5%. A similar procedure was used to

derive the equations in Table 3.

3.2 BEHAVIOUR OF RUTHENIUM UNDER OXIDIZING CONDITIONS

As has been previously stated, oxidizing conditions are not likely to

occur in the PHTS during a LOCA because of the high system pressure. However,

some other types of postulated reactor accidents could cause fuel failures to

occur in an oxidizing environment. For CANDU™ reactors, end-fitting failures

[29] or fuelling-machine accidents could lead to fuel failures in an

oxidizing-steam environment. Therefore, it is important to determine the

behaviour of ruthenium under oxidizing conditions.
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TABLE 2

EQUATIONS TO CALCULATE THE VAPOUR PRESSURES (ATM)

OF RuOn GASES ABOVE Ru(c) IN STEAh-HYDROGEN MIXTURES

WITH Z = p(H,0)/p(H7) AND 500 < T < 2000 K

T ! Ru(c) + 4 H2O I A 2

In p(RuOA) = -13.513 + 2.7937 lnT - 93959.8/T + 4 ln(Z)

2. Ru(c) + 3 H20 = RuO^ + 3 Hj

In p(RuO3) = 2.907 + 1.3787 lnT - 81765.3/T + 3 ln(Z)

3. Ru(c) + 2 H20 = RuO2 + 2 H2

In p(RuO2) = 17.776 + 0.02296 lnT - 74834.4/T + 2 lnCZ)

4. Ru(c) + H20 = RuO + H2

In p(RuO) = 25.009 - 0-7972 lnT - 74529.9/T + ln(Z)

5. Ru(c) = Ru

In p(Ru) = 23.113 - 0.5745 lnT - 78442.4/T

The ruthenium speciation diagram for release of 1U"4 moles of

ruthenium into a 50% steam-air mixture at 1 atm pressure is shown in Figure 4,

The pic <?nce of oxygen significantly enhances the volatility of ruthenium

(compaie Figures 2 and 4). Under these conditions Ru02(s) is the stable

ruthenium solid at low temperatures and all the ruthenium is in the gas phase

for temperatures above 1400 K. In a closed system, the temperature at which

all the RuO2(s) (or Ru(c)) is completely vaporized depends on the amount of

ruthenium in the system, the vapour pressures of the Ru0n (n = 0,1,2,3,4)

gases and the total volume of the system. Therefore, if the abundance of

ruthenium in the system is increased, then complete vaporization of ruthenium

occurs at a higher temperature (compare Figures 4 and 5).

The enhanced volatility of ruthenium under oxidizing conditions,

predicted using thermodynamic calculations, is in qualitative agreement with

experimental studies on the release of fission products from used fuel in a

high temperature air environment [15,30).
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In accidents such as end-fitting failures, the volume of aii and

steam is quite large. One does not «;xpect equilibrium conditions to prevail

throughout such a large volume except after very long times, i.e., times

much greater than the duration of the accident. Therefore, for these

accidents, kinetic effects must also be included in the calculation of

fission product releases, fission product spatial distributions and fission

product chemical speciation.

Nevertheless, thermodynamic calculations are useful even in these

cases. For example, if it is assumed that equilibrium is maintained between

the ruthenium in tra failed fuel and the gases in the boundary layer

surrounding the failed fuel, then the rate of volatilization, 0, of

ruthenium can be determined |17,31) using the equation

Q = K s Peq <8)

where k̂ , the mass transfer coefficient, depends on many parameters, e.g.,

convective or forced air flow rates, temperature and geometry [17,31]; S is

the surface area of the failed fuel and p,q is the equilibrium vapour

pressure of the ruthenium oxides in the boundary layer.

Thermodynamic calculations predict that RuO2(s) is the stable

ruthenium solid in an oxidizing atmosphere. Moreover, oxidation of fine

particles of ruthenium proceeds rapidly above 800 K (see Section 2.1).

Therefore, if fuel failures do occur in an oxidizing environment, the

exposed ruthenium would be rapidly converted to RuO2(s). Consequently, to

estimate the rate of ruthenium volatilization using Equation (8), it is

necessary to know the vapour pressures of the gaseous oxides RuOn above

RuO2(s). Values of p can be determined using thermodynamic data.

Consider, for example, the reaction

RuO2(s) + 02 = RuO4. (9)

The vapour pressure of RuO4 is given by

p(RuO4) = exp(-At9G(T)/RT) x p(02) (10)

where Ar9G(T), the Gibbs energy change for Reaction (9), can be calculated

using the thermodynamic data in Appendix A.

We have calculated values of ArG(T) over the temperature range 500 to

1800 K for the reactions in Table 3 and fitted these values to a three-

parameter function of the temperature: A + BT ln(T) + CT. The equations in
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Table 3 can be used to calculate the vapour pressures of the RuOn gases above

RuO2(s).

At high enough temperatures, RuO2(s) decomposes to metallic ruthenium

(and oxygen) even in the presence of air. This is illustrated in Figure 5.

The temperature at which RuO2(s) becomes thermodynamically unstable with

respect to formation of Ru(c) can be determined by considering the equilibrium

RuO2(s) = Ru(c) + 02. (11)

This reaction proceeds to the right if the oxygen partial pressure, p(02), is

less than the dissociation pressure of RuO2(s).

TABLE 3

EQUATIONS TO CALCULATE THE VAPOUR PRESSURES (ATM)

OF RuO, GASES ABOVE RuO,(s) FOR 500 < T < 1800 K

1. RuCL(s) + Oj = RuO,

In p(RuO^) = 20.002 - 2.2867 lnT - 15562.5/T + In p(02)

2. Ru02(s) + 1/2 O? = 3

In p(RuO3) = 37.939 - 3.0590 lnT - 32488.1/T + 1/2 In p(02)

3. RuO?(s) = RuO?

In p(RuO2) = 54.323 - 3.7719 lnT - 54677.2/T

4. Ru02(s) = RuO + 1/2 02

In p(RuO) = 63.071 - 3.9493 lnT - 83492.8/T - 1/2 In p(02)

5. Ru0-(s) = Ru + 02

In p(Ru) = 62.690 - 3.0839 lnT - 116525.5/T - In p(02)
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The dissociation pressure of RuO2(.s> is given by

ln<Pdis> = -AcllG(T)/RT = 39.577 ..5093 ln(T) - 38083.1/T (12)

where ArllG(T) is the Gibbs energy change for Reaction (11). If p(02) =1.0

atm, then pdis exceeds this value at temperatures greater than 1850 K.

If p(02) < 1.0 atm, then the dissociation temperature of Ru02(s) is less than

1850 K. This is evident in Figure 5 where Ru(c) is formed at ~ 1620 K. Once

Ru02(s) decomposes to Ru(c), the vapour pressures of the volatile gases Ru0n
(n = 0,1,2,3,4) cannot be calculated using the equations in Table 3 since

Ru0j(s) does not exist at equilibrium. If Ru(c) is the stable ruthenium

solid, the partial pressures of the gases Ru0n are determined by considering

equilibria of the type

Ru(c) + 02 = Ru02. (13)

The vapour pressures of the ruthenium species Ru0n above ruthenium metal

(under oxidizing conditions) can be calculated using the thermodynamic data in

Appendix A.

3.3 RUTHENIUM DEPOSITION

The deposition of ruthenium, due to condensation of Ru0n vapours, is

also important in reactor safety studies. The volatile ruthenium gases that

are released from failed fuel cool down after leaving the vicinity of the hot

fuel. As the gases cool condensation or deposition of ruthenium (either as

Ru(c) or Ru02(s), depending on the conditions) will occur. Thermodynamic

calculations can be used to determine the maximum temperature at which

condensation (aerosol formation) occurs, i.e., the temperature at which

formation of solids is thermodynamically favourable. In many cases, the

kinetics of solid formation is slow and condensation does not occur at these

high temperatures, i.e., the system becomes supersaturated with respect to the

volatile ruthenium gases.

The condensation (deposition) temperature of hot ruthenium gases

depends strongly on the initial ruthenium concentration in the gas phase and

the oxygen partial pressure. This is shown in Figure 6, where the

condensation temperature, determined using thermodynamic calculations, is

plotted as a function of the ruthenium concentration. The ruthenium

concentration is expressed in terms of the mole fraction of ruthenium, i.e.,
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FIGURE 6: Temperatures at Which a Ruthenium Solid (Ru(c) or RuO2(s)) Will
Condense When Various Gases Containing Ruthenium Are Cooled.
RuO2(s) is condensed in the presence of air if T < 1700 K.
( ) 50% steam-hydrogen mixture at 12 atm.
(______) 100% steam atmosphere at 12 atm.
(_._._•_•_._) 90% steam-10% air mixture at 1 atm.
( ) 50% steam-air mixture at 1 atm.
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n(Ru)/nT where n(Ru) is the total number of moles of ruthenium in the system

and n,r is the total number of moles of gas in the system. The trends observed

in Figure 6 are in agreement with the results of the deposition experiments

described in Section 2.3.

3.4 SENSITIVITY ANALYSIS

The results presented in Sections 3.1 to 3.3 were obtained using

chemical equilibrium calculations. A reliable and complete thermodynamic

database is required to carry out chemical equilibrium calculations.

Fortunately, a fairly reliable thermodynamic database can be constructed for

the ruthenium species in Table 1 (set Appendix A). Therefore, the ruthenium

speciation diagrams presented in Sections 3.1 to 3.3 remain qualitatively

correct even if the Gibbs energies of the ruthenium species are consistently

varied within the allowed uncertainty limits (see Table A.I).

However, the results (and conclusions) derived from our chemical

equilibrium calculations could be affected by the omission of species — due to

lack of data or ignorance of their existence. In this section, we describe

the effect of both the chemical form of ruthenium in irradiated fuel, and the

possible formation of gaseous ruthenium hydroxide species, i.e., RuOx(OH)

with x+y < A [32-34J, on the results presented in Sections 3.1 and 3.2.

Ruthenium and molybdenum are major components of the metallic

inclusions [6—8] found in irradiated fuel. The minor components in these

inclusions are technetium, palladium and rhenium. (These metallic inclusions

are formed because of the very low solubility of these metals in uranium

dioxide). Thus, in fuel, ruthenium is found alloyed with other metals rather

than as a pure metal. Does this affect the results presented in Sections 3.1

and 3.2?

As a first approximation, let us consider the metallic inclusions to

be a simple Ru/Mo alloy. The behaviour of the Ru/Mo alloy in a steam-hydrogen

atmosphere can be qualitatively described using the Ellingham diagram in

Figure 7.

In an Ellingham diagram, the equilibrium oxidation potential for a

particular reaction couple, e.g., RuO2(s)/Ru(c), is plotted as a function of

temperature. The oxidation potential is equal to RT*ln(p(O2)), where p(02) is

the equilibrium oxygen partial pressure for the selected reaction couple.
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FIGURE 7: Ellingham Diagram for the Reaction Couples Ru(s)/RuO2(s) and

Mo(s)/Mo02(s). For comparison, we have also plotted the

equilibrium oxidation potential, RT-ln(p(O2)), of several steam-

hydrogen mixtures [Z = p(H2O)/p(H2)|. The oxidation potential in a

pure steam atmosphere is also shown.
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These plots are useful since, for a reaction couple involving two solids,

e.g., RuO2(s)/Ru(c), the more oxidized compound (RuO2(s)) is thermodynamically

stable for oxidation potentials above the Ellingham line, whereas the less

oxidized compound (Ru(c)) is thermodynamically stable for oxidation potentials

below the Ellingham line.

In Figure 7, we have also included the Ellingham lines for the

equilibrium couple H2O/H2 for various values of the steam-hydrogen ratio.

From this figure it can be seen that, if the conditions in the PHTS are not

too reducing, i.e., H2O/H2 > 5, then the PHTS environment is oxidizing with

respect to formation of Mo02(s), but reducing with respect to formation of

RuO2(s). This means that the molybdenum in the metallic inclusions would be

oxidized to Mo02(s), leaving behind metallic ruthenium. Thus, for these

"mildly" reducing conditions, the results presented in the previous sections

would not be affected by the fact that, in irradiated fuel, ruthenium is

alloyed with molybdenum and other metals.

Under highly reducing conditions (H2O/H2 < 0.5), however, neither Ho

nor Ru are oxidized, and the volatility of ruthenium in the PHTS is determined

by the vapour pressures of the RuOn gases above the Ru/Mo alloy. In order to

calculate the vapour pressures of the RuOn gases above a Ru/Mo alloy we need

the Gibbs energy of formation ot the Ru/Mo alloy. Thermodynamic data for this

alloy are available [35] for temperatures above 1700 K. These data show that

the Gibbs energy of formation of the Ru/Mo alloy is negative. This means that

the Ru/Mo alloy is stable with respect to decomposition to the pure metals.

Therefore, the calculations presented in Section 3.1 are conservative, i.e.,

the volatility of ruthenium is higher if the stable solid in the system is

Ru(c) rather than the Ru/Mo alloy.

We can estimate the volatility of ruthenium above the Ru/Mo alloy by

using the thermodynamic data in Reference 35. For this calculation we assume

that the composition of the alloy is 60% ruthenium and 40£ molybdenum. The

activity of Ru in this alloy, YRU» is given approximately [35J by the equation

In YRU = -4650/T.

That is, the ruthenium in the alloy is stabilized by an amount RT'ln(0.6vRu)»

with respect to Ru(c). This stabilization decreases the volatility of

ruthenium, i.e., the vapour pressures of the RuOn gases, by a factor of about

166 and 16 at 1000 K and 2000 K, respectively.
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Let us now consider the possible formation of gaseous ruthenium

hydroxide species, i.e., the RuOx(OH)y species. These species were not

included in our ruthenium database because there is no direct evidence for

their existence, and because reliable thermodynamic data are not available for

these species. However, ruthenium hydroxide species have been included in

previous studies [32-34] of ruthenium chemical speciation under reactor

accident conditions. Therefore, to complete our sensitivity analysis and to

study the effect of ruthenium hydroxide formation on the volatility of

ruthenium under reactor accident conditions, we have incorporated these

species in our thermodynamic database and repeated the chemical equilibrium

calculations described in Sections 3.1 and 3.2.

Krikorian [33] has derived estimated values for the thermodynamic

properties of gaseous ruthenium hydroxides. His approximations are quite

crude and the errors in the estimated heats of formation, AfH, can be quite

large, i.e., up to 100 kJ-mol"1. This means that the calculated vapour

pressures of the ruthenium hydroxides will also have very large uncertainties.

For example, if the heat of formation of a gaseous species is changed by

lOy kJ'mol"1, where y is any number, then the calculated vapour pressure of

the species (above Ru(c) or RuO2(s)) changes by approximately a factor of

(3.3)*, (2.2)y and (1.8)* at 1000, 1500 and 2000 K, respectively.

Nevertheless, we have used Krikorian's data in our sensitivity analysis in

order to estimate the effect of ruthenium hydroxide formation on the

volatility of ruthenium.

Preliminary calculations showed that Ru030H and RuOH are the most

important hydroxide species under neutral- and reducing-steam conditions,

respectively. Consequently, only these hydroxide species were included in the

chemical equilibrium calculations described in this section. The estimated

thermodynamic properties of these species are listed in Table 4.

The ruthenium speciation diagrams for release of ruthenium into a

pure steam or a steam-air environment are shown in Figure 8. Figures 8a and

8b should be compared to Figures 2 and 5, respectively, which show ruthenium

speciation in the absence of ruthenium hydroxide formation. The volatility of

ruthenium is substantially enhanced at lower temperatures due to formation of

RuOjOH. At high temperatures, Ru02 and Ru03 are the predominant ruthenium
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TABLE 4

ESTIMATED THERHODYNAHIC DATA FOR RUTHENIUM HYDROXIDES 133]

Species* S°(298) AfH°(298) AfG°(298)

(J/(K-mol)) (kJ-mol'1) (kJ-mol"1)

RuOH

RuO3OH

267.0

329.0

327.0

-348.0

306.0

296.0

For these species the Gibbs energy function, *(T), is calculated using
the approximation: #(T) = S°(298) + 2.0 x 10"4 x S°(298) x (T - 298.15)

species in the gas phase and the relative importance of RuO3OH decreases.

Therefore, for these cases, the formation of ruthenium hydroxide species does

not significantly affect the volatility of ruthenium at high temperatures. At

the lower temperatures, however, assuming that the estimated thermodynamic

data are valid, formation of Ru030H enhances the volatility of ruthenium by

several orders of magnitude.

We should emphasize that Ru030H (or any other ruthenium hydroxide

species) has not been observed experimentally. In fact, some experimental

results show that the volatility of ruthenium is lower in a steam-oxygen

atmosphere than in a pure oxygen atmosphere {36J. These observations

contradict the predictions of the thermodynamic calculations that are based on

the data in Table 4. More experiments are needed to resolve this important

discrepancy. Because of these uncertainties, the results in Figure 8 should

only be viewed as an illustration of the importance of having a complete and

reliable thermodynamic database for chemical equilibrium calculations.

Finally, under reducing-steam conditions, the formation of RuOH

enhances the volatility of ruthenium at high temperatures (compare Figures 3

and 9). However, the volatility of ruthenium remains small, i.e., the

fraction of ruthenium in the gas phase is only ~ 10~3 at 2000 K. At this

temperature, assuming that complete equilibrium is maintained in the pressure

tube, 10~4 moles of ruthenium, representing 0.13 and 0.61 TBq of 106Ru and
103Ru, respectively, will escape from the PHTS to the containment building if
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the coolant volume of the pressure tube is swept out 103 times. As previously

mentioned, this is highly improbable since so-called stagnant flow conditions

are required to initiate fuel failures during a LOCA. Therefore, for

reducing-steam conditions, the ruthenium releases from failed fuel during a

LOCA do not present a significant health hazard even if RuOH is formed.

4. SUMMARY AND CONCLUSIONS

In this report, we have used chemical equilibrium calculations to

describe the behaviour of ruthenium under nuclear reactor accident conditions.

These calculations have shown that, under reducing-steam conditions, ruthenium

is nonvolatile even at high temperatures. For example, at 2000 K, the vapour

pressure of all the ruthenium species is only ~ 10"* atm in a 50£ steam-

hydrogen atmosphere (see Figure 3). Consequently, since reducing-steam

conditions are expected in the PHTS during a LOCA, any ruthenium released from

the fuel will remain in the PHTS and should not pose a nuclear reactor safety

hazard.

The comments in the previous paragraph implicitly assume that the

fuel remains in the PHTS and does not come into contact with air. These

assumptions are true for many reactor accidents, since the PHTS pressure

prevents the containment building atmosphere from invading the PHTS. However,

reactor accidents such as end-fitting failure accidents [29] do lead to fuel

failures under oxidizing conditions. The thermodynamic calculations in

Section 3.2 show that ruthenium can be volatilized at fairly low temperatures

under oxidizing conditions. For these particular accidents, however, the

kinetics of ruthenium volatilization is important in determining the amount of

ruthenium that escapes from the fuel, since, because of the large air volumes,

chemical equilibrium is not rapidly attained. (The kinetics of ruthenium

oxidation and RuO2(s) volatilization are reviewed in Section 2.)

Under these non-equilibrium conditions, the rate of ruthenium

volatilization is proportional to the vapour pressure of the ruthenium gases

in the boundary layer surrounding the fuel [17,31]. The vapour pressures of

the ruthenium gases can be calculated using the data in Appendix A. For

convenience, in Tables 2 and 3 we have provided simple equations that can be

used to calculate the vapour pressures of the gases RuOn (n = 0,1,2,3,4),

either above Ru(c) (reducing-steam conditions) or above Ru02(s) (oxidizing

conditions).
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As the ruthenium vapours leave the vicinity of the hot fuel they will

cool down and condensation (aerosol formation) or deposition of ruthenium will

occur. Once condensation occurs, the volatility of ruthenium will be

relatively low and ruthenium will be transported either as RuO2(s) aerosol

particles, or condensed on other particulate material. Thermodynamic data can

be used to determine ruthenium condensation temperatures under various

conditions. Our results are presented in Figure 7.

In Section 3.4 we have discussed the sensitivity of the results

presented in Sections 3.1 and 3.2 arising from the possible formation of

gaseous ruthenium hydroxide species. Using crude estimated values for the

thermodynamic properties of the ruthenium hydroxide species, we have shown

that the volatility of ruthenium is enhanced under reducing-steam conditions,

due to formation of RuOH, and under neutral-steam or oxidizing-steam

conditions, due to formation of RuO3OH. However, we should again emphasize

that there is no experimental evidence for the formation of gaseous ruthenium

hydroxide species. Moreover, in contrast to these sensitivity calculations,

some experiments [36] suggest that the volatility of ruthenium is less in a

steam-oxygen atmosphere than in a pure oxygen atmosphere. Careful experiments

are required to resolve this question.

Finally, in order to carry out the chemical equilibrium calculations

described in Section 3, it was necessary to compile a thermodynamic database

for the important ruthenium species that can be formed under reactor accident

conditions. To this end, the literature data was evaluated and a fairly

reliable thermodynamic database for the ruthenium species in Table 1 was

compiled. In addition, statistical thermodynamic methods were used to

calculate values of the Gibbs energy function for the gases RuOn (n = 2,3,A).

The details of these particular calculations, as well as the origin of the

thermodynamic data in Table 1, are described in Appendix A.
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APPENDIX A

THERMODTNAHIC DATA

Gibbs energy of formation data, at all temperatures of interest, are

required in order to carry out chemical equilibrium calculations. In our

calculations the Gibbs energy of formation &fG°(T) (with respect to the

elements at 298.15 K and 1 atm pressure) is calculated using the formula

AfG°(T) = AfG°(298) - [T*(T) - 298.15*(298)]. (A.I)

With this choice of reference states, Equation (A.I) must also be used to

determine the Gibbs energy of formation of all elements in the system. *(T),

the Gibbs energy function, is defined by

*(T)=- [ G < T > - ; < 2 9 8 > ] . (A.2)
H°(298) is the enthalpy at 298.15 K. $(298) is equal to the entropy S°(298)

of the species.

*(T) values are often available in the literature. They can also be

calculated if heat capacity data are available:

T T
*(T) = *(298) + f (C°/T)dT - i f C°dT. (A.3)

298 298
f
298

For gases and solids, the largest contribution to the uncertainty in AfG°(T)

usually comes from the uncertainty in the value of AfG°(298).

It was found convenient to fit the *(T) values obtained from

thermodynamic tables to the following six-parameter function of temperature:

f(T) = Ao + Aln ln(X) + A_2/X
2 + A.j/X + A:X + A2X

2 (A.4)

where

X = T x 10"4.

This function has also been used by Glushko et al. [A.I]. However, they list

the function *°(T) rather than *(T) in their tables. *°(T) is similar to *(T)

except that H°(298) in Equation (A.2) is replaced by H°(0), the enthalpy at

0 K.
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The ruthenium species that are included in our equilibrium

calculations are listed in Table A.I. The parameters required to calculate

$(T) for the species in Table A.I are listed in Table A.2. For a condensed

species, e.g. Ru(c), separate sets of parameters are required for different

tem, irature ranges. This usually reflects a change in the state of the

species, e.g. a solid to liquid transition. For some species, e.g. RuO2(s),

the range of validity of the parameters in Table A.2 does not include the

tempeiatures of interest. Nevertheless, the parameter values in Table A.2

have still been used to extrapolate the value.1 of *(T). In this case, the

uncertainties in the values of *(T) are larger than usual.

TABLE A.I

RUTHENIUM SPECIES INCLUDED IN

THE EQUILIBRIUM CALCULATIONS

Species*

Ru(<)

RuO2(s)

RuO4(l)

Ru

RuO

RuO2

RuO3

RuO,

S°(298)

28.6 ± 0.2

52.2 ± 8.7

179.1 ± 3.2

186.4 ± 1.0

242.0 + 5.0

283.9 ±10.0

291.4 + 3.0

289.0 + 1.0

AfH°(298)
(kJ-mol"1

0.0

-307.2 + 7

-230.6 ± 8

649.6 ± 13

372.0 + 42

133.7 ± 15

-48.4 ± 12

-187.1 ± 8

.8

.5

.0

.0

.0

.7

.4

AfG°(298)
(kJ-mol-1)

0.

-253.

-153.

602.

339.

118.

-35.

-142.

0

1 +

2 +

6 ±

0 ±

7 ±

1 +

5 ±

8.

8.

13.

42.

15.

12.

8.

2

6

0

0

3

7

4

The state of a species is denoted by the letters: c (condensed state, solid
or liquid), s (solid), 1 (liquid) or g (gas). The gaseous state is implied
if the state of the species is not explicitly indicated.

A detailed discussion of the origin of the thermodynamic data for the

ruthenium species listed in Table A.I is given below.



TABLE A.2

PARAMETERS REQUIRED TO CALCULATE »(T) FOR SPECIES IN TABLE A.I

Species
Temperature
Range (K) -2

Ru(c)

RuO2(s)

RuO4(l)

Ru

RuO

RuO2

RuO 3

RuO4

o2

H2

H2O

298 - 2607
2607 - 3700

298 - 1200

298 - 410

298 - 4000

298 - 3800

298 - 3000

298 - 3000

298 - 3000

298 - 3000

298 - 3000

298 - 3000

87.209
127.516

227.623

515.808

245.380

331.847

415.719

478.079

532.971

283.609

196.388

248.293

23.9463
51.4000

76.5419

134.0000

24.3564

37.2620

56.1703

79.9319

104.5344

32.9849

26.1789

25.1948

0.0000E+00*
O.OOOOE+00

-1.2109E-02

0.0000E+00

-1.2917E-03

-3.7460E-03

-8.5122E-03

-1.2998E-02

-1.7038E-02

-3.6110E-O3

1.1752E-O3

1.5872E-03

0.74183
1.71670

3.14332

3.99520

0.82804

1.35060

2.23320

3.23610

4.23720

1.22180

0.72250

0.72760

20.7568
0.0000

55.1055

0.0000

8.7898

0.0000

4.6256

7.2974

8.1021

12.5873

19.6885

93.9450

25.4354
0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

-46.5972

i

U>

1

For convenience, ve also give the parameters needed to calculate *(T) for O2, H2 and H20.
•(298) = 205.04, 130.57 and 188.73 J^K^-mol"1 for 02, H2 and H20, respectively.
4fG°(298) = 0.0, 0.0 and -228.60 kJ-mol"

1 for 02, H2 and H20, respectively.

Read 3.7E-O1 as 3.7 x 10"1
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The entropy of Ru(c) ai i98 K is taken from Rard IA.2J, S°(i<n(o)) =

28.61 + 0.2 J'K-1-mol-1. Values of $(T) for solid and liquid ruthenium are

taken from Pankmtz [A.3]. The heat capacity of liquid ruthenium, 51.4

J'K"1 -mol"1, the entropy of fusion, 14.8 J*K~1-mol"1, and the melting

temperature, 2607 K, are those determined by Sheindlin et al. [A.4].

RuO?(s)

The analysis of Rard |A.2] is accepted for the enthalpy of formation

of Run,(s), AfH°(Ru02(s)) = -307.2 + 7.8 kJ-mol"
1 and the entropy, S°(RuO2(s>)

= 52.2 + 8.7 J'K~1*mol~1. These values are based mainly on an analysis of

high temperature e.m.f. measurements and oxygen (decomposition) pressure

measurements. The selected enthalpy of formation value is close to the value

deteimined calorimetrically, -305 ± 6 kJ-mol"1, by Shchukarev and Ryabov

IA.5J.

Fredrickson and Chasanov [A.6] used drop calorimetry to measure the

enthalpy of RuO2(s) in the temperature range 600 to 1200 K. These data were

fitted to a simple function of temperature satisfying the constraint

(H°(T) - H°(298)l = 0, at 298.15 K. Since Cp = (9H/3T)p, the function *(T)

and, hence, the parameters in Equation (A.4) could be determined from Equation

(A.3) for temperatures lesi, than 1200 K. This functional expression for #(T)

is also used to calculate extrapolated values of #(T) for temperatures greater

than 1200 K.

Ru(g)

The enthalpy of formation and entropy of ruthenium gas are obtained

from Rard [A.2): AfH°(Ru(g)) = 649.6 + 13 kJ-mol"
1 and S°(Ru(g)) = 186.4 ± 1

J*K~1'mol"1. The values of *(T) listed by Pankratz [A.3] were used to obtain

the parameters given in Table A.2.

The thermodynamic properties of Ru0(g) at 298.15 K and higher

temperatures were obtained from the analysis of Pedley and Marshall [A.7J

AfH°(Ru0(g)) = 372 + 42 kJ-mol"
1 and So(Ru0(g)) = 2 4 2 + 5 J-K-

Ru0;.(g)> RuO,(g) and Ru04(g)

(a) Gibbs Energy Function: $(T)

Values of *(T) for the gases Ru0n (n = 2,3,4) were calculated in the

rigid rotator - harmonic oscillator approximation using statistical
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TABLE A.3

MOLECULAR* PROPERTIES OF RuOn GASES

PROPERTY

Structure

Point Group

Ru-0 Bond Length
(nm)

Bond Angle

Vibrational
Frequencies
(cm"1)

Electronic Ground
State Degeneracy

RuO2

Nonlinear

C2v

0.17

110°

925
520
960

10

RuOj

Pyramidal

C3v

0.17

109.47°

885
375
1010 (2)
336 (2)

3

RuO4

Tetrahedral

Td

0.1705

109.47°

885
322 (2)
921 (3)
336 (3)

1

As." sned molecular properties for Ru02 and Ru03

TABLE A.4

CALCULATED THERMODYNAMIC PROPERTIES OF RuO. GASES

PROPERTY

S°(298)

H°(298) - H°(0)
(kJ-mol'1)

C°(298)

RuO2

283.87

10.71

42.03

RuO3

291.44

13.11

58.29

RuO4

288.96

15.49

75.14
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298 and 2500 K, respectively. Nevertheless, the uncertainties in *(T), arising

from the errors in the selected molecular and electronic properties of RuO2 and

RuO3, should introduce smaller errors in AfG°(T) (see Equation (A.I)) than do

the uncertainties in AfG°(298).

(b) Enthalpy of Formation: A£H°(298)

Once *(T) has been determined for the gaseous oxides RuOn, a third law

analysis can be used to extract the enthalpies of formation of these species

from high temperature vapour pressure data [A.2J.

The vapour pressure measurements of Schafer et al. (A.13], 1033 to

1477 K, and Bell and Tagami [A.14], 1075 to 1776 K, can be used to obtain the

enthalpy changes for the reactions

RuO2(s) + 02 = RuO4 (A.5)

and

RuO2(s) + 1/2 02 = RuO3. (A.6)

The entropy changes for Reactions (A.5) and (A.6) are equal to &rS°(298) =

31.7 and 136.7 J-K^-mol"1, respectively. A third law analysis of the vapour

pressure measurements using these selected entropies of reaction gives

ArH°(298) = 123.5 ± 5 kJ-mol'
1 and ArH°(298) = 258.8 + 10 kJ-raol"

1 for

Reactions (A.5) and (A.6), respectively. The combined data of Schafer et al.

and Bell and Tagami were used to obtain these values. The value AfH°(Ru03(g))

= -48.4 + 12.7 kJ-mol"1 is obtained using AfH°(Ru02(s)) = -307.2 + 7.8

kJ-mol"1.

Reanalysis of the vapour pressure data of Alcock and Hooper [A.15] in

terms of Reaction (A.6) with ArS°(298) = 136.7 J-K-^mol"
1 gives ArH°(298) =

257.6 + 10 kJ-mol"1 for Reaction (A.6). This is in agreement with our

selected value.

Penman and Hammer [A.16] measured the vapour pressure of Ru04 above

Ru02(s) in an oxygen atmosphere in the temperature range 725 to 1000 K. A

third law analysis of their data using ArS°(298) = 31.7 J-R-^mol"
1 for

Reaction (A.5) yields ArH° = 118.9 ± 3 kJ-mol"
1 for Reaction (A.5). This

value is close to the value ArH° = 123.5 + 5 obtained from analysis of the

high temperature vapour pressure data of Schafer et al. [A.13] and Bell and



Tagami [A.14]. We select a weighted average of these values, i.e., ArH°(298)

- 120.1 + 2.6 kJ-mol"1, for the enthaipy change of Reaction (A.5). Using the

selected value foi AfH°(Ru02(s)) yields AfH°(Ru04(g)) = -187.1 ± 8.4 kj-mol"
1.

Norman et al. (A.17) studied the vaporization of ruthenium in oxygen

using mass spectrometry. They find that the enthalpy change for the reaction

Ru(s) + 02 = RuO2 (A.7)

is e<jual to 118.8 + 5 kJ-mol'1 in the temperature range 1740 to 2040 K. A

second law analysis gives AfH°(Ru02(g)) = 133.7 + 15 kJ-mol'
1.

RuOa(s) and RuO4(l)

The Gibbs energy functions for RuO4(s) and RuO4(l) were determined by

assuming that the heat capacities of these compounds are temperature

independent. The heat capacity values were calculated using the additive

rules found in Naumov et al. [A.18J: C£(RuO4(s)) = 93 J-R-^mol"
1 and

C«(RuO4(l)) = 134 J-K-^mol-
1.

Nikol'skii [A.19] measured the saturated vapour pressure over solid

and liquid ruthenium tetroxide (273 < T < 365 K). A third law analysis of his

data ields: (i) ihe enthalpy and entropy of sublimiation, AgubH°(298) = 54.8

± 1.5 kJmol-1 and AsubS°(298) = 147.7 ± 4.5 J-R-^mol"
1 and (ii) the enthalpy

and entropy of vaporization (1 -» g), AvapH°(298) = 43.5 ± 1 kJ-mol"
1 and

Avaps
1(298) = 109.9 + 3 J-K^-mol"1. The Gibbs energy of sublimation and

vaporization are equal to 10.76 and 10.68 kJ-mol"1, respectively.

Extrapolation of the Gibbs energy of vaporization, Ava G°(T), to high

temperatures gives AvapG°(T) = 0 at - 400 K, i.e., the boiling point of

Ru04(l) is ~ 400 K.

The above results can be combined with the thermodynamic properties

of Ru04(g) to give: AJ,H°(Ru04(s)) = -241.9 ± 8.5 kJ-mol"
1, So(Ru04(s)) =

141.3 ± 4.6 J-K-i-mol"1, AfH°(Ru04(l)) = -230.6 ± 8.5 kJ-mol'
1 and S°(RuO4(l))

= 179.1 ± 3.2 J-K'^mol"1. Most of the uncertainty in the values of

AfH°(Ru04(s)) and AfH°(Ru04(l)) arise from the uncertainty in the value of

AfH°(Ru02(s)).

Nikol'skii and Ryabov [A.20] determined the enthapy of formation of

P.uO4(s) and Ru04(l) calorimetrically using the reaction between ruthenium

tetroxide and ammonia. Two competing reactions contribute to the measured

heat of reaction. Reanalysis of their data using updated thermodynamic values
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for ammonia gas and our selected value for AfH°(Ru02(s)) gives AfH°(Ru04(s)) =

-240.9 ± 10.7 kJ-mol'1 and AfH°(Ru04(l)) = -227.6 ± 9.i kJ-mol"1. The

calorimetric measurements involving liquid ammonia give disparate results and

were not included in our analysis. It is satisfying to note that these

calorimetric results agree veil with our selected values.

Mercer and Farrar (A.21] were able to obtain AfH°(Ru04(l)) by a very

complicated series of measurements starting with the oxidation of ruthenium

metal by an alkaline solution of bromine. The key calorimetric measurement

includes the heats of two competing reactions. A reanalysis of their data

using updated thermodynamic values gives: (i) AfH°(Na2Ru04 in 0.97 M NaOH) =

-951.3 ± 4 kJ-mol"1, (ii) AfH°(BaRu04-H20(s)) = -1309.0 ± 5 kJ-mol"
1, (iii)

AfH°(Ru04 in 1.019 M HC104) = -218.0 + 5 kJ-mol"
1 and (iv) A£H°(Ru04(l)) =

-216.0 + 5 kJ-mol"1. The first two values agree with the values found in the

National Bureau of Standards (NBS) Tables [A.22). The value of &fH°(Ru04(l))

disagrees with the value -230.6 + 8.5 kJ-mol"1 based on the vapour pressure

measurements of Nikol'skii |A.18] and our selected value for AfH°(Ru04(g)).

It also disagrees with the value found in the NBS Tables (A.22]. The reason

for this discrepancy (~ 14 kJ-mol"1) is not known.

RuO,(aq)

Although we are not interested in RuO4(aq), for completeness, we

include a discussion of the thermodynamic properties of RuO4(aq).

Nikol'skii [A.23] measured the vapour pressure of RuO4 above dilute

solutions of ruthenium tetroxide. The Gibbs energy of volatilization

(aq -» g), AvolG°(298) = 5.9 ± 1 kJ'mol"
1 is determined from the data. The

enthalpy and entropy of volatiliztion are more difficult to obtain since the

heat capacity of Ru04(aq) is not known and is difficult to estimate.

Therefore, we have extracted these values from the vapour pressure data by

writing the Gibbs energy of volatilization in the form

AvolG°(T) = A,olH°(298) - T AvolS°(298) (A.8)

This is equivalent to using AvolC£ = 0. The enthalpy and entropy of

volatilization determined from data over the narrow temperature range 293 to

330 K, are AvolH°(298) = 44.5 + 2 kJ-mol"
1 and AvolS°(298) = 129.3 + 6

J'tC^-mol"1. Using the selected thermodynamic properties of Ru04(g) gives

AfH°(Ru04(aq)) = -231.6 ± 8.6 kJ-mol"
1 and S°(RuO4(aq)) = 159.7 + 6.1 kJ-mol"

1.

The selected value of A£H°(Ru04(aq)) is not in accord with the experiments of

Mercer and Farrar [A.21]. As previously noted, the reason for this

discrepancy is not known.
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