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The partial pressure of ruthenium tetroxide over ruthenium dioxide as  a 
function of oxygen partial pressure was measured in the temperature range 453 
to  723"C, extending earl ier  data at higher temperatures. Best current values 

for A wf,29fj* A Pf,298 , and C for the oxides of ruthenium are  given. 
P 



SUMMARY 

The volatilization of ruthenium in the temperature range 453 to 723°C 
was studied by the transpiration technique. With oxygen as the car r ie r  gas, 
the volatile tetroxide of ruthenium was formed by the reaction Ru02(s) + O2 = 
Ru04(g). The equilibrium constant for this reaction can be expressed a s  Log K = 
-4764~'l  - 0.236. These results a re  in good agreement with measurements made 
by others at higher temperatures. The recommended heats of formation, free 
energies of formation, absolute entropies at 298"K, and the heat capacities 
of the ruthenium oxides a re  given. 

Based on this work, a calculation of ruthenium volatilization as  ruthenium 
tetroxide from the calciner in the Waste Calcining Facility was made. It suggested 
that either nonequilibrium. concentrations of Ru04(g), very fine particulate 
matter, or  another ruthenium vapor species plays an important role in ruthenium 
volatilization in the calciner, since the partial pressure of ruthenium tetroxide 
accounted for only a few percent of the observed volatility. 



ABSTRACT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ii 

SUMMARY ........................................... iii 

.................................... I. INTRODUCTION 1 

11. EXPERIMENTAL TECHNIQUES. ......................... 2 

111. RESULTS AND DISCUSSION. ............................ 3 

IV. ESTIMATION O F  RUTHENIUM VOLATILITY IN THE WASTE . CALCININGFACILITY ..O............... .,. ............. 6 

V. R E F E R E N C E S . . . . . . . . . .  ............................ 7 

FIGURE 

1. Tempera tu re  dependence of the equilibrium constant K for  the 
P react ion Ru02(s) + O3 = Ru04(g). .......................... 4, 

TABLES 

1. Experimental RuO (g) p r e s s u r e s  and equilibrium constants fo r  
. t he  react ion R U O ~ & )  + O2 = Ru04(g). ....................... 2 

. . . . . . . . . . . . . . . .  2. Thermodynamic proper t ies  of ruthenium oxides 5 



T H E  RUTHENIUM DIOXIDE-OXYGEN- 
RUTHENIUM TETROXIDE EQUILIBRIUM 

I. INTRODUCTION 

Ruthenium-106, a fission product that is present in essentially all high- 
level radioactive waste solutions, is volatilized to some degree in nearly all 
waste treatment processes that convert radioactive liquid to solid forms at 
elevated temperatures. This volatile ruthenium has been removed successfully 
from the off-gas stream in the Waste Calcining Facility (WCF) at the Idaho 
Chemical Processing Plant by using silica gel adsorbers to retain the volatile 
species. To better understand the mechanism of this removal and to assist in 
developing more efficient methods for removing ruthenium from off-gas 
streams, a study was undertaken to identify the volatile species in the ruthenium- 
oxygen system. at 500 to 600°C and to study the equilibrium: 

The reaction of Equation (1) has been studied previously by Bell and 
Tagami [I] in the temperature range 800 to 1400°C and by Schgefer et a1 121 in the 
temperature range 800 to 1600°C, Their results a r e  in fair agreement. Both 
of these studie? were at temperatures at which there were significant partial 
pressures of both RUOQ and RuO4. In the present work the above reaction was 
studied in the temperature range 453 to 723°C to obtain information on the 
reaction without the interference of other gas species and to obtain more 
reliable thermodynamic data for the reaction at temperatures of current 
interest. 



11. txrERIMEI\1TAL TECHNIQUES 

Ru02 was prepared b adding excess NaOH to a solution of RuC13 con- 
taining 0.44 rnCi of Rulol, followed by filtration of the Ru(0X-I) 3, and oxida- 
tion with H202. The solid Ru02 was then filtered, washed, and dried. The 
Ru02 was heated to  600°C in an oxygen atmosphere to dry the sample further 
and to  vaporize trace amounts of the NaCl impurity. The concentration of 
ruthenium in an aliquot portion of the chloride solution was determined spec- 
trophotometrically a s  the thiourea complex[ 31. 

The RuOZ prepared in the above fashion had an initial specific activity of 
3.4 x 1011 dpm per gram-atom of ruthenium. The identity of the Ru02(s) was 
confirmed by its X-ray powder pattern [4]. 

The reaction was studied using the transpiration technique. Oxygen, main- 
tained at  a constant pressure by a fine control pressure valve in conjunction 
with a standard gage control valve, was allowed to  flow over the RuO2 sample 
and was finally condensed in a trap cooled with liquid nitrogen. The flow 
rate of oxygen, varying from 0.1 to 10 cc/min (STP), was controlled by means 
of interchangeable capillary orifices placed between the reaction vessel and 
the exit trap. The pressure of oxygen in the system was measured with a 
mercury manometer. Runs were initiated by placing a preheated furnace 
around the reaction vessel with the gas flowing in a reverse direction while 
the sample was coming to  an equilibrium temperature. During the rneasurerilei~t, 
the Ru04, formed by reaction of Ru02 with 02, decomposed on glass wool in 
the exit tube. At the end of each run the deposited ruthenium was dissolved 
in hydrofludric acid. The resulting solution was counted in a well-type scin- 
tillation counter with a 'counting efficiency of 21 percent for the particular 
sample geometry used. The standard deviation in the observed counting rate was 
i n  all cases less than 10 percent. The data a r e  given in Table I. 

TABLE I 

EUERIlalENTAL ~ u 0 4  ( g ) PRESSURES AND RQIJILIBKIUM 
CONSTANTS FOR THE REACTION R U O ~ ( S )  + O2 = R U O ~ ( ~ )  

Temperature 

(Oc) 

453 

476 



Ill. RESULTS AND DISCUSSION 

Pressures of Ru04 were measured as  a function of O2 pressure at 652OC. 
It was confirmed that RuO is  the major vapor species at .that temperature 
(Table I). The pressure of k u o 4  was measured in the temperature range 453 
to  723°C at an oxygen pressure of about650 mm to determine the thermodynamic 
properties of the reaction RuO2 + O2 =' RuO (g). The observed equilibrium con- 
stant was dependent upon flow rate only a t j he  lowest temperature. Data below 
453°C were discarded' for this reason. The experimentally determined Ru04(g) 
pressures, oxygen pressures, temperatures, and calculated equilibrium constants 
a r e  shown in Table I. Results of the transpiration experiments a r e  shown in 
Figure 1 along with the results of Schaefer et  al, and Bell and Tagami. There 
..is good agreement among the data. The equation of the least square line through 
the data points on Figure 1 is: 

1% PRu04 = -b764f - 0.236 (s tandard  devia t ion  i n  log  K = 0.127). 
P 

(2) 

The constants in Equation (2) correspond to values of AH0 = -21.8 kcal/mole 
and AS0 = -1.1 e.u./mole. From the free ener function for  the reaction, derived 
from the free energy functions for Ru04 P' 51, the decomposition pressures of 
Ru02 [I], the heat of formation of Ru02 161, the heat capacity and entropy of 

Ru [TI, and the free energy functions for oxygen [ Equation (3) was derived 
which adequately gives the free energy functions for the reaction Ru02 + O2 
= RuOq(g) in the temperature range 298 to 1000°K: 

A third law correlation of the experimental results gives a ~HO2g8 = 28.8 f 0.3 
kcal/mole. This is in good agreement with the value of 28.0 kcal/mole reported 
by ~ c h a e f e r  and in fair agreement with the value of 25.5 2 3 kcal/mole reported 
by Bell and Tagami. In Table 11, the recommended thermodynamic properties 
of ruthenium oxides which have been derived from this and other work are  
listed. . , 



FIG. 1 TEMPERATURE DEPENDENCE OF THE EQUILIBRIUM CONSTANT Kp 
FOR THE REACTION Ru02(s) + O2 ;1 Ru04(g). 



TABLE I1 
J 

THERMODYNAMIC PROPERTIES OF RUTHENIUM OXIDES 

- - - - - -- - 

Heat of Free Energy 
Formation of Formation Entropy 

AH' 
f ,298 

AFO 
f ,298 

s O 
298 

Heat 
Capacity 

C 
' P 

Oxide Property kcal/mole kcal/mole e .u .  

Ru0 gas  -45 -34.2 68.8 

l i q u i d  [ d l  
-54 -36.6 46.7 

s o l i d  [ d I -59.6 -36.6 27.9 

Ru02 s o l i d  -73 -60 12.5 

[ a ]  23.04 + 2.156 x T - 4.647 x l o 5  T - ~  

[ b ]  18.13 + 1.16 x T - 3.32 x l o 5  T - ~ ,  

[d l  Calcula ted  from information presented  i n  Reference 8. 

[ e l  Calcula ted  from.information presented  i n  Reference 5. 



IV.  CSTIMATIOf\I OF RUT1 ICNIUM VOLATILITY 
IN THE WASTE CALCINING FACILITY 

Using Equation (3), the partial pressure of Ru04 was predicted for the 
gas stream leaving the calciner in 'the WCF during an a.ctual production run. 

. - - .- . - . - . 
Operating data for the temperature, gas flow rate,' and off-gas composition 
were taken from the report of the first WCF campaign[9]. The ruthenium 
carry-over, predicted only from the vapor pressure of ruthenium tetroxide, 
accounted for  only a few percent of the ruthenium observed to be leaving the 
calciner. Values for predicted Ru04 and total observed ruthenium leaving the 
calciner vessel were, respectively, 1 x 103 mCi/day and 9 x 104 mCi/day. This 
calculation strongly indicates that the species Ru04 in equilibrium with oxygen 
is only partially responsible for ruthenium transport from the calciner vessel. 
Other possible paths by which ruthenium could be transported include another 
vapor species, particulate matter, o r  nonequilibrium concentrations of RuO4 
[with respect to Equation (I)]  attained by reaction of ruthenium with oxides of 
nitrogen during calcination. The other vapor species have not yet been identified; 
but certainly the effectiveness of various vapor filtration devices,.such as  
glass wool, for ruthenium decontamination suggests that particulates a re  fre- 
quently associated with ruthenium tetroxide vapor. 
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