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ABSTRACT

The equilibrium constant for the reaction, ThF"(s) + SiO”\(s) ThO"s) +
SiF~(g) was determined over the temperature interval 871 to 1077 °’K by measuring
the equilibrium pressure of SiF. above the system. The pressure of SiF. from

) . ~ -8200 1 120 n
this reaction is given by log P = - N (CK)— + 7.740 = 0.130. A heat capac-
ity correction of -2.76 cal/deg-mole gives, for the reaction at 298°K: AF° =27.9
kcal/mole, AH° = 394 kcal/mole, and AS° = 38.7 cal/deg-mole. Fromtheseand
existing thermodynamic data for SiO”, ThO”, and SiF” the AF°, AHO, and AS° of

formation of ThF” from the elements at 298°K were calculated to be -459.9

kcal/mole, -482.4 kcal/mole, and -75.8 cal/deg-mole, respectively.
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. INTRODUCTION

The reaction of metal fluorides with silica has been previously noted by

12,3 In earlier work by the author, 4 it was observed that

several workers.
thorium tetrafluoride reacted with quartz at elevated temperatures to form SiF"
gas. The present study showed that a reversible reaction occurred between
thorium tetrafluoride and silica and the products, silicon tetrafluoride, and
thorium dioxide. The equilibrium constant was determined by measuring the
pressure of SiF” above the system at equilibrium. The derived thermochemical
constants for this reaction were combined with the published thermochemical
properties of ThO/\,5 > and SiF’\6 to obtain AF°, AH°, and AS° of formation

of solid ThF~".

Il. EXPERIMENTAL

A. MATERIALS

Thorium tetrafluoride was obtained from the A. D. Mackay Company. This
material initially contained 0.2 wt % wvolatile impurities, most of which was
water. The salt was purified by heating under vacuum at 600 °C for 16 hr to
remove the volatile impurities. Analysis then showed 75.3 wt % Th and 25.4
wt % F (theoretical, 75.33 wt % thorium and 24.67 wt % fluorine). Silicon dioxide
was prepared by reacting C. P. grade silicon tetrafluoride with water. The pre-
cipitate was washed, filtered, and then fired at 800 °C until a constant weight
was obtained. This process gave fine particles of SiO” powder which reacted
more rapidly with ThF” than commercially available SiO” Thorium dioxide of
99.8 wt % purity was obtained from Rare Earths Incorporated; it was heated in

vacuo at 700 °C for a period of sixteen hour before use.

Samples for the equilibrium studies were prepared by thoroughly mixing
together equimolar quantities of powdered ThF. and SiO?, then compressing
this mixture into pellets with a hydraulic press at a pressure of 2 tons/in.
These pellets were then broken into approximately | mm cubes. Mixtures pre-
pared in this manner reacted satisfactorily to give equilibrium pressures of
SiF” in from 2 to 4 hour. Less thorough mixing resulted in slower reaction rates

which required from | to 5 days to attain equilibrium.



B. APPARATUS AND PROCEDURE

The pressure of SiF”™ above the solid reactants was measured by use of the
manometric technique. The solid reaction mixture, ThF” and SiO”, was placed
in a quartz reaction cell surrounded by a nickel thermal shield to minimize ther-
mal gradients. This assembly was placed in a tube furnace maintained at a con-
stant temperature (= 2°C) by a potentiometric type regulator. The temperature
of the reaction was measured by a calibrated Pt-Pt 90%, Rh 10% thermocouple
placed in a well in the quartz cell. The reaction cell was connected to a mer-
cury manometer by a 6 mm quartz tube packed with quartz wool to reduce ther-
mal convection in the system. This apparatus was connected to a vacuum sys-

tem, gas sampling bulb, and inlet for introducing SiF” into the cell.

Measurements of SiF" equilibrium pressures were made by the following
procedures: The system was evacuated at room temperature, then at 400°C
for one hour to remove adsorbed impurities. The system was then sealed off at
the vacuum pump, the reaction cell was raised to the desired temperature, and
the pressure of SiF® was measured by means of the mercury manometer. Pres-

sure readings were taken until there was no further change in pressure with time.



Illl. RESULTS AND DISCUSSION

Equilibrium pressures of SiF” obtained from the reaction of ThF” and SiO”

are shown in Table 1.

TABLE 1

EQUILIBRIUM PRESSURES OF SiF FOR THE REACTION
ThF4(s) + SiOz(s)  ThO2(s) + SiF4(g)

Temperature P SiF4 Temperature P SiF4
(°K) (atm) °K) (atm)

Equilibrium approac:hed from lower 1000 0.318

pressures. 1038 0.651

871 0.020 1076 1.289
882 0.034 1077 1.260
886 0.026 Equilibrium approached from higher
935 0.085 pressures.
937 0.097 884 0.038
945 0.114 936 0.094
960 0.154 1030 0.660
985 0.245 1054 1.200
995 0.290

SiF4 was identified as the gaseous product of the reaction by chemical and
mass spectrographic analysis of gas samples taken from the reaction cell.
Room temperature X-ray diffraction analyses of samples quenched from equilib-
rium, in which 70 mole % of the fluorine had been converted to SiF., showed that
the major solid product was thorium dioxide.7 Under forcing condéi‘tions, i.e..
by removal of SiF4 by condensation on a cold finger, equimolar amounts of ThF4
and SiOz reacted essentially quantitatively (>99%) to ThO” and SiF4- The overall

reaction can thus be represented by

ThF4(s) + Si02(s) p~ThO2(s) + SiF4(g) . el



Further studies were made to determine if Reaction | represents the solid
phases in the equilibrium since the X-ray diffraction patterns of quenched sam-
pies showed traces of thorium oxyﬂuoride.8 D'Eye8 reports that ThF”® and ThO"
react at 900-1000°C to form ThOF”. Tests carried out on the reverse of Reac-
tion 1, by reacting SiF” with pure ThO”, yielded equilibrium pressures which
were in good agreement with those obtained from the forward reaction (see
Table II). This indicated that the phases in the equilibrium were as shown in

*

Reaction 1. In addition, reaction of ThOF”~ and SiO" gave equilibrium pres-

sures of SiF”™ which were lower than the pressures yielded by the reaction of

ThF” and SiO"-

TABLE II

EQUILIBRIUM PRESSURES OF SiF4 FOR THE REACTION
SiF4(g) + ThO2(s) -~ ThF4(s) + SiOz(s)

Temperature PSiF4
(°K) (atm)
923 0.073
1043 0.659

The solid solution of ThF4 in ThO”, to the extent of 25 mole % ThF4 at
1000 °C found by D'Eye, » probably does not occur to an appreciable extent at the
lower temperatures of this investigation since the equilibrium pressures of SiF4
from Reaction | and from the reverse of Reaction | were essentially constant
(at constant temperature) over the entire composition range. Therefore, the

activities of the solid phases were apparently the same whether the solid phases

ThO—2 and ThF q ©OF SiO—2 were in €xXcess.

The agreement of the final pressures of SiF4, when approached from zero
pressure and from pressures above the equilibrium pressure, offers good

*ThOFz prepared by method of D'Eye. ©



evidence that chemical equilibrium was attained. Figure | shows the pressure
of SiF” vs time for Reaction 1, starting from zero pressure and from 0.2 atm
SiF”. Similar experiments were carried out at 884, 1030, and 1054°K; the re-

sults are shown in Table I and Figure 2.

The activities of the solid phases in Reaction | were considered to be unity
for the following thermodynamic calculations. Assuming that SiF® behaves as

an ideal gas, the equilibrium constant for Reaction | may be expressed as,

A least squares analysis was made of the PsiFq data in Tables I and II. The

pressure of SiF”" as a function of temperature is:

log P (atm) = -8200 * 120 4 7.740 + 0.130, (871-1077°K) . ...(3)
4 T°K

The enthalpy of the reaction is obtained from the wvan't Hoff equation. At the
mid-temperature of the experimental range (974°K), AHl (reaction) = + 37.5 +
0.5 kcal/mole. The ACp of Reaction | is -2.76 cal/deg-mole at 298°K (see
Table III). It is assumed that ACp is constant from 298 to 974°K, since there
are no high temperature heat capacity data for ThF”. Then AF°® for Reaction |

is:

AF”, = 40,210 + 636 T log T -57.19T RN )]

The following results are calculated for the reaction at 298('K:

A ° = 27.9 kcal/mole e (®
AH® = 39.4 kcal/mole .==(0)
ASl = 38.7 cal/deg-mole - (D
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Figure 1. Pressure vs Time at 936°K for the
Reaction ThF4(s) + SiC"Cs)™» ThO2(s) + SiF™(g)
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Figure 2. Equilibrium Constant vs 1/T
for the Reaction ThF"s) + SiC"s)
ThO2(s) + SiF4(g)



The above data were combined with published thermochemical data for
ThO"s), SiO"/s), and SiF"~(g) (Table III), to obtain the free energy, enthalpy,
and entropy of formation of ThF”"(s) from the elements in their standard states

at 298°K. This yields

AF° = -459.9 kcal/mole ---(8

AH° = -482.4 kcal/mole v =(9)

A ° = -75.8 cal/deg-mole .. .(10)
TABLE 111

THERMODYNAMIC DATA

4H298<P AF298'f"  AS298<P “5908 Cp298

/kcal\ /kcal\ / cal \/ cal \ / cal \

\mole / \mole) (deg -mole/ !(deg -molej \deg -mole/
ThO (s) 203.2*%0.4"  -2792"  _47.0 i 14.76"

sk
SiF4(g) -359.7£2.8" 3407 33.7 67.77 17.56
SiO”™ (a-quartz) -209.9* 1.0" -196.9" -43.6 _ 10.62 sss
Reaction:

ThF~(s) + SiO”lquartz) ~-r"ThO”(s) + SiF~(g)

%
39.4% 0.5tl 279tt 387 tt - ACp=-2.76

ThF(s) -482.4*% 3.5ttt -459.9tt -75.8 tt 33.9 tt -

_ A

ThF4(s) —A7788 _A548§ 76 (estimate by L. Brewer)

iy

Th(s) - - - 12.76 _

m m

8F2(g) - - - 96.90 -

ThF4(s) ) ) ) 33.9"n 26.461
*See Reference 5 "MSee Reference 13 ***See Reference 9
fSee Reference 11 ttThis Work tttSee Reference 10
§See Reference 12 §§See Reference 6 § § §See Reference 14



The absolute entropy of ThF”(s), obtained from the above AS°QR of forma-
tion of ThF~(s) and S°gg of Th(s)* and (see Table IIl)y is 33.9 cal/deg-
mole. Lohr, Osborne, and Westrum” report S°*g = 33.9 cal/deg-mole from

low temperature heat capacity measurements on thorium tetrafluoride.

It is pointed out that this equilibrium method inherently has the combined
uncertainties of the thermodynamic properties of ThO”, SiO”, and SiF” in addi-
tion to the uncertainty of this measurement. The uncertainty in AH°gg(ThF") is

estimated to be = 3.5 kcal/mole.

The equilibrium between a metal oxide and metal fluoride offers a conven-
ient method for determining the thermodynamic properties of a metal fluoride
which is not amenable to measurements by calorimetric or electromotive force

methods.
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