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ABSTRACT 

Equilibrium vapor pressures of barium sulfate and free surface sub-

limation pressures of (001) faces of its single crystals were both measured 

for the first time, using Torsion-effusion and Torsion-Langmuir techniques, 

respectively. Mass spectrometer measurements showed the principal 

decomposition reaction to be Baso4 (s) = BaO(s) + so2 (g) + 1/2 o
2

(g) for 

both equilibrium and free surface conditions. 

The flux in the Langmuir experiments remained constant at about 

10-
2 

times that for effusion of equilibrium gaseous products over the temper-

ature range 1422 - 1540°K. Effusion of the product gases through the 

porous product layer does not reduce the reaction :tate even when the pro-

duct layer thickness is as great as 1 mm. The simplest model consistent 

with the data assumes that all steps of the reaction except desorption 

to the gaseous products are at equilibrium, but that desorption occurs 

from only 1% of the surface sites. The equilibrium studies yielded 

l'.~ = 588.3 ± 6.7 kJ and l'.S~ = 257.3 ± 4.6 J/deg per mole of 

* The kinetic studies yielded l'.~ = 575.3 ± 12.6 kJ/mole and, 

Baso
4

. 

* t>SD = 

200.4 ± 8.4 J/deg per mole of Baso4 as the apparent enthalpy and entropy of 

activation for the decomposition reaction when the activated state is 

assumed to consist of so2 (g) + 1/2 o2 (g) per mole of barium sulfate. 
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INTRODUCTION 

1 2 . . 
Hills ' has suggested, on the basis of impressive supporting 

evidence, that the kinetics of decomposition reactions have usually been 

studied under conditions that make the rate limiting process either heat 

transport or gas phase diffusion rather than a chemical step of the 

reaction. 
3 . . . 4 

Beruto and Searcy have'noted that the Langmuir method for 

measurement of rates of vaporization reactions in vacuum·eliminates gas 

phase diffusion as a possible rate limiting process. They measured the 

rate of decomposition of calcite (Caco
3

) single crystals by 

the Langmuir method and obtained a significantly higher apparent activa

tion enthalpy than reported in most of the previous studies of calcite, 5 

probably because the Langmuir study measured the rate of the slowest 

chemical step, while the earlier studies were often limited by the rate 

of heat transfer or gas phase diffusion, as contended by Hills. 

Further studies by the Langmuir method and by related methods are 

needed to establish the characteristics of the chemical steps of 

additional decomposition reactions. This paper reports what we believe 

to be the first study of a decomposition reaction by the torsion-Langmuir 

method, a method that has been.proved of great value in studies of rates 

f . . . f l'd 6- 8 o vapor1zat1on o so 1 s. 

For several reasons, the substance chosen for study was barite (Baso4). 

Single crystals were available, yetneitherthermodynamic nor kinetic 

measurements of its decomposition reaction has been reported. The effusion 

and Langmuir decomposition rates were both expected to be well suited for 

use in our torsion apparatus in a temperature range for which a combination 

of relatively low decomposition product flux and high radiation flux 
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9 makesurface cooling a negligible source of experimental error. It 

10 
could be predicted from extrapolated thermodynamic data that the 

equilibrium decomposition reaction would be 

(1) 

with a negligible concentration of so
3 

in the temperature range for study. 

It seemed of interest to use a mass spectrometer to determine if so
3

, 

which might well be an intermediate in the decomposition process, were 

present at non-equilibrium concentrations in the kinetic study. 
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II , EXPERIMENTAL 

Barite single crystals collected approximately three miles from 

Stoneham) Logan Co., Colorado, were analyzed by the American Spectro

graphic Laboratories, Inc. They reported the following impurities as 

oxides of the elements: Sr, 0.15%; Ca, 0.005; Si, 0.15; Mg, 0.001; 

Al, 0.001; and Cr, 0.004. 

Some of the crystals were ground to powder for effusion runs, and 

others were.cleaved with a razor blade.on the (001) planes, a natural 

cleavage plane of barite, which has an orthorhombic structure. The rear 

side of these cleaved crystals were ground to produce wafers about 1.5 

mm thick. 

Alumina effusion cells were made with orifices 1 ± 0.01 and 0.80 ± 

.01 rmn diameter. Langmuir runs were made with (001) surfaces fitted in 

alumina holders with exposed areas 4.00 ± 0.01 mm in diameter. To· 

minimize the weight of the cell assemblies, a graphite cell holder was 

used. A protective molybdenum foil between the cells and the cell 

holder prevented reaction between the graphite and the alumina. 

Cells were suspended in a section of a tungsten hairpin-heated 

furnace in which a vertical displacement of the cell of ± 2 em gave a 

constant temperature to within 1.5°K. The temperature inside a dummy 

graphite cell was measured to calibrate a second thermocouple placed 

6 mm below the cell holder. A tungsten torsion wire was 

calibrated by measuring its period of oscillations when it supported a 

brass disc with known moment of inertia. 11 The total apparatus was 

calibrated by measuring the vapor pressure of tin.
12 

Measurements were 

usually made above 1422°K, the transformation temperature of barite to 

.. 
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a phase of unknown structure, and below the melting point, 1620°K. 

The barium oxide that formed in the Langmuir runs was examined by 

X-ray diffraction. J. A. Roberts, Jr. kindly helped to determine with 

an Atlas Mass spectrometer the ratios of so
2 

to so
3 

from both effusion 

cells and c~ystal ~afers. 
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III. RESULTS 

Thermodynamic values calculated for tin from measurements between 

1425°K.to 1550"K are summarized in Table I. 

The accepted values at the mid-point of the temperature range of this 

. 0 
work, (1490°K, are ~H1490 = 295.8 kJ/mole and 0 

~51490 = 102.5 J/deg - mole. 

The mass spectrometer measurements showed the intensity of so; from 

barium sulfate decomposition to be more than two orders of magnitude 

+ higher than so
3

, both for effusion and for free surface sublimation, which 

confirms Ba5o
4

(s) = BaO(s) + so2 (g) + 1/2 o2 (g) as the principal decompo-

sition reaction for barium sulfate for both conditions. 

Despite efforts to protect the barium oxide formed in the decomposition 

reaction from hydrolysis, pictures of the surface of the Langmuir specim~ns 

showed nothing" but a few diffraction lines which are given by a- and a-
modifications of barium· hydroxide. It is not known, therefore, whether 

the oxide produced in the decomposition reaction was the stable crystalline 

form of barium oxide or an amorphous or metastable form. 

Least square analysis of total effusion pressure data by the second 

law method gave the equilibrium thermodynamic values summarized in Table 

II for reaction 1. A similar analysis of the torsion-Langmuir data gave 

the apparent activation enthalpies and entropies summarized in Table III. 

For convenience in comparing kinetic data to equilibrium data, these 

apparent activation enthalpies and entropies were calculated on the 

provisional assumption that the activated complexes for decomposition 

are so
2 

gas and o
2 

gas. If a different assumption were made, for 

example that the activated complex is an adsorbed 50
3 

gas molecule, very 

different apparent activation enthalpies and entropies would be calculated 
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from the same data. The advantage of this provisional assumption and its 

relationship to alternate assumptions are the same as the advantages and 

" "'. 13 14 relationships discussed elsewhere for congruent vaporizat1on. ' 

15 16 A Whitman-Motzfeld extrapolation ' of the pressures measured with 

the two different orifice diameters at the mid-point of the temperature 

range, 148l°K gives 3.84 x 10-5 atm for the equilibrium total pressure 

compared to a predicted pressure of 5 x 10-5 atm from extrapolation of the 

NBS low temperature data for barium sulfate without a correction for the 

phase change. Agreement is well within the uncertainty imposed by the 5 

Kcal uncertainty in the heat of formation of barium sulfate. \ 

The vaporization coefficient, 3 ' 4 that is the ratio of the measured 

torsion-Langmuir total pressure to the Whitman-Motzfeld extrapolated 

equilibrium total pressure, is 0.014 at 1481°K. Solving the 

Whitman-Motzfeld equation with the effective sample surface areas assumed 

to be 1 cm2 yields a ~0.004. This constitutes reasonable agreement with 
v 

the value calculated directly from the ratio of free surface flux to the 

17 effusion flux and proves that the vaporization coefficient is little 

affected by changes in pressure of product gases between background 

vacuum pressures for the apparatus and pressures only about a factor of 

two below the equilibrium decomposition pressures. 

The heats and entropies measured for barium sulfate decomposition 

with either equilibrium or free surface vaporization techniques should 

be corrected by the amounts necessary to bring heats and entropies 

measured for tin under nearly identical experimental conditions into 

exact agreement with the accepted values for tin. The correction is 
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1 
made by lowering the plot of InP vs. Tat extreme temperatures of each 

run the amount necessary to shift the InPSn plot to coincide with date 

plotted from Ref. 12. 

The corrected heats and entropies of the equilibrium reaction are 

0 0 . 
~HD = 588.3 ± 6.7 kJ/mole of gaso

4 
and ~SD = 257.3 ± 4.6 J/deg per mole 

of Baso4. The corrected apparent heats and entropies of activation for 

* * the reaction are~~= 575.3 ± 12.6 kJoule/mole of Baso4 and ~SD = 200.4 

± 8.4 J/deg per mole of Baso
4

• 

The various measured and extrapolated pressures are plotted in 

I Fig. 1. 

. i 
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IV, DISCUSSION 

For the torsion-Langmuir study the decomposition reaction was 

restricted to an area defined by the portion of the initial crystal which 

was exposed to vacuum. As reaction proceeded, an interface of essentially 

constant area moved linearly i~to the barium sulfate crystal. The 

rate of decomposition of barium sulfate, like that found by the Langmuir 

method for calcite, 3 was constant while the product barium oxide layer 

grew to at least 1 mm thick. In contrast, studies of decomposition 

reactions with powders frequently show rate changes with the fraction of 

meterial decomposed which cannot be explained as only consequences of 

changes in the reaction. 18 

The logarithm of the rate of barium sulfate decomposition varies 

linearly with 1/T, which means that the limiting process must be 

19 the same at all temperatures of the study. A simple model is con-

sistent with the rate data. We assume (1) that all steps of the decom-

position reaction are at equilibrium except for desorption of so
2 

and 

o2--this assumption would make the apparent activation enthalpy equal 

to the enthalpy of the equilibrium reaction, as observed, and (2) that 

the surface area from which this equilibrium desorption can occur is 

about 1.4% of the total exposed area of barium sulfate--this assumption 

would make the measured flux about 1.4% of the flux given by an 

equilibrium vapor source, as observed. 

But while this model is appealingly simple, it is not easily 

correlated with observational data for the reaction. The molal volume 

of the high temperature modification of·barium sulfate is unknown, but 

it must be little different from that of barite because the single cryst.al 
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wafers are not shattered by heating or cooling through the temperature 

of the phas.e transition. From the relative molal volumes of barite and 

of barium oxide, the porosity of the product layer is calculated to be 

48%. If catalytic sites were required for the gas equilibration at the 

sulfate surfaces fronted by pores, the apparent activation enthalpy for 

reaction should be changed from the enthalpy of the equilibrium decomposi-

tion process by a contribution from the enthalpy of formation of the 

catalytic sites, just as for catalyzed desorption in vaporization. 14 

For the model suggested above to apply would require that a constant, 

large fraction of the barium sulfate surface be poisoned by a non-

activated process~ 

20 
Searcy and Beruto have shown that the rate of decomposition 

reactions in vacuum may be limited, not only by a ·surface or desorption 

step of the gaseous product(s), but also perhaps by a diffusion step of 

the ultimate gaseous product(s) or by a slow step of the ultimate solid 

reaction product coupled with a slow step for the gaseous,product. 

Perhaps in barium sulfate decomposition, a step involving movement or 

interphase transfer of barium oxide is slow, and the apparent activation 

enthalpy is only fortuitously equc:i.l to the enthalpy of the equilibrium 

reaction. 

The variation of net decomposition rates with pressure of the 

gaseous decomposition products should be different in reactions in 

which movement of the eventual solid reaction product influences the 

rate in vacuum from the variation with pressure when only movement of 

20 
the ultimate gaseous products are slow. We hope to use Langmuir rate 

studies made in controlled low pressures of sulfur dioxide and oxygen 

to confirm or eliminate this second possibility. 
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Table I. Heats and entropies of vaporization for tin 

Run # # of data pts 
t:.Ho (kJ t:.So (J per deg -

v v 
per mole) .· mole) 

l 23 308.8 ± .3. 3 112.1 ± 2~1 

2 13 300.8 ± 5.9 107.1 ± 4.2 

-· 
(l + 2) 36 305.9 ± 2.9 110.0 ± 2.1 
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Table II. Apparent heats and entropies of the reaction BaS0
4

(s) = 
BaO(s) + so2 (g) + 1/2 o2 (g) (Uncorrected for tin calibration) 

....... 

0 0 
Orifice ll~(kJ per l1S0 (J per deg 

.. 
Run # diameter # of data pts mo e Baso

4
) per mole Baso

4
) 

(mrn) 

1 1 14 620.1 ± 11.7 276.6 ± 7.9 

2 1 17 596.2 ± 10.5 259.8 ± 7.1 

(1 + 2) 1 31 601.2 ± 8.4 263.2 ± 5.4 

1' 0.8 14 592.0 ± 7.1 260.7 ± 4.6 

2 I 0.8 10 589.1 ± 7.5 258.2 ± 5.0 

(1' + 2') 0.8 24 589.9 ± 5.4 259.0 ± 8.8 
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Table III. Apparent heats and entropies of activation for the.reaction 
Baso

4
(s) = BaO(s) + so2 (g) + 1/2 o2 (g) (Uncorrected for 

tin calibration) 

* * L'l~(kJ L'lSD(J per deg 
per mole) per mole) 

Run # # of data pts 

1 14 656.9 ± 15.5 257.3 ± 10.5 

2 17 599.1 ± 16.7 218.0 .± 11.3 

3 11 520.5 ± 16.7 165.3 ± 11.3 

( 1 : 2 + 3) 42 590.4 ± 12.6 212.1 ± 8.4 

" 
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