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VAPORIZATION STUDIES OF STRONTIUM SULFATE
Lloyd.Manébu Fuke
Inbrganic Matefials Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California 9LT20
ABSTRACT
The equilibrium dissociation pressure of strontium sulfate was
measured, fdr the first time, by the torsion-effusion method in the tem-
rerature range 1370%K to 1540°K. The total pressure for the reaction
SrS04(s) = Sr0(s) + S02(g) + % 02(g) can be represented as
. log P = - (1.405 + 0.009) x 1%* + (7.167 £ 0.065)
where the indicated errors are sﬁandard deviations from least sqtares
analysis. The Second Law Method yielded for theventhalpy of vaporiza-
_ tién (AHg) 127.4 Keal/gm~etom and for the entropy of vaporization (Asg)

58.5 e.u. No dependency of vapcer pressure upon the crifice area was

observed.
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I. INTRODUCTION

No measurements of the dissociation pressure'of_strontium sulfate
have been reported. In a rece_nf review of thermodynamic data for sul-
fates; Stern and Weisel report for strontium sulfate:

AH; = —3L5;3 Kcal/g-atom
:S° (298;15°K) estimated 28.7 e.u.

- Only melting and phase transition points have been reported to the
seme degree of confidence. Heat capacity measurements have not been
made. The present study yields the dissociation pressures and thermo-
dynamic data for the dissociation reaction.

Apart from its intrinsic value, as neﬁ thermodynamic information for
strontium sulfate, these results when cbupled with planned torsion-
Langmuir measurements may assist in the formulation of a more consistent
theory 6f the kinetics of evaporation-condensation reactions. In the
past, the kinetics of incongruent vaporization’have usually been analyzed
in terms of the simple Pola.nyi—Wigner2 theory or in terms of absoiute
reaction rate theory.3 Both theories assume that formation of an actiw
vated complex involving the gaseous dissociation product to be rate-
limiting and tacitly ignore the possibilities that the slow step may
in&olve formation of the.solid reaction product 6f escape of the gaseous
product through the porous solid product layer. The Hertz-Knudsen-
Langmuir equationh‘is seldom, if‘ever, employed. Studies bf calecite
(CaCOa), an incongruently vaporizing solid, have centered about eloquent%

buﬁ perhaps incorrect,6 heat transfer models.
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The kinetics.of congruent veporization reaction§ is universally
sfﬁdied undef the formalism of the Hertz-KnudsénQﬁangmuir equation
(héreafter ebbreviated HkL). _Ffom‘the'knowledge of the equilibrium vépor
pressure, the HKL equation prédictsAthe maximum possible rate‘at which |
a solid'decomposes.into a vacuum. A solid which vaporizes in a vacuum
ét this fate is said to possess uﬁit vaporization coefficient, avY’B‘
Examples of compounds with a =1 are arsenolite (Aswos)9 and the (0001)
faces Of lanthanum fluoride (LaF ). 10 |

For congruéntly vaporizing solids with a& <1, comparisons of thé
equilibrium heat of vaporization (AHz) and entropy of vaporization (Asg)
with the apparent heats and entropies (AH: and As;) are instrumental in
determining the rate—limitihg step. Either a surface ste§ or & desorp-
- tion step may be rate—limiting.h

The HKL equation and comparisons of'Aﬁz with AH: and Asg with As;
may also provide the means by which the kinetics of incongruent vaporiza—
tion reactions may be analyzed. The equilibriumvdissociatién pressﬁré
still yields the maximum pbssible rate of vaporization. Recently,

D. Beruto and A. W. Searcy éxtended~these concepts to calcite decompbéi—
tion.ll

This 'initial success provided the impetus for further torsion-
effusion and torsion—iangmuir studies.of inorganic salts; P. Mohazzabi
investigated the kinetics of BaS0O, decomposition.lg- This study of the

equilibrium dissociation pressure of SrSO4 represents the initial step

in determining trends in metal sulfate decomposition.v
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Strontium sulfate should vaporize in the menner characteristic of
metal sulfa,tes,_l

SrS0y(s) = Sro(s) + S0,(g) +'% 02(g)

The SO03 ='SOZ +.%-02 equilibrium must also be considered. However, in
the temperéture range of interest, dissoéiation of S03 is thermodynami-
cally favored (p. 4 of ref. 1) to the extent that the S03/SO; ratio is

of the order 1/500. Thus, the concentration of S03; may be neglected in

~equilibrium studies.
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IT. EXPERIMENTAL

The torsion effusion apparatus is essentially the same as that

employed by R. T. Coyle13 and P.'Mohe.zza'bi.12 Methods of calibration

have been adequately described else‘urhere.l3"15

A. Sample Preparation

Strontium sulfate crystals from San Luis Potes{, Mexico, were
analyzed by the American Spectrographic Laboratories, Inc. Impurities

were reported in terms of oxides df elements:

Ca 0.15%
" Ba 0.20%
Mg <0.0005%

The crystals were ground to appropriately fine powder.

B. Knudsen Cells

In the tempe?ature range of interest, reactions between the strontium
sulfate and Kﬁudsen effusion cell material are poseible.l6 A convenient
cell material is graphite; however, grephite reduces SrSO4 to SrS. An.
alternate materiai is alumina. Although 51203 and SrS0, react to form
Sr(A10z)2, this solid state reaction could be ignered'due to the forma-
tion of a protective layer of the product. At the teﬁperature of a
typicel experiment (1500°K),'solid state diffusion through the initial
layer of Sr(AlOz)z-would occur at a negligible rate. |

Minimization of cell assembly weight necessitated the use of graphite

as fhe cell holder material. Because graphite and alumina react, the

‘alumina cells were sheathed in protective molybdenum foil.
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The Knudsen cells weré modifications of a design by R. Galluzzo.
Three sets of orifices were prepared, 0.60 mm, 0.80 mm, and 1.00 mm.
Tolerances were specified as * 0.0l mm, with dimensions verified with a
comparator microscope.

C. Furnace Calibration

A platinum/pla@inumprhodium thefmbcouple'was imbeaded in a graphite
cell holder; ' This assembly was displaced vertically in the coil furnace,
with the temperature being recorded at 2 mm intérvals. A two cm region
was defined in which the temperature varied by less than 1.5°K. The
thermocouple designed to monitor temperatures throughout the experiments

was fed in from the bottom of the furnace and was stationed at a rather

critical six mm below the suspended cell assembly. At distances less

than six mm, the cell assembly sometimes contacted the tip of the thermo-
couple. At distancesigraatervthan eight mm; the indicated temperature

varied at least 15°K below théf of the constant profile région. Clarify-
ing photographs and disgrams appeafed in the thesis of R. T. Coyle.13

D. Tin Calibration

The cell assembly was suspended from a tungsten torsion fibre
0.0381 cm in diameter and 43 cm in length. The cells were charged with
99.999% pure tin pellets. The measured vapor pressure when compared with
the accepted vapor pressure of tin18 verifies the accuracy of the furnace
temperature profile, the integrity of the torsion wire, and most im-~
portant, determines the extent of correction for systematic errors

(e.g. systematic temperature efrorS’or peculiarities in cell geometry).
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E. " Strontium Sulfate Runs

Two independent runs with each set of orifices were conducted. The
temperature range encompasses a phase transition point,_lh25°K. The
extremes in temperature range werebgoverned by limitations of the appara-
tus. Strontium sulfate melts at 1878°K; but this temperature was beyond
the capability of the furnace. Below 1370°K the dissociation pressure

is too low to measure accurately.
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IITI. RESULTS AND DISCUSSION
The results of six torsion effusion rums for strontium sulfate are
depicted in Fig. 1. The pressures were calculated from the relationship
_ 28D ' . :
P T Iq.A.F, ° : (1)
M R A
i
where 6 is the angle of cell rotation, D is the torsional constant of the
suspension wire, q is the moment arm, A is the area of each orifice, and

14,19 for each orifice.

F is the Freeman-Searcy force éorrection factor

The Appendix lists, in tabular form, cell rotation angle as a function of

temperaxure for the six strontium sulfate and three tin calibration

experimenté. Although three sets of orifices were'employed in the sul- -

fate study, no vapor pressure dependency upon orifice area was detected.
A least 5quares analysiszo of the data yielded the following

eQuilibrium thermodynamic values for strontium sulfate decomposition:

Teble I. Least Squares Analysis

Run No. #Data pts. AHS(Kcal/gm—atom) _ ASﬁ(e;u.)

0.60 mm dia. 1 15 136.2 54,2
orifices

2 16 132.8 65.4
0.80. mm dia. 1 12 128.7 60.6
orifices S . '

2 1k - 131.3 61.9
100 mm dia. 1 15 1341 6h.1
orifices _ : _

2 e 132.9 63.3
Combined - - 8k 132.6 63.1

(all runms)
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Figure 1. Equilibrium sublimation pressure

of strontium sulfate



" A correction to these calculations is necessary because-fhe results
of the tin calibration runs show a slight deviation from fhe accepted
(Hultgren, et al.) compilatiohé. The Calculéted enthalpy of vaporization

‘of tin, 73.6 Keal, is 4.1% higher than the equilibrium value of 70.T
Kcal; the experimentally obtained entropy of vaporiéation is 26.k e.u,
7.7% higher than the accepted figure 2k.5 e.u. These figures were taken
at 1460°K, the midpoint of the temperature range employed.

To correct the heat of vaporization, manifested as the slope of the
log P vs 1/T trace, AHg is multiplied by.thé ratio of the experimentally-
obtained value and the accepted value 6f the heats of tin vaporization.
Because the entfopy ofvvaporiiation is.represented as the intercept‘of
the log P vs 1/T trace, Asg for the sulfate may be aeriVed by subtracting
the difference ofvthe two tin intercepts (experimental and accepted
values) from the sulfate intercept value. AHz and Asg are then recalcu-
lated with an expression of the form:

AHP As®
v

WP = - o+, (2)

where P is the total pressure.

For the particular dissociation reaction

Serq(s) = sro(s) + S02(g) + %'Oz(g),

the following -expression has been derived:12
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" where ‘
2(Mé02/M02)1/2
=l2(MSoz/Moz)l/2-] 3/2 .

This ratio of molecular weights yields 1n C = - 0.97LO.

Thus, at the midpoint of the temperature range studied (1460°K),

AHs l27.h + 0;9 Kcal/gm—atom‘

58.5 + 0.k e,u.

As®
v .
Strontium sulfate was more volatile than barium sulfate. Between 1400°K
and 1500°K, the equilibrium dissociation pressure'of SrS0, was at least
one order of magnitude greater than thét of BaSOy. For barium sulfate at

1490°K, the midpoint of the tehperature scale of the Mohazzabi study,lz

AHO = 138.9 * 1.9 Keal/gm-atom
(o] .
ASv = 60.2 + 1.3 e.u.

Third Law Method calculations for stfontium sulfafe were not aftempted
@ue to_thelack of free energy function, entropy, and heat capacity déta.

In principle, unless the heat of transition is negligible, theré
must be a change in slope at the phase transitionvtemperature because
the formation of a stable high-temperature solid phase is an endothermic
prodess. A least squares analysis was conducted with 68 data points
taken &béve the phase transition temperature (1425°K) in order to

determine the approximate heat of transition. This analysis yielded

o n e w s
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127.5 * 1.3 Kcal/gm-atom

58.5 £+ 1.1 e.u.

 Since these results agree to within the limits of expected error with
the vaiues,determined when the transition is neglected, it can be con-
cluded that the heat of transition is small, possibly less than one kilo-

calorie per gram-atom of SrSO,.
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APPENDIX

This appendix is a compilation of pertinent data and parameters
necessary for the detemination of vapor pi‘essures. "I‘he equilibrium
pressures were calculated with Eq. (1). Freeman-Searcy force factors
were obtained from the D. A. Schulz thesis.lg The heats and entropies
~ of vaporization were calculated from least squares zar.na.lyses.20
Freeman-Searcy force correction factors are:
(1) 0.60 mm dismeter orifice

Cell #1 0.47203

Cell #2 0.h7369
(2)‘ 0.80 mm diameter orifice

Both celis 0.5436
(3) 1.00 mm diameter orifice

Cell #1 0.61839

Cell #2  0.62278
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TIN CALIBRATION

0.80 mm diameter orifices

T(°K) Deflections (deg.) P calculated (atm)
1545 5.95 2.6553 x 1077
1533 4.98 2.200k x 1077
1515 ©3.50 1.5619 x 1077
1hok 2.3k 1.04k2 x 1077
1466 1.36 6.0691 x 10’6
1kg2 . 2.50 1.1157 x 1077
1520 3.97 1.7717 x 1072
149} 247 1.1023 x 1077
1460 1.31 5.8460 x 107
1438 0.70 3.1238 x 10'6
14Lo 1.08 4.8196 x 10'6
T 1476 1.95 8.7021 x 10'6
2 1500 2.92 1.3031 x 107
§ 1519 Lok 1.8029 x 1077
1495 2.55 1.1380 x 1077
- 1513 3.59- 1.6021 x 1072
1535 5.15 2.2982 x 1077
1527 b.h2 1.9725 x 1077
1499 2.70 1.20L9 x 1077
1478 1.82 8.1219 x 10'6
1456 1.11 4.9535 x 1070
1465 1.46 6.515k x 107
1kol 2.66 1.1871 x 107°
1519 L.02 1.79%0 x 1077
1.8k 2.08 9.2822 x 1070
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T(°K) Deflections (deg.) P calculated (atm)
1521 3.93 1.7538 x 1077
1513 3.50 1.5619 x 107°
1479 1.94 8.6575 x 107
1L48 1.0k L.6h11 x 1o'6
143k 0.70 ©3.1238 x 107
« 1446 0.97 4.3087 x 1070
= 1462 1.35 &m&5x106
5 1503 2.01 8.9698 x 1070
147k 1.73 7.7203 x 1070
1480 1.99 8.8806 x 1070
1497 2.75 1.2272 x 107
- 1526 b.b2 1.9725 x 107
1513 3.50 1.5619 x 107
1448 1.00 L. 4626 x 10'6
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"T(°K) Deflections (deg.) P calculated (atm)
1531 L.58 2.0439 x 1072
1501 3.80 1.6958 x 1077
1506 2.9 1.3120 x 107
1kgh 2.37 1.0576 x 1077
k72 1.52 6.7832 x 1070
1455 1.08 4.8196 x 10'6
1467 1.46 6.5154 x 10‘6
2 1443 0'80, 3.5701 x 10:2 '
= 1482 1.91 - 8.5236 x 10
5 1511 3.38 1.5084 x 107
1501 2.78 1.2406 x 1077
1508 3.13 1.3968 x 1077
1528 L.ks 1.9859 x 1077
. 1515 3.55 1.58k42 x 107
2.19 9.7731 x 10'6

1489

Least squares analysis yielas for the 55 pts:

AH3 = 73.6 + 0.9 Kcal
: Ass = 26.4 + 0.7 e.u.

Hultgren,seiected velues:
AH% = 70.7 Kcal

AsS® = 24,5 e.u.
v .
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STRONTIUM SULFATE RUNS

0.60 mm dia. orifice

T(°K) Deflections (deg.) P calculated (atm)
1528 a7 3.6528 x 107
1525 41.16 3.6528 x 1o'h
1521 36.07 3.2000 x 10~
1491 21.55 1.9130 x 1o'h
1460 10.85 9.619L x 1077
1466 11.90 1.0573 x 10'h
- 149k 23.10 2.0495 x 107
2 1439 6.87 6.1096 x 10~°
5 1432 5.5T 4.9397 x 107
1500 27.60 2.4L482 x 10'Ll
1513 32.70 2.9031 x 1o‘h
149k 23.12 2.0517 x T
1478 15.k2 1.3692 x 10‘h
1484 17.60 1.5621 x 1o'h
6.17 5.4813 x 1077

1434

10
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T(°K) " Deflections (deg.) P calculated (atm)
1527 , 4.70 3.6115 x 10'LL
1524 f' 39.07 3.4663 x 107
1499  35.20 3.1240 x 107
1485 : 18.02 1.5988 x :Lo"h
1462 12.35 1.0962 x 107
1456 10.12 8.9908 x 1077
N 1465 , 11.57 1.0269 x 107"
g 1b79 15.80 1.4017 x 107
= 1503 26.72 2.3701 x 107
E 1kglk o 23.12 2.0516 x 1o'h
btk 13.17 1.1699 x 107"
~ 1hko | 7.10 6.3044 x 1077
1432 5.70 5.0479 x 107
1403 3.30 2.9247 x 107
1397 2.70 2.4048 x 1077
1413 3.92 3.4880 x 1077

Least squares analysis of all 31 points yields:

Aﬂg = 133.9 * 1.3 Kesal

Asg 61.6 * 0.3 e.u:
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0.80 mm dismeter orifices

T(°K) _ Deflections (deg.) P calculated (atm)
1534 95.25 4.2506 x 10~
1533 83.05 3.7062 x 10'h
1527 8k4.05 ' 3.7508 x 107
1490 41.75 1.8631 x 10’)4
~ 1469 28.15 1.2562 x T
o 1432 13.25 5.9130 x 1077
E 1k02 6.80 3.0346 x 1077
1370 2.95 1.3165 x 1077
" 1k21 10.45 4.6634 x 1072
1455 19.35 8.6351 x 10~
1481 35.05 1.5641 x 107
1516 66.65 2.9743 x 10~




T(°K) Deflections (deg.) = = P calculated (atm)

1528 77.70 3.467h x 107

11512 ' 57.30 2.5571 x 10‘h

1k79 30.80 1.37h5 x 107

1490 37.40 1.6690. x 10'h

1505 49.4%0 2.20k5 x 10"h

o 1503 46.35 2.0684 x 10'll
g 1480 30.05 1.3410 x 107
= 1bh7 15.%0 6.8724 x 107
- 1416 . 8.30 3.7040 x 1077
k27 10.10 4.5072 x 1077

- 1450 15.50 6.9170 x 1077

1422 9.90 44180 x 107°

1397 5.15 2.2982 x 1077

1380 3.30 1.4727 x 1077

Least squares analysis of all 26 data points has:

AHC
v

130;8 + 1.6 Keal

Asg 61.6 * 0.5 e.u.
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1.00 mm diemeter orifices

T(°K) Deflections (deg.) P calculated (atm)
1526 150.60 3.6727 x 10'h
1513 123.00 2.9989 x 107"
1509 113.50 2.7668 x 10'h
1kg2 80.10 1.952k4 x 10'h
1503 98.30 2.3960 x 10'#
. 1523 137.30 3.3470 x 10’3
I 1489 ; 72.05 1.7569 x 10"h
= 1482 61.10 1.4892 x 10”
5 1366 4.85 1.1826 x 1077
11378 6.50 1.5842 x 1077
1k21 17.20 4.1948 x 1077
1hok 11.65 2.8382 x 1077
1436 23.20 5.6541 x 1072
1445 30.60 7.4526 x 1077
1450 31.65 7.7114 x 1077
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T(oK) Deflections (deg.) P calculated (atm)
1525' 150.55' 3.6700 x 1o'h
1515 ’ 122.65 2.9897 x T
1503 98.30 1 2.3961 x 107"
1483 61.50 1.4992 x 107
o 1505 , 102.55 2.5001 x 107
=] 1523 . . 13L4.20 3.2714 x 107%
é 1489 69.50 1.6942 x 10'h
‘ 1459 40.90 9.9657 x 1077
144 32.00 7.7993 x 1077
143k 21.95 5.3512 x 107
1k20 16.60 4.0513 x 1077
1435 22.55 5.5028 x 1077

Least squares analysis for 27 data points in 1.00 mm orifices has:
AHO = 133.9 * 1.2 Keal

64,0 + 0.9 e.u.

)
ASV

Least squares analysis of all six runs (84 points) has:

il

AHg 132.6 t 0.9 Kcal

63.1 + 0.4 e.u.

AS®

v .

When the corrections from deviations in the tin calibrations are

incorporated, the thermodynamic quantities of interest for strontium
sulfate are:

AHz 127.4 + 0.9 Keal

58.5 * 0.4 e.u.

AS?®
v
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