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THE KINETICS OF VAPORIZATION OF BARIUM SULFATE

Pirooz Moﬁazzabi
Inorganlc Materials Research Division, Lawrence Berkeley Laboratory
and Department of Materials Science and Engineering,
~ College of Engineering; Unlver31ty of Callfornla,
Berkeley, California 9LkT20
ABSTRACT
 Equi1iBriumfva§or pressures of baritm sulfate and free surface sub-.
limation pféséureé of (002) face of its single crystals were both -
measured fdrithé first time from a phase transformation temperature at
1422°K to 1540°K, using Torsion-effusion and Torsion-Langmuir techniques,
- respectively. The reaction was confirmed as
BaSO4(s) = BaO(s) + S02(g) + 1/2 0,(g)

for both equilibrium and free surface conditions. Calculations by Second

Law method yielded, for the reaction,

Aﬁg = 138.9 + 1.9 Keal
Asg = 60.2 £ 1.3 eu
for the equilibrium studies, and
. - .
AHv = 136.4 £ 2.9 Kecal
¥* -
ASv = 48.0 £ 2.0 eu

for the free surface sublimation studies.f Thus, within the'experi-
mental error,
TAH 25° are the sganda£d enthalpy and entropy for the equilibrium -

reactlgn while AHv ASv are called the apparent activation enthalpy
and entropy for the veporization reaction.
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aH, = AHC but AS. < 8s2.
v v v v

The rate of the free surface decompqsition rgactior(was constant,
within the 'experimental scatter in data, during the. period of the
measure'men‘t's'. This result indicates that. effusion.qf the préduct gases
through i::he"porous product layer is not rate limiting even when the |
product 1ay.er thickness is as great as 1 mm. The simplest model con-
sistent wif.h'vthese behaviors .a.ssumes thé.t Only'-3%_ ‘o:f the surface sites

are active for the vaporization reaction.




I. INTRODUCTION
An impoftanflfactor in determiningvthe usefﬁlness of materials at
high.tempeféfureé, especially in.high vac;ums,.is’the rate.at which the
materiéls véporize,. In recent years there'has'been a widespread interest
in thé'prbblem of improving our undérStanding of kinétics of vaboriza—
tion, both qualitatively and quantitatively. ™
AR .

=T

Ly . . . ) . . ) i
"Although extensive and often advanced studies have been done on

incongrueht Vaporization reaqtions of the form
AB(s) = A(s) + B(g),

‘rarely have ﬁhese stﬁdiés éxploited'the'full range éf exberimehtél tééh-
nigues or méthods of theoréticai analyses that have been applied for.
studies éf gongruent vaporization. Recently, Béruto and Searcy8 have
shownith;tntﬁe tofsion—Langmuif technique‘whiéﬁbwas p}eviously ﬁsed only
fbrAstﬁdies7of'congruént vaporizatidn,;yields valuéble.new exﬁé?iﬁentél
inféfﬁétién on calcite (Ca003).décompositidn. Furthermore, the kindsbof
thebretical analysis that have beén used for‘studies'of‘éongruéﬁt
vvaporiiation also’provéd appropriafé for intérpretation of céléite decom-
'position; déspité the ekpected complications introduced‘by férmation 6f
a porous producf layei. |

The rate of a congruent vaporization reaction is. almost él&ays
anaLyZed iﬁ terms of its deviations from the Heftz-Khuéseh—LangmuirA
equation,g'but, although the equation predicts thé maximum possible rates
for incongfﬁent vapofizatibn as well, these reactions ﬁave not generally

beén analyzed in'tefmé éf the Hertz—Knudsen—Langmuir eqﬁation.
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, Mo;f of the ﬁetals have been shown to have uniﬁ'vaporizatioﬁ [Jo2=
efficien;,,av,‘(thatris to vaporize at the maximuﬁ_péssiple rate pre-
dicted ffom‘equilibrium thermodynamic data and'the_Lengmuir equation),
which means that the desorption step is necessarily rate limiting.2 A

number of congruently vaporizing solids also show unit vaporization

coefficients, for example, (111) faces of barium fluoride,9 the arseno-
lite modification of Asuos,lo the (0001) faces of Lan,ll and poly-
12 | ;

crystalline white phosphorus.
On thé.other hand, for those solids which éhqw 10# vaporizatidn
coefficients, the interpretation of kinetics depends upon the relative
‘.magnitude‘éf Aﬂg and AH: and of Asg and As:. Among s0lids with low
vaporization coefficients are, for example, (0001) and (0001) faces of;

3 Sflh’ls\and amonium

zinc oxide single'crystal,l cadmium sulfide,
_ halides;e

' Aside from the information fhat'may'be obtained gbout reéction'
mechanismé from.é systematic comparisoﬁ of free'évéporation data wiﬁh

those predicted by the Hertz-Knudsen-Lengmuir equation, an entirely .

émpirical evaluation of trends in these deviations may be of great value

ih itself.l6 Since there is a.systematic deviation from the Hertz-
Knudsen-Langmuir equation for various classes ofjcbngruently féporizing
solids, unknown rates of this kind of reaction can be predicted witﬁ
higher confidence than almost any other type of reaction. This‘approach
should be useful.also for predicting rates of incongruently_vaporizing
solids. | | ”

As was mentioned earlier, Beruto and Searcy‘studied.the vaporiza~

tion of calcite. But a study of a second incongruently vaporizing solid
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wouid %e'valuable. Studies of barium sulfate single crystalsi(barite),
are of éspecial interest because (i) barite is from another class of
compounds’, (ii) its”vaporization‘is more complex than that of céicite,
in that it decomposes to two principal gaseous‘speciés, and (iii) no

information is available for its vaporization above its phase trans-

forméti¢n témperature.7
x

" Available thermodynamic data indicated that barite should vaporize
incongrﬁenfly according to the equation
BaSO4(s) = BaO(s) + SO2(g) + 1/2 02(g)
T

plus a negligible amount'of Soa in the temperature range of study.



- Torsion-effusion and torsion-Langmuif teéhniqués,,

measurements of equilibrium dissociation pressures and rates of dissocia-

4

II. EXPERIMENTAL.
17

were used for

tion in this work. The apparatus_is eSsentiaily'the same as the one

described by R. T. Coyle.1

l.

8

TSample Preparation: Barite single crystals collected approxi-

mately:three miles from Stoneham, Logan Co., Colorado, were énalyzed by'

the American Spectrographic Laboratories, Inc. .Théy_reported the

following>impurities as oxides of the elements:

sr ~ 0.15%
Ca ~ 0.005
si ~ .0.15

Mg .~ <0.001
Al , ,0;001'
cr | 0.00L

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

some ﬁere cleaved with a razor blade on the (002) planes, which is a

natﬁral cleavage plane of barite. Then by grinding the rear side of

these cleaved crystals, wafers. of about 1}5 mn thickness were dbtained;.

2.
bility
at tﬁe
barite

reacts

Cell Preparation: One of the problems of concern was the pdssi-
of #eactioh between barite and the material of the effusion éells
temperatures of study.l9 For example, graphite could reduée
to BaS. Molybdenum could be oxidized to iﬁs oxides. Alumina
with barite according fo the following equétion:

Algog(s) + BaS0,(s) = Ba(Al0,),(s) + S0,(g) + 1/2 0,(g).
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i
Platinum is a catalyst for the reaction

S03(g) = S502(g) + 1/2 O2(g)
It.was decided to try alumina cells because the solid state reaction
ratevbetﬁeen‘the cell and barite.would probably become negligible as
~soon as_avlaye; of Ba(AlOz)z was formed between the two materials. The
results.inialumina were éhecked by a heating in a blatinum cell;

Knudsen cells were made with orifices 1 * 0.0l mm in diameter, and
Langmuir cells were/made with orifice diémeters éf 4 + 0.01 mm. To
minimize the weight of the’ceil assémblies, é graphite cell holder was
used. = A protective molybdenum foil between the cells and the cell
holder?prevéntéd reaction betWeen the graphite and the alumina.

3. | Calibrations: |

| (i) A flat part of the temperéture profile of the furnace was
'fouhd in which.the vertical displacement of the cell of + 2.0 cm gave a
constanf'temperature to within 1.5°K, then the temperature inside a
dummy graphité cell was measured to calibrate a second thermocouple
placed»6 mm Below the cell holder.

(ii) Tungsten torsion wire of 0.015" was used. The wiré was céli-
brated by measuring its period of oscillations.when it sﬁpported a
brass‘disc with known moment of inertia.2o

(iii) Fihally the apparatus was calibrated By_measuring in the
appara£us thé well known vapor pressure of tin2l-—two independent runs
were made.

L. Barite Runs: Two independent Knudsen runé were made with
barium éulfate powder, and three independent Langmuir runs were made in

alumina cells using (002) faces of barium sulfate single crystals as
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thebvaporizing surfaces. In all of the cases, me#suiemenfs were ﬁade at‘
temperatures above lhé2°K, the phase tfansformation temberature of
barrite,7* and below its melting point, l62d°K.+ 'This range was chosen
because the decomposition pressures were too lOW»fo be measured with
satisfactory accuracy below the pﬁase transformationftemperature.
Another independent effusion run was made uéihg platinum cells of
0.9 mm ofifice diametef to compare ‘the results wifh those of alumina
cells. Again a graphite cell holder was used.
5.  The barium oxide thaﬁ formed in the Langmuirvruns'wasvexamined
by X-ray diffraction for métastable modifications of‘barium oxide. -
| 6. J. A. Roberts, Jr. kindly helped with the.ATLAS mass spectfo—
meter to determing the ratios of 80, to SO_., both from effusion cells

2 3
and from barite crystal wafers at the temperatures of study.

*¥The low temperature crystallographié modificationfof barite is
orthohombic, but its high temperature modification is unknown (see -
ASTM diffraction data cards of 1971). ' :

TAt the‘beginning of each experiment the cells were heated at high
temperatures of the range for about 1.5 hour to allow for degassing.
The total time for each run was about five to six hours.
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III. RESULTS
The tbrsion—effusion results of the tin runs are shown in Fig. 1.
| Least squafe anaiysis’gave the following calculated thermodynamic values
: . |

for the range of about 4125°K to 1550°K:

. o) B (o} .

Run # # of data pts AHV/Kcal ‘ ASv/eu
1 23 73.8 £ 0.8 . 26.8 * 0.5
2 - 13 71.9 * 1.h  25.6 * 1.0

 and for the combined data, i.e}, 36 data points

AH3'=‘73.1 + 0.7 Kcal/gm atom,
AS] = 26.3 £ 0.5 eu/gn atom.

The values in (21) at the mid-point of the temperature range of this

work (i.e. at 1490°K) is

o ‘

AH = T0.7 Kcal/gm atom
1490
o

AS = 2L, t
Lvso € 5 eg/gm atom

Third law heat calculation for tin with 36 data points gave

(o]
298"

while the value in reference (21) is 72.0 * 0.k Kcal.

= T1.7 * 0.1 Kcal/gm atom,

The torsion-effusion and the torsion-Langmuir results of barium
‘sulfate runs are shown in Fig. 2. Least square analysis gave the follow-
ing calculated thermodynamic values in the temperature range of study,
(about 1422°K to 1540°K):

Torsion-effusion:.

. . (o) o]
Run # # of data pts Agv/Kcal‘ ASV/eu
1 14 14k8.2 £ 2.8 66.1 * 1.9

2 17 142.5 £ 2.5 62.1 + 1.7



Pressure (atm.)
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Fig. 1. Equilibrium Vapor pressures of tin.
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sublimation pressures of barium sulfate.
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and for the combined data,

AH$:= 103, 7 2.0 Kcal/mole of BaSO,
ASE = 62.9 + 1.3 eu/mole of BaSO,.

Torsion-La.jngmuir:§

| Run_# # of data pts 'AH:/anI fﬁ;ﬁiﬁ
1 1 157.0 £ 3.7 . 6L.5 2.5
2 | 17 3.2 £ 4.0 52.1't 2.7
3 ut o st 39.5 + 2.7

and for combined data, i.e. 42 data points

* . 8
AHV =:141.1 * 3.0 Kcal/mole of BaSOy
)
Ava;-SO.T * 2.0 eu/mole of BaSOq.#

Extrapolation of the equilibrium pressures obtained from data in
(7) without correction for thelunknown decrease in heat and entropy of

decomposition at the transition temperature, 1422°K, gives

AHg = 143.4 Kcal/mole of BaSO,
.AS: = 65.4 eu/mole of BaSO,.

As can be seen from Fig. 2, the total pressurés calculated from the
lowﬂtemperature data fall above the total pressures measured in this

work by a factor of about 2.5.

§It is impoftant to note that the steady state sublimation pressureé dia

not show .any time dependence.

+In this run 18 measurements were taken, but after 11 measurements, the
pressures dropped suddenly, giving another parallel'plot of log P vs
1/T. Upon opening the furnace and looking at the cells, this abrupt
decrease in measured pressures was found to be due to displacement of
one of the crystals in the cell.
#Although the standard deviations are small in combined data, the real
uncertainty is higher because of the deviations from run to run.
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As mentioned earlier, an independent torsion effusion run was made
with barium sulfate, uSing platinum cells. The fotal preésures obtained
in this experiment were comparablo to the total préssures obtained from
alumina cells, but the slope of thé plot was 12% lower. Since no
temperature calibration was made for the piatinum cello, the platinum
cell data was not used for calculation of the heats and entropies. But
the plaéinum ceil run‘showsvthat the reaction between barium sulfate and
alumina; in the alumina cell is negligible.

In calculations of the heat and the entropy of barium sulfate decom-.

!
{

positioﬂ an equation of the form

2n°*) | as2(™) |
1inP = - ———3§ (%) +2l—=—_p (1)

3 R
- has been used, (see Appendix 1), in which P is the total pressure
_measured, and D is a consﬁantbwith the value -0.97ko0.

The deviation in ﬁeats and eﬁtropies for different independent
torsion-Langmuir runs with barium sulfate are unusuélly high. These high
deviations are probably not due to errors in experimentally measurod
quantities such as temperature, deflections or sample areas, beoause
heats and entropies for torsion-=effusion runs with tin and barium sﬁlfate
are much less scattered, and £he tin data are in good agreement with the
accepted values. |

The. heats and entropies measured.for barium sulfate decomposition
with either eouilibrium or free surface vaporization techniques should
be corrected by the amounts neoeséary to bring heats and entropies

measured for tin under nearly identical experimental conditions into
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exact agreement with the accepted values for tin. . This is becauée the
meaeured slope‘and intercept for tip are higher‘than the accepted velues
by 3.4% and T7.3%, respectively. The corfeetion iS'madebby multiﬁlying
each slope by ratio of the slope obtained for tin to the slope obtained
for it ffom (21), and subtracting from each intercept the different of
the two intercepts obtained from the sources mentioned, and then recal-
culating heats and entropies from these corrected values, using Eq. (1).
The .corrected heats and entropies are as follews:

Torsion-effusion:

AH:)’ = 138.9 + 1.9 Kcal/mole of BaSO),

Ass_ - 60.2 * 1.3 eu/mole of BaSO b

Torsion-Langmuir:

AH:‘=.136.M + 2.9 Kcal/mole of BaSO),
- Asi = 48.0 * 2.0 eu/mole of BaSOj.

No third law calculation is made for the bariumjsulfate data‘becauee
high tempefature free energy functions are not'availeble, and the heat
of transition from the low to high temperature cfystal modification is
unknown.

Despite the precaution exercised to protect the barium oxide formed
in the decomposition reaction from hydrolysis, the X—ray studies on the
suiface ef the Langmpir specimens shewed nothing bﬁt a few diffraction
lines which are expected for o and B modifications of barium hydroxide--
it was not possible therefore to determine whether the oxide produced in
the decomposition reaction was the stable crystelline form of barius

oxide or an amorphous or metastable form.




13-

B

+
In the mass spectrometer studies, the intensity of SO; was found to

' +
be over two orders of magnitude higher than 803, both in the effusion

case and for the free surface sublimation. Since the SO3 intensity in-

creased'with time in an unexplicable manner, a quantitative interpreta-

. | : o
tion was not possible. However, the mass spectrometer studies confirmed

the reaction

BaSOu(s) = BaO(s) + S02(g) + 5 02(g)

as the Jrincipal reaction for both the equilibrium and free surface sub-

limation..

i
|
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1v. DI.SCUSSION-, | .

The direct measurements of barium sulfate dissociation pressure at
the trgnsition temperature between the lov and high temperature ﬁodifi—
cations yieided values tﬁat were ébout 0.4 times tﬁe value predictéd by
combination_ofvdata for barium oxide, oxygen and.sulfur dioxide with
extrapolated thermodynamic data ﬁeasured for barium sulfate at loﬁer
temperatﬁfés. ' The tiﬁ_vapOr pressure determinations in our'appara£u§ in
the_samevgenéral temperature range as the bariuﬁ éuifgte pressure
measurements, differed less than 10% from the val#es,accepted bvaulfgren
) and co—workers.?l Furthermore, the measured heatﬂéf formation of bériuﬁ

22

sulfate is estimated to be uncertain by 5.0 Kcal,” and the extrapola-

tions required estimation of heat capacity datavfﬁr bérium'sulfatebin
the_rangé frbm 1300°K to 1540°K. Accordingly, the direct dissociaﬁion
pressufe.determinations of this study should be_éécepted as best describ-
ing'the thermodynamics of the dissociation reaction at and above thé_,
trahsition-temperature.v

‘The stﬁdies Qf fre¢ surface vaporizétion rates-fpr}the reaction
showed no measurable time depéndence. Measuréd pfessu:es in the free
surface éxperiment remained about a factor of 0;03lbélow the pressures
in the equilibrium studies. Thesé observétionsv;re intgresting to
examine in light of the fact that in the time periéds studied, the
barium oxide layef.on the sulfate surface grew to a thiékness of neéfly
on; miliﬁeter. |

Because of rapid hydrolysis of the.barium oxide layer even when

transfers of the samples were attempted in dried nitfogen, the form of

the pores through the oxide layer could not be observed. But Beruto and
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Searcj'8 foﬁnd»for calCité decomposition that most porés iﬁ the caicium
oxide layer were of about 2U diameter or less. Assuming similar pores
fof thevbérium oxide layer of this work, pore diménsions can be
estimated. Theoretical calculations show that at the beginning of
‘measurement, (after about 1.5 hour degassing at high temperatures); thev
oxide_layer'was about 500u deep, while at the end it ﬁas about 94Ou

% : ,
deep. Using the Dushman aspproximation for the Clausing factor#23 at

. l
large values of %/a,

30

in whicﬂ "2" is the length of the pores and "a" is the radius of the

pores;'the Clausing factors, K', for the pores gt'the beginning And the
end of %he méasurements are calculated to be about.5.3 X 10-;3 and
278 x ldi3§.respectively.

If the gaseous molecﬁles escapéd from the pores by simple pore
‘effusion, we would expect the pressures'to'be only about one~half as
great at tﬁe end of the measurements as at the beginnihg; Because the
pressures did not decrease with time, we conclude that the gaseous’

species probably escaped from pores by surface diffusion rather than

pore effusion.

*¥The porosity of this layer was calculated to be about L48.3%.

#Since the force correction factors and the Clausing factors are similar
in‘magnitudes,2' for the purpose of this estimation, Clausing factors
instead of force correction factors have been used.
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It is'interesting to notevthat since for large vaiues of %/a, K'
becomes'proportionai to 1/, even:if‘the pofe diéﬁéters'were conéider;
ably highef than those we assumed for the calculation; a decréase-of a
factor of about two in measured pressures would Sﬁill be expected during
the time of the measurements. |

The ratio of the measured rates of free surfaco_dissooiation found
in this study for barium sulfato decomposition ahd found by Beruto and
Searcy for oélcite decomposition are similar, abou# 0.03 and 0.02,
respectively. - The similarity in - these valuos is probably fortuitous,
however? in that experimental e?idence suggests that the rate determining
steps ihothe two reactions may well be different;

As was ﬁeotiohed earlier, Searcy has developedva modele’l3 for
vaporization reactions, in which a set of surface reactions are followed 
by the désorption step. He makes the provisional assumption that the
rate of a vaporization reaction is controlled by'ﬁhevdesorption step and
‘compares the experimental results with the predicted :esulfs as a ﬁeans
of testing the assﬁmption.

Thus he shows that for a desorption step to be rate limiting, the
appareﬁt heat of activation for vaporizatioh, AHz, must be greater than
or equal to the equilibrium heat of Vaporiiatioo,vAﬁz, and cannot.be
less than it. If AH: < AH: then a surfacevstep réther than the desorp-
tion stepbmust be rate limiting. On the other hand, if AH: > AHg and
ASi = Asz, then he argués that the desorption step'is probably rate
limiting bot the species leaving the surface in.the case of free
evaporation are either in excited states or leave excited sites on the
surface. Unpublished theoreticai analysis by Beruto and Séarcy of
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decomposition reacfion kinetics indicates that thesé genéral conclusions
apply also to those reactions.

Calcitéfshows the expected behavior for a deéorption—limited
reaction.' Bafiuﬁ sulfate decomposition, hoﬁever, sﬁows a third type of
behavior:2 | [ ‘

&~ M ena 85, < 550 |

The simplesﬁ model that predicts the data for solids with this
behavior is one fn which only a fraction of the surface equal‘to the
ratib of.obsérved flux to the equilibrium flux is active in the vaporiza-
tion process’and{desorption of the equilibrium ré#ction products is rate
limiting. For barium sulfate, since o, = 0.030,# if this model is
correct, énly 3% of the exposed surface area is aétive. ‘The observed
behavior may reflect the fact that only a fraction of sites may be

active in effecting the irreversible dissociation of surface complexes

to SOz and Oz.

#This is the value of o, at the mid-point of the femperature range. The
value varies within 2.3% of its value over the entire temperature range.
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APPENDIX 1 _ o |

In the steady state effusion through the orifice of a Knudsen cell

in which barium sulfate decomposes according to the equation’ i’
BaSO4(s) = BaO(s) + S0,(g) + 1/2 02(g),
the flux of SO; mdlécules must be twice the flux of O, molecules, so.

= : !
Is0, = 290, | _

: !
~But since according to the kinetic theory of gases

P
(emvrr)L/2
then
Py, 2P,
' 1/2 ~ . 1/2
(2NMSOZRT) (2ﬂM02RT) _
1/2
¥s0,
o Pso, = 2Po, \
02

On the other hand, since | o : |
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then
1/2
MSOz)
P= P02 2 Mo + 1
Q2
. . = P
.o i Poz = M j 1/2 (l)
{2 + 1
M02
and '
o P (2)
Fs0, = '

=

\ 1/2
M02
+1
MSOz
The equilibrium constant, Keq’ for the reaction is given by
1/2

Substituting for PSOZ and Poz'from equations (1) and (2), and manipulat-

~ing the result gives



=20~

o 1/2
: MSOz
2 M'02 -
- : _ »3/2 _ 3/2
eq - 1/2 32 *F P
( MSOz >
2 +1
Mo‘2
wWhere
. /2
< MSOz
2 M
0
C = 2
M 1/2 3/2
< SOz>
2 + 1
{
M02
On the other hand we have
AH:Z 1 Asz
aneq=_R (E)fR

which upon manipulation give.s
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' - oa® as® ‘
1 2
“'P='3RV(E)+§<‘§1 ‘-D> (3)

where D = 1n C, and has the value of -0.9740.
Note that for the free surface sublimation we again use Eq. (3) but
, . . .
we replace AH3 and Ass by AHV and AS&, respectively. - Therefore, &s a

matter of brevity; we write

o s
o

e 0 e (52 ).
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