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: THE KINETICS AND THERMODYNAMICS OF DECOMPOSITION
~ 'OF BARIUM CARBONATE

Tushar Kanti Basu and Alan W. Searcy*

iMaterlals and Molecular Research Division, Lawrence Berkeley Laboratory

and Department of Materials Science and Engineering,

_University of California, Berkeley, California 94720

- ~ ABSTRACT
The equilibrium vapor pressure of barium carbonate and the vacuum

: decomp031t10n rates of the (001) face of its 81ngle crystal were measured
‘by torsion-effusion andetor31on-Langmu1r technlques, respectlvely; The -
rate of the free surface decoﬁposition reaction was constanr for producc

layers up to about 1 mm thickness. The apparent activation enthalpy of |

decomposition for the reactlon

_Baco3(s) = Ba0(§) + COZ(g)

is 225.9 RJ, which is less than the enthalpy of the equilibrium reaction,
252.1 kJ. The apparent activation entropy for the reaction is 53.5 J/deg.
- This entropy 1s also less than the entropy of the equilibrium reaction,
146.6 J/deg invthe temperature range studied. These results are shown

to oe’consistent with theoretical predictions'if condensed phase diffusion

or a surface‘step prior to desorption is rate limiting.
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INTRODUCTION

Nearly all of the many reported measurements of the kinetics of
decomposition of calcite (CéCOB) gave apparent eﬁthalpies of activation
approximaﬁely equal to the standard enthalpy of decomposition.l Recent
measurements Qith single crystals in vacuum, ﬁowever, yielded apparent
enthalpies of activation about ZOZ higher than the standard enthalpy of
dec:omposi_tion'.”2 It seems probable that, as contended by Hills3 from
analysis of transporﬁ data,vvapor or heat transﬁort rather than a chemical
step have limited_ﬁhe calcite‘decompoéition rate quer_the conditions
of study that.have usually been uéed.'

' There is, however, an alternate possibilitf. The decomposition
rate of calcite in vacuum must be dependent; at least in part, on the
rate of forﬁation of a metastable form of calciuﬁ okide, which was
found in the vacuum study but may not bé formed in_air.2 It seemed
desirable to study a different carbonate reaétion in vacuum to determine
whether a metastable oxide product is formed in that reaction and to
find wheﬁher_or not the activation enthalpy is highér than the enthalpy
of the equilibrium reaction. | |

Barium éarboﬁaté pr§vides.a pafticularly iﬁtéresting'subject for
sﬁch a study because no previous measurements of either iﬁs,fate of
.'decompositionAof of its equilibrium.decomposition pressures'have been

reported. -Arsingle.apparatus can be used to obtaiﬁ both the kinetic
-and equiliﬁrium data, and COmparison of the two provides useful iﬁsight

into the reaction mechanism.
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" EXPERIMENTAL

A torsion apparatué4 described.by Coyle5 was used to measure thé
recoil force‘exerted by a vapor effusing into a vacuum from a small hole,
and to measure tﬁe recoil force imparted to a séﬁple Sﬁrface‘by
vaporizing ﬁélecules. In eifher kind of study, vapor escapes through
eccentrically pléced orifices in a rigid'structure which is Susﬁended
from a fine Qire, thereby exerting forces which produce a torque on
the wire. Tﬁé'vaﬁor pressure can be calculated from the angle through

which the cell is rotated by means of the formula4

P = 2¢D/§ qiaifi

where P is the vapor pressure to be measured, D is the torsion constant
of the wire, 9y is the perpendicular distance from the cell center
to the axis of an orifice i, ai-is the area of the orifice, fi is the

6,7
a

force reduction factor due to finite orifice channel lengths, nd

¢ is‘thg anglg through which the cell is/rotatéd.

Withefite (BaCO3).natural single crystals thained'from Hexham,v
England, weré foundvby spectrographic analysis to céﬁtain 3.07 Sr,
0.035 Ca, o.‘ods si, <0.0.61'M.g, 0.001 A1, <0.001 Cu. ;Ifhe crystals were
cut with a diamond saw along the (001) plane in 6?der-to obtain l-mm
thick wafers. 'Péwdered barium carbonate of 99.97% purity.was used
for the eqdiiibrium studies.

| Two cylindricgl alumina‘cells:(99.5 purity) were mounted ﬁith

_ tﬁeir cylindriéalvaxeévhorizontal in'é light weight'gﬁaphite cell holder.
Molybdenﬁm foil between_cel1s_aﬁd the cell holdeﬁ prevented reaction

'between'the graphite and alumina. The alumina cells were designed so

Sl canpeboopop
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that they could be used interchangeably for torsion-effusion and
torsion—Langmuir studies. The torsion constant 6f the wire was

0.7219 dyne—ém—rad-l. The moment arms were botb»l.OA cm. Orifice and
collimatihg geometries for the Knudsen cells and Langmuir cells are
given in Table I. .

A regioh of the furnace was fouﬁd in whichva'vertical displacement
of the cell of 2.0 cm gave a constant temperature to within 1.5K, then
the temperat@re inside a dummy graphite cell was measured to calibrate
a second therﬁocoﬁple placed 6 mm below the cell holder.

The cell assembiy was suspehded from a 38y diameter tungsten wire.
The torsion;constant'of the wire was determined.from its period of
oscillation when it supported a brass disc with known moment of
inertia. The:constant was checked repeatédly to insure that it remained
~unchanged to within 5%. The apparatus was célibrated with sodium
chloride for which the equilibrium vapor pressure is well known.

Two independent efquion runs were made with barium carbonate
powder and twd Langmuir runs were made with (001) faces of barium
éarbonate siﬂgle crystals as free vaporizing surfaces. In_all.cases, the
pressures were measured at temperatures above a phase transformation
at 1023K. The low femperéture crystallographic ﬁodificétion (witherite)
is orthorhombic and the high temperature phase is hexagonalv(éragonate—
type)ql

‘At the beginniﬁg of each run, the cells wefe,héated at about
_110OK untii the ambient pressure in the furance fell to 5><l,0-5 Torr or
less. USuallfzéhatAﬁressure was reache& in 1 to 1—172 hr. 1In ahy

particular.run'from 10 to 16 points were taken with at least 15 min being
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allowed after. each temperature éhaﬂge‘in oraer to ensure that
equilibrium>wéé reached. The effusion measurements were corfected by
the force—cofrection factor for finite channel léngths,6 but factors
were not used for the torsion-Langmuir meaéurements. Bacause the
evapération'ﬁdéfficient is 1ow,_the condensatidn.coefficient of
ﬁblééuiés féﬁﬁrﬁéd to:the_sﬁrface after collision ﬁith a wall should
éléovbe 10w,8>and these moleculés shduld'eventuaily eécape.
The-bérium oxide that formed in Langmuir runs was examined by
X-ray difffaction for.p0ssiblegmetaséable modificafions. A scanning
électron'miCroscope.and optical microscope both were used to examine
the various surfaces before and after partial decomposition had taken
plaée; |
RESULTS

" Two tqréion effusion measurements of sodium chloride yielded by
leasf Square'aﬁalysistﬁg = 243.5+3.3 kJ, Ass = 171:512.9 J/deg,\ahd
AHS =’238.5£é.8 kJ, AS) = 162.7+2.9 J/deg for the standard molar heats
and entropies of vaporization. The combined'data_give AHz = 240.2+2.9 kJ,
and A83'= 164.8+2.9 kJ. The accepted values9 at the midpoint of ;he '
temperaturé range over which this wdrk wés conducﬁed are AHg = 231.8 kJ -
and AS] = 153.9 J/deg.

v 'Figure‘l,shows tﬁe'results_obtained for barium carbonate
‘decompositiOﬁ_withlfwo differént'qrificé geometriég. _Severai ﬁreliminary
.runs-made'wifh a 50u wire agree, éxcept for‘grea;gr scatter, witﬁ the
data obtained with the 38j ﬁilvwire as long és:the'brifice géometry
‘was constaﬁtf. There waé! héWeVer, a mérkéd”itend'in observed pressures
E with-effusiénrqrifice size;_highef ﬁréssﬂrés were obtgined with smaller

eltaonbran S
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orifices. Equilibrium dissociation pressures were calculated from

the éffusion_data by means of the Whitman—Motzfeld-lO’11 equation
- fa '
Peq = Pm(l + M) , : (1)

where Pm is.the measured effusion pressure, o is the decomposition
pressure coefficient, and A is the effective vaporizing surface area.
From the slopes and intercepts of the calculated equilibrium curve
(Fig. 2) the_standar& molar heats and entropies of dissociafiﬁn to
barium oxide aﬁd cafbén diéxide gas were calculated to be 256.5*7.5 kJ
and 153.6i$ J/deg, respectively.

Tofsion—Langmuir measurements for the (001) face gre shown in
figf 2. Leasf square analysis of the combined daté yields for the
‘apparént enhalpy and apparent entroﬁy of decomposition 230.li§.5 kJ
‘and 58.6+3.7 J/deg. |

| To minimize the effect of any systematic efrdfs of.the system
in temﬁeréture or pressuré measﬁrements, the heafs and entropies
measured for barium éarbonate decomposifion»with either equilibrium or
free surface vaporization techniques were corrected by thé amounts
ﬁeéessary to bring heat and entropies measured for éodium éhloride
under nearly identical experimental conditions into exact agreement
with the accepte& values9 fot sodium chloride. The cérrections were
made by multiplyiﬁg measured'torsion;effusion apd.forsion-Langmuir
carbon dioxide pressures by the ratio of accepted sodium chlo:ide
preséﬁres to mgasured sodium chloride pressures at two different
'temperaturés. The corrections in pressufgs were 52 or less in the

*  range of study. From the slopes and intercepts of the resulting new
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curves of log P vs 1/T, corrected heats and entropies were calculated.

The corrected molar values are:

Tbtsion;effusion:: AHz = 252.1%7.5 kJ.

Asg = 146.6%5.0 J/deg."
TOrsion—Pangmuir: AH; = 225.9%6.7 kJ

8S} = 53.5$2.9 J/deg

X-ray diffraction studies on ﬁhe surfaée of Langmuir specimens
sﬁowed the iayer of étable é:ystalline barium oxide which is formed on
decomposition is in its normal étfucture (NaCl—typé) with the cryétallites
randomly oriénted‘relétive to the carbonate suffacéf_ X~-ray patferns
also shqwéd,tﬁéf the undécomposed bortibn of the carbbnate was.
vreconvertedvfxbm the high temperaturé modification to a single cryétal
of the orthorhombic’modificétion after heatiﬁg. Thé surfaéesvafter
vaporization_wéré exémined with fhe scanning electroh microscobe.' Pores
were obsefvedvtb be about 1y in diameter. These potés result because
the decomﬁoSiti@n of witherite, which has a mblal'vdluée of 44.5 cm3,
'yiélds barium o%ide for which the molal volume ié 26.8 ém3.

| Discussibﬁ |

In sevefai obﬁious pafticulars'the_decompoéition behavior of
barium carbonate ié.similar‘to(that for calcium cérbbnate:z Decomposition
of each proééed; along a linear front and’thevdecompoéed carbonate is
repléced by a-layer>of metal oxide plus pores withicombined Qolumes
eéual to the vqluﬁe of the iﬁitial cérbonate.' Thé.pdrosities calculated
from the relative mblar Qolumes in gach reaction are high¥;54% for

calcium carbonate decomposition and 40% for barium carbonate. Both

Lt eaonoprbkocng
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decompose at rates much lower than the maximum péssible ratés, which

can Be caléulated from the Hertz-Knudsen-Langmuir equation;2 calcium
carbonate dedompoSesbat 10_3 times the maximum'rate.and barium carbonaté
at 2X10-4vtimes the maximum rate. The rates of decomposition for both
carbonates are independent of product-layer thiékﬁess.at least until
thicknesses of 1 mm are reached.

But_btﬁer features of the two reactions arevvery>different, and
in-coﬁsequenéé, it is clear that the reaction mechanisms muét be
different. Iﬁportant observational differences are: 1. Because the
.pofes'through;the calcium oxide layer were too small to observe at
3060 ﬁagﬁifidations, they must be 1¢ss than 0.1u>in diameter; while
pores through the barium carbonate averaged about 1lu diameter. .

2. A30u fhiék layer of a metastable formiof'calcium oxide was found
by micrographic and X-ray diffraction examination between the calcite
and the growing layer of stable oxide;vnd intermediate solid layer was
identifiaﬁle-inlbarium carbonate decomposition. 3.- For calcium
carbonate-décomposition the apparent activation enthalpy was found to
be abéut ZO%Ihigher than the enthalpy of the equilibrium reaction and
fhe apparent eﬁtropy of activation calculated by means of the Hertz-
:Knudééh—Langmuir équétion was found to be almost the same as the
entropy of the equilibrium reaction. But for barium carbonate
deCompositibn bbth the apparent enthalpy and_the épbérent entropy of
decomposition were significantly less than the equilibrium values.
The enthalpy observation fbr barium carbonate is particularly
Iinteresting because previously no carbonate'has been known to have an

enthalpy of decomposition smaller than the enthalpy of its equilibrium
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reaction. However, it is the low apparent entropy of activation that
is the more useful olue to the reaction mechanism. |

Until»fecently it was commonly assumed that.the rate limiting
cnemical prooeés in a decomposition reaction must always be one that
occufs\on"fhevsnrface-of the reactant phase. But:Searcy-and Beruto >
have shown tnat éteady stnte decomposition rates for any particular
reaction con1o1depend, not only on the rate of a surface
step of the gnseous component of -the reaction, but also upon the rates
of three édditional necossary steps: Diffusion"of the eventual gaseous
reaction‘pfoduot along the interface between reactant and solid product,
diffusion of~the solid_oompdnent‘ofvtné reaction (here barium oxioe)
" along the portions of reactant phase which are frontod by pores,fand
'tfansfer of‘tho'solid reaction component from the reactant phase to the
solid produco:pnase.éoross inteffaces between the reactant phase and
ﬁhe-solid-product phase.

The simnlest interpretation'of the calcite daté‘is~that all steps
" of decomposition to the metastable calcium oxide arebat'equilibrium
“and - that thevdifference.between the apparént activation free energy for
decomposition and the frée energy of the equilibrium reaction‘ié simply
the free énergy of formation of the metastable oxide.12 Such an
interpretation could not explain the bnrium carbonate rate data even
if it were aésumed that the immediate product of barium carbonate
decomposition is a metastab1e~barium oxide layer which is too thin to
détect. vThevhypothetical‘metasﬁable oxide would have to form from'
the stabie oxide with ‘an entropy change of -93 j/deg—mole (the apparent

'v entropy of activation minus the entropy of the equilibrium reaction).

Bl ennpkpbs0o00
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This would Be'essentially an impossible entropy difference between a
metastable soiid and the corresponding stable solid.

The rate data for barium carbonate are also inéompatible with
either of the alternate assumptions: 1; that the slowest step is
desdrption of carbon dioxide or 2. that the slbweét step is transfer
of bariumfoxide across the interface between the cérbonate and‘solid
oxide phases with condensed phase diffusion and the surface steps of
the carbon dioxide maintained at equilibrium with the barium oxide
component of the barium carbonate phése.

The'io& apéarent activation enthalpy measured for barium carbonate
decomposition is sufficient evidence to eliminate desorption of carbon
dioxide in excited states as the rate limiting step. Exactly the same
argﬁments thch ha;e‘been applied in vaporizatién reactionésalso apply
for a decémpdsition reaction. The apparent acti&atiqn enthalpy measures
tﬁe difference betweeﬁ the enthalpy content of thé activated pomplex
in a reactioh-and the reactant. - Unless that différence is at least
as large asvthe enthalpy difference between equilibrium reaction
products‘and reactants, the activated complex cannot have acquired the
" minimum enthélpy content necessary for desorption to the gaseous prodﬁct
plus formétion of the solid reactioﬁ product. |

If the interface transfer step for the barium oxide were the
slowest of the four steps that are required for.the steady stéte reaction,
the‘chemicél potential of the barium oxide component of the barium
catbonate'pﬁase would rise and the chemical potenfial ofvthé gérﬁon
~dioxide component of the»bérium carbonate would fall until the reaction

fluxes of barium oxide leaving the carbonate phase and of carbon dioxide
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leaving the carbonate phases>ére equilized byvtﬁe"increaséd driving
fdrce for”bafium oxide eScaﬁé and the decreased driving force for
carbon ‘dioxide escapé, With.the very well juétified'assumptioh that .
the integral-free eﬁergy of formation of the bariﬁm carbonate’during

B steady‘staterdégdmpoéifion is negligibly different from its equilibrium
value, Searcy'and,Beruto's-solution for COZ,'the sﬁeady state molar
flux of carbdn‘dioxide, then is | |

N2 |
J = (k,k (2)
co, (1002) ' S . |

wherg»ki is'the'rate constant for the interface transfer of the barium

oxide and-kcov'is the rate constant for diffusion of CO2 or for a surface
S 2 . o v ' :
step of carbon dioxide, whichever is slower.

If it is now assumed that the slowest step for the carbon dioxide

reaction component is the final step of desorption, Eq. (2) becomes

- 1/2

. ; PR /2 foe#p.ASO/R‘ exp —AHO/RI>
Jeg. = [%I e%p<AS.I/R_) exp(- AH:/RT>] ‘ ( ‘(’zm)mT)l/(z Y '(.3)

2

whéfe'n'is the number'qf moles of BaO per unit éréa of the first monolayer
of.barium'bxide éiong.the barium carborateﬁbarigm 6xide interface, k

is the Boltzmann coﬁstant, h is Ehe‘Planck éonstant,'Asz and AH: are

_ the molar'aétivationentropy and enthaipy of the interfacial step, P°

is the standafd'pressure of the gas (1 atm, exprésséd; however, in
consistent units), R is the gas COﬂétént; M is the molecular weight of
carbon ‘dioxide and Ass and AHs are the stahdara'entropy and enthalpy

‘of the equilibrium reaction. = SRR

i
e,
LEY
fony
5
comen,
o
.
b
nr:‘?;

“0o0
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The firét bracketed expression in Eq. (3) is the value for ki
obtained'by'means of absolute reaction rate theory.,l3 The second
bracketed expression is obtained by assuming that the rate constant

for a desorption that proaucesz;gas which is at thermal equilibrium is
independent of the chemical potential of the adsorbed gas; then because
in the derivation of Eq. (2), the activity of a gas was defined

as unity when phe gas is at its equilibriuq pressure, the rate constant
for desorption is identical to the expression for the flux of the gas
which would‘be produced by the gas whep present at its equilibrium
decoﬁposition pressure. | |

The temperature dependences of terms of Eq. (3) other than those
iﬁ exp(-AH/T) are negligible compa:ed-to the température dependence of
vthe terms in exp (-AH/T). ;n consequence, if an interface transfer steﬁ

for barium oxide coupled with desorption of carbén_dioxide determines

the decompositidn rate the quantity

kT x \]1/2 Poexp'Asz/R 1/2 |
[&T‘exp(ASi/RH 72| @
(2TMRT) |

should have the same value as J calculated from the intercept of a

co,
'vs 1/T to 1/T = 0.

CO2

linear extrapolation of 1ln J
Ffom the crystgl Structure of barium oxide n is’kﬁown to bé

about 1.3><10_9 moles/cmz, eXp(ASI/R> should be of the order of 1, and

Asg is knoﬁq from the equilibrium measuremgnts to bé about 147 J/deg. |

The caléulated value of ekpfession 3 is 2><105 moles/cmz—sec whilé JCO

calculated from the'extrapolétion'of experimental data is lxiOZ. ‘Thez

calculated value of the second bracketed term of Eq. (3) should be in
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error By‘a féétor of 3 ét worst. The value calculated for the term
insidebthe first bracket would have to be in error by a factor of 10
to reconcile thevmechanism under‘cpnsideration’with the ekperiméntal data.
Such a large aggregate error in estimation of tﬁe factors that make up
thatrtérm séeﬁs‘highly unlikely and we conclude that the interfaée
transfer étép'gouﬁledeith desorption is almost.éertainly not rate limiting.

The slowést'step in the decomposition of barium carbonate in the
ﬁemperature range of this étudy must be the COnden;ed phase diffusion
of.one of the reaction componenté‘or a surface step of the carbon &ioxide,
prior.to désqrptibn; these remaining possibilities could give the observed
apparent enthalpies épd entropies of activation. - We‘havé initiated‘
experimentél and theorétical studies in our 1aborétory on the effeéts
on the net réfes of decomposition reacfions of Backgfound'pressures_of
‘the‘ﬁroduét gases}' Our theoretical énalysis suggests that the préssufe
depéndence of feéction'rates should bevdiffereht’ﬁhen the slowest step
is one.of the solid reaction component from‘when.thebsloWest step ié‘
one for the gas reaction component.
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Figure Captions.

Equilibrium pressure of barium carbonate. Dashed line is the

equilibrium pressure calculated by means of the Whitman-

Motzfeld extrapolation.
Langmuir pressures from decomposition of barium carbonate

single'crystals.
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