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THE KINETICS OF DECOMPOSITION OF BARIUM CARBONATE
Tushar Kantl Basu
Inorganic.Méteriels Research Division, Lawrence Berkeiey Laboratory |
. and Department of Materials Science and Engineering,
College of Englneerlng, University of Callfornla,
: Berkeley, ‘California 9h720
ABSTRACT” |
- The equilibrium vapor preSSure of barium carhonate and'the vacuum
decompos1t10n kinetics of the (001) face of 1ts 51ngle crystal were
studied by use of tors1on-effu51on and tor51on—Langmu1r technlques
‘respectively. The’measured equilibrium pressures.for the substance
showed a strong dependerice onbefquion_orificeveree."The apparent acti-'v
" vation enthalpy of decomposition for the reection
| BaCOa(s) Ba.O(s) + COz(g)
was found to be 54.0 Kcal, whlch is less then the enthalpy of the
equlllbrlum reactlon, 60 25 Kecal. The apparent entropy for the reaction
was 12.8 eu. Th;s entropy is also less than the entropy of the equili-
'hrium reectioné 35f05 eu, in the tempereture range:studied. |
The rate of the free Surface decomposition reaction was constent,'
_w1th1n the experlmental scatter in data, durlng the perlod of the
measurements, s0 the effus1on of product gases through the porous product
1ayer is not rate llmltlng.‘ The ratlo of the free surface decomp031t10n
pressure to the equlllbrlum decomp081t10n pressure - decreased in the “
-k -k

temperature range of study from 2. h x 10 . at llOO°K to 1. 9 x 10 at’ ‘

1200°K.



1. INTRODUCTION'
Decomposifion reactiéné,,that is.reactions of the type
aB(s) = A(s) + B(g)
are of considerable @ractical.importance'in'Qheﬁical procéssing of
minerals such as.carbohatés; hydroxides and hydrétes. Extensive effort
has been devoted'téﬂthe deferminationvof fhe,kineti&s ofldecomposition
reactions, but3élmost all studies have beén made with powderéd or
granular samples and in ihert‘atmospheres or low vacuum.

"Recent .work in our labbrato’ry dgmonsti'ates thaf the Lang‘muir‘.and.
torsion-Langmuir'methods for study of the kinetics of vaporization of
congruently vaporizing solids, are idéally_suited for the stﬁdy of decomé
position reactions. 22

‘In parficulér,>when'informatiOn_abQut the rate limiting surface
reaction step is sought, Langmuir and torsion-Lengmuir Studies of the
decbmposition bf'singlé crjstalé in vacuum haye several advéntages:

(l) fheIPOSSibility that intergfanﬁlar'gés.phase diffusiop may be slow
‘__enoughbtd influence the measured reaction rate is eliminated; (2) the

aréa andvthe3morphologY'of'the interfﬁce at which thé reaction proceeds
can be preciselj determined as a function of time.‘ With powdefs there is-
'often'cénsiderable unceftainty gbout thekeffective.area-of reacfion; |
which céntributes to ﬁncertainty or disagréement about the natﬁre of the
rate limiting prOCesé. (3) The ratio of the ﬁéasured’flui of 'gaseous
reaétion product ﬁhiéh leaves the reactant surface to thé maximum pbssibie
flux,‘which.caﬁ be pfedicted.from equilib?ium data and the kinetic theory
of gases,3 provides a valuable pafameter for. describing aﬁd:understand—'

ing the reaction kineties.
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The_las£ named_advant;ge ié potentially'iﬁportant.. The ratio of
the measured flux of vapor ié tﬂé’maximum flux bredicfed from the.
equilibriﬁm dissoéiafidn ﬁréssure 5y meané of the Hertz—Knudéen—ﬁangmuir
. (H-K-L) eéuationh proviées for eﬁdothermic decomposition reactions a
valuable,measure'of_thé irreversibility of the rate limiting reaction
| 5

step,;just as it does for simple Vaporization reactions’ and for éon—

gruent dissociative vapérization reaction.s-e'
Knowledge of the deviation'of decompoéitién rateé from the maximum

.possible rétes‘makes it easier to predict unknown:fates, whether or not

any mechanistic intérpretatibn of thé data ié attémpted.6' Most siﬁplé.

vaporization rééctiqﬁs and éoﬁgruént'dissociétive vaporization reactions
~ occur either at theif maximum bossible rétes 6r ét rates onlyvone or two
orders of m_agriitude lower, and the vaporization reactions of éhemically
.similar Sﬁbsténces show'genérally.éimilar,defiations_froh their maximum

possible rates. In conégquence, rates of vaporization.éan be prediéted
when eXpérimeﬁtal'measurémehtsvbf the rates are una?ailaﬁle with much
‘ greater confidence than is possible fér mdsf clasées of reactions.
Similar»regularities can be expected for endotherﬁic decompositibn

reaction. But additional Langmuir or torsion-Langmuir studies are needed

to establish patterns of systematic deviations of measured decompqsitidn

rates from predictions of the H-K-L equation.

To date‘the-Lapgmuir’method has been applied,oni& to study the

decomposition’of calciteljand'the torsion-Langmuir method has been applied

only to study the decomposition of barium sulfaté.2 Barium carbonate has-

been chosen as a substance to further test the applicability of torsion-

Langmui? technique. Though many studies have beep,made”of the kinetics -
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of decomposition of calcite,'no Studies havé béen made of thc decomposi-
| tioﬁ'of bariup carbonate; which at the tempcfaturc of . our decomposition
studies hcs the?aragOniﬁe-typé.étructure.9 |

Thermodynamic data? indicated that oarium cgrbonaie should decompose
accordigg fo:thc equatioo v |

| BaCO3(s) = BaO(s)‘+ COZ(S)-

The équilibrium decomposition préSsure was redetermined as part ofvthe
presenﬁ_study by the torsion-effusion iechniquerin order to confirm the

reliability of the thermodynamic data.



.iI. EXPERIMENTAL

The fofsion;eff:uSion_techniqﬁeh is é method fOr measuriﬁg directly
the récoil f@rée exérted'by'a vapor effusing into'a vacuum'ffom‘a small
hole, and ﬁhe torsion—Lanémuir téchniquehvis a method fof measuring the
recoil moméntum imparted to a sémple surface by vaporizing molecﬁles. Inr
applying both the ﬁethods, the cell_is suspended in a vacuum furnace by
a fine wire. Upbﬁ'heaiing, vapor escapes through eccéntrically placed.
orifices in the cell, thereby exerting'forces'Which pfoduce tofque on the_
wire. In a céll‘with two anti-pérallel orifices ﬁhiéh are cylindrical,
fhe individual torques resulting from effusion are additive. The ahéle
through thch the cell is turned is ﬁeasured, and from this aﬁgle the

vapor présSuré can be calculated by means of the formula
P = 2¢D/zqaf
where P ié the vapor pressure to be measured, D is torsion constant of

the wire; q is the perpendicular distance from the cell center to the'

aXis.of the effusing hole, a'is the area of orifice, f is the force

reduction factor due to finite orifice channel leﬁgths, and ¢ is the angle

"f_through which the cell is rotated. Values for f have been tabulated by-
: 10 : ' o1 '
Freeman and Searcy and by Schulz and Searcy.
The apparatus is essentially the same as the one described by

R. T. Coyle.™?
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A. :'Sample Pfenaration

Wltherlte (BaCOs) 51ngle crystals dbtalned from Hexham, England
were analyzed by the Amerlcan Spectrographlc Laboratorles, Inc, They

reported the follow1ng 1mpur1t1es as ox1des of:the-elements:

st 3.08
Ca 00035
si - . 0.005
Mg  < 0.001
A - 0.001
Cu < 0.001

The éryatala'were cut ﬁitn a diamond saw along the (001) plane in
order to obtain‘l mm thiek.wafers.’ The pbwdened barium carbonate Qf
.99.9% ?urity,was obtained from Maliianrddt Chemical Wprks,.St, Louis,
Mo.,'for»nse in the equilibrium studies.’

, B f ' © B. Cell Preparatlon

Two cyllndrlcal alumlna cells (99.5 purity) were mounted w1th thelr
Cyllndrlcal.axes;horlzontal in a graphlte cell‘holder. The graphlte cell
' holder,was usedlﬁecauée it'is'veryflight in weight. A protective molyb—
denum foil between'eells and the cell holder prevented reaction between |
the graphite and alumina. The alumina cella'were.deaigned so that they'k
could be used 1nterchangeably for tor51on-effu51on and tors1on-Langmu1r
stud;es.v The.tor31on constant of the wire was O. 7219 dyne-cm-rad
The‘noment arms were both 1.0k cm. Knudsen cells_and}Langmulr,cells of

- different dimensions were used. Dimensions are shown in Table I.
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Table I. Effusion geometries

i - ' _Hole diameter  V - 1id thickness -
Celr = (1) cm (2) (1) em . (2)
Knudsén:céll |
r 0.0820 0.083%0 g 0863 0.0880
2 . 0.1002 0.1001 0.0787 0.0840
Langmﬁir.cell, | | | | ' |
| 3 . b.295k | o.’2§5h  0.0792 © 0.0797

C. Calibrations

A region of the furnace was found in which a vertical displacement:
of the cell of % 2.0”cm'gave'é constant temperaturé to within 1;5°K,
then the temperature inside a dummy graphite>cell was measured to cali-

brate & second thérmocoﬁple placed 6 mm below the cell holder.

A tungsten torsion wire of 0.015" was used for suspénding the cell -

'aSSémbly; 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 repeatedly to insure that it re-

mained unchanged to within 5%.

Finally, the apparatus was calibrated with sodium chloride for which

the equilibrium'vapor pressure is well known.

D. Witherite Runs

Two.independent effusion runs were mede with barium carbonate powdér

" and two Langmuir runs were made with (001) faces of,bariumlcarbonate 

'single crystals as free vaporizing surfaces. In all cases, the pressures
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were measured at temperatures above a phasé transformation at 1023°K.
The low temperature crystallographic.modification‘(witherite) is orthor-
hombic and the high temperature phaselis hexagonal,9

At the beginning of each run,: the cells were heated at about 1100°K
until the ambient pressure in the furnace fell tofs‘k 10"5 torr_or'iess.
Usualiy that pressureAwas reached in one to one_énd 6ne—half hoﬁrs. In
any farticular runvfroﬁ ten to sixteen points werevtaken with at least
15 minutes béing alldwed aftef each temperaturé chénge in order to_ensure
thét equilibrium was réached. The effusion meaéuréménté were’correc£ed

10 but factors

by the force-correction factor .for finite cha.nnei lengths,
were not-ﬁsed for the‘torsion-Langmuir measurements; because the evapora-
tion coefficient is low, ﬁhe condensation coefficient of molecules re-
turned to the sﬁrface after collisioh with wall should also Be>low,6 and -
these moleéules should eventually escape.

‘The barium oxide that-fdrmed.in Lengmuir runs was.éxamined bf X-fay
idiffraction for possible metastable ﬁodificationé of barium.oxide. | |

A scanning electron microscope'and épticalvminoscope both were used
fo‘exémine the various surfaces Before and after.paftial decomposition

had teken place.
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III. RESULTS
The torsion effusion fésults of sodium chloride are shown in Fig. 1.
Least squafe analysis of thé data yield the.following calculéted thermo-
dynamic values given below:

Table II. Heats and entropies of vaporization

~ Run No. - No. of data pts - AHv Keal® ASv eu
1 » 17 58.2 + 0.78 - L1.0 £ 0.7

2 : 15 | 57.0 * 0.68 ~  38.9 * 0.7

A

and the combined data gives:

(o]

AHV = 57.h4 + 0.7 Keal/mole of NaCl

H+

(o] P .
ASv = 39.4 + 0.7 eu/mole of NaCl
The accepfed values (13) at the midpoint of the temperature range over
which this work was conducted is

. o .
AHv

55.4 Kcal/mole of NaCl

[¢]
ASv

36.8 eu/mole of NaCl

Several'iﬂitial'runs were made for.barium carbonate.with a2 mil diameter
torsion wire. The data were'somewﬁat scattered, and a 1-1/2 mil wire

was sﬁbstituted in'hdﬁes fhat the scatter would be reduced. Figurer2
 shows the results obtained with this smaller wirevusing ceils_with two_
differenﬁ orifice geoﬁ§tfies. The data obtained With‘the 2 mil wire:
agree, except fqr greater écatter, with data obtaiﬁedeith the 1-1/2 mil
wire as_long aé ﬁhe orificé geometry was conétant.- There was, however,

a marked trend in observed pressures with effusion orifice size, higher
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pressures were obtained with smaller érifices. Figure 2 shows aata for
 runs with the two differenf pairs of orifices. Additional data are
summarized in Appendix A. Equilibrium pressures were calcﬁlated from the
effusioﬁ data for barium'éarbonate by means of the Whitman—Motzfeldlh

equation:

= ' E .
v‘P eq = P.Qbs (1 + on! - (1)

where P obs is‘the meésured’effusion pressure, a is the effusion orifice
area, f is the‘associated ofificé'forée factér, 0 is vaporization co-
efficient and Aais tﬁe effective vaporizing surfaée area. The pressures
measured with the two different sets of orifices gave by the method of |
least squares ﬁwo separate curves of loé P fsll/T. The data from these
.tﬁé smodthed curvés.at two different temperatures Qere substituted into
Eq. (1) to obtain the equilibrium'prgssure as a,funéfion'df températures.
From the slopes and intércepts of the resulﬁing équiiibriﬁm curve |

(Fig. 2) the following thermodynamic values were obtained:

o] . . :
-~ OAHv 61,3 + 1.8 Kcal/mole. of BaCOs.

- o ] .
ASv = 36.7 + 1.2 eu/mole of BaCOs3

Torsion-Langmuir measurements for the‘(001) face are shown in
'Fig. 3. Least squafe'analysis of the data yields the values bf.apparent

' ehthalﬁy'and apparent entropy of vaporization shown below:

. Table IIT. Apparentbheats and entropies of activation

— ; . v N .
Run No. ~ No. of data pts © AHv Keal ASv eu

1 12 55.7 £1.5  1lb.h % 0.7

2 R TR Cosh2t19° k2t 0.5
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and the combined data gives

*
AHv = 55,0 = 1.6 Kcal/mole of BaCOj;

* . :
Asv 14,0+ 0.9 eu/mole of BaCOj;

As seen in.Fig. 3, two'indeﬁendent runs 1éad to congistent resulﬁs with
little experimental scatter.

The heats‘and entrdpies measured for barium”cérbonate decomposition
with.eithér equilibrium or free surface vaporization techniques shéuld bg]
gorrected_byvthe amounts necessary to bring heat and éntropies measured
for sodium chloride under nearly identical experimental éonditions into
exact agréemeﬂt'with the accépted values for sodium chloride. The cor-
.feétioﬁs wére made by multiplying measured torsion-effusion and forsion-
Langmuir carbon dioxide pressurés by the ratio of accepted (13) sodium
chloride pressﬁres‘to-measuréd sodium chloride pressuréé at two different
temperatures.v The corrections in pressures were 5% or less in the range
.of study. Ffom the slopes and intércepts of the resulting new. curves of 
logvP vs l/f, correéfed heatsiand'entropies were calculated.

The cbrrected values are: |

Torsion-effusion:

o
AHv

[}

60.25 * 1.8 Kcal/mole of BaCOs
. |

ASv = 35.05 * 1.2 eu/mole of BaCOj;
-Torsion-Langmuir:

1.6 Kcal/mole of BaCOjz

+

AHY = 54.0

Ast = lé.8 +.0.7 eu/mole of.Bacoa

Extfapolation of equilibrium pressures obtained from room_teﬁpera—
ture qalorimetric and heét éapacity data in (9) to the same'experimenta1 :

rgnge,ofAthisiwork_gives:
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[o]

AHv

61.6 Kcal/mole of BaCOsj

0.
ASv

37.h-eﬁ/molé of BaCO3
if the unknown heat. and énﬁropy_of'thé cf&sfallographic franéitioﬁ at
-1023°K are negleéted; The-tﬁb éets of'eqﬁilibfium déta‘are consistent
ﬁith an assumed heat Of'trahéitién of 1.3'Kcal/moie5 é réasonable.value,
but the uncertainty:is;of thé'ofder of 2 Kcal.

No third law caiéulation was made from the barium cvarbonate data
because high‘temperature free'enérgy funétiqns are not available and the
heat‘of transition from the‘lbw to high'ﬁehperéture:érystal modification

is unknown.

X—ray-diffractibn studies On'the surface of Langmuir specimens showed"

the layér bf stable érystaiiine'BéC which is'forméd_on.decompositibn is
in its normal structuré'(NaCl—type) with the'crys£allites randomiy
oriepted.relativé to the carbonateé‘surface. X—ré& patterns also shbwed
that,thé single crystal of orthorhombic barium carbonate was recovered
aftér'héating; :

Figure.h'is dn.dptiéal phbtogrgph of a crystal dfter'Vaporization
from the'(OOl) surfaée. it is aﬁparent from the figﬁre thét‘the_afea‘6f
vgpéfizat‘ioﬁ remained éubstaptially constént t_hroughOuﬁ the run. The
, v;porized surfades-aftervvapdrizétion wéfe.examinédvvith the scanning

,eléctron'microscope (SEM). TFigure 5 is an SEM photo taken at 1000X of

the product layer of barium oxide on the (001) face of barium carbonate. o

' The'pores:are about 1y or smaller diameter. These pores result becausé
the decomposition of witherite, which has a molal volume of'hh;S_cm3,

yields barium oxide for which the molal volume is 26.8 cm®.
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Fig. 4. (001) face after decomposition (optical photograph).

Bipg. 5 Scénning electron micrograph of center of Figure:h.
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IV. DISCUSSION

The sodium chloride vapor pressure measurements in our apparatus in
approximately the same temperature range as the barium carbonate pressure
measurements differed by less than 5% from the values calculated from
JANAF thermodynamic data.l3 Accordingly, the heat and entropy of decom-
position of barium carbonate, when corrected as described above, can be
accepted as best representing the thermodynamics of the barium carbonate
dissociation reaction at temperatures above the barium carbonate phase
transition.

Two aspects of the kinetic data are of special interest: the
dependence of the decomposition rates on time of heating at constant
temperatures and the dependence of the rate on temperature.

The rate of decomposition of barium carbonate at a fixed temperature
proved to be independent of the quantity of carbon dioxide evolved until
at least 80% of the barium carbonate had decomposed. This means that the
rate was unaffected by barium oxide product layers up to some 1 mm (1000u)
in thickness.

As stated earlier, most of the pores through the oxide layer are of

15

1y diameter or less. Dushman™ ~ provides an equation which correlates
for Knudsen flow the fraction K of molecules which, having entered one

end of a pore of length, %, and radius, a, will escape from the end of

the pore rather than return to the initial vapor source:

1
K= —gri—
1+5(8/2) (2)
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- According to Eq;v(2),.£hé'vaporization‘flux'shoold decrease with in-
creasing product léyer as:K'decreaSes with increasiﬁg £. For an oxide
layer 1000u thick and about ‘1u radius, the-expecﬁedvrate of escape of
carbon dioxide should be reduoed by a factor of aboﬁt 1000 below tho
iﬁitialtrate if the carbonate surface acté ao on~oQuiiibrium source.

But barium cafbonate clearly does not act as an -equilibrium source
of carbon dioxide when the decomposiﬁion is carried out in vacuum because .
the temperotﬁre dependence of.carbon dioxide evolution is different from
the temperature dependence of the.équilibrium vaporiZation reaotioo. It
is noteworthy tham'ﬁhile most, and perhaps all, of thé_apoarent activa-
tion enthalpies reported for decomposition reactions are either equal
to the enthalpies of the equilibrium decomposition reaction or ore
‘la_rger,s the apparent -ootivatiori enthalpy found for‘bariu;h carbonate is
- smaller. '

Tho low activation enthalpy is one of severdlfitems of‘evioenoe thatr
the kinetics of barium'carbonate decoﬁposition are fery different from
the kinetics of calciUm‘cérbonate decomposifion;‘ Calciuﬁ'carbonate, in
the form of calcite single crystals, Waé found to decompose in vacuum
by avprocess for which the apparent activation enthalpy 1s greater than
the enthalpy of the equilibrium decomposition reacﬁion.l .Furthermore,

a thin layef of a motastable form of calcium oxido was shown to be the
direcf product ofvtho decomposition of calcite while no such metastabié
pfoduct could be detected in the présent study. An:odditional important
differenoe between‘bafium cafbonate and calcium carbonate decomposition
in Vacuum.is that calcium carbonate was found to decompose_in the exﬁeri—

.mental temperature range at a rate ébout 1/50 the maximum possible rate,
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which cén be calculated froﬁ substitution éf eQuilibriuﬁ'dissociation'

pressure into the Laﬂgmuir equation,3 while er barium cafbonate the

observed rate was huch lower, about 1/5000 the méximum poSsible rate.
The rati§ of the observed flux JL to the-maximug possible flux Jm

i.e. JL/Jm = PL/P eq = o

Q> the decomposition coefficient, provides a

useful measure of the irreversibility of a decomposition reaction;l

For barium carbonate d the decomposition coefficient was fbund to be

q°
1.8 x'lO”Ll at ﬁhé midpoint of the wbrking’témperature-rangev(ile. lO66°K)..
When the effective surface area of,sampies in the effusion éell is |
aSsumgd to be fhé crosS—secfional area éf the cell, a value %y =.10-3
is calculated from'tﬁe Whitman-Motzfeld equation (Eg. (1)). Since the
_effective argé fbr deéompositibn.inéide'the cell can be larger than cross->
vsectignal area by an unknOﬁn.aﬁount, this second value is an uppef limit_
vhich is cdnsistent with the valuevcalculated from the_forsion-Langmuir‘
data. |

"Thé Very low decdmpoSition coefficient-for béfiuﬁ éarbonatevéan'
account for the fact that SUbstantiai reduction ih carbon[dioxidé flux
p?edicted:by Dushman's relétion to result from the porous.oxideilayer is
-not observéd. Searcy and Berufol6 have derived aniexPreésion that showé
. thét for‘an irreversibie decompositioq reaction a_poréus layer will_
measurably redﬁce.the rate only‘when the ratio a/f for the poréﬁ becomés'
as Small=§s the value of the decompositidﬁ coefficient, ad. VIn this
d

Nb'attempt to identify the slow reaction step or sﬁeps, will be made

>

study o, was always smaller than estimated minimum values of a/%.

in this thesis because published theories” for analySis of the kinetics

" of deéomposition reactions do not address-the pOssibility that slow
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processes éf the reactant-vapor and'reactant—solid;préduét‘interfaces may
both simuitaneously inflﬁen;e the réactionvfate,’ fhé analysis of Searcy
apd Beruto shows that low apparent activation enthalpies such as en-
countered in the present study can.result when bfocesses at_theée>two
different inteffaces'are both irreversiblef A diédﬁssion'of.this pOSSi=

bility should await publication of their analysis.
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" APPENDIX A

Table IV. Carbon-dioxide partial pressures from effusion
measurements for the reaction BaCOB(s) = BaO(s) +.002(g)

ressure

.61

. COQ partial p
Conditions T(°K) - (atm x 10—5)
Alumina cell © 1089 5.0L
Diam. of torsion wire 105T 2.26
= 0,002"" 1009 - 0.28
- Orifice diam. = 1 mm 1067 2.90
1021 0.69
10Lh 1.59
1022 0.68
10L8 1.80
. 1006 0.36
1027 1.00 -
1060 2.3k
100k 0.32
Alumina cell 1092 .82
" Diam. of torsion wire 1080 3.78
’ = 0.015" 1098 5.61
Orifice diam. = 1 mm 1062 2.21
1066 2.33
1042 1.32
10L6 +1.33
1031 0.91 -
1053 1.73
1080 3.2k
1072 2.58
1079 3.11
1054 - 1.57
1062 1.86
10L0 1.18
Alumina cell 1090 - - 5.6L
Diam. of torsion wire 1086 5.02
= 0.015" 1080 4,37
‘Orifice diam. = 0.8 mm 1052 1.97
1079 4.13
1077 4.05 -
1056 2.28
1075 3.63
- 10bL7 1.67
1067 3.19
1037 1.31
1061 2.82
1058 2.37
1090 5
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