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USE OF THE LANGMUIR METHOD FOR KINETIC STUDIES OF
DECOMPOSITION REACTIONS CALCITE

Dario Berutof and Alan W. Searcy*;
Inoréanlc Materials Research blVlSlon, Iawrence Berkeley Laboratory
- and Department of Materials Science and Engineering,.
- College of Engineering; Unlver51ty of Callfornla,
Berkeley, California 9hT2O
ABSTRACT
The LangmuirImethod for measurement of vapor preesures has been

fested for use 1n studies of decomp051tlon reactlons. The isothermal
weight loss in vacuum’ freﬁ cleavage (10I1) planes of calcite (CaCO3)
singlejcrystals was measured continuously at ﬁemperatures frem 934 K to
1013 K. The reaction was first order until_appreximately 80% of a 1 mn
slice had decomposed and had an apparent activation enthalpy of 205 KJ
(h9"keal).pér:mole. 'Micrographic examihation shoﬁed.an_approximately
30u.thicktlayer;'probably a metastable‘forﬁ of caleiuﬁboxide,'separating
the ea1Cite.from the growing lasyer of oriented stable calcium oxide. The
30u‘1ayerv&ielded a.single X-ray diffractioh peakSwhich was displaced
slightIy from the strongest (220) peak of the oriented normal calcium
oxide. Lower apparent aetivation enthalpies measured in_previous studies
of caicite decemposition invinert atmospheres are'suggested to result
either from partial diffusion control of the proceSs.or from catalysis
of the direct formation of normal caIeium oxide by carbon dioxide er a
component of the system atmosphere;» The ratio oflrhe measﬁred decompo-
sition rate iﬁ vacuum te the maximum rate, which.can be calculated from
the‘Herta—Knudsen—Langmuir‘equation, is shown to be a useful para-

meter in correlating and predicting decomposition reaction rates.

TNATO Research Fellow; permanent address Fac. Ing Unlver51ta di Genova,
Via Opera Pia 11, 16145 Genova, Italy



-1- e LBL-2552

The Knudsen effusionl and torsion-effusion2 methods are used for
thermodynémic studies of both congruent and incéngruént vaporization.
The related Langmuir3 andvtorsion-Léhgmuirh methods are extensively used
in studiesﬂof the kinetics of congruent vaporization.  Detefminations of -
weight losses in vaéuume;inveffect'the Langmuir meﬁhod;—have frequently
been used also in studies of incongruent vaporization, or decomposition,

reactions.

Despite these experimental similarities, réview articles on the

5-9 0,11

kinetics of congruent vapofizatiqn and of decomposition reactic’msl
seem not to attempt a unified understanding of_thé two fields,, In this
study we initiate an attempt at unification by applying standard methods
for study and interpretation of the kinetics of cbngruéht vaporization to
a decomposition reaction. | - - ' |

Langmuir or tbrsionfLangmuir studies carried out with single crysfals
in vacuum have merits in studies of both congruent and incongruent vapori-
zation: (1) The possibility that intergranular gas phase diffusion may
be slow enough to influence the meésured reaction rate is eliminated;
t2) the area and the morphology of the interface at which the reaction
proceeds één be precisely determined as a function of time. With powders
there is often considerable uncertainty about the effective area of
‘reaction and in consequence increased uncertainty about the nature of the
rate limiting_pfocess. (3) The ratio of the measured flux of gaseous
reaction product which leaves the reactant surface to the maximum possible
flux, which can be predicted ffom equilibrium data and the kinetic theory
of gases,3 provides a valuable parameter for describing and understanding'
the reaction kinetics. | .>

This last named parameter is our focus of atfehtioﬁ. The ratio of
the measured flux of vapor to the maximum flux predicted from the equi-

librium dissociation on pressure by means of the Hert?—Knudéen-Langmuir
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(H-K-L).equation3 should provide for endothermic.decomposition reactions
a valuable ﬁeasure of thé irreversibility of the rate.limiting reaction
step, just as it does for simple vaporization reactiQnsll and for‘con;
gruent dissociative vaporization re-:‘ahctions.6’12’13

In addition to the.benefit that méy thus be attaiﬁed in reaching a
better undefstanding of ‘the reaction mechanisn, knéﬁledge of the devia-
tion of deéomposition rates from fhe maximum possible rates makes it
posSibiénto predict réliably unknown rates, whether ofvnot any mechanistic
interpretation of the data is attempted.6 Most simplé5vaporization
reactions and congruent dissociaﬁive vaporizationzreactioné occur either
at thelr maximum possible rates or at rates only ohe.dr two orders of
magnitude 1ower?'and the vaporizétion reactioﬁé-ofvéhemically similat
substances showbgenerally similar déviétiops from théir maximum possible
rates.  In-consequence, rates of vaporizafion can be'prédicted when
experimental measurements of the rates ére'unavailable with much greater
cénfidenée than.is possible for most classes of reactions. Similar
regularities can be exﬁected'for endéthermic decomposition reactions.

In a separate paper we plan to extend to decompositibn.reactions a
modif{ed form of transitioﬁ state theory thaf we have alfeady applied to.

_congruent vaporizati-on.13 The present paper reports the results of our

éxperimentél7sfudy of the decomposition of calcite‘(C§COé) singlé crystals

by the Léngmuir method in conjunction with scanning e1ectron microscope

end X-ray diffraction examination of the solid phésé_reéction products.
The kinefic resulté obtainéd in the present stdd& différ-vsignifi-‘

cantly from those réported in the many previous investigations of cal-

cite decomposition.lLL In the discussion section we will suggest a
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poésible explanation for the difference, and we wiil.compare the measured
rate of carbon dioxide evolufion to the maximum rate calculated by means
of the H-K-L equation. A more complete consideration of possible re-
gction mechanisms will be.présented_in the theoretical paper.
WEIGHT LOSS MEASUREMENTS
Weight losses from defined areas of a natural cieavage (1011)
seiected face of calcite single crystals were measured continuously ﬁith
a qﬁartz microbalance in vacuum. The same apparatﬁé:and techniques that
hawe been described by Leonard and Searcy15 were used except that the
dalumina parts that fit.about the calcite crystals to define a limited
area for vaporizafion”#ere more carefully maéhined, As a consequence,
décompositipn_wasvnegligible from all of a calcite cfyétal slice exceﬁt
for' the definéd area of’surface;; The evaporatioh pCcurred through a
short tubularialumina-channel which had a ;?OSS—SeCtiOnél area of 0.25
cm?'and a channel length of 0.15 cm with a transmission probability of
0.83.%6 o I |
| No orifice correction was made for the decﬁmpééition of CaCO3-
becéuse the flux of carbon dioxide produced by the decomposition reaction
vCaCO3zs)I=.Ca0(s)v+-002(g) proved to be considerably 10wef than the maxi-
mum_possible,flux‘calculated by means of the‘H—K-L equation. In con-"
sequence, according to our recent work,17 the probabilit& shéuld bé 1§w
that carbon'dioxide molecules which féturn:to the sample after collision

with the orifice would cross the free energy barrier to recombine with.

calcium oxide.
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The sensitivity of the balance was set at either 3 x,lo"2 mg/div.
or 7.8 x'lO-2 mg/div. To improve the constant temperature zone for _
studies at.830°K to 1020°K, tubular shields of 0.18 ﬁm'thick nickel were
introduced into the gquartz-walled tube furnace. This afrangement pro-
vided.a 6 cm zone in‘which the temperature was constapf within *1°C at
the decomposition temperatures.

Two.chromel-alumel thérmocouples were.calibratediby méasurements of
thé melting points of zinc and aluminum. The-referehce;thermocouple

then was calibfated throughout the experimental range by measuring its

temperature against that of a couple mounted inside the sample holder. . .

To test the reliability of this method of temperature determination and
of microbalance calibration, the vapor pressure of zinc was measured in
the range 500°K to T00°K by the Knudsen-effusion method. Measured

pressures agreed to within 6% with the pressure curvéirecommended by

18

Hulfgren et al.
: Speétrographié analysis of the.caléitefsingle cryétals showed them

to contain as the only significant metallic elements other than calcium‘

0.025% stréntium, 0.15% magnesium and 0.02% manganese.  The samples,

14

- which weighed between Lo mg and.65.mg, were cleaved‘iﬁ order to expose
(lOil)'faées.lg_ Excessive heat loss due to répid enabthérmic decompo-
sition might'resulf in surface cooling; i.e., in a'temﬁerature gradient
which is_perpéndiqular to the surface plane, but becauée the samplé
holder and cell were heated by radiation to their‘surfaces Signifiqant
tempefature gradients ﬁéré not likely.eo Rates of vaporization were

independent of time during periods in which a significant fraction of

the crystals were convertéd to a porous layer of calcium oxide. This
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circumstance afgues that surface cooliﬁg did not significantly lower
surface £emperatures. Most samples were 0.5 mm thick, but the same rate
of deéompbsitibn waé attained ﬁith a sample 1 mm thick. This result
further supports the conclusion that temperature gfaqients within the
samplé were‘ﬁégligible.‘ b
The system could be pumped to 10_65torr‘aﬁd theipfessure rose to

5-6 x lO_5 toff_during the decomposition. The pressure was measufed
' with an ioh gauge at the'qpéosite end of the system from the pumping
porf so.these measured background pressures represént maximum values at
the‘éample.
| WEIGHT LOSS RESULTS

_ Represenfative data obtained with the quartz microbalance in vacuum
are shown as data pointsvin fig. 1. Data are plotted in.terms of the
fraction of undecomposed calcium carbonate, i.e. l—w/wo where Vg refers
‘to the egquivalent number of mgs of 002 éresent in the_sample at the
initial experimeﬁtal condition. The caicite decompoéition occurred at a
constant:raxe, withqut an appreciable;ihduction peridd, until decompo-
sition exceeded 80% of:the initial weight. Typically the rate of decom-
position reached 80% Qf.the'linear decomposition rate_aé_soon as the’
temperature was stabilized at a éonstant value (i.e. within about 30
minutes),.and visual‘examinaiion.of broken saﬁples shOwed.thét.this
linear decompositionbproceéds essentially in one dimension at an inter-
face which moved froﬁ the surface of the crystal exposed fo the vacuum
toward the interior. *

To:determine if the nonflinear'period was due_to a change in the

rate limiting step when the calcium oxide layer becomes thick, we made
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runs with a.similar sample but with a.doubied.thickness. -If the non-
linear period resulted because the calcium.oxidevlayér acted as a sig-
nificant'barrier to eséape of the carbon dioxide vapor, the iinear
region shoﬁld be of the same length as before. The_reéults (fig. 2)
~show that the calcium oxide layer is not reSponSibie for the deviation
'frém linearit& since linear decomposition was now observed for an oxide
layer thiékness nearly twice as great as before. _Eﬁentual deviation'
froﬁ linearity probably:reflects a decféase in»calcite'sﬁrface area
because the féte for thé thicker samplé again reméinéa consfant.until
decomposition was more than 80% complete. -Fig. 3.shoﬁs the variation in
the lineér deco@position rate J (moles per sec-égr gm2) with temperature
in the range 903%K - 1010°K. | | |
- MICROSCOPIC AND X-RAY DIFFRACTION'MEASUREMENTS
Scanniné_electron hicrdscopevexaminatién showed:an approximately 30u
thick layérfnext to the calcite of differeht‘appeéfénée frém an outer
layer that grew as the reaction procee&ed.',Optical»ﬁicrOSCOée pictures
takenAat_hOOXvshowed for a total pfoduct layer ab0u£-300uvthick that the
principal product had little visible texture. The iﬁterface bétween
- calcium oxidé and'thevintermediate iayer'énd ﬁhe igtéfface between that
layer and'thé unreacted calcite crystal were very:flat. Occasional
crééks thrdugh‘the ?alcium oxide appeared to havéAférmed during the cool-
ing or ﬁandiing oéeratioﬁ after heating. - The unréaéted calcite ifself |
vas unéfacked Qhen removed ffom the furnace but.de#éloped cracks at
distances of the ordér;of 10y apart. Both layers of reaction producté
had occasional channels of about 10u diameter,'which were usually either -

vertical or oriented at about 45° to the normal toxthe reaction surface
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in the”plane of the reproduction. Much'more cioSely spaced pores of
2y or Smallef.diameter'could be seen in pictufes taken with scanning
electrbn microscope at'3000 magnificatidn;_

© By sightiﬁg down into the larger pores, it vas_possible to observe

~ that they extended completely_through the product'layef-and into the un-

reécted calcite layer just’Below. This fact, plus thé-bbservation that
flaps of the feactiOn product>were displaced upward from the surface
about these largest diameter pores, lead us‘tdlbélie§ebthat they could
be the result of explosive escape pf small pockets of gas which were
‘trapped within the calcite until the caléite layer above a pore became
too thin to sustain the gas pressure.

. ~The smﬁllér diameter pores probgbly represént thellérgest of the
porés'produced‘by decqﬁposition'of the calcite,ﬁhich has a'molai volume
of 37.2 cma, to the calcium oxide reaction produce, for which the molal

volume is 16.7 cm?

. The calculated porosity is about 55% and the pores
that were observed at 3000 magnification did not occupy more than the
30% of the projected surface area. Therefore the predominent pore area

must have been less than ly in diameter.

The outer layer yielded an X-ray diffraction pattern in which the

three strong lines have the spacing'of the three strongest peak of the

calcium oxide (NaCl structure type) , powder pattern, but the most intense
peak is the 220 rather than the 200 peak. We infer, therefore, that the
outer layer is polycrystalline calcium oxide with the 110 crystallographic

direction oriented preferentially normal to the exposed plane of
21 ' '
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Experiments were performed in which a fresh Ealcite sample was
heated only until h%»of the total_decompoéition oécurréd. This procedure
produced a 20u thick léyer of transformation prdduct.?.Scanning electron
miéroscopic examination showed thaf this treatmént résﬁlted in a single
layer of reaction'product with a texﬁure similar to;thét of the inter-
mediate layér_of the sample that had been heated for a longer period.
This layéf'was'élso polyc;ystéliine and oriented, buf its only strqng
diffraction pesk appears at 50.3° instead of at 5359°,:£he position of:'
the (220) peakvfér‘thé outer layer of calcium oxidé. fB§th the micro-
gfaphic and X—ray evideﬁbe support earlier évidence‘ffom‘differential
thermal analysis22 that a_metastable modification of calcium oxide is
sometimes a product of the decom?osition reaction. A metasfable oxide
has been éssuméd to be a reaction intermediate in-qélcite decomposition -
by other invesﬁigators23'but apparently this is the first'visual identi-
fication of the metastable phase. o |

”DISCUSSIONf .

VPrevious'iﬁvestigators have concluded that the,cheﬁiCal de?omposi-:'
tion of caléitetfo carbon dioxide gas and calcium oxide occurs on é
bdefinite’boﬁﬁdary Between the éarbonate ahd.calciumvozicide_phasefs,23—27
but it is recognized that the chemicai.step may notjcontrol the rate
:of'the pfocess;28;30 | |

One reason for suspecting that ofher factors influence the observed
decomposition.rates is that the apparent order of tﬂé:decompositidn
reaction has'béen.variously reported as from 072 to 1 (Seeicoiumn 1 of

28,31-k0

Table I). Apparent reaction orders are expected to depend upon

~ geometry; for example, if the rate controlling process for a
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decomposition réaction.occurs at a constant rate‘per unit area of a
sphefical interfaée; the change in surface area with fime should yield
an appareﬁt raactiqn order of 0.6"{.’1‘l But the ranga of apparent reaction
orders:repor£ed for calcite decompoaition seems too great to attriﬁute
only‘to differences in reaction geometries;' It may ba‘that differences"
“in intfa—particle and/br'inunhparticle diffusion influence the results
and'that thé measured aﬁparent activatiqn enthalpies‘ahould not be
attributed exclusively to a surfaae reaction step as has sometimes been
supp'c‘jsed.lh’b'2 Hills;29’3obwho investigated the reaction with ralatively
largevsamples; has suggested tﬁatvthe reaction for largé samples is con-
tfolled not by a chemical step at theainterface, bﬁt by the transfer of
heat to the'reactidn boundary'and'by the.franéfer of C02 away from it.
‘The'deaign of the apparatus used in the presenﬁ study reduces the
heat transfer problem to a neéligible source of'erfor ih the temperature
and‘de¢omp03ition-pressﬁre range used; decompositioniwas limited to a
single face of a calcite crystal;. the interface waa demonstrated to.
femain'flat at 3000X maénification and essentially constant in area
while advancing distances of the order of 0.8 mm ihto'a 1 mm thick
crystal; and decomposition was first order in time‘unfil some 80%
complete; Gas phase inter—particle'diffusion'was eiiminated as a
possible rate limiting step by'the reactioa conditians.employad. It
éeemé unambiguoﬁsly established thaf for these reacfipnbaqnditions
intra—particlé.diffusion does not influence the reactioﬁ rate in vacuum
at least until tha'aalcium oxide product layers afe some 1 mm in thick-

‘ness.
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Discordant values from preiious studies for tﬁe,apparent reaction
order and for apparent enthalpies of activation_as:well'may reflect
varying dépendence of.the decompositioﬁ rate on gas phase transport.
Reporfed apparent enthalpies of activation for caléite'decomposition
range'froﬁ’lh7‘to 210 KJ per mole (see cdlumn 2 of Téble I), with mosf
values clustéring neér thé enthalpy of'the‘equilibrium‘decomposition
reaction; 173.5 KJ. pef mole (§l.5 Kcal per mole) at'973°K. The apparent
activatién enthélpy was found from the temperature dependence of vapori-
zatién flux in the present sfu&y to be 205 KJ. per‘moie (49 Kcal per
ﬁole)-at»973°K, about 18% higher than_the équilibfium'reaction enthalpy.
That apparent aéfivation enthalpies afé'sensitive to sample size for
bowdéred éamples is demonstrated by'reSults reported'ﬁy Gallagher and
Johnsonho sin¢e our own experimental investigation ﬁas“éompleted. They
measufed decompositidn rates of calcite ?oﬁdered samples heated in
oxygen as functions of sample size as well as tembérature,' They pro-
gramed a_COmpufer to'givé the best possiﬁlq'fit offthefexperimental data
to each of the‘most'widely discussed meéhanisms fdf_dgggmposition‘
réactions. 'Theif calculated acfivationventhalpies wefé_insensitive td
the assumed mechanism, but dependent.on sample Siﬁe;  An appareﬁt acti-
vation'enthalpy of;l90 KJ was found for a 32 mgzpoﬁder sample and

208 KJ . " for a 1 mg sample. | |

| Even the largest'of ﬁhe samples'used by Gallagher and Johnéon is
smaller than samples éommonly used in;stpdiés of calciteldecompositiOn.
It may well be that with the large éamples and protecgiﬁe atmospheres or
relativeiy poor vacuua employed for most studies of éalcite‘decomposition,

transport of carbon dioxide away from the outer sample surfaces or
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diffusion of carbon dioxide'becomes raté limitingbso that essentially
complete_éqﬁilibriUm between calcite and its ultimate decomposition
products, carbén dioxide énd the-étable'modification of calcium oxide,
is'estéblished_in the centers of the powdered or grénular'samples.
 "Because gas phase diffusion is proportidnél ﬁo the partial pressure
gradients, the.overall décomposition rate in portions bf & sample in
which eéuiliﬁfium carbon dioxide pressures aré»appfoached would be
roﬁghly proportional'ﬁb the equilibrium pressure indépendent of tempera-
ture and thus show approximately the same aﬁparent gctivation enfhaipy
aS'the'enthalpy of the equilibrium reaction. Near thé_Outer'portion of .
a sample mass, the escape ¢6f carbon dioxide into the‘sﬁrrounding system
would reduce the carbon dioxide preSSure‘below the equilibrium valﬁé.
There;' -é éqiidistate orléurface reaction of high actiyation free
energy,-Such aéjthat which apparently déte;mines the.fate of decomposition
under the conditions of this study, could determine the decomposition
rate. For a fixed pressure of background gas and fixed external reaction
conditions experimental éctivation enthalpies would then, as found by
Gallaghef and Johnson, be éhgractéristic of the activated solid state
process for sufficiently small samples, but approach fhe enthalpy of the
eqﬁilibrium'reéction for large samplesf Depending on the effectiveness
of convective diffusion and other transport processes thai remove carbon
didxide from the»samples,.méasurements ofvdifferenﬁ investigators would
. ¥yield actiﬁﬁtioﬁ enthalpies more or less équal to the enthalpy of the
equilibrium réactionQ It is also pdssiblé that carbbﬁ dioxide or a com-
ponent Qf.the furnace atmosphere may cétglyze Airect'fbrmation of the

stable modification of calcium oxide.
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Figure 3 provides a'comparison'of the steady‘étate flux, J¥ of
. carbon dioxide, measured for'éalCite as a function of temperature, to
the maximum'possible_flux, Jmax’ calculated from the free energy of the

equilibrium reaction by means of the H-K-L equation:3_

Pog exp(-AG,/RT) IR .
1/2 1/2 . : L :

 .ﬁax ) (2mMRT) (2mRT)

wheré Péq is §he équilibrium ca?bon dioxide pressuré;AM i§ the molecular.
ﬁeight, R is ﬁhe gas constant;.ahd AGZ is the_standard'Gibbé free enefgy
of the equiiibrium decoﬁpositibn reaction at the féhpefatﬁre T. |
| For simplé'vaporization reactioﬁs, the ratio:6f the flux measured
for free surface vaporization in:vacuum J;, to the maximumvflux calculated
from the.H—K-L equation Jméx'is.called the'vaporizaticq éoeffiéient av?ie
Becaﬁse-valges‘of o for oneISubstance can'bé readily predicted from
values of o for chemically similar substances? it is”possible to pre-~
dict reliably - the rates of vaporizatidn of, materiéls‘for'which no
measurements are éﬁailable;6b'The éqrrespogding rafio'qd, which may be’
called ‘& decomposition coeffiéient; should have similar predictive value.
For decomposition feactions, however, the possibility, often

rea.lized.in,pvratctice];o’l'l

that a metastable solid phaég'product will be .
formed must be considered. | | o |
.A mefastéblé solid forms oniy if the kineticvbérrier to its forma-
tion is smaller than that to formation qf the étable:solid.v.Supposé,
for example,.that a;vis‘the ratio of the measured to makimum flux when

- & metastable oxide is the direct product of the measured reaction. Then

if the flux of gaseous prodﬁct produced in a decomposition directly to
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the stable oxide could somehow be measured, that flux J would be less
* . N ) |
than J . And for the direct decompositicn reaction, the corresponding

T : - %
decomposition coefficient ad would be smgller than o4 and might have a

very diffefent temperature dependencé.
Any empirical correlation df'values of decomposifion coefficients,

therefofé, shquld so far as possible, take into accouht any systematic
differences in behavior between décompoSitibn reacfioﬁs that yield
méfastableisolid prodﬁcts from-those‘that do not éndbsﬁould, so far as
possibie,'inélﬁde an effort tojUnderstand-and_freaibﬁfwhether metastable
solid reaction products'ére produced or are to be exéécted for any par-
“ticular decomposition feaction.' | |

'  The eVidénce of the present research ié‘strong_ﬁhat the decompo-
sition of'calcife in vacuum yields é.metastable oxidé as the initial
prdduct; varthefmore,'fhié_metastable oxide is aimost certainly not in
equilibriﬁm with the stable mQaification'of calciuﬁ oxide, as is the
kind of éctive oxide which has been suggested in some mechanistic inter-
| ok 23,k

pretations of the decomposition kinetics data. The observation

by Rao, et ai;22 of an exothermic process when the.initial product . of
calci%evdecomposition is heated shows that the initial-decomposition
reaption‘pfodﬁces a condéhsed phase product that ié:hot atvequilibriUm
with the sfable oxide becaﬁse exothermic processes thét‘occur dufing
’heating are néCessarily irreversible.hh And the miérographic’and'X—ray
data of the present research show that that initial préduct:is_almost
certainly a distinct léyer of metastable oxide thatlséparates the un-
decomposed-éalcite from the stable.oxide which istfhe_eventual principal

' : C ' o *
condensed phase reaction product. Thus it is almost_certainly'ad rather
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. o - _ S .
than ad that has been measured in the present study. The measured ad

approach unity as the temperature is increased as do av values for many
. ° *

of the substances for which data are available; the‘value found for adv

=3 at 934°K and is'1.8 k 107

is 1.2 x 10 at 1013%K. -

Because the X-ray pattern for the metastable intermediate'layer
yielded’only_avsingle péak; little can be directly.concludedvabout.its_
structare, except that'the displacement-of‘that peah.from the strongest
(220)" peak of the or1ented calc1um oxide that forms “the outer product
layer 1mp11es that the metastable phase probably has & nearest ne1ghbor

calcium to oxygen distance some 57 greater than does the normal oxide.

But because the X-ray data for the stable ca101um ox1de layer shows it

to-be oriented relative tO'the (lOll) calcite face, the metastable phase.

from whlch.the stable phase is formed must also be’ orlented and probably
: grows epitaxially on the calcite surface.‘ Irreversible.transformation
to the stable oxide probably occurs whenlthe cumalative strains.con-
sequent to- lattice mismatch exceed a: crltlcal level
- It may be that on other faces of’ calc1te crystals the . condltlons

for ep1tax1al growth of the metastable oxide are slgn;flcantly more or:
less favorable. On some faces the stable oxide might_form directly;
but the evidence of the exothermic,reaction reported b& Rao et al.
ioplles that the metastable oride'is a direct product'for the decoﬁpo—
'sition of powders.as well as for decomposition'restrictea to'(lOll)
‘crystal faces. We hope to investigate the aecomposition rates on other
calcite crystal faces and to examine the effect of particle siie,.ofv
l temperature;‘andjof carbon dioxide pressures on'the quantity of meta-

‘stable oxide produced in calcite decomposition.

i
i
i
H
'
i
H
i
|




Co-15- . BL-25%2

We fhink that this test study of caléite decémﬁosition confirms our.
_hope and expectation that the Langmuir experimental mgthod.for determina-
“tion of evaporaticn rafes of 'single cfystals woulabyieid less ambigﬁous
data for the c¢hemical step of the process tﬁan caﬁ'reédily_be obtained
by studieé of decompésition of péwdered or granuiar:sémples in inert
atmoSphereé;f - We are strengthened in'our belief ﬁhat systematic
organization of kinetic daﬁa'for decompoSitioﬁ reactions in terms éf
their déviations'frém the maximum possible rates,‘which ére predictable
from equilibrium dafa, will prove.to be as‘useful iﬁ‘correlating and
_predicting the rates of the chemical step. of decomposifion.reéctions
 :as'it has already:p£oved to be for vaporization reécfions.
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'iTABLE I. Somé experimental values for the'thermal decomposition of CaCO.

3
Apparent
activation o -
enthalpy of Apparent Sample
KJ/Mole : - reaction — e — . R R -
" (Kcal/mole) order - Form wt. (mg) ' Atmosphere - . Ref.
1472176 0.58-0.7Th" Powder- 500 1072 torr 28
(35-42) S . | - . . |
173 - - 300-450 LN, | 3
(b1.2) | 4 . }
205 0-1 - Powder - - 32
(L9). - . .
170 0.67 - 455 AiY | 33 '»'4
(40.6) | | | - 0
. 180 - 0.22 - - - 3Y
(42.9) -
(38) 1 - Powder - CO,, pumped off: 35 .
in%ermittentlyﬂ . o
180-193 ~0.7 . Pellet and | 1000 . 36
(L43-46) s powder -~ o S ' o
-155—163 0.3 Powder - CO, pumped off 37 ”
(37-39) : | | | infermittently e
172-210 0.2-0.53 - Small blocks 1843Y4 Vacuum not reported 38,39 E;
- (b1-50) ' ‘ N2 . - W
. : o
190-208 0.5 . Powder 1-32 0, ' Lo
'(u5.3-99.7)' . _ . S
205 1 Slice of . - 35-70 107 + 107 , This
' single crystals

- (h9)

torr R work
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Fig. 1. Typical values of 1 = w/wo, where w_ is theiihitial CO,, content

Fig. 2.

Fig. 3.
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FIGURE CAPTIoNs‘
' 2
and'ﬁ is the weight of COz.ldst plotted as functions of time at
several temperatures. |
The weight lost.as a function of-timé byva'calcite crystal
approximately 0.5 mm tﬁick_(L)-and by a crystal appfoximaﬁely
1 mm thick (21). o |

Plots of measured flux from the (10I1) face of a calcite cryétal

‘decomposed in valuum (lower curve) and of the maximum possible

flux calculated from the equilibrium dissociation pressure by

means of the Langmuir equation (uppér curve).
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