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CHARACTERIZATION OF THE POROUS CaO PARTICLES
'FORMED BY DECOMPOSITION OF CaCO3 AND Ca(OH)2 IN VACUUM

Dario Beruto,* Alan W. Searcy,+. Luigi Barco,*'Giorgio Spino]o**
ABSTRACT |
Scanning e]ectron microscope observat1ons show that the so11d
products of decompos1ng CaCO3 powder in vacuum at 510°C (ca]]ed sr-Ca0)
and of decompos1ng Ca(OH)2 powder ‘at 320°C in vacuum (ca]]ed h- CaO) are

part1c1es which have approximately the same exter1or d1mens1ons as the

'parent CaCO or Ca(OH)2 part1c1es N adsorpt1on and desorpt1on isotherms

‘Show sr- and h-Ca0 to have h1gh internal surface areas, ‘which for sr-Ca0

have cy11ndr1ca1 symmetry with the most common: d1ameters be1ng about

100, and for h-Ca0 are s]1t,shaped, with the most common slit w1dth

being about 275. The conc]usions_reaohed in earlier 1nyestioations —
that these.decomposition reactions in_vacuum 1nitia11y yie1d4a form of

Ca0 which has the, same unit cell d1men51ons as the parent so]1d —-were in
error, probably because sr- -Ca0 and h-Ca0 are converted to poor]y crysta]-
line Ca(OH)zvbefore the presence of small amounts of CaO could be detected
by XRD. From the volume of N2 adsorbed hy the poroos oowders'when the N2

pressure is infinitesimally below its saturation value, the porosity of

. h-Ca0 is ca]cuTated to be 36 + 5% and of sr-CaO, to be 41.5 + 5%, Com-

- parison of these poroéities with the relative molar volumes of Ca(OH),,

CaCO3 and CaO shows that the linear dimensions of the 1 to 20um oarticles
of h-Ca0 and sr- CaO are about 5% smaller than those of the parent parti-
cles. Because XRD data show that no significant crysta] growth occurs
during decomposition or annealing for up to 15 hours at the decompos1t1on
temperatures, th{s shrinkage must occur by'cooperative, diffusionless

movement of crysta1lites of sr-Ca0 or h-Ca0 as they form.



'INTRODUCTION

For an endothermic decomposition reaction that can be described by

>the'genera1\equation |
AB(s) + A(s) + B(g)

the reaction kinetics and the properties of the solid reaction product
are interrelated. Un]eésvthe rate 1imiting step is highly irreversible,
the decomppsitidn rate may be limited by‘the thermbd}namic stability
of the — often metastab]e] — solid prbduct of the reacti_on,2 and may
become 1imited by the diffusion of the gasebus.ﬁrodUCt through the

porous solid pfoduct 1ayer.3

If, as seems often to be the case, the
solid product grows by a cooperative, diffusionless transformation4’5

rather than by diffusion, the forward and reverse reaction rates cannot

be .described by the kind of interrelated rate constants which are familiar

in chemical reaction kinetics. , |

As part of'én effort to better understand the kinetics of CaCQ3
decompoéition, a'study of the properties of the Ca0 which.is}formed by
decomposition of CaCO3 powder in vacuum was 1'n1’t1'a'ced.6'9 This porou$
product of CaCO3 decomposition in vacuum, called sr-Ca0, has a surface

area which is much greater than previously FepOrted10’]]

- from CaCO3 and reacts more rapidly with water vapor than is apparent from

the earlier 1iterature.9

for Ca0 produced

.
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Because of its high reactivity, further characterization of the
properties of sr-Ca0 is of potential practical, as well as theoretical
1mportancé.' Ca0 i$ used or is being considered for removal of sulfur

from steels, from petroleum, and from coal and its gaseous products of

oxidation. A Ca0 of higher reactivity may be a more effective reagent

~in these applications. -

The properties of Ca0 produced by decomposition of Ca(OH)2 in

“vacuum are also of interest: first because the layer structure of

Ca(OH)2 is 1ikely to cause diffusion to occur in two dimensions as

found fong(OH)z,]2 second because Ca0 from Ca(OH)2 decomposition

13

in vacuum has a higher surface area - than does sr-Ca0, and third because

the initial Ca0 formed when Ca(OH)Z_is decomposed is reported to have a

‘pSEUdo-Ca(OH)z Structure.13 The -reported formation of a pseudo-caicite

10 has been shown to be inconsistent

form of Ca0 from CéCO3 décompositioﬁ
with .the changes in surfaéé area during the reaction.8

- In the present paper are reported x-ray diffraction peak 1ine
broadening méasurements,'meaSUrements of gas absorption and desorption
isotherms, and scanning electron microscope (SEM) observations for sr-

Ca0, for Ca0 from decomposition of Ca(OH)2 powder “in vacuum (called h-

CaO),-9 and-for C§0'produced byvcarrying out these decomposition reactions

in an atmosphere of Nz‘gas; From the data are deduced minimum crystal

dimensions and the probable shapes and dimensions of the pores in-the Ca0

formed of sr-CaQ and h-CaQ. Implications of the data to.the

probable mechanism of Ca0 formation from the parent so]id”aré discussed.
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EXPERIMENTAL (

The CaCO3 and Ca(OH)2 used in this research have x-ray diffraction
patterns in good agreement with those in the J.C.P.D.S. files (A.S.T.M.
iﬁdex). Chemiéa] analyses are summarized in Table 1. The CaCO3 was
formed of sharb edged, rhombohedral blocks of 3 to 10um dimensions (Fig.
1). The Ca(OH)2 contained particles which had shapes rather like those
of the ca]cife powder, but with rough surfa;es and 1é;s sharp edges (Fig.
2). Most of these particles had dimensions of 6 to 20um; some had di-
mensions of the.order of Tum. |

To obtain h-Ca0, 37 mg - samples of Ca(OH)2 were.placed in a Pt
~crucible of 0.72 cm diamefer and 0.82 ém height hungffrom a Sartorium
-microbalance in a Pyrex tube inserted in a resistance furnace. This

furhace was connected'with an adsorption apparatus so that the h-Ca0
need not be'exposed‘to air before adsorption isotherms were measured.

4 torr and

The decomposition was carried out under vacuum of about 5 x 10~
- at a'furnace'temperatuke of 593 K.
Because higher temperétures were required for CaCO3 decompositions,

50 mg samples of CaCO3 were heated at 10°C/min in a Netszch STA 409
5

thermobalance under a vacuum of 5 x 10°° torr to a temperature of 783 K.
. No_significant decomposition was observed before reaching that tempera-
ture, which was maintained until the reaction was completed. The sr-Ca0
was transferred as quickly as possible from the thermobalance to the"
thermogravimetric adsorption apparatus. Because of the high reactivity
of sr-Ca0 to water Vapor? between 15 and 18%. of the.sample was converted
" to C;(OH)2 during'the transfer from one apparatus to the other. This

Ca(OH)2 was decomposed in vacuum at 593 K in the adsorption apparatus.
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* The surface areas reported for sr-Ca0 in Table 2 are corrected for the
h{gher areas that result from the Ca(OH)2 formation and decomposition.
Adsorptidn and desofption isotherms of the Ca0 samp1e§ were determined
using N2 as the;adsorbate at 78 K.'1X-ray diffraction patterns were.

obtained using ;lPhilips powder diffractométer with a proporfionaT de-
tector and a Cq fine focus tube with an Ni fi]ter; 'CaCO3 and Ca(OH)2

12 2nd the decompoéi?

samples were heated in a homemade hot stage‘chamber,
tion reaction was followed at the same temperatures used for preparing
.'gamp1es forbthe.adsorption-desorption studies by continuously recording
the mbst prominent refleétions of the reaciaﬁt and the (111), (200);énd
(220)~réf1e¢tions of the Ca0. The pressure was a]ways‘lowér than 1073

. torr. | ‘

- SEM investfgations were made on fresh samples of Ca0 p0wdér$

- dropped direct1y on a carbon coated surface. Some sémp]es wére'thedT
_covered with a fhiﬁ layer of gold and others were not. These methods
gave results in fairly good agreement; however, it should be pointed out
that because of the high reactivity of both sr-Ca0 and h-Ca0 to water

vapor some Ca(OH)2 formation must have occurred on the particle surfaces.

It has been shown that the basic shape of the particles is little effec-

15
2° _
that make up the porous particles probably are markedly changed by the

ted by complete conversion td Ca(OH) but the form of the crystallites
reaction.
RESULTS AND DISCUSSION
Particles of sr-Ca0 and h-Ca0 show essentially the samé exterior
shapes as the parent particles of CaC04 or Ca(OH)Z. The pores of these

typés of Cal aré too small to resolve with the available scanning
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electron microscope (SEM) and interpretations of the SEM data must be.
cautiously made because reactions with water vapor is rapid endugh to
transform the exterior of -the particles to Ca(OH)2 during the time re-
quired to transfer the samples to‘the SEM. The featukes described here
for sr-Cao; however, are not found on particles after complete conver-
sion to Ca(OH), and must, therefore, reflect at least in part the fea-
tures of the porous Ca0 particles.

~ In somé SEM photographs ft is possible to discern terraces arranged
along the bisector of the obtuse angle of tﬁe rhomboﬁédra] face of the
barent CaCO3 crysta1s,and Spaced some ‘0. Tum dpart (Fig. 3). These terraces
probably are formed of ordered_akrays of the 0.0lum diameter needle-
shaped crysta]s ovaa0 which Towe ﬁas observed to be produced when CaCO3

is decomposed by electron beam heating in a transmission electron
16 | |

microscope. ‘
On a few sr-Ca0 particles, pits can bg éeen with diameters of about

0.1 to 0.3um (ng. 4). These pits may be the ends oé tubu]ak pores,fbut

they are too large to aécount for the high surface area of sr-Ca0. Small-

er pores must also be present. Obst, et al.l!

were recently able to pb-
serve 0.02um Ca0 crystallites separated by pores of smaller dimensions
qnd arrahged in relatively wé11 ordered rowé. Their samples were pre-
-pared at 1270 K which‘probab1y resulted in larger crystallites and lower
poroéities‘than were produced at the lower temperatures used in the pre-
sent study. - |

- Figure 5 shows h-Ca0 which was prépared not from the Ca(OH)2 shown

in Fig. 2, but from what appeared to be small single crystals of-Ca(OH)2

grown- from an acqueous .solution. Cracks develop in this h-=Ca0 thaf-



appear to be perpendicular to the c-axis of the Ca(OH)2 crystallites.
There is clear evidence that when Mg(OH)Z, which has the same crystal
structure as Ca(OH)Z, is decomposed, water diffuses from the solid
in the plain perpendicular to the c-axis to yield sheets qf M90~crysta1—
1ites separated by s]itfshépédipore;.12> ng&ré 5 suggests that Ca(OH)2
may decompose'by a similar proéess.

'In earlier studies of CaCO3 ana Ca(OH)2 decomposition, only the
diffraction pattern of CaCO3 or Ca(OH)2 was observed Until_a large frac-

10,13 These re-

tion of the CO2 present in the sample had been evolved.
sults led to the hypothesis that the initial solid products of the de-
composition reactions are metastable Ca0 phases which have thevsame .
"catfon-anion spacings as the original CaCO3 of Ca(OH)z-and which only "
later transform to the normal (NaCt-type) modification of Ca0. But
for CaCO3 decomposition in vacuum, Ewing, Beruto and Searcy shoWedIthat
the surface area is.a linear function of the extént_of reaction.8 This
reéu]t,.as they pointed out, indicates that there is no time delay in |
formation of a Ca0 phase of molar volume close to that of NaCg-type CaO.
In the present study the use of the hot stage x-ray diffraction |
unit made possibTe observation of the evo]utjon.df the 1ntensitie$vof.
“the peaks of the Ca0 diffraction pattern during CaC0, or-Ca(OH)2 decompo-
sition in vacuum. No induction period was obsérved, and the peak heights
increased with é roughly parabollic dependence on time from the beginning
of decomposition. This result shows that the normal crysta]]dgraphic
modification of Cal is produced by both reactions from the time that
decomposition commenCes. The earlier results were undoubtedly misleading

because water vapor in the atmosphere at room temperature converts most
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of a small sample of either sr-Ca0 or h-Ca0 to a poorly crystalline
Ca(0H), within one to two minutes. >

The integrated breadths of the Ca0 diffraction peaks, evaluated as
the ratio of the peak area to the peak height, were essentially cpnstant
through the course of either decomposition reaetion, except in one doubt-
ful experiment_wifh sr-Ca0. Evidently the pressures of 002 or.HZO‘gener—
ated by the decompositions are top low to catalyze significant crystal
growth dr annealing of crystal imperfectiohs during the course of the
-reactions. Some samples were kept under vacuum at the temperature of
. decomposition for at least 15 hours after the diffraction peak of the
reactant had disappeared. This treatment also caueed no. measureable change
in theediffractioh pattern of any of the Ca0 samples, either at the de-
composition temperature or at room temperature; indicating that in vacuum
~the crystallites of sr-Ca0 and h-Ca0 have-low rates of annealing and
crystal ;growth. o

Insufficient appreciation of the hydrolysis error led two of us to
conclude7 that sr-Ca0 differs more in crystallinity from ordinary Ca0.
than it actually does, but the present study sti]} shows the crystallinity
of sr-Ca0 to be Tess than that for Ca0 formed in vacuum from large CaCO3
crysta]spinstead of from powder. Table 2 1lists the crystallinities of
.sr-CaC,,h—CaO,andvof CaO prepared in air or dry N2, as measured by the
ratio of the breadth of the major x-ray diffraction peak at half height
to the peak.height. The size of the crystals of Ca0 can be estimated
from the 1ine broadening if the contribution of internal strains to the
- Tine broadeqing is assumed to be negligible. For h-Ca0, sr-Ca0, and Ca0

from .the decompoéition_of CaCO3 érysta]s in dry N, the average

2



crystal dimensions are calculated to be about\lzoﬁ, 1503, and 3803,
respectively. |

Surfacé areas for Ca0 produced from CaCO3 and Ca(OH)2 Were meésured.
by the BET method and the t-method]7 (see Table 3), and the adsorption
 énd.desorption isotherms were used to deduée the probéb]e shapes and
dimensions of the pores. The isotherms for h-Ca0 were of Brunauer's
classification Type II.']8 The‘slbping shapes of the adsorptfon and de-
sorption isotherms (curve a of Fig. 6) are of a kind which De Boer]9
: predicts.f0r>¢ap111ary systems of p1anar-symmetry, énd planar symmetry -
is consistent with the expectation that H20 probably escapes ffom Ca(OH)2
- crystals by-prefekentia] diffusion in the plane normal to the crysta]i
lographic c-axis:.' | |

The adsorption isotherms of sr-Ca0 were all of Type IV, and the
éteép]y s]obing 1oop for sr-Ca0 (curvé-b of Fig. 6) is consistent with
De Boer's predicgions for pores of cy]indrical,symmetry.' The fact fhat
the pore§ arevformed by arrays of Ca0 needles which probably align in -
bundles with their axes'para1]e1]6 make cyTindrica] symmetry probably
for sr-Ca0.

App]icationﬁof the t-method to the isofherm déta for both oxides
| _gives.thevresults shown in Fig. 7. In this method the statistical
thickness t of multilayers of the adsorbed gas must be: known, or esti;
mated, as a func;ion of P/P0 on surfaces for which capillary condensafion

20,21 In the present study, the dependehce of t on

does not take place.
- P/P.0 was eStimated from the value of the constant C derived from the
BET measurements.f22 ‘The surface areas derived by the t-method are in

Very good agreement with those obtained by the BET method.
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For h-Ca0 the volume of N2 adsorbed increased almost linearly as a
function of N2 layer thickness at low coverages, but Qhen layer thick-
nesses exceedéd about IOR, the volume of Nzkadsorbed increased much less
kap1d1y.w%th t (curve a of Fig. 7). This result is consistent with the

Mconc]usibn that capillary condensation does not take place during adsorp-
| }tioh in h-Ca0. For sr-CéO the upward curvature of th§ plot of adsorbed
Ny versus layer thickness (curve b of Fig. 7) indicates the beginning of
capiTlary condensation.

The conclusions that have so far beén reached from the N2 édsorption
nheasureménts do not depend'upon a model for the shapes;of the pores. The
fact that capillary condensation occhrsrduring adsorption in sr-CaO;sup-
‘.pdrts the conclusion;that'sr—CaO has pokes of cy]indriéa] symmetry, as
suggésted a]sbiby the facts that its crystallites are ﬁéed]e-shaped ana
that its isotherm is of Type IV. The fact that capillary condensatfon
does not occur during adsorption in h-Ca0 supports‘the cont]usion that
h-Ca0 has s]it—shapéd borés, as suggested by aﬁa]ogy With Mg0 formed by
décomposing Mg(OH)é and by the fact that h-Ca0 has an isotherm of Type
II. In order to use the adsorptioh data to estimate the uniformity of

' 23,24

pore dimensions and the pore size distributions by two means™ that

are modé]édependent, the dssumptiOns will be made that sr-Ca0 has ty]in—

drical pores and that h-Ca0 has slit-shaped pores.
4".If' pores in sr-Ca0 are of‘neaf1y uni form cylindrical

symmetry and open.at both ends; the surface area calculated for the

desorption branch of the isotherm SgS;

SBET'ZS The discrepancy (Table 3) implies thét'some pores may be of the

should be épproximate]y equal to

"ink-bottle" type. For h-Ca0 the s1it-shaped model gives poor agreement
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with experiment, probably because the pore structure is in fact complex
in the h-CaO particles tested. v |
The Ca(OH)2 particies used as a source for h—CaO had rounded

rhombohedral shapes (Fig. 2) such as can result if the Qa(OH)2 is pro-
~duced by the sequence CaCO, + sr-Ca0 -+ Ca(OH)2 rather than shapes like
~those shown in Fig. 5. The surface area of'the Ca(OH)2 dsed in the ad-
sorpt1on desorption stud1es was about 6.6 m /g instead of 1 m /g as ex-
pected for pore-free partlcles If, as these observat1ons suggest, the
_h -Ca0 samp1es used in the adsorption- desorpt1on study were formed from

po]ycrysta]11ne and porous Ca(OH)z, the test 523; = SBET

should fail.

| Figure 8 shows the pore size distribution calculated from the two sets

of t-method data. For h-Ca0 most of the pores are calculated to;be near
27K in Width, but a‘large fractionvof the pore volume isvaCcounted for

| by considerably larger pores, as already suggested by the va]ueboalculat-

ed for 525; The pores in sr-Ca0 (curve b) have a more cohoentrated

| range of d1ameters that peak near 1003. | |

~The porosity.ot particles of sr-Ca0 and of h-Ca0 can be‘estimated

from the assumption that they haye exactly the same exterior dimen-

's1ons as the CaCO3 or Ca(OH)2 part1c]es from which_ they were formed

From the relative molar volumes of the two reactants and of Ca0 the pre-
d1cted poros1t1es of sr-CaQ particles is ~55% -and of h-CaO.part1c1es is

,~50%. ‘The actual porosities of the two types of Ca0 partic1es'cah be
calculated from the volume odeZ that they absorb when' the N, pressure is

‘infinitesimaTIy below the eqdi]ibrium vapor preSsure ovaz at 78 K. 'By

this means, the porosity of sr-Ca0 is found to be 41.5:t5%, ahd that of

© h-Ca0 is 36 + 5.
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These results indicate that although the porous particles of sr-Ca0
and h-Ca0 appear in SEM pictures to be unchanged in shapes and dimensions
fromvthe ﬁarent particles of CaCO3 and Ca(OH)z, the decomposition reac-
tionsjére acComp;hied'by some particle'shrinkage. For individual crystalf
11nftiés of 6a(0Hf2 the shfinkage is probably almost;entire1y aiong the 
c-axis of the Ca(OH)2 crystallites, but most of the SEM observations of
the present stﬁdy were of h-Ca0 produced from whét wéfé pkobébTy‘polycrystal-
line Ca(OH)2 partfc]es for which pgrticle shrinkage wou]d.beiessenfially
.isotropic;l.Thellinear changes in particle dimension?, assuming isotropic

shrinkageérecalculated from the difference between'théoreticai and
measured bokosfties to be ~5% for both sr-Cad and h-Ca0.

The_faét that the x-ray diffraction measurements showed the crystal
dimensions 6f sr-Ca0 and h-Ca0 to be unchanged during the course of the
aecombdéiffon reactions and for periods up tov15 hours at the reaction
températufe\after the reactions were completed indic;fes that the aggre-
gation of the.CaO into small crystallites probably occurs mainly by'a
cbopératﬁve process rather than by diffusion. A further/test of this
conc]us{on could be bbtained by measuring the porosity of Fhe powders as
a function:ofvannéaling time. lCooperative, dif%usion]ess brocéssés

.norma11ylbccur'instantanebus]y when a critical level of stress has béen
appl%ed. Any decrease in porosities with time of annealing would almost
certainly be a consequence of diffusion.
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Table 1. Speétrographic Analysis of Starting'Maferia]s

Calc¢ium carbonate powders

Impurity . Percent Impurity | Percent
(NH,) 10.003 Pb 0.0005

. Ba 0.006 .  MNa 0.1

(e 0.0 K- 0.0
Fe 0.002 (0,)  0.005
(NO3) 04

Calcium hydroxide powdér§3»

© CaCo, 3 (c1) ~0.001

- (Noy) 0.01‘ o (s0,) o 0.005
Pb | 0.001 ) AL 0.001
Mg . 0.5 Fe. _ ’ .0.001
Ba 0.01 ‘ K | 0.01
Na 0.1 Sr 01
Cu _ 0

.0005 " In ©0.002




Table 2. Surface Areas .and Crystal]inities of Ca0 from Various Sources

Source.of Material

Surface Area (mz/g)

Integral Breadth of

o B sc-Ca0

single crystal in . -

vacuo, 580°C

Material
Major x-ray Diffraction
Starting Oxides Peak (200)3
Material ' (rad. X 107)
Ca0 ~ Decomposition Ca(OH), 6.6 ' 2-3 5.5
granular block 1-10um -
o powder, dry N2’ 400°C
o , ~ h-Ca0 Decomposition same 6.6 , ~ 133 13.1
o3 =LA Ca(OH)2 powder in
' vacuo, 320°C
L - Cal Decomposition CaCO3 less than 1 1-2 4.1
1 1-10 m powder in : _ ’
; air at 900°C
s . . .
R - . sr-Ca0 Decomposition same .1es$_than | 78 .. .. 9.8
o ‘ - CaCO3 powder in- S T T a
vacuo, 510°C
Decomposition calcite - ~T X ]0'4 '7 .89 7.44
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Table 3. Surface Areas and Porosities for Porous Ca0 Powders

Material Specific Surface Cumulative Surface Volume ads. at
BET S from desorption - the saturation

S

(m/q) data (m“/g) point (cm/g)
Cylinder Slit-shape
h-Ca0 133 27 - 905 . - 0.213

"~ sr-Ca0 78 77 . 92 - 0.269

Cumulative volume
Calculated Experimental

- Cylinder Slit-shape shrinkage
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FIGURE CAPTIONS
SEM photograph of CaCO3 particles used in decomposition studies.
SEM photograph of Ca(OH)2 particles used in decomposition studies.
SEM photograph of ordered terraces on some sr-Ca0 particles.
SEM photograph of pits present in a few sr-Ca0 particles.
SEM photograph showing cracks formed in h-Ca0 parallel to probable
hexagonal planes of fhe original Ca(DH)2 crystals (Tum = 2.5 cm).
N2 adsorption-desorption isotherms at 78°K for h-Ca0 (curve a) and
sr-Ca0 (curve b).
Volume of N2 adsorbed as a function of the statistical thickness for
h-Ca0 (curve a) and sr-Ca0 (curve b).
Pore distributions as functions of the relative pressure of N2 (P/PO)
and of pore slit width d for h-Ca0 (curve a) and of pore radius r for

sr-Ca0 (curve b).
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