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Abstract

Natural dolomite powders have been decomposed in high iz@tial pressure regime withJ® (g) flowing and in the
temperature range 913-973 K. All kinetics and microstructure data concerning the first half decomposition step have been
compared with equivalent data obtained fromsti@e dolomite powders decomposed underdhme conditionswith no H,O
fluxing. The water vapor reduced the value of the total apparent enthalpy of the reaction freni @46 345+ 10 kJ mot,
but the rate-limiting step of the half decomposition process is not changed, consisting in each case in the transpor of the CO
from the reacting interface. It has been showed that this possibility is plausible beg&gg)ldan enhance the sintering of the
formed MgO crystallites with subsequent changes of the @@de of adsorption on the MgO surfaces from a strong bonded
regime to a weaker one. In presence efHg) and high CQ@(g) pressure, the rate-limiting step of the first half decomposition
of dolomite is still the transport of Cfacross the reacting interface, as it has been proved for the decompositiong in CO
environment. In the temperature range exploregf)lg) does not change the nature of the solid products which are formed
by MgO, CaCQ and a solid solution of MgO into CaGOThe microstructure of the solid products is still formed through
a shear-transformation mechanism, bytOHg) enhances the rate at which this step is occurring. Critical analysis of the
microstructure data, allow to conclude that the stress level inside the decomposing particles is increasing and enhancing the
cracking rate becauseBP (g) can increase the MgO grain growth rate. These findings might explain the technical procedure
used to decompose the dolomite stone in the ancient ovens.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tion of products, that, according to cultural heritage
studies[2], gave unusual and resistant building mate-
In our recent papdi] we carried out an investiga-  rials when they were obtained from thermal heating
tion on the half decomposition of a Ligurian dolomite process carried out in ancient ovens. To complete that
stone in high CQ pressure regime to obtain informa- study[1] it must be kept in mind that wood was used
tion on the nature and on the mechanism of forma- as combustible in the pioneering ovens; thus a consid-
erable amount of bD (g) and CQ (g) was present
* Corresponding author. Fax:39-010-353-6034. in the gaseous atmosphere of the furngje Further
E-mail address: dabe@unige.it (D.T. Beruto). cultural heritage studigg] provide information from
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which it is possible to learn that extra-sources of water Genoa, which is well known for producing high purity
vapor were placed inside the ancient ovens. Summing dolomite (about 98%) with some impurity of CagO
up all this information there is no doubt that to obtain The stones were taken at three different cave sites
insight on the phenomena that were occurring in the taking care to rid the surface of extraneous materials.
ancient ovens the effect of 4@ (g) on the dolomite The stones were manually broken into small grains
decomposition in high C@ partial pressure regime of about 1 cm in diameter and then mixed. The mix-
has to be investigated. In previous papérs7] it has ture was divided in order to obtain grains of uniform
been pointed out that the water vapor enhances thecomposition[5] and finally the sample batches were
sintering of MgO. One of authoif8] has proved that  ground for 30 min in an agate mill. The powders were
at the temperature of 823K, the specific surface area dry-sieved, and as starting materials only the ones
of 2nm MgO particles is reduced by 60.5% at 345 Pa with particle dimensions in the range of 304
of water vapor. On this ground there are reasons to were used. For the sake of clarity let us recall that
believe that the bO (g) is effective in changing the the dolomite powders are characterized by an XRD
kinetics and the microstructure evolution paths during diffraction pattern formed by dolomite and the most
the dolomite half decomposition reaction, since MgO important peaks of CaCG
is one of the solid reaction produdty. While the ef-
fect of the CQ pressure regime on the kinetics and 2.2. Techniques
the nature of the solid decomposed products has been
largely investigated9,10], the possible influence of Fig. 1 illustrates the general scheme used to
the simultaneous presence of®i(g) and CQ, as far decompose the dolomite natural powders through
as we known, is still unknown. This paper has been the TG-DSC technique under;B (g) and CQ
conceived to investigate this item. To deal with de- (g) gaseous environment conditions. An amount of
composition reaction where solid-state and solid—gas 55 + 2 mg of dolomite powders were placed in the
steps are occurring simultaneously with sintering pro- alumina Knudsen crucible with an orifice diameter
cesses among the grains of one solid product is hot anequal to 0.1 mm. This amount of material filled the
easy task. In order to get insights on this complex pat- crucible completely. Calcinated kaolin powders were
tern, in the following, we shall compare the obtained used as reference material in the other crucible. The
kinetics and microstructure data with equivalent data crucibles were placed inside the TG-oven. The ther-
derived on thesame dolomite powders decomposed mobalance was prepared with an atmosphere of, CO
underthe same experimental conditions in high dry following the procedure already described elsewhere
CO, pressure where no sintering between the MgO [1]. Under these conditions a flux of wet G@vas
grains is occurringl1]. From the comparison of the admitted just at the top of the crucible orifice at the
data it is possible to explain the effects 0p® (g) temperature of 50C to avoid water condensation.
on the decomposition rate temperature dependence, oriThe wet CQ gas was prepared by letting dry €O
the rate-limiting step, on the nature of the solid prod- (g) bubble through liquid distilled water at 5C with
ucts and on the shear-mechanism that accounts for thea flow of 35104 0.05mImint. The percentage of
formation microstructure of the produft]. The re- H>O (g) in the CQ (g) flux has been measured to
sults that we shall give in this paper may help also in amount to 40 £+ 0.1% in volume. No deviation from
obtaining a scientific explanation of the reasons behind this value was observed during the entire period of the
the empirical expertise used to carry out the thermal experiment. After a fluxing of about 15 min, the sam-
decomposition of dolomite in ancient ovejds11]. ples have been heated to 823 K for 30 min. No weight
loss was observed during this period of time. Then
the temperature was rapidly arisen to the isothermal
decomposition temperatures in the range 913-973K
21. Materials at a speed of 50C min~1. In the temperature range
913-973K, the fraction of dolomite weight lost in
The natural dolomite stones used throughout this non-isothermal conditions is practically negligible,
work came from ancient Ligurian caves near to but it became significant for isothermal temperatures

2. Experimental
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Fig. 1. TG-DSC apparatus used to decompose the dolomite natural powders in H-C experiment.

higher and/or equal to 993 K. The wet g@ux was film-layer of gold[1] were done with special attention

kept flowing during all steps concerning the complete to the high temperature cracking mechanism using an

decomposition cycle. At the end of the dolomite half accelerating voltage of 10kV and magnification up

decomposition a flux of Nwas introduced into the  to 20,000<. Mercury porosimeter intrusion—extrusion

TG-oven, at the rate of 520 + 0.05mImin?1, to technigue was used in the range up to 180 MPa. To

avoid any reaction during the cooling step. Three de- obtain information on the intergranular porosity frac-

composition experiments were done on different fresh tion, blank runs were done on non-porous dolomite

samples at each selected decomposition temperaturepowder as it has been described elsewljigfe

Taking into account all sources of experimental errors,

the three decompositions gave TG data that are all in-

cluded in a band of maximum width equal to the 10% 3. Results and discussion

of the reported weight loss. It has been observed that

this value is higher than the one corresponding to the  Before starting to illustrate the results that compare

experiments carried out in dry GQg) environment, the data obtained from the thermal half decomposition

for which the accuracy was as high as 98Pk of powders of natural dolomite in presence of(H
XRD powders patterns on dolomite and products (g) and CQ (g) with the ones derived under tkame

obtained after thermal treatments were taken using experimental conditions in dry CO;, (g) atmosphere,

the same apparatus and conditions already describedet us name from here on, “H-C” the results in®1

elsewherd1]. Scanning electron microscopy (SEM) (g) and CQ (g), and “C” the ones obtained in GO

observations on samples coated with a 20nm thin (g) and already discussed elsewhre Fig. 2 shows
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Fig. 2. Decomposed fraction of dolomite)(vs. time in temperature range 923-973 K. Dark curves concern H—C experiment, gray curves
concern C experiment.

typical thermogravimetric traces concerning H—C runs the H-C runs. Taking into account that in the C runs
and C experiments at the temperatures of 923, 943 the total apparent enthalpy of the reaction is due to
and 973 K. As it is possible to observe for any decom- the transport of C@across the reacting interfagt|,
position temperature, the dolomite decomposes to the this result strongly suggests that the presence of wa-
expected theoretical degree of conversio(47.7%) ter vapor molecules enhances the £gansport rate
during the first step of its decomposition without being through some mechanism which is unknown. In our
influenced by the nature of the gaseous environments previous research¢$2,13] on the adsorption of O
in the furnace. The impurity level of CaGPwhich (g) and of CQ (g) on the surface of the magne-
is not decomposing during the first half decomposi- sium oxide crystallites at high temperature, we stated
tion process, can explain the slight difference in the a number of points that are helpful in understanding
final degree of conversion. However, at lower decom- the above reported enthalpy values. To clarify this im-
position temperatures the timey, required to reach  portant item let us recall and comment our previous
the complete half decomposition of the dolomite in finding in the new perspective. Below the temperature
H-C environments is shorter than the one concerning of 898 K H,O (g) adsorbs chemically on the?Osites
the C experiments. At higher decomposition temper- to form 20H™ ions with an enthalpy of adsorption
ature, ther; in C environment and in H-C one be- of —189+ 3kJmol . At temperatures higher than
come practically coincident. Thus the global rate of 898K the water can dissolve rapidly in the MgO crys-
the first dolomite half decomposition is influenced by tallites with a heat of solubility equal te84 kJ mot-1
the presence of $O (g) in the environment. [12]. When this happens, the adsorbed gas is changing
Fig. 3 gives the temperature dependence of the net the vacancies concentration of the diffusing species
flux Jy of CO, from the orifice of the Knudsen cell  and the sintering steps among the oxide grains are en-
[1] both for the H-C and the C experiments in the hanced8,12]. Thus the presence ofJ@ (g) at the in-
temperature range 913-973 K. From the slope of theseterface of dolomite products promotes sintering of the
lines the total apparent enthalpy of the first dolomite MgO nanometric formed crystallites. How this step
half decomposition is equal to 440 10kJmot? in can influence the C&transport from the interface, can
the C experiment§l], and to 345+ 10kJmot? in be understood taking into account the peculiar way
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Fig. 3. Arrhenius plot related to dolomite half decompositionJilrvs. 1T, being J; the CQ flux originating from dolomite half

decomposition.

according to which CQ(g) adsorbs on the MgO sur-
faces. We have provefl 3] that in the temperature
range 880—-950K, i.e. equal to that of dolomite decom-
position, the CQ can be chemically adsorbed on the
MgO surface according to two regimes that depend
upon its degree of coverage. No dissolution of LCO
into MgO was observed. At low coverage (I regime)
the enthalpy of chemisorption is207+ 2 kJ mol?,
while becoming—156+ 3kJmol ! at high coverage

(Il regime) [13]. The difference in the total apparent
enthalpies for the C runs and for the H-C experiments,
AH*, is equal to 4Z10 kJ mot 1, while the difference
between the desorption enthalpiedy, of the strong
bonded adsorbed GQOmolecules and of the weaker
ones is 52 kJmol L. This close agreement is strik-
ing and it suggests that the effect op® (g) on the
kinetics of the first dolomite half decomposition is that
of changing the C@adsorption regimes on the MgO
surfaces from a strong bonded way into a weaker one.
Thus, the rate of the release of g@om the MgO
surface in presence ofJ® (g), should be enhanced.

adsorption and the dissolution of28 (g) and CQ
(g) on the solid products at high temperature. As far
as we know this kind of information is very scanty.
The XRD traces concerning the solid phase prod-
ucts obtained at the end of the first half of the dolomite
decomposition in H-C and C gaseous environment at
943K are illustrated irFig. 4. As it is possible to ob-
serve there is no difference between the position of the
peaks in the H-C pattern and in the C pattern. Chang-
ing the decomposition temperature does not change
the resul3]. In agreement with the previous finding
[1] it can be concluded that the nature of the solid
products is formed by MgO, CaG&nd a solid solu-
tion of MgO in CaCQ. Thus the general reaction that
described the first half of the dolomite decomposition
in H20 (g) and CQ (qg) is still (1):

CaMg(COy)2 (9)
— (1 - »CaCQy(1 - y)MgO (9)

+xCaCQ () + yMgO(s) + CO2 (9) 1)

The presence of other solid phases beside the MgO inAs illustrated inFig. 5(a) and (b)the block-like shape
the reacting surface might have some influence on the of the initial dolomite particlesKig. 5(a) does not

results derived from the above reported analysis, but
any further discussion requires the knowledge of the

change during the decomposition in®l (g) and in
CO, (g) gaseous environmertif. 5(b). In particu-
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Fig. 4. XRD patterns of the solid products obtained in C and H-C experiments (the symbols showing the expected position of the XRD

peaks: calciteld), periclase @) and solid solution CaC§-MgO (%+)).

lar, the edges of the decomposed particles do not seemwith this observation while the C samples are char-
to be rounded. This evidence strongly suggests thatacterized by a monomodal pore size distribution with
long distance diffusion steps are not occurring during average diameter of about 0.Q&, the H-C sam-
this decomposition. Thus the microstructure of the de- ples have a bimodal pore size distribution where the
composed particles is due to a shear-mechanism as itgreatest average diameter is aroungdni. Evidence
has been proved for the C decompositjdh for these large cavities have been observed on the ex-
Fig. 6 shows the mercury porosimeter intrusion ternal surface of decomposed particlegy( 7). In the
curves concerning the final solid products for the C same figure, one long crack about Q2 width and
half decomposition (gray curve) and for the H-C ones 8pum long can be observed. The average size of these
at 943 K (dark curve). The contribution of the porosity defects does not change significantly as the decom-
due to the intergranular voids has been subtracted (seeposition temperature is increasing, but their number
Section 2and[1]), thus the curves account only for does, as it is proved by the value of the total porosity
the cavities inside the decomposed particles. As it is that becomes 0.222 &g~1 at 973K [3]. Since the
possible to observe, the total porosity of the H-C sam- change from a monomodal pore size distribution to
ples, 0.164 crhg™1, is larger than that of the C ones, the bimodal cracked configuration one, reported in
0.115cnig~L. Since the calculated total theoretical Fig. 6, is concerning C and H-C samples that undergo
porosity of the particles obtained from the half de- the same cooling treatment, the formation of the
composition of the dolomite is equal to 0.12%gr?! cracks has to be considered an high-temperature pro-
[1], and since the shape of the H-C particles is fairly cess, due to the development of residual stress inside
equal to that of the initial dolomite, the evidence the porous matrix of the solid decomposed products.
that the porosity of the H—C grains is larger than the If so, the effect of HO (g) during the dolomite de-
theoretical one, leads to the conclusion that the H-C composition consists in increasing the level of these
decomposed particles must be cracked. In agreementmechanical stress and, therefore, in enhancing the
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Fig. 5. SEM micrographs of: (a) undecomposed dolomite; and (b) half decomposed dolomite, at 943K, in H-C experiment.

rate of the shear-transformation mechanism. The ex- from which it is possible to infer that if a spherical
perimental fact on which we might account is that the particle inside a number of other homogenous and
grain growth of the MgO particles inside the porous equal sintering particles is increasing its radius, the
network is enhanced by the presence ofoHg). In stress can be raised to levels capable of breaking
our previous paperfl4,15] we worked out a model  of the bonds with the neighboring particles. This
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Fig. 6. Comparison of cumulative pore volume curves (intrusion and extrusion) vs. pressure for the solid products obtained from dolomite

half decomposition at 943K, in C experiment (gray curve) and in H-C experiment (dark curve).

Fig. 7. SEM micrographs of half decomposed dolomite particles, at 943K, in H-C experiment.
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