
A

I
m
t
T
l
1
S
a
o
m
d
©

K

1

a
f
t
t
s

s
g
i
l
y
v
m

0
d

Available online at www.sciencedirect.com

Journal of the European Ceramic Society 30 (2010) 1277–1286

A consecutive decomposition–sintering dilatometer method to study the
effect of limestone impurities on lime microstructure and its water reactivity

D.T. Beruto a,∗, R. Botter a, R. Cabella b, A. Lagazzo a

a DICAT, Faculty of Engineering, University of Genoa, Piazzale. J.F. Kennedy, Pad. D, 16129 Genoa, Italy
b DIPTERIS, Faculty of Science M.F.N., University of Genoa, Corso Europa 26, 16132 Genoa, Italy

Received 27 July 2009; received in revised form 17 November 2009; accepted 18 December 2009
Available online 13 January 2010

bstract

n this paper we develop a consecutive decomposition–sintering dilatometer method (CDSD) to study the effect of limestone impurities on lime
icrostructure features that are formed during the limestone decomposition. Two experimental parameters, the changing in slope of the dilatometer

races (β̇) and the total shrinkage of the produced lime (Σ) in the subsequent sintering stage, have been shown to be influenced by the impurities.
he first limestone investigated was poorly recrystallized with heteroblastic texture and a total amount of impurities equal to 2.2 wt%. The second

imestone was strongly recrystallized limestone with equigranular xenotopic fabric and with 0.7 wt% total impurities. β̇ and Σ turns-out to be
3 × 10−4 [min−1] and 1.43 wt% for the lime from the first sample, and 3 × 10−4 [min−1] and 11.2 wt% for the calcium oxide from the second one.
intering steps among CaO grains catalysed by the escaping CO2 lead, in the first lime–limestone matrix, to lime grains of irregular shapes and

verage dimensions between 3 and 7 �m. In the second lime–limestone matrix, liquid phases between CaO and impurities promote locally denser
xides regions mixed with others where solid-state sintering steps occurs. In these regions the average grain dimensions are 6–10 �m. CDSD
ethods allow to understand the lime water-reactivity vs. the temperature of lime formation tests in term of competition between coarsening and

ensification phenomena occurring in the temperature range 700–1200 ◦C and in air.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Although the endothermic decomposition of calcium carbon-
te to yield calcium oxide and carbon dioxide has been studied
or considerable time by many researchers,1–11 it is still difficult
o apply the extensive valuable scientific knowledge obtained to
he complex phenomena that occur during limestone decompo-
ition processes.

Part of the difficulty stems from the complex nature of lime-
tone. For instance, the presence of biosparites, of different
rain sizes of calcium carbonate crystals and different types of
mpurities change the textural and mineralogical properties of
imestone even at the single-quarry scale, as shown by the anal-

ses resulting from different laboratories. Obtaining a general
iew of the effects of these variables on the mechanisms of for-
ation and textural evolution of the lime grains is a difficult task.

∗ Corresponding author. Tel.: +39 0103536039; fax: +39 0103536034.
E-mail address: dabe@unige.it (D.T. Beruto).
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Pioneering and previous studies12–14 have shown that the sin-
ering of CaO grains from CaCO3 is catalyzed by the activity of
he CO2 escaping from the reaction interface zones. The evolu-
ion of the CaO porosity and of its surface area, drop suddenly
hen the CO2 partial pressure is average 9 Torr at the temper-

ture of 650 ◦C.15 Since the value of the CO2 partial pressure
nside the block-like limestone decomposing in air is very rea-
onably higher than the threshold value required to drop the
xide specific surface area, the obtained lime should have low
urface area independently from the nature of the limestone.
he experimental data5 are in agreement with this prediction.

ndeed the surface area values of many lime obtained from dif-
erent sources of limestone in industrial furnaces are included in
he range of few square meters, but shape, size of the lime grains
nd porosity of agglomerates can be very different. Evidently the
imestone impurities of the different samples, play an important

ole in the formation of the correspondent lime microstructure.

In this paper we wish to address this topic. It is well known16

hat the addition of simple salts to calcium carbonate powders
ccelerates the decomposition of the carbonate and changes

mailto:dabe@unige.it
dx.doi.org/10.1016/j.jeurceramsoc.2009.12.012
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he shape and the size of the calcium oxide grains through the
ction of low eutectic melting phases. However, before applying
hese mechanisms to the decomposition of block-like limestone
amples it is necessary to obtain information on the limestone
mpurities, whose nature and distribution inside the limestone

atrix is a consequence of the genetic environment and of dia-
enetic processes of the different limestones.17 Quite often the
mpurities are not formed by simple salts and they are randomly
istributed and selectively concentrated in stilolites and/or veins
eaching a local high concentration even if the bulk CaCO3
oncentration is around 99 wt%.

Thus, during the decomposition of a given sample, liquid
hases can be active near the impurity islands, while solid–solid
nd/or solid–gas steps can be important in other regions. As the
ulk CaCO3 concentration of most limestones is near 99%, it is
ossible that the global kinetics of the thermal decomposition
re almost unchanged throughout the limestone, but final lime
icrostructural and textural properties are not.
If this is so, the traditional TG, XRD and SEM analyses are

ot enough to investigate these kinds of phenomena. In this
aper, in order to obtain data on the length-variation of block-
ike limestone due to its decomposition reaction and to changes
n the lime microstructure within it, we will present and discuss a
ew consecutive decomposition–sintering dilatometer method.
ince the decomposition and the sintering stages are carried-out
n the same block-like sample without removing it from the fur-
ace, it will be shown that the effect of the impurities on the
intering rate of the lime is an “enlarged” picture of the com-
lex phenomena of the lime microstructure changes during the
imestone thermal decomposition stage.

As a technological and scientific consequence of these find-
ngs we can explain why the hydration kinetics involving the
alcium oxides and liquid water yields significant differences
nd unexpected results.

. Materials and experimental methods

.1. Mineralogical and textural analysis of limestone

Table 1 shows the two kinds of limestone used throughout this
ork (A and B) both characterized by a high CaCO3, 97.79%

or sample A and 99.34% for sample B. The same table includes
he concentration of elements and the impurities in the carbonate

atrix, derived from spectroscopic analysis.
The specimens, taken from large block sample, were pre-

ared for the thin section (30 �m in thickness) analysis under

polarizing microscope. Stereomicrograph pictures were taken

o obtain textural features at a large scale while polarized light
icrographs under crossed polar were taken to obtain the texture

t a smaller scale.

r
t
v
a

able 1
ean chemical composition of A and B limestone obtained from a representative qu

ample CaCO3 (%) MgO (%) SiO2 (%) Al2O3 (%) S (%) Fe2O3 (%)

97.79 0.55 0.58 0.14 0.033 0.062
99.34 0.15 0.05 0.01 0.005 0.029
eramic Society 30 (2010) 1277–1286

SEM-EDS images and qualitative spectra of the mineral
hases were made on carbon-coated polished thin sections with
Philips SEM 515 equipped with an energy-dispersive spec-

rometer (EDAX PV9100).
To clearly visualize the textural features and accessory min-

ral location of sample B, an acid etching method was used as
ollows: the polished sample was etched with 2.5% acetic acid
or 30 s, then carefully rinsed with distilled water and dried (24 h
t 60 ◦C) and finally carbon-coated for SEM analyses.

.2. Thermogravimetric and dilatometric analysis

A large, representative block of limestone was cut following
he compositional layering broadly marked by dark minerals as
eference plane (more evident in sample A), visually checked.
he B samples were cut into 10 cm × 10 cm × 10 cm cubes and

he A samples into slices of 1.2 cm in thickness and irregu-
ar shape with an area of about 400 cm2. These blocks were
rilled perpendicularly to the reference plane using water-cooled
iamond-core drill bits to obtain cylinders of 6 mm in diameter
nd 12 mm or more in thickness. Some samples were also drilled
arallel to the reference plane to check the influence of a different
irection on the thermal behaviour.

All samples were successively divided into pieces 3 mm in
eight to obtain specimens from the same sources to duplicate
he runs with the TG, DSC and dilatometer. The limestone sam-
les used to characterize the porosity features were cylinders
2 mm in height, selected from the same source.

The TG experiments were carried-out in a static air atmo-
phere using a Netztch STA 409. TG-DSC thermal analyzer
n the sensitivity range of ±0.1 mg equipped with a Netztch
10 furnace temperature controller system. For each run the
amples were placed inside the furnace on a 6 mm diame-
er TG-DSC sample alumina holder and then the temperature
as first raised from room temperature (about 20 ± 1 ◦C) to
200 ◦C at a nominal rate of 10 ◦C/min and the weight loss
ecorded continuously. At the end of the decomposition the fur-
ace temperature was cooled down at the same nominal rate of
0 ◦C/min of the heating period. The previously prepared cal-
ium oxide bodies were stored in sealed vials with a silica gel
esiccator for a few hours. The oxide fracture surfaces were suc-
essively sputtered with a gold layer of about 200 nm for SEM
bservation.

Consecutive decomposition–sintering dilatometer experi-
ents were carried-out in a Netzch dilatomer (DIL 402 E)

quipped with a furnace identical to the one used in the TG

uns and controlled by the same systems. The internal diame-
er of the DIL 402 E furnace was 26.5 mm, equal to that of the
ertical TG-DSC furnace. The pushing-rod was 6 mm diameter
lumina with an added applied force of 0.3 N

arry sample.

MnO (%) Na2O (%) K2O (%) SrO (%) P2O5 (%) Cl (%) F (%)

0.0017 0.0047 0.041 0.144 0.10 0.0052 0.03
0.0245 0.0021 0.002 0.124 0.06 0.0052 0.054
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Limestone cylinders (6 mm in diameter and 3 mm in length)
rom the same sample of those placed in the thermobalance, were
ntroduced into the dilatometer and heated in static air using the
ame heating program adopted for the TG experiments. Each
un was duplicated with fresh samples to evaluate any statistical
eviation. TG traces turned out to be reproducible within the
nstrumental error of 2%, while the dilatometer ones between
he 2% and the 4%.

Longitudinal shrinkage was recorded continuously, while the
adial shrinkage was checked at room at the end of the exper-
ments temperature with a micrometer (the accuracy was of

0.01 mm). It was noted that the total radial and longitudinal
hrinkages were fairly equal within the experimental errors.

Blank runs to calibrate the thermal expansion of the sample
older were done using polycrystalline alumina furnished by
ETZSCH.
From other runs18 we were aware that the thermal dilation

eriod before the decomposition stage can depend on the drilling
irection. A number of tests on limestones showed that in some
ases a difference of about 2–4% can be observed between
he parallel and the perpendicular drilling directions. However
hese differences do not change the slope of the traces in the
ubsequent decomposition and sintering stages.

Lime isothermal sintering experiments were performed to
nderstand the water-reactivity test of the CaO. These samples
ere prepared with the following thermal heating program: (1)
eating to 670 ◦C at 10 ◦C/min and kept at this temperature for
5 min. (2) Raising the temperature of the selected sintering
emperature at 50 ◦C/min (by the time the limestone reaches
he sintering temperature, it has completed its decomposition).
3) Keeping the sample at that temperature for 150 min for the
intering stages. (4) Cooling to room temperature at 10 ◦C/min.
5) Checking of the sample geometry. For these runs the sample
older correction table furnished by Netzsch was used.

Mercury porosimetry characterisations were done by using a
orosimeter model Carlo Erba 2000. To reduce moisture hydra-
ion, the samples were placed in the porosimeter sample holder
dilatometer), under mechanical vacuum conditions (≈10 Pa)
ithin a few minutes. After 20 min of degassing Hg was intro-
uced into the dilatometer and the pressure was increased up
o 750 bar. Blank runs were done using the same dilatometer
lled only with Hg. All the runs were done at the room tem-
erature. Hysteresis loops were observed for all samples, but
or this paper, being our main interest the one obtaining data
or the total open porosity, we report only the intrusion curves.
nalysed samples were CaO lime cylinders of about 6 mm in
iameter and 12 mm in length.

SEM images were taken of the fracture surfaces of the limes
roduced with the consecutive decomposition–sintering method
n various temperature-heating programs.

.3. Water-lime reactivity
Defined quantities of water and fine lime powders were mixed
ith a mechanical stirrer in a thermally insulated Dewar flask,

nd the reaction temperature was monitored. Accordingly to the
tandard DIN 1060 part 3 method,19,20 the time t60 required to

p
(
i
S

eramic Society 30 (2010) 1277–1286 1279

each the reaction temperature of 60 ◦C was measured for the
ifferent limes obtained from the same limestone samples (A
nd B) decomposed in air at different temperatures for given
etention times. This parameter was taken to indicate the water-
ime reactivity.

. Results and discussions

.1. Limestone texture and impurities

The macroscopic textural features of samples A and B show
hat irregular micrometric veins are present in the A matrix,
hile coarser crystal grains characterize the B sample. The tex-

ural features are shown in Fig. 1. Images 1 and 3 show that
ample A is formed of a nearly-pure fine-grained crystalline
imestone (slightly recrystallised) with a heteroblastic texture.
ome traces of allochemical components (fragments of fossils)
re visible in the thin section. Unfortunately the original abun-
ance of these allochems cannot be determined as a consequence
f recrystallisation that affected this limestone. The presence of
cattered sparry calcite crystals (up to 0.5 mm in size), could also
e related to the recrystallisation processes. The sample shows
ayering marked by the presence of some dark submillimetric
tilolitic layers rich in opaque minerals. Some (rare) idiomor-
hic millimetric plagioclase crystals have been found. Except for
ome sparry calcite individuals, the calcite crystals are anhedral
nd range in size between 1 and 15 �m.

Images 2 and 4 show that sample B is a nearly-pure fine-
rained strongly recrystallised limestone with an equigranular
enotopic fabric.17,21 The mean grain size of the carbonate crys-
als is between 50 and 75 �m. There are some microcrystals (up
o 5 �m in size) of opaque minerals, mainly as scattered grains
rregularly distributed. There are also rare calcite microveins (up
o 0.25 mm in thickness).

The SEM-EDS analysis was focused on identifying the com-
osition and location of the carbonate and accessory minerals in
oth samples.

As images 1, 3 and 5 in Fig. 2 show, in the sample A
he carbonates are formed of nearly-pure calcite (Mg, Sr and
ther elements, if present, are in trace amounts). Some very
are anhedral irregular patches of dolomite have been found,
ossibly related to secondary dolomitisation processes in the
tilolites. The occurrence of accessory minerals is related to
he presence of stilolites where (in order of decreasing abun-
ance) apatite, pyrite, plagioclase and quartz are found. Apatite
s present as micrometric crystal aggregates; pyrite is present
oth as micrometric euhedral crystals and framboidal aggre-
ates. The SEM-EDS spectra revealed that the plagioclase is
ure albite; the apatite spectra revealed a lack of appreciable
mounts of fluorine and chlorine.

Images 2, 4, and 6 in Fig. 2 illustrate the results for sample B.
Carbonates are represented by nearly-pure calcite, as in

ample A. The etched-sample study revealed that accessory

hases are present both as intergranular and inclusion minerals
Figs. 2–6). There are also Quartz, apatite, K–Al rich phyllosil-
cates and rare fluorite (in order of decreasing abundance). The
EM-EDS spectra revealed the presence of fluorine in apprecia-
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ig. 1. Polarized light (under crossed polars) micrographs. Photos 1 and 3: sam
tilolites; photo 2 evidence the coarser texture of sample B; in the photo 3 the
abitus. Photo 4 shows the occurrence of opaque minerals as microcrystalline i

le amounts also in the apatite. A comparison of the F contents
f samples A and B revealed that this element is selectively con-
entrated in Fluorite and apatite only in sample B. The lack of
oth fluorite and F in the apatite EDS spectra of sample A could
e explained by a lower F content and lower recrystallisation;
n sample B the genesis of the fluorite and the incorporation of
uorine in the apatite could be related to mobilization processes
uring recrystallisation.

As low eutectic melting phases have been observed in the
ystem, calcite–calcium oxides with fluorine and chlorine com-
ounds such as LiF22 and LiCl,23 it can be inferred that
ome liquid phases played a role in the formation of the lime
icrostructure during the decomposition of limestone B because

he apatite spectrum of this sample is richer in fluorine than that
f limestone A.

.2. Decomposition–sintering processes

Fig. 3 shows reproducible and typical dynamic TG traces
nvolving the thermal decomposition of compact bodies in lime-
tones A and B under the same conditions.

It is possible to note that the traces are quite repro-
ucible and their total apparent activation enthalpy can be
erived through the usual kinetic analysis of non-isothermal
ate measurements.24 For our derivation we selected the general

quation that reads:

n

(
dα/dt

f ′(α)

)
= ln

(
A

b

)
− �H∗

RT
(1)

1

n
e
t

; photos 2 and 4: sample B. Photo 1 shows the presence of opaque minerals in
eldspars occurring as accessory minerals in sample A show their idiomorphic
ar aggregates in sample B. S, stilolites; f, feldspar; om, opaque minerals

here α is the degree of advancement of the reaction, f′(α) the
ifferential form of α(t) which best fits the experimental data
rom 0 to 1, T the absolute temperature, A the constant which
ncludes the entropy and frequency terms,�H* the total apparent
ctivation enthalpy and R the gas constant.

Usually, non-isothermal kinetic analyses are performed using
ulti-heating rate TG methods.25–27 Experiments based on dif-

erent heating rates28–30 have the advantage of not requiring any
ssumption on the shape f′(α) vs. time function, while those
btained from a single heating rate do.

The number of differential, integral and non-isothermal forms
f kinetic expressions are numerous.24,27 In our experiments the
imestone samples 6 mm in diameter and 3 mm in height were
ept in an alumina crucible of equal diameter. It is reasonable
o assume that the sample starts to decompose from all three
xternal surfaces, but in the close space that surrounds the lateral
nd the bottom surfaces, the CO2 pressure value might be near to
he equilibrium one. If so, the predicted advance of the interface
ould occur mostly from the top-down direction as happens in

he decomposition of single large calcite crystals in a Langmuir
ell.1 Thus, under the assumption that the heat transport rates
re not the rate determining step, as first attempt to derive value
or the total apparent enthalpy of activation, it is possible to
se the kinetic expression based on geometrical models, which
eads.31,32

1/n
− (1 − α) = Kt (2)

being a number equal to 1 for the linear advance interface,
qual to 2 for the contracting area equation and equal to 3 for
he contracting volume mechanisms.
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Fig. 2. SEM-BSE images. Images 1, 3 and 5: sample A; images 2, 4 and 6: sample B. The medium grey background is calcite. Images 1, 3, and 5 show the accessory
mineral occurrences in sample A: apatite (light grey) occurs in cryptocrystalline aggregates of idiomorphic crystals selectively concentrated together with pyrite
(white) and rare crystals of albite (dark grey) in the stilolites; dolomite rarely occurs in irregular xenomorphic grains (arrowed in image 3). In sample B the occurrence
of accessory minerals is mainly represented by scattered micrometric crystals of apatite (fluorine-rich), pyrite (not visible in the selected images), rarer phillosilicate
(K–Al rich) lamellar grains and some quartz grains. Occasionally idiomorphic fluorite crystals occur (image 2). Image 6 represents the same sample after the chemical
etching with acetic acid solution: the textural features of the calcite grains are highligh
phases is evident. Abbreviations: ab, albite; ap, apatite; dol, dolomite; flu, fluorite; ph

Fig. 3. TG traces obtained by heating the compact A and B limestone bodies at
a heating rate of 10 ◦C/min in air.

t

f
f
(

a
t
T
l
t

p
d

ted and the occurrence of accessory phases both as inclusions and intergranular
, phyllosilicate; py, pyrite; qtz, quartz.

Assuming n = 1, this equation fits our experimental data in
he range of α between the 0 and 0.7

The values of the total apparent enthalpies of the reaction
rom the logarithmic plot of Eq. (2) are equal to 160 ± 0.6 kJ/mol
or sample A and 175 ± 0.5 kJ/mol for sample B respectively
correlation for both R2 = 0.998)

These results clearly show that the effects of small
mounts of impurities on the lime microstructure formed in
he 99% calcium carbonate matrix, are not detectable from
G experiments although the corresponding kinetic analysis

eads to slightly different total apparent enthalpies of activa-

ion.

To obtain a thermal method which is more sensible to the
resence of impurities, let us discuss the following consecutive
ecomposition–sintering approach.
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than that of lime B (6–10 �m), but a greater difference is that
the B grains are forming two set of aggregates; the first one with
grain shape and spatial arrangements near that observable in

Table 2
Values of β̇ and Σ� obtained from the CaO sintering zone in Fig. 5.

Sample Initial sintering rate (β̇) Total shrinkage (� period)
ig. 4. Comparison of thermogravimetric (a) and dilatometric traces (b) of two
dentical samples of limestone B obtained from TG and dilatometer analysis
arried-out under the same conditions.

Fig. 4 compares the thermogravimetric (a) and the dilatomet-
ic traces (b) of two identical samples of B limestone obtained
espectively from TG and dilatometer analyses carried-out under
dentical conditions. As can be noted the dilatometric trace can
e divided into three different regions.

In the region �, where the TG curves do not give weight vari-
tion, the sample length increases due to the limestone thermal
xpansion.

In the region �, which starts when the TG curve shows that the
ecomposition reaction is beginning, a number of complex ther-
al steps occur. The limestone decomposes, the CO2 diffuses

hrough the formed CaO grains promoting their sintering,15 the
imestone impurities can interact with both the CaCO3 and CaO
r with only one of the solid phases. The actual sample length
n this region will be a balance between different contributions.
hermal dilatation of CaCO3 and CaO will tend to increase the
ample length, while the reduction in the molar volume due
o the limestone–lime reaction and the sintering of the oxide
ormed will decrease it. Fig. 4 shows that at a certain degree in
he advancement of the decomposition reaction, the reduction
n length prevails.

Let us call Σ� = �L/L0 the total longitudinal shrinkage due
o the all thermal phenomena occurring in region �.

In the region � which starts when the thermal decom-
osition of the limestone is complete, the dilatometer traces
an be ascribed only to thermal phenomena inside the
atrix of the formed CaO grains. Among these phenom-

na are sintering, grain size growth, porosity reduction,
nteractions with impurities, which might lead to liquid
hases.

It is interesting to note that the dilatometer
ecomposition–sintering curve changes its slope at the �
tarting temperature.

Let us call Σ� = �L/L0 the global shrinkage associated with
his region.

It is known33,34 that the sintering rates of porous ceramic

xide bodies are strongly dependent on the green density of the
tarting-grain oxide-packing body. Since the lime “green bod-
es” have been formed “in situ” from the decomposing limestone
nd have not been removed from the furnace, the initial sinter-

A
B

wo different limestones, A and B, whose mineralogical properties and impurity
istribution have been proved to be different, but have almost equal TG traces
see section above and Fig. 4).

ng rate (β̇), as well as the total shrinkage Σ�, must be strongly
ependent on the microstructure of the lime formed during the
imestone decomposition.

So, if the limestone impurities are able to change the
icrostructure of the limes obtained this effect should be

nhanced in the region �, which only involves the sintering of
he lime produced at high temperature.

Fig. 5 compares the dilatometer decomposition–sintering
urves of the two different limestones A and B, whose miner-
logical properties and impurities distribution have been proved
o be different, but that have almost identical TG traces (see
bove section and Fig. 3). It can be noted that while the TG
races are almost equal/identical, the corresponding dilatometric
urves are very different.

Table 2 lists the values of β̇ and Σ� obtained from the �
egions of Fig. 5.

Since the comparison is done for limestone samples of equal
eometry heated under the same conditions, the difference in the
orresponding Σ� and β̇ clearly indicate different interactions
etween the CaO oxides and the impurities.

In particular, since β̇B and Σ�,B are greater than β̇A and Σ�,
the matter transport should occur at a faster rate inside the B

ime matrix than inside the A one.
Fig. 6 illustrates two images (A and B) of SEM observations

f fractured surfaces of limes A and B obtained at 1200 ◦C in
ir after equal/identical decomposition–sintering processes and
hen cooled to room temperature.

The average CaO grains size of lime A (3–7 �m) is smaller
(�L/L0, min) (�L/L0, %)

0.0003 1.43
0.0013 11.2



D.T. Beruto et al. / Journal of the European Ceramic Society 30 (2010) 1277–1286 1283

F
B
1

t
w
a
b

a
u
C
p

w
b
t
f
w
t
i

n
h
a
s
t

u

F
t

i
t

p
g
d
t
w
w
t
o
i
a
t
w
b
r

(
t
B
t
t
t

b
i
a
a
t
c
B
g
o
s
C

ig. 6. Typical SEM observations on fractured surfaces of lime A and lime
obtained through the same decomposition–sintering process: 1200 ◦C for

50 min.

he A oxide, the second one formed by a denser microstructure
here some liquid phase was probably operating. The denser

ggregates do not form a continuous network but are separated
y large macropores.

In agreement with our previous data10 the first kinds of CaO
ggregates look like those often observed when CaO grains
ndergo a solid–solid sintering process catalysed by the escaping
O2. The second one suggests the presence of a surface liquid
hase where the CaO can be dissolved and recrystallised.35,36

On both CaO surfaces (A and B grains) interesting patterns,
hich look like Moire fringes, appear, but at present we cannot
e sure about their formation. It may be that these patterns are
he result of low-temperature reactivity between edge the CaO
acets and air moisture after the fracture of the sample. However,
e cannot exclude the possibility that they are the results of high-

emperature vaporization–condensation process of some volatile
mpurities.

The total shrinkage Σ�,A is less than Σ�,B. This result can-
ot be easily explained because many complex phenomena can
appen simultaneously. While Σ�,B, is due to terms that can be
ccounted for by a locally-formed liquid phase and by solid-

tate transport phenomena Σ�,A should be mainly due to matter
ransport process in the solid phase.

As a matter of discussion it is interesting to observe the val-
es, β̇A and β̇B, of the initial lime sintering rates. As Table 2

q
T
t
r

ig. 7. Hg intrusion curves of the lime A and B produced using the thermal
reatment of Fig. 8 at sintering temperature of 1190 ◦C.

s showing β̇B is greater than β̇A. This datum seems to indicate
hat the B grain size is smaller than that of the A-lime.37

But as it has been observed previously (see also Fig. 1 of sup-
lementary material) the B particles have an average dimensions
reater than the A ones. Evidently the initial lime sintering rate is
ependent upon other microstructure variables.38 The dilatome-
er technique allows to record the total length of the samples,
hich at the beginning of the sintering step is strongly connected
ith the spatial arrangements of the lime particles within a fixed

otal volume. Thus this parameter is connected with the packing
f the lime grains inside this volume at the start-up of the sinter-
ng step. Comparison between the data concerning samples A
nd B, assuming almost isotropic shrinkage, allows to say that
he A porous body is greater than the 4% of the B one. In other
ords smaller particles in A porous body are less packed than
igger grains in B body. Due to this the A initial global sintering
ate is less than the B one.38

Hg porosimeter analysis, carried on the final sintered lime
see Fig. 7) nicely confirm that the packing of sample B is greater
han the packing of sample A. Indeed the Hg-porosity of sample

is 0.15 cm3/g, while the one of sample A is 0.30 cm3/g. On
his basis it is possible to obtain information on the evolution of
he lime microstructure during the sintering through analysis of
he microstructure on the final sintered lime.

SEM-EDS spectra (see section above) show a lack of F-
earing phases in appreciable amounts in limestone A, while
n limestone B the fluorine is partitioned into fluorite (CaF2)
nd apatite. These spectra suggest that the fluorine mobilisation
nd reconcentration processes took place during recrystallisa-
ion. Islands of impurities are located around well crystallised
alcium carbonate grains in limestone B. It may be that the

lime microstructure is due to an initial nucleation and
rowth of CaO grains due to the adsorption and desorption
f CO2 from the CaO surfaces and by the penetration of
ome CO2 molecules inside the CaO bulk lattice.14 But those
aO grains formed near to rich fluorine regions might subse-

uently give phases that are liquid at the sintering temperature.
hese phases flow to a certain distance, dissolve some CaO

hrough patterns that give the denser oxide zones as their final
esult.
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Table 3
Relationship between t60 and decomposition temperature for limes A and B.

Sample Tdecomp (◦C) t60 (s) 1/t60 ∝ 〈r60〉 (×103 s−1)

A 980 22 45.45
1060 44 22.72
1140 108 9.26
1200 195 5.13

B 980 280 3.57
1060 1105 0.90
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Fig. 8. Dilatometer traces of three equal bodies of limestone B pre-heated to
900 ◦C and then completely decomposed before the segment at constant tem-
perature (130 min). 60% of the sintering occurs during the heating and 40%
occurs isothermally at the temperatures of 1190, 1119 and 1038 ◦C.
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1140 1428 0.70
1200 1091 0.91

Table 3 reports the t60 water-lime reactivity of each type of
ime obtained from the decomposing of the parent limestone
t fixed temperature Td in air. In the same table (column 4) an
verage lime dissolution rate, 〈r60〉 ∝ 1/t60 is reported for the
ake of comparison.

The data provide two interesting results that require an expla-
ation. The first suggests that the water-lime reactivity rate in
ample A is always faster than that in sample B, no matter what
he decomposition temperature Td at which the parent limestones
ecomposed. In general, the water-lime reactivity rate is con-
rolled by the lime microstructure and by the surface chemical
omposition of the calcium oxide grains.39 By assuming an iden-
ical surface reactivity, the lime B grain size should be greater
han that of the A samples. This inference is confirmed by the
EM analysis carried-out on lime A and lime B obtained from

he decomposition of the parent limestone at 1200 ◦C.
The second datum shows that the B water-reactivity rate

asses through a maximum when the limestone decomposition
emperature varies between 980 and 1200 ◦C. This is a rather
urprising result, because t60 increases with the decomposition
emperature due to the fact that sintering phenomena are more
nhanced at a high temperature. While sample A obeys this
endency, lime B does not.

In seeking to understand this datum we applied the consec-
tive decomposition–sintering dilatometer procedure to three
dentical bodies of B limestone totally decomposed according
o the temperature programme reported in the experimental sec-
ion, and then sintered isothermally at the temperatures of 1190,
119 and 1038 ◦C, i.e. in the temperature range where sample
shows the anomalous water-reactivity behaviour.
Fig. 8 shows the dilatometer traces obtained. It can be noted

hat Σ1038 is less than Σ1119. This is an expected result since
he CaO grain size increases with the sintering temperature.
owever, surprisingly, the shrinkage at 1119 ◦C equals that at
190 ◦C. Evidently the anomalous behaviour t60 vs. Td plots
or the B lime is due to new microstructure patterns in that
emperature range.

Fig. 9 illustrates the Hg intrusion curves of the three lime
amples above. In agreement with image B reported in Fig. 6,
he B lime is characterised by a double set of pores, the macro-

avities included in the 20-�m dimension and a second class of
ores in the region 0.3–2 �m.40

At the 1119 ◦C sintering temperature the total porosity equal
o the value found at 1190 ◦C and Σ1119 equals Σ1190, but the

“
t

s

ig. 9. Hg intrusion curves of the three samples of lime B, produced using the
hermal treatment reported in Fig. 8.

icropore distribution is pushed towards larger dimensions. At
119 ◦C the average Hg intrusion section is 0.7 �m, while at
190 ◦C it is 1.5 �m.

No variations were observed for the macrocavity regions. If
he microstructure evolution of the B lime was enhanced locally
y the action of liquid phases, this datum strongly suggest that
oarsening phenomena can happen, competing with the sinter-
ng. On these grounds the temperature Td at which the curve t60
s. Td shows a maximum can be considered as the decomposi-
ion temperature where the effect of localised impurities form
iquid phases with the CaO and promote coarsening over grain
ensification.

. Conclusions

In this paper it has been shown that the comparison of the ther-
al decomposition of block-like limestone samples in a dynamic

emperature regime and in air leads to results that are difficult to
istinguish, due to the fact that in both sample the CaCO3 con-
ent is around 99%. Kinetic analysis of the thermogravimetric
races showed total apparent activation enthalpy values slightly
ifferent from and equal to 160 and 175 kJ/mol, but these data

per se” cannot account for the different mechanisms that control
he evolution of the lime microstructure.

In this paper we have endeavoured to develop a thermal analy-
is method that can distinguish differences in the decomposition
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ates of limestones and the sintering of the limes obtained from
he decomposition.

Using a consecutive decomposition–sintering dilatometer
ethod (CDSD) we have shown that impurities play a major role

n changing the kinetics of the decomposition and the subsequent
intering of the limes produced. The experimental parameters
hat allowed us to measure these effects were the change in
lope β̇ of the dilatometer trace at the end of the decomposition
tep and the total shrinkage Σ� measured during the subsequent
aO sintering step.

A comparison of these parameters for the limestone sam-
les investigated here, coupled with the SEM observations, led
s to conclude that the lime microstructure evolution during
he decomposition process occurs through solid–solid sinter-
ng steps and through liquid-assisted sintering ones. The nature
nd the distribution of the impurities due to the genetic envi-
onment and diagenetic processes of the different limestone are
esponsible for these different microstructure patterns.

The method described here was also able to link the com-
lex lime microstructure evolution with its water-reactivity test.
he competition between the coarsening phenomena, due to the
ffect of the liquid phase, and the sintering step, catalysed by
he escaping CO2, are the two main steps that influence the
ime microstructure when impurities form low eutectic melt-
ng phases with calcium carbonate and/or calcium oxide. The
nomalies observed in the reactivity of one lime and the water
ave been discussed and explained from the experimental data
iven by the CDSD method coupled with Hg porosimeter anal-
sis.
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