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Abstract

Porous calcium hydroxide particles have been equilibrated with water vapor in the relative pressure range 0.4±0.85 at the tem-
perature of 20�C. Then the particles were used in the reaction with gaseous carbon dioxide at the same temperature and at pressure
of 0.65 kPa. The system is converted up to 85% into a non-protective layer of calcium carbonate which is all distributed inside the

initial porous particles. The same reaction with dry-calcium hydroxide powders converts up to 10% at a temperature of 100�C. The
observed catalytic e�ect is dependent upon the initial amount of water adsorbed. A minimum number of four layers of water
adsorbed onto the calcium hydroxide surfaces is required to promote the catalytic e�ect. # 2000 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

Many important reactions between gases, like SO2,
SO3

1 and CO2,
2 and solids such as calcium carbonates

and calcium hydroxides, can use dry solid powders and/
or solid powders dispersed in aqueous media. Important
technological advantages and disadvantages are related
to these processing conditions. Usually the gas±solid
processes require a high reaction temperature due to the
fact that interfacial reactions, followed by solid-state
di�usion steps, are the rate controlling steps. The solid
reaction products can form a protective layer around
the reacting particles, so that conversion can be hardly
complete. Nevertheless, in comparison with the similar
processes that use the aqueous solid particles disper-
sions as reaction medium, this technology handles less
volume of matter and the further manipulations of the
reaction products are easy to do. On the other hand, the
reactions occurring in the liquid phase environment are
characterized by the partial dissolution of the solid
reactants followed by the precipitation of a new solid

phase. Because of these features the new solid reaction
products do not form a protective layer, so that the
reaction can reach a high degree of conversion at
reduced reaction temperatures.3

For the purpose of combining the advantages of the
gas±solid process and that of the liquid±solid±gas ones,
in this paper we will deal with the reaction between CO2

(g) and solid porous particles of Ca(OH)2. This process
can be usually considered as a classical gas±solid reaction.
However, if the starting reacting calcium hydroxides
powders are covered with a H2O (v) multilayer adsor-
bed ®lm, there is a hope of transforming this reaction
into a liquid±solid±gas process. In fact, the adsorbed
multilayer regions form a bidimensional (2D) liquid-like
interface,4 where Ca2+ and OHÿ ions can be formed as
a consequence of the solubility of the calcium hydroxide
surfaces in the liquid-like nanometric adsorbed phase.
Thus the carbonation reaction could proceed through
the reaction between these ions and the gaseous carbon
dioxide, only the amount of water vapor adsorbed is
stable all along the progress of the carbonation reaction.
This is no easy task to perform.
To test whether or not this possibility is feasible is the

®rst goal of this paper. To obtain the most important
chemical reactions controlling the new process and to
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evaluate the microstructure evolution occurring within
the reacting porous particles are the other important
issues of this experimental study.
Evidence that a mixture of powders obtained by high

temperature limestone injection in a boiler can, when
treated with water vapor near 100�C, further react with
sulfur oxides near that temperature at high water vapor
pressure has been given by Staudinger and co-workers.5

The powder systems and the experimental conditions
used in Staudinger's pilot plant are such that it is di�-
cult to establish the role of the adsorbed water vapor on
that sulfur-removal process. Nevertheless the possibility
of using a 2D solution chemistry to modify a complex
gas±solid phenomenon could be usefully adopted also in
removal of SO2 and SO3 gas from combustion products.6

2. Experimental

2.1. Materials

Reagent grade calcium hydroxide powders have been
used throughout this work. The powders were formed
by porous grains of irregular shape characterized by
several levels of microstructure, SEM, XRD and N2-
adsorption techniques at ÿ195�C were used to investi-
gate the microstructure at the di�erent levels.
To obtain reliable adsorption data it is important that

the surface area of the particles as well as their porosity
does not change during the adsorption test. It has been
demonstrated7 that a pre-treatment of the powders with
the same adsorbent gas can stabilize the solid micro-
structure. Consequently the samples were pre- treated in
water vapor at 25�C and at a partial pressure of 3 kPa
for 72 h. The initial surface area of the particles
decreased from 9 to 6 m2/g. This last value has turned
out to be stable when the hydroxide particles were
exposed subsequently to di�erent relative partial pres-
sures of water vapor at the same temperature.

2.2. Techniques

300 mg of Ca(OH)2 were placed in a Pt crucible inside
a symmetrical thermobalance already described else-
where.8 The system was evacuated at the temperature of
110�C using a di�usion pump for about 2 h. Then the
temperature was lowered to 20�C and water vapor,
from a connected line, was admitted, at the same tem-
perature, into the system at di�erent and pre-selected
values of relative humidity (RH). The relative partial
pressure range between 0.4 and 0.9 was explored. For
each pre-selected water vapor partial pressure the tem-
perature of the system was kept constant at 20�C �0.1
using a water jacket as controlling system. The mass of
the gas inside the system is much larger than the one
adsorbed by the specimen, so that the adsorption step

does not practically a�ect the total pressure of the gas
into the chamber. Under this assumption, the water
adsorption measurements were made at constant tem-
perature and pressure. The sample weight was con-
tinuously recorded up to a steady-state value that was
reached in about 30 min.
To test whether these steady-state adsorption values

approach or not the thermodynamic ones, occasionally,
when the steady adsorption state was reached, at con-
stant temperature, the water vapor pressure was
reduced and then raised again to the previous value.
Initially the sample weight was observed to decrease
with the vapor pressure. Then it moved back to the
initial value when the pressure value was restored.
Accordingly, the derived-adsorption data should be
very near the thermodynamic equilibrium states.
When the sample was equilibrated with water vapor, a

®xed amount of carbon dioxide was admitted into the
chamber, leaving the temperature unchanged and keep-
ing the external relative humidity at the same initial
value. The changes in sample weight were continuously
recorded with a sensitivity of 5�10ÿ4 mg/min. N2 (g)
was admitted into the system at the end of the process
and the sample was taken o� and split in di�erent parts
for further analysis.
To test the in¯uence of the water vapor partial pres-

sure and that of the carbon dioxide partial pressure on
the carbonation process, this procedure was repeated
for di�erent values of the gas/vapor pressures.
To evaluate the total degree of carbonation, a portion

of the treated sample was heated up to 950�C in air into
another thermobalance. Other samples portions were
used for SEM, XRD observations and for mercury
porosimeter analysis.9 When pore size analysis in the
range of N2-adsorption isotherms was requested the
samples were placed again in the symmetrical thermo-
balance and N2-adsorption desorption isotherms were
taken at ÿ195�C.10
H2O (v) adsorption isotherms at the temperature of

20�C were taken on Ca(OH)2 and on CaCO3 powder
samples to evaluate their di�erent adsorption capacities,
with respect to water, at the same values of temperature
and relative water vapor pressure.

3. Results and discussions

Fig. 1 illustrates the macroscopic structure of the
initial calcium hydroxide powders. The particles are
characterized by an irregular block-like shape with a
linear dimension ranging between 10 and 50 mm. Each
particle is a porous cluster of small grains. SEM obser-
vations at higher magni®cation (�50 000) allow to char-
acterize the average size of individual grains ranging
between 0.5 and 2 mm. The grains have an irregular shape,
probably more extended along the planar direction.
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Fig. 2 shows the cumulative volume of mercury
intruded into the powder bed Ð curve A Ð and the
pore size distribution derived from these data11 Ð curve
B. It can be observed that the amount of mercury initi-
ally intruded corresponds to cavities larger than particle
size. Accordingly these voids cannot be ascribed to
internal particle pores but are due to pores within the
powder bed. The fraction of porosity that can be due to
internal particles porosity is clustered around an aver-
age size of 1.5 mm in diameter, close to the average size
of the individual grain. The corresponding porosity
amounts to about 0.3 cm3/g.
Fig. 3 shows the typical adsorption Ð desorption

isotherms for Ca(OH)2 powders obtained using N2 as
adsorbent at ÿ195�C. According to Brunauer's classi®-
cation,12 these isotherms are II type isotherms. This
result is peculiar to calcium hydroxide and calcium
oxide powders derived from their thermal decomposi-
tion in vacuum.13 The area of the hysteresis loop
between the adsorption and the desorption isotherms is
almost negligible, thus the contribution of the meso-
porosity,14 id. pores with average size less than 50 nm, is
almost negligible in comparison with the porosity due to
the larger cavities. Application of the t-method,15 in the
relative partial pressure range included between 0.1 and
0.4, allows to exclude the presence of microporosity
(pore size less then 1 nm) and yields a surface area of 6
m2/g in quite good agreement with the BET calcula-
tions.16

From all such information the microstructure of the
starting powders can be envisaged as formed by two
interconnected and disordered networks, where grains
and pores have almost the same average cross-dimension
equal to about 1.5 mm. The obtained microstructure
does not change for subsequent water vapor treatments
at 20�C (see Experimental section), thus the following
results are all referring to samples with equal initial
microstructure properties.

To describe the reactivity of these powders with the
gaseous carbon dioxide, let the experiments where the
dry powders are reacting with CO2 (g) be named as
GSC (gas±solid carbonation) tests, and the experiments
where multilayers of water vapor have been adsorbed
on the same powders, as WMC (carbonation with water
multilayers).
Fig. 4 (curves a and b) describes the typical results

from, respectively, GSC (curve a) and WMC (curve b)
experiments. In both cases the carbon dioxide pressure
was set to 0.65 kPa, but the process for the GSC run
was carried out at the temperature of 100�C, while for
the WMC the temperature was set at 20�C. Despite this
di�erence, which should increase the reaction rate and
the degree of carbonation of the GSC process, it can be

Fig. 1. Structure of the starting Ca(OH)2 powders.
Fig. 2. Mercury porosimeter analysis of the Ca(OH)2 powders: curve

A, cumulative pore volume intruded; curve B, pore size distribution.

Vi is the internal particles pore volume.

Fig. 3. Typical adsorption±desorption isotherms for the Ca(OH)2
powders with N2 at 78 K.
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observed that the WMC process is de®nitely more e�-
cient in the CO2 uptake. The formed solid product is
due in both cases to the CaCO3 phase, but with a degree
of conversion of 10% for the GSC process and of 80%
for the WMC one. Evidently, the adsorption of water
vapor on the internal surface of the porous calcium
hydroxide particles changes the reaction paths of the
carbonation reaction.
In the area of cement chemistry it is well known17,18

that the rate of carbonation is increasing with the pre-
sence of liquid water. Those results are in close agree-
ment with the ones here and illustrate if the H2O
adsorbed multilayer ®lms behave like liquid. To proceed
to an interpretation of these new phenomena, it is
interesting to consider the experimental data concerning
the adsorption of water vapor on Ca(OH)2 and CaCO3

particles. Fig. 5 (curve a) shows the equilibrium
adsorption isotherm of water vapor on the starting cal-
cium hydroxides particles at 20�C. Curve b in the same
®gure is the equivalent equilibrium adsorption isotherm
for water vapor on the calcium carbonate powders
obtained from the complete carbonation of the hydro-
xide powders. To allow comparison of data the water
adsorption amounts have been plotted per square meter
of adsorbent. On the right axes of the same ®gure the
number of adsorbed water vapor layers has been calcu-
lated, assuming that the average thickness of the water
monolayer is 3.1 AÊ . This value is calculated assuming
for the adsorbed multilayer the same density of liquid
water. As it is possible to observe for any relative pres-
sure ranging between 0.1 and 1, the amount of water
vapor adsorbed on the calcium hydroxide surfaces is
always larger than that adsorbed on calcium carbonate.
This result implies that, when calcium hydroxide particles
equilibrated in water vapor are exposed to the presence of

CO2(g), the amount of water vapor initially adsorbed
tends to be reduced, because the formed calcium carbo-
nate phase is more hydrophobic than calcium hydro-
xide.
On this evidence the WMC process can be described

as formed by two stages: the carbonation of the calcium
hydroxide particles and the vaporization of the water.
The ®rst step can be written as a sequence of the fol-
lowing ionic equations:

CO2�g� �H2O�lÿ k� � H2CO3 �1�

H2CO3 � H� �HCOÿ3 �2�

HCOÿ3 � H� � CO2ÿ
3 �3�

Ca�OH�2�s� � Ca2� � 2OH �4�

2OHÿ � 2H� � 2H2O�lÿ k� �5�

Ca2� � CO2ÿ
3 � CaCO3�s� �6�

Symbols s; g and lÿ k are referring, respectively, to the
solid, the gaseous and 2D liquid-like phases. Ion species
are thought as solvated ion in the bidimensional liquid
phase, and the dissociation of the carbonic acid is
assumed to be irreversible.18 Summation of Eqs. (1)±(6)
leads to the global reaction:

Ca�OH�2�s� � CO2�g� � CaCO3�s� �H2O�lÿ k� �7�

The second step of the WMC process accounts for the
water vaporization and it can be described through the
equation:

Fig. 5. Equilibrium adsorption isotherm of water vapour at 293 K:

curve a, Ca(OH)2; curve b, on CaCO3.

Fig. 4. Weight gain during the carbonation process: curve a, GSC

reaction; curve b, WMC reaction.
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H2O�lÿ k� � H2O�v� �8�

where symbol v is referring to the vapor phase.
Experimental evidence that the above reported reac-

tions are the main steps for the WMC processes is given
by Fig. 4 (curve b). As is possible to observe, once that
the sample reaches the maximum weight, it begins
spontaneously to lose it (Fig. 4, point C in curve b). The
slope of the curve plotting change in weight versus time
can be understood through the joint global Eqs. (7) and
(8). As soon as the CO2 (g) is introduced, the carbonation
[eq. (7)] prevails since the surfaces are those formed by
calcium hydroxide particles covered with water vapor.
Then, when, the formation of the calcium carbonate
phase is signi®cant, [Eq. (8)] becomes progressively
important up to point C where it becomes dominant.
Whether or not there is a critical amount of water

adsorbed required to complete the carbonation with the
WMC process is another question to be investigated.
Fig. 6 shows a set of WMC experiments carried out

under the same experimental conditions of temperature
(20�C) and carbon dioxide pressure (0.65 kPa) after
having equilibrated the calcium hydroxide particles at
di�erent water vapor relative pressures. It is possible to
observe that all kinetics follow initially an almost equal
linear law followed by a plateau that occurs at reaction
times which become shorter as the initial water vapor
amount adsorbed decreases. In particular, if the amount
of water vapor has been adsorbed below the relative
pressure of 0.68, the e�ect of the water vapor in pro-
moting the carbonation reactions seems to become neg-
ligible.
As shown by Fig. 5 (curve a) at the relative water vapor

pressure of about 0.7, the water adsorption isotherm on

the calcium hydroxide surface increases its slope
abruptly. It is possible that the water adsorption layers
at this relative pressure became less bonded to the sur-
faces so that the reacting species are more mobile all
along the interfacial reaction regions. When the amount
of water adsorbed becomes less than that necessary to
promote the surface mobility, the carbonation process
should stop.
Fig. 7 is the experimental evidence of how the vapor-

ization of water vapor according to Eq. (2) is really the
rate liming step for the carbonation to proceed. At some
point B of the reaction branch where there was no
weight gain, the partial pressure CO2 in the reaction
chamber was raised keeping constant all other values.
Then the CO2 pressure was lowered again to the previous
value and the water vapor pressure was increased. No
change in weight was observed with the introduction of
CO2 but a rapid start of the reaction was recorded (see
Fig. 7) when water vapor was introduced.
Taking into account the signi®cant amount of calcium

carbonate phase formed when the reaction stops, this
experiment suggests also that the new calcium carbonate
phase is not formed as a protective layer. In fact, with
such a large amount of carbonate, the reaction would
not be restored by the water vapor if the solid product
phase covers all the reactants.
Fig. 8 shows a SEM picture of the ®nal particles car-

bonated up to the 85% with the WMC process. As is
possible to note, the macroscopic block-like structure of
the initial particles (see Fig. 1) has not changed during
the carbonation reaction. The ®nal BET surface area for
these particles has decreased to about 3 m2/g compared
with the initial value of 6 m2/g. The approximated average
grain size, evaluated through XRD techniques,19 has

Fig. 6. Weight gain in CO2 (g)/H2O (v) environment, at constant

temperature and CO2 pressure, after equilibration at di�erent water

vapour pressure.

Fig. 7. E�ect of water vapour introduction, the carbonation reaction

restart when the relative partial pressure of H2O (v) is increased.
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turned out to be 30 nm for Ca(OH)2 and 50 nm for
CaCO3, in quite good agreement with the speci®c sur-
face area measurement.
On the basis of these results the microstructure chan-

ges associated with the WMC process should occur
inside the initial porous particles.
To test this possibility the evolution of the particle

internal porosity has been measured as a function of the
degree of carbonation. Fig. 9 (curve a) illustrates the
results. In the same ®gure (line b) the theoretical
decrease in porosity has been plotted, taking into
account the di�erence in molar volume between calcium
hydroxide and calcium carbonate phases.20 If the cal-
cium carbonate phase is formed inside the initial parti-
cles, the rate of porosity decrease should equal that
predicted by the change in molar volume of the two
solid phases. As is possible to observe, this prediction is
experimentally meaningful if one neglects the initial
porosity drop. The initial drop might re¯ect a collapse
in the particle volume as has been observed also in other

cases13,21 where a critical state of stress was reached
inside the particles as a consequence of the reaction
mechanism. Once that these stresses are released, a
fairly stable porosity is left behind so that the carbona-
tion, promoted by the water 2D liquid-like phase, can
progress to the inside of the porous particles.

4. Conclusions

1. Liquid-like water vapor adsorption layers catalyze
the reaction between porous calcium hydroxides
particles and carbon dioxide at the temperature of
20�C.

2. The formation of the new solid product phase
enhances the evaporation of the adsorbed water so
that the initial calcium hydroxide powders need be
equilibrated with water vapor at a relative partial
pressure greater and/or equal to 0.7 to promote
signi®cantly the catalytic reaction.

3. The new solid phase is formed by a non-protective
layer of calcium carbonate that is entirely dis-
tributed inside the initial porous particles.
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