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The kinetics of the noncatalytic solid–gas reaction between Ca(OH)2 and SO2 at low
temperature and in the presence of water vapor was investigated. The effect of relative
humidity, temperature, and SO2 concentration on the desulfurization capacity of the solid
was evaluated, as well as the effect of NO2 concentration. A deactivation model (DM) and
a new version of this model, by implementing an inverse shrinking core model (DM-ISCM)
with an ionic solid-state diffusion control, were fitted to experimental kinetic data. The
proposed model showed the best agreement with the experimental results. A chemical
mechanism for the reaction on the solid surface was also discussed. © 2005 American
Institute of Chemical Engineers AIChE J, 51: 1455–1466, 2005
Keywords: SO2, Ca(OH)2, NO2, desulfurization, hydroxide lime, deactivation model,
solid- state diffusion

Introduction

Because of the increasing social and political concern with
respect to the atmospheric environment, research on air puri-
fication has been on the increase in the last few decades
because air quality control and regulations against hazardous
pollutants have become stricter in many countries. In this way,
a number of new technologies have been developed to capture
acidic gaseous pollutants (mainly SO2 and NOx) emitted from
coal combustion in first-generation power plants. Special at-
tention has been paid to recovery of SO2, given its role in
generation of acidic rain. Nowadays, flue gas desulfurization
(FGD) processes, which are based on the injection of Ca-based
sorbents, are well-established technologies. The sorbents, ba-
sically CaO, CaCO3, or Ca(OH)2, can be either introduced
directly into the furnace or sprayed or injected as a slurry into
the duct placed between the air preheater and the particulate
collection system.1

The noncatalytic solid–gas reaction of Ca-based sorbents
with SO2 at common furnace temperatures (700–1100°C) has
been the focus of previous extensive and fundamental research.
The aim of reducing operating temperatures has led more

recently to the development of applications in the presence of
water vapor. At low temperatures and in the presence of water
vapor, the primary reaction that has been traditionally proposed
in an FGD process is as follows2:

Ca�OH�2 � SO2O¡
H2O

CaSO3 � �1/2�H2O � �1/2�H2O (1)

Numerous studies have been devoted to describing mathemat-
ically the kinetics of the reaction between Ca-based sorbents
and SO2 at high temperatures and for large particles (100–3000
�m). The kinetic models proposed can be grouped as: (1) grain
models,3-7 (2) pore models,8-11 (3) volume reaction models,12

and (4) deactivation models.13,14

However, only a few studies concerning the kinetics of the
reaction between Ca(OH)2 and SO2 at low temperatures and in
the presence of water vapor can be found in the literature. This
process is characterized by a sharp decrease of the reaction rate
with solid conversion (the reaction rate decreases about two
orders of magnitude when the solid conversion reaches 5%
operating at 50% of relative humidity15) and by an incomplete
solid conversion. The studies surveyed in the literature all
agree with the great impact of relative humidity (RH) on both
the solid conversion2,16-18 and the reaction rate.15 Whereas
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Yoon et al.19 detected a positive effect of RH on the initial solid
reactivity, Rochelle et al.16 observed a moderate effect at very
short times. Experimental data reported2,15,20 at RH � 70%
appear to show that the reaction does not stop at long times
(after 1 h), even though the reaction rate has already dramati-
cally decreased. On the other hand, the effect of NO2 on the
kinetics of this reaction has rarely been studied. When done, it
has been reported that NO2 enhances the recovery of SO2 both
in a baghouse and in a fixed-bed reactor by means of the
formation of some nitrate and nitrite species.21-23

Because the experimental kinetic behavior cannot be de-
scribed by means of the simplest form of the shrinking core
model (SCM),24 several attempts have been made to develop
empirically improved versions of this model, by taking into
account either improved effective diffusion coefficients or ef-
fective surface areas with a decreasing exponential dependency
on conversion.2,17 Another model based on the adsorption of
SO2 on a nonideal solid surface as the rate-limiting step was
proposed,25 where the adsorption activation energy is assumed
to depend linearly on the surface coverage. More recently, a
deactivation model (DM) was adapted to experimental data
with a reaction rate proportional to the fraction of active
surface area not covered by the product.26

Krammer et al.15 suggested the presence of four stages with
different prevailing mechanisms during the reaction:

(1) The formation of a product monolayer, mainly deter-
mined by both the SO2 concentration and the RH.

(2) The formation of consecutive product layers, depending
mostly on the RH.

(3) A product layer diffusion, becoming the rate-limiting
step with a reaction rate affected only by the RH and a reaction
product that is thought to be built up in a clusterlike form at a
high RH, which could result in a better accessibility of the still
unreacted material.

(4) Pore closure, which could explain the significant de-
crease of the reaction rate at high conversions.
Klingspor et al.27 also proposed a reaction mechanism based on
the preferential retention of SO2 in the presence of adsorbed
water, where the formation of a hydrated complex of SO2 on
the solid surface could be the rate-limiting step, and a higher
RH would involve the formation of more stable compounds.

The analysis of the structural properties of the solids at
different reaction times, carried out by Ortiz et al.,28 supported
the conclusion that the region of 9–200 nm is the effective pore
size for the desulfurization reaction. They also found a linear
decrease of the surface area and the pore volume of the solid
with conversion because the molar volume of the product is
higher than that of the reagent (in a ratio of 1.5). This result was
later confirmed by Ho et al.26 Furthermore, Krammer et al.15

and Ho et al.26 found that conversion per BET (Brunauer–
Emmett–Teller) unit area was irrespective of particle size in the
diameter range between 50 and 120 and 10 and 96 �m, respec-
tively.

The aim of the present article is the study of the reaction
between Ca(OH)2 and SO2 at low temperature, evaluating the
effect of RH, temperature, and the presence of NO2 on SO2

breakthrough curves obtained in a fixed-bed reactor. A kinetic
model is proposed to fit experimental data and a chemical
mechanism for the reaction is also suggested.

Experimental Setup and Procedure

Experiments were carried out in the setup depicted schemat-
ically in Figure 1. The equipment consists of a continuous
feeding system, a fixed-bed reactor, a continuous analytical
system [infrared (IR) instrument], and a personal computer
equipped with LabVIEW® software. Synthetic flue gas, to
simulate the gas emitted by power plants, was obtained by

Figure 1. Experimental setup.
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feeding the appropriate amount of pure gases (SO2 and N2) and
N2/NO2 mixtures from pressurized gas cylinders. The steam
feed was obtained by using a controlled evaporator mixer
(CEM), equipped with a liquid mixing valve to control the
water flow rate. The reactor consists of a jacketed Pyrex® tube
(450 mm height, 12 mm ID) packed with a mixture of Ca(OH)2

and sea sand (SiO2) (weight ratio of 1:30 and apparent porosity
of 23%), to avoid the channeling of the gas and to ensure
isothermal conditions. The concentration of SO2 at the outlet
was continuously monitored by means of an IR instrument.

The experimental conditions checked in this work are sum-
marized in Table 1. In the progress of an experiment, the N2

stream with the required humidity is led to the reactor, and after
5 min, the required flows of the other components are supplied.
Preliminary tests were carried out to ensure that the precondi-
tioning time would not affect the results. Breakthrough curves
of SO2 concentration in the gas stream leaving the reactor are
plotted. The total amount of SO2 removed from the flue gas in
one experiment can be calculated from the difference between
the area associated with a breakthrough curve and the one
corresponding to a breakthrough blank curve. The reliability of
this method was verified by determining the S/Ca ratios of the
reacted solid through X-ray fluorescence (XRF) analysis and
comparing it with the results of the breakthrough curves (see
Table 2). In addition, to identify the product formed, X-ray
diffraction (XRD) analysis of the reacted solid was carried out
and, to verify whether nitrite and nitrate ions are formed when
the reaction takes place in the presence of NO2, some explor-
atory analyses were also done using ion chromatography (IC).

The main properties of the reagent and the inert solid used in
this work are listed in Table 3. The reagent is a powder of
Ca(OH)2 of high purity and low porosity, supplied by Ciaries
Co. (Barcelona, Spain), and the inert solid is a commercial sea
sand (SiO2) (Fluka, Buchs, Switzerland). BET surface area and
porous distribution of reagent particles were determined by
nitrogen desorption at 77 K (see Figure 2), and their morphol-
ogy was examined by SEM analysis. As can be seen in Figure
3, particles are irregular in shape and seem to be agglomerates
of an average size of 10 �m assembled from small 1-�m
subparticles.

Theory
Reactor modeling

The integral fixed-bed reactor used in this work may be
modeled by means of a set of two microscopic mass balances
for both the solid and gas reagents. A plug-flow regime can be
assumed, given that the criteria D/dp � 30 and L/dp � 100 are
attained,29,30 where D and L correspond to the diameter and
height of the bed, respectively, and dp is the diameter of the
inert solid particles. Thus, the equation set takes the following
general form:

Gas Balance

�L

�S�1 � �L�

�Cg

�t
�

�1

�S�1 � �L�

���Cg�

�z
� rg (2)

Solid Balance

1

MS

dXS

dt
� rS (3)

with the initial condition t � 0, @z, Cg, and XS � 0 and the
boundary condition z � 0, @t, Cg � Cg

0, where �S, MS, and XS

correspond to the density, the molecular weight, and the con-
version of the solid reagent, respectively; �L is the porosity of
the bed; � is the speed of the gas in the bed; Cg and Cg

0

represent the gas concentrations in the bed and at the inlet,
respectively; and rg and rS indicate the reaction rate of the gas
and solid reagents, respectively, which are related stoichiomet-
rically by Eq. 1. Moreover, Eq. 2 can be assumed to be
pseudo-steady, taking into account the approximation, �Cg/�t
�� �(�Cg)/�z.

Table 1. Experimental Conditions

Total flow (NmL min�1) 1500
SO2 inlet concentration (ppm) 2000–8000
NO2 inlet concentration (ppm) 72–250
RH (%) 0–70
Reaction temperature (°C) 40–80
Ca(OH)2 weight (g) 1.0
Inert weight (g) 30
Experimental times (h) 1–3

Table 2. SO2 Retention Determined from Gas-Phase Analyses*

% RH CSO2 (ppm) CNO2 (ppm) Reaction Time (h) mol SO2/mol Ca (by IR) mol SO2/mol Ca (by XRF)**

60 1100 0 1 0.1216 � 0.0061 0.1284 � 0.0051
60 2000 0 1 0.225 � 0.013 0.2017 � 0.0062
70 2000 0 1 0.254 � 0.016 0.2035 � 0.0096
30 2000 175 1 0.132 � 0.011 0.1367 � 0.0058
50 2000 175 2 0.327 � 0.018 0.3218 � 0.0094
60 2000 175 2 0.635 � 0.023 0.529 � 0.013

*All experiments were carried out at 333 K.
**Error inlcudes only fluorescence analysis error.

Table 3. Main Properties of the Solids

Ca(OH)2

Composition* �99% Ca(OH)2

�1% CaCO3

�0.05 g X/g Ca**
Particle diameter† (mean) (�m) 9.4
BET specific surface (m2 g�1) 13.8 � 0.1
Pore volume (cm3 g�1) 0.060
Porosity (%) 14
Pore diameter (mean) (nm) 17.5

Inert solid: sea sand (SiO2)
Composition �99.9% SiO2

Particle diameter† (mean) (�m) 308

*Determined by X-ray diffraction.
**X: Si 	 Mg 	 Al 	 S 	 K 	 Fe 	 Na 	 P.

†Determined by laser diffraction granulometry.
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Kinetic model

First of all, the following aspects related to mass transfer in
the particles have been taken into account:

(1) External mass transfer coefficients have been estimated
in the range 300–600 m s�1, and therefore external mass
transfer can be neglected, in agreement with Ruiz-Alsop and
Rochelle2 for similar operating conditions.

(2) Intraparticle mass transfer can be neglected, as has been
experimentally confirmed in previous studies with particles of
similar size.15,26

The exploratory screening of different models to describe the
experimental kinetic data obtained has been focused on two
consecutive steps. First, a deactivation model, already applied
in the literature at low temperature, has been tested. Afterward,
a modified version of this model has been evaluated to improve
the fitting to experimental data.

Deactivation model

A deactivation model (DM) assumes that the reaction be-
tween the gas molecules and the solid reagent depends mainly
on the concentration of the gas on the solid surface and on the
so-called active surface (aS), that is, the ratio of active surface
of unreacted solid and the initial solid surface (SS/SS

0). As the
reaction progresses, the solid product deposits on the surface of
the reagent and the solid activity becomes reduced. Thus, the
reaction rate can be expressed in the same manner as that
reported by Doğu et al.31

rS �
�L

�S�1 � �L�
kSCg

naS (4)

where kS and n indicate the rate constant and the reaction order
with respect to the gas concentration, respectively. Further-
more, the rate of reduction of active surface—or deactivation
rate—is thought to depend on the activity of the solid and on
the gas concentration in a way that is commonly proposed for
the deactivation of catalysts,32 as follows

daS

dt
� �	Cg

maS (5)

where m is the order of the deactivation process with respect to
the gas concentration, with typical values of 0 or 1,31 and 	 is
the deactivation rate constant. The integration of Eq. 5 for m �
0 and for m 
 0 and Cg

m constant with the initial condition t �
0, aS � 1 and its subsequent combination with Eq. 4 yields the
following general expression

rS �
�L

�S�1 � �L�
kSCg

nexp��	Cg
mt� (6)

which indicates that at long times, when the activity of the solid
becomes zero, the reaction rate also tends to zero because no
active surface area is left. In the case m 
 0 and Cg

m is not
constant, no analytical expression for the rS can be found and
the concentrations and active surface must be calculated sep-
arately.

Deactivation model combined with an inverse shrinking
core model (DM-ISCM)

The aforementioned DM takes into account just the contri-
bution of the remaining active surface area of the solid reagent
to the reaction rate. However, one can assume that other
parallel pathways might take place simultaneously with the
deactivation of the surface. While the reaction goes on and a
thin layer of the solid product covers partially the reagent
surface, further reaction controlled by a slow diffusional pro-
cess in this layer may be suggested, as discussed below.

Because SO2 concentration has no significant influence on
the reaction rate at long times (after a few minutes) at low
temperatures and in the presence of water,15,16,33 because hy-
drated SO2 is a very large molecule (kinetic diameter of SO2 �
2.3 Å), and because the product of similar desulfurization
reactions at high temperatures are usually nonporous,31 the
diffusion of SO2 through the product layer should not account
for the progression of the reaction. However, an outward solid-
state diffusion of hydrated Ca2	 and HO� ions from the inner
Ca(OH)2/CaSO3�(1/2)H2O interface to the outer CaSO3�(1/
2)H2O/gas surface could take place together with the deacti-
vation of the surface of Ca(OH)2. In fact, the studies done by
Hsia et al.34, who used platinum markers and a two-stage
sulfation technique with 32SO2 and 34SO2, showed that an

Figure 3. SEM micrograph of Ca(OH)2.

Figure 2. Pore-size distribution of Ca(OH)2.
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outward solid-state diffusion mechanism occurs, at least at high
temperatures.

The ionic diffusion through crystals may occur mainly by
means of two mechanisms: (1) lattice diffusion or jumps be-
tween near Schottky and Frenkel thermally induced lattice
vacancies in the crystals, and (2) grain boundary diffusion or
jumps between active sites in crystal boundaries. Because of
the much lower activation energy for boundary diffusion, it is
dominant at low temperature, whereas lattice diffusion is more
relevant as the temperature increases.35 Consequently, it should
be considered that the contribution of mechanism (2) in the
ionic diffusion through the CaSO3�(1/2)H2O layer is predomi-
nant at low temperatures. On the other hand, given that solid-
state diffusion is related to the nature of the involved com-
pounds, the ion-transfer mechanism should be altered by the
presence of adsorbed substances or impurities. In this way, it is
plausibly proposed that the adsorbed water both on the grain
boundaries and in the bulk of the crystals might reduce the
activation energy of the jumps, and therefore adsorbed water
might enhance the ion diffusion, as illustrated in Figure 4.

The ionic mass transfer through a layer can be modeled by
means of the Nernst–Planck equation,36 which considers that
the driving force for ionic diffusion is ascribed to two contri-
butions: (1) the ionic concentration gradient through the layer;
and (2) the electrical field gradient in the layer, which should
be caused by a net charge in each side of the layer. The general
formulation of this equation for the transfer of the ion i through
the product layer (P), neglecting any coupling phenomenon
with the transfer of other ions j, is as follows

J� i � ��Di
P�� Ci

P � ziDi
PCi

P
F

RT
�� 
P� (7)

where Ci
P, Di

P, and zi correspond to the concentration, the
solid-state diffusion coefficient, and the electric charge of ion i
in the product layer, respectively; 
P is the electric field in the
product layer; and F is the Faraday constant. The condition of
electrical neutrality requires the following relation to be ful-
filled

J� � �
i

ziJ� i � 0 (8)

which leads to the expression

J� i � �D� i
P�Ci

P (9)

which is analogous to Fick’s first law, with a diffusion coeffi-
cient for species i (D� i

P) that includes the drift of all the ionic
species, defined as follows for two of them

D� i
P � D� j

P �
� zi

2xi � zj
2xj)Di

PDj
P

zi
2xiDi

P � zj
2xjDj

P (10)

where xi and xj are the molar fraction of species i and j,
respectively. Under the assumption that the concentration of
both ions (Ca2	, HO�) is null on the outer surface of the solid
product, derived from considering ionic transfer control, the
electric field gradient in the product layer also should be null.
Equation 9 can be solved by taking into account the following
assumptions:

(1) The product layer is approximately continuous (see Fig-
ure 4c).

(2) Aggregation between particles is negligible.
(3) The particles are spherical.
(4) The concentration of free Ca2	 and HO� ions in the

Ca(OH)2/CaSO3�(1/2)H2O interface is considered to corre-
spond, respectively, to their values in the crystalline lattice of
Ca(OH)2.

Then, the surface flow of both ions, JCa2	 and JHO�, may be
described by the following expression

JCa2	 �
1

2
JHO� �

3

R2�S

D� Ca2	
P CCa

R

�1 � XS�
�1/3 � 1

(11)

where CCa
R is the concentration of Ca2	 ions in the crystalline

lattice of Ca(OH)2 (3.2 � 10�2 mol cm�3) and R is the radius

Figure 4. Representation of the evolution of the surface.
(a) Unreacted surface; (b) surface partially deactivated by the covering of product crystals; (c) deactivated surface and predominance of
outward solid-state diffusion of Ca2	 and HO� ions. Diffusion through grain boundaries is likely promoted by the effect of adsorbed water.
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of the spherical particles. Equation 11 is analogous to the SCM,
which has been traditionally proposed for an inward controlling
diffusion of a gas reagent.37 Finally, the combination of Eqs. 4
and 11 gives the final general expression for rS for the DM-
ISCM

rS �
�L

�S�1 � �L�
kSCg

naS �
3

R2�S

D� Ca2	
P CCa

R

�1 � XS�
�1/3 � 1

(12)

In the case m � 0 and m 
 0 with Cg
m constant, the final

expression for rS is transformed as follows by combining Eqs.
6 and 11

rS �
�L

�S�1 � �L�
kSCg

nexp��	Cg
mt� �

3

R2�S

D� Ca2	
P CCa

R

�1 � XS�
�1/3 � 1

(13)

Equation 12 can be rewritten as follows

rS � 
kSCg
naS � �D� Ca2	

P � 1

(1 � XS)
�1/3 � 1� (14)

where 
 � �L/[�S(1 � �L)] and � � 3CCa
R /R2�S, respectively.

As a result, the model contains three adjustable parameters to
be fitted to the experimental results: kS, 	, and D� Ca2	

P .

Model fittings

The following sets of equations have been fitted to the
experimental kinetic results in the fixed-bed reactor:

(1) n � 0, n � 1, and m � 0 in DM f Eqs. 2 	 3 	 6

(2) n � 0, n � 1, and m � 1 in DM f Eqs. 2 	 3 	 4 	
5

(3) n � 0, n � 1, and m � 0 in DM-ISCM f Eqs. 2 	 3
	 13

(4) n � 0, n � 1, and m � 1 in DM-ISCM f Eqs. 2 	 3
	 5 	 12

Each set of equations has been solved numerically by using a
spatial and temporal discretization through the finite-difference
method. A least-square nonlinear optimization method, based
on the Levenberg–Marquardt algorithm, was used to adjust the
kinetic parameters 	, 
, and � by comparison of the predicted
and the experimental breakthrough curves at the outlet of the
reactor. The confidence interval of the fitted kinetic parameters
was calculated by means of a standard method for nonlinear
models.38

Results
Experimental SO2 breakthrough curves

The influence of the RH and temperature (T) on the break-
through curves is shown in Figures 5 and 6, where the values
of the solid conversion at exposure times of 60 min are also
indicated. A positive effect of the RH and a slight influence of

Figure 5. Influence of RH and NO2 on SO2 breakthrough
curves at 60°C and 2000 ppm SO2.

Figure 6. Influence of T and NO2 on SO2 breakthrough
curves at 30% RH and 2000 ppm SO2.

Figure 7. Influence of SO2 on XS after 1 h of reaction at
60°C.
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T on solid conversions can be observed, which is in agreement
with the results reported by Ruiz-Alsop and Rochelle2 and
Krammer et al.15 Furthermore, it can be observed that CSO2

/
CSO2

0 does not strictly achieve values of 1 in all the curves,
especially in those corresponding to experiments at high RH
(70%), which means that complete conversion has not been
reached after 1 h of reaction. This observation seems to indi-
cate that after a period of a sharp decrease of the reaction rate,
the reaction would not stop and could proceed at a very low
reaction rate.

As an instance of the effect of the presence of NO2 in the
reaction under study, two breakthrough curves of SO2 are also
included in Figures 5 and 6. It can be observed that NO2

enhances the capability of Ca(OH)2 for SO2 recovery in the
range of RH and NO2 concentration indicated in Table 1.
Furthermore, the presence of NO2 seems to highlight the
progress of the reaction at a low rate at long times in the range
of conditions taken into account.

Concerning the effect of the SO2 concentration on solid
conversion, different behaviors can be observed depending on
the RH (see Figure 7). Whereas a null influence is found at

30% RH, as was previously found,2,15,16 a slight negative effect
is found above 30% RH.

Results of solid analyses

Some XRD analyses identified CaSO3�(1/2)H2O as the only
product of the reaction. When the reaction took place in the
presence of NO2, however, CaSO4�(1/2)H2O and CaSO4�2H2O
were also detected. In all cases, the product seems to be well
dispersed over the entire surface, as was confirmed by some
EDS (energy-dispersive spectroscopy) analyses done in parti-
cles visualized by SEM and TEM. Significant amounts of
sulfur have been detected at all the particle areas analyzed.
However, the analyses showed that the solid product is not
uniformly deposited onto the surface because the intensity ratio
of the sulfur and calcium peaks differ widely in the same
agglomerate.

Examination of the reacted particles by SEM showed that the
desulfurization reaction at RH � 70% leaves their shape and
surface almost unchanged. However, as can be observed in
Figure 8, the surface of the particles reacted �70% RH were
covered by small grains, which generally showed a needlelike
shape.

Figure 8. SEM micrograph of Ca(OH)2 reacted with 2000
ppm SO2 at 75% RH, 60°C, time of exposure:
3 h.

Figure 9. Experimental and fitted breakthrough curves
to DM and DM-ISCM.

Figure 10. Experimental and fitted breakthrough curves
to DM and DM-ISCM.

Figure 11. Experimental and fitted breakthrough curves
to DM and DM-ISCM.
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Fitting of experimental breakthrough curves to the
kinetic models proposed

Some examples of the fittings of the DM and DM-ISCM to
the experimental breakthrough curves, both in the absence and
in the presence of NO2, are displayed in Figures 9–12. All the
figures show that a DM-ISCM provides better fittings than a
DM, which is confirmed by their lower values of calculated SQ
(Table 4). The fittings of the parameters n and m corresponding
to DM-ISCM show that in almost all experimental curves no
significant differences have been found for the tested values of
0 and 1, as can be observed in the breakthrough curve plotted
in Figure 13. The values of SQ included in Table 4 also confirm
that the experimental results are not conclusive to discern
between different values of n and m.

The effect of the RH on the parameters kS, 	, and D� Ca2	
P are

shown in Figures 14–16, respectively. As can be seen in Figure
14, the rate constant appears to be independent of RH at 40°C,
whereas a positive influence of RH is detected beyond 40°C.
Moreover, data from Figure 15 seem to indicate a decreasing
exponential trend of the deactivation parameter 	 with the RH.
Finally, the representation of D� Ca2	

P , with respect to the RH
depicted in Figure 16, reveals a positive dependency of Ca2	

and HO� solid-state diffusivities through the product layer on
this parameter.

In Figures 14–16, some values of the adjustable parameters
obtained from the experiments carried out in the presence of

the NO2 are also included. It can be observed that, although the
presence of 175 ppm of NO2 appears to moderately decrease
the values of the rate constant, the parameters 	 and D� Ca2	

P

seem to be substantially reduced and increased, respectively.
Furthermore, both the exponential trend of 	 with the RH and
the positive influence of the RH on D� Ca2	

P are highlighted.
Regarding the influence of temperature on the three param-

eters of the model, no clear trends have been found. Therefore,
the reaction rate should be considered practically independent
of temperature (see Figure 17), as has been already reported15,16

in the range 50–90°C.

Discussion

Even though a DM proposed by Ho et al.26 seems to predict
reasonably well the rupture points and the sharp slope of the
curves, the introduction of an ISCM appears to be necessary to
fit them at long times, obtaining excellent agreements in such
cases. Excluding values of 0% RH, calculated values of initial
reaction rate in terms of dXS/dt are in the range 3.5 � 10�4 to
1.7 � 10�3 s�1, which corresponds to the range found exper-
imentally by Klingspor et al.27 (0–2 � 10�4 s�1, depending on
the RH) and by Krammer et al.15 (around 10�2 s�1 for all the
RH values tested).

A mechanism that might be consistent with the proposed
kinetic model and that could explain the relevant role of water

Figure 12. Experimental and fitted breakthrough curves
to DM and DM-ISCM. Figure 13. Experimental and fitted breakthrough curves

to DM-ISCM.

Table 4. SQ of the DM and DM-ISCM Fitting

% RH T (°C) CSO2 (ppm) CNO2 (ppm) Reaction Time (h) SQ of DM SQ of DM-ISCM

0 60 2000 0 1 0.23 0.04
30 60 2000 0 1 0.29 0.08
30 60 2000 175 2 1.86 0.18
50 60 2000 0 1 0.17 0.10
50 60 2000 175 2 0.70 0.14
70 60 5000 0 1 1.41 0.04
60 60 5000 175 1 0.56 0.15

SQ of DM-ISCM

n � 0;
m � 0

n � 1;
m � 0

n � 0;
m � 1

n � 1;
m � 1

70 80 2000 0 1 0.066 0.052 0.049 0.061
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on the kinetics of the reaction would consist of the following
stages (see Figure 18):

(1) Adsorption of water on the surface of the solid (pores
and external).

(2) Adsorption of SO2 on the surface of the solid and
hydration to form a complex SO2�nH2O in the same way as
indicated by Klingspor et al.27

(3) Outward diffusion of Ca2	 and HO� ions from the
Ca(OH)2/CaSO3�(1/2)H2O interface to the outer surface, just
when a layer of product has been built and the surface of
Ca(OH)2 has been deactivated.

(4) Reaction of SO2�nH2O with HO� ions on the solid
interface to produce sulfite ions and more water, as follows

SO2 � nH2O � 2HO� 3 SO3
2� � �n � 1�H2O � 2H2O (15)

(5) Precipitation of CaSO3�(1/2)H2O by means of the fol-
lowing reaction

SO3
2� � �n � 1�H2O � Ca2	 3 CaSO3 � �1/2�H2O2

� �n � 3/2�H2O (16)

This mechanism does not correspond exactly to the one pro-
posed for the reaction of SO2 with lime slurries, because the
number of expected water monolayers is �2.5 for RH � 78%,
as previously indicated at 70°C.27

According to this mechanism, a physical interpretation for
the adjustable parameters 	, kS, and D� Ca2	

P of the model can be
proposed. The deactivation constant 	 can be regarded as a
structural parameter because it should be related to the distri-
bution of the layer of product on the surface of the reagent in
the progress of the reaction; the rate constant kS can be con-
sidered to be basically dependent on the hydration of SO2 on
the surface of the reagent; and D� Ca2	

P is the diffusion of hy-
drated Ca2	 ions through the product layer and should account
for the solid-state ionic diffusional contribution on the kinetics
of the reaction. According to these considerations, the effect of
RH observed in all parameters can be explained as follows:

Effect on kS. As RH increases, a greater amount of water
may be adsorbed on the surface of the solid, which should lead
to a higher retention of SO2 and to an increase of kS.

Effect on 	. The value of 	 decreases as RH increases.
This behavior could be ascribed to the way the reaction product
deposits on the surface of Ca(OH)2, as shown in Figure 4. At
low values of RH, the product covers the surface more uni-
formly, whereas at higher values the product builds up more
clusterlike, as postulated by Krammer et al.15 These results
might be explained by the formation of a nonrigid aqueous
layer on the solid surface at a high RH, which could allow
small product crystals to move on the surface and to aggregate
one to another, to achieve more stable structures by the reduc-
tion of the interfacial area between the solid reagent and the
product. Consequently, a net active surface of Ca(OH)2 would
be generated, available for further reaction. This postulation is
supported by Allen et al.,39 who found experimental evidence
of the reorganization of NaNO3 layers on the surface of NaCl
into separate microcrystallites of NaNO3 on the NaCl crystal
host, by means of TEM analysis, when the solid samples were
exposed to 45–71% RH. Moreover, Zangmeister et al.40 also
found a rearrangement of NaNO3 layers to form well-defined
NaNO3 “towers,” when they used AFM (atomic force micros-
copy) to study the effect of a water-saturated atmosphere on the
surface of NaCl (100) single crystal previously reacted with
HNO3.

Figure 14. Influence of RH on kS at 2000 ppm SO2.

Figure 15. Influence of RH on � at 2000 ppm SO2.

Figure 16. Influence of RH on DCa2�
S at 2000 ppm SO2.
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Effect on D� Ca2	
P . The RH enhances the value of D� Ca2	

P . As
the RH increases, the amount of water adsorbed in the product
layer would also increase, implying that water improves the
ionic movement through it because of the better stabilization of
migrating ions.

The aforementioned positive effect of NO2 on the kinetics of
the reaction could be related to the formation of Ca(NO3)2 and
Ca(NO2)2 species as products of its reaction with Ca(OH)2.
Because nitrates and nitrites are very hygroscopic compounds,
the amount of water retained on the solid surface at a specific
RH would be increased. Thus, the trends underlined for the
parameters 	 and D� Ca2	

P , with respect to RH, would be stressed.

However, a slight negative effect for the parameter kS is ob-
served, which could be explained by means of the competition
between SO2 and NO2 for their adsorption on the surface of the
solid reagent.

The unclear dependency of parameters kS and D� Ca2	
P with

temperature can be explained by means of two opposite effects:
on one hand, they should be activated with temperature, but on
the other hand, as the temperature increases, the amount of
water adsorbed decreases, as has been reported41 for the ad-
sorption of water on Ca(OH)2/fly ash sorbents, which could
lead to a reduction in the values of kS and D� Ca2	

P . As a result,
depending on the contribution of each factor, a different evo-
lution of these parameters with temperature would be expected.

The values of D� Ca2	
P obtained from the fittings are in the

range 0.004–3.70 � 10�17 m2 s�1, including the values ob-
tained from the experiments with NO2. No available values of
Ca2	 and HO� solid-state diffusion coefficients (DCa2	

P and
DHO�

P ) through CaSO3�(1/2)H2O at temperatures around 40–
80°C have been found in the literature. Comparing these values
with those reported for different Ca2	 ions,42 which are around
3 � 10�20 m2 s�1 at 900°C for different solid lattices, the
values found in this work are higher, taking into account the
thermal effect. The ionic diffusion is thought to be increased
because of the effect of hydration, mainly through the grain
boundaries, which could act as fast diffusion paths, given that
the atomic structure of these defects is more open than that of
the product lattice structure.

Conclusions

This study confirms that the reaction between SO2 and
Ca(OH)2 at low temperature is greatly influenced by the RH;

Figure 17. Influence of T on kS at 2000 ppm SO2.

Figure 18. Reaction mechanism proposed for the formation of the CaSO3�(1/2)H2O.
(a) Formation of the complex SO2�nH2O; (b) outward diffusion of HO�; (c) formation of SO3

2��(n � 1)H2O and two molecules of water by
Eq. 10; outward diffusion of Ca2	; (d) precipitation of CaSO3 with the retention of 0.5 molecule of H2O (Eq. 16).
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meanwhile, the temperature and the SO2 concentration seem to
play a secondary role. Furthermore, the presence of NO2 improves
the recovery of SO2, which can be explained by considering the
formation of Ca(NO3)2 and Ca(NO2)2 hygroscopic salts.

The breakthrough curves obtained in a fixed-bed reactor
show that the desulfurization reaction does not stop at long
exposure times, but rather continues to proceed at very low
reaction rates. The experimental curves were successfully sim-
ulated by a semiempirical kinetic model (DM-ISCM), which
takes into account the reduction of the active surface of
Ca(OH)2, whereas the reaction progress is characterized by a
solid-state outward diffusion of hydrated Ca2	 and HO� ions
from the inner Ca(OH)2/CaSO3�(1/2)H2O interface to the outer
CaSO3�(1/2)H2O/gas surface. The role of water vapor in the
kinetics of the system is reflected in the parameters of the
model.
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Notation

a � active surface
Cg � concentration of the gas in the bed, mol dm�3

CCa
R � Ca2	 concentration in the crystalline lattice of Ca(OH)2,

mol dm�3

dp � diameter of inert solid particles, �m
D � diameter of the bed, m

DM � deactivation model
DM-ISCM � deactivation model combined with the inverse shrinking

core model
D� Ca2	

P � solid-state diffusion coefficient of Ca2	 ions, m2 s�1

F � Faraday constant, 96485.3383(83) C mol�1

JCa2	 � surface flow of Ca2	 ions, mol g�1 s�1

JHO� � surface flow of HO� ions, mol g�1 s�1

kS � rate constant, m3(n�1) mol(1�n) s�1

m � order of the deactivation process with respect to gas con-
centration

n � reaction order with respect to SO2 concentration
MS � molecular weight, g mol�1

r � reaction rate, mol g�1 s�1

R � radius of the particles, m
RH � relative humidity, %

S � surface area, m2 g�1

SQ � sum of squares of residuals
XS � solid conversion
zi � electric charge of ion i

Greek letters

	 � deactivation constant, (dm3 mol�1)m s�1

�L � porosity of the bed
� � density, kg m�3

� � rate of the gas in the bed, m s�1


, � � kinetic parameters in Eq. 9

P � electric field, V

Subscripts

S � solid
g � gas

Superscript

0 � inlet of the bed
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