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The direct sulfation of limestone was studied in a laboratory fixed-bed reactor. It is
found that the direct sulfation of limestone involves nucleation and crystal grain
growth of the solid product (anhydrite). At 823 K and at low-conversions (less than
about 0.5 %), the influences of SO2, O2 and CO2 on the direct sulfation of limestone
corresponds to apparent reaction orders of about 0.2, 0.2 and �0.5, respectively.
Water is observed to promote the sulfation reaction and increase the apparent reaction
orders of SO2 and O2. The influence of O2 at high O2 concentrations (> about 15 %)
becomes negligible. In the temperature interval from 723 K to 973 K, an apparent
activation energy of about 104 kJ/mol is observed for the direct sulfation of limestone.
At low temperatures and low conversions, the sulfation process is most likely under
mixed control by chemical reaction and solid-state diffusion. The nucleation and crys-
tal grain growth of the solid product, and this mixed control mechanism provide satis-
factory explanations of the various phenomena related to the direct sulfation of lime-
stone, such as porosity in the product layer, the variation of the apparent reaction
orders of SO2, O2 and CO2 with reaction conditions and the influence of water. � 2007
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Introduction

The direct sulfation of limestone is defined as the sulfation
reaction between SO2 and limestone in the uncalcined state,
and can be expressed by the following overall reaction

CaCO3ðsÞ þ SO2ðgÞ þ 0:5O2ðgÞ ! CaSO4ðsÞ þ CO2ðgÞ (1)

The direct sulfation reaction is, for example, practically
relevant for desulfurization by direct dry sorbent injection
during pressurized fluid-bed combustion (PFBC), and SO2

absorption on limestone in the cyclone preheater that is used
in cement production. Cement is currently produced mainly

by the so-called ‘‘dry-process’’. In this production process, a
multistage cyclone preheater is used for preheating of the
raw meal—a powder mixture of the raw materials—by direct
countercurrent heat exchange with the hot flue gas from the
calciner for raw meal calcination, and the rotary kiln for
clinker burning in the downstream of the production process.
During the heating process, the sulfation reaction between
limestone particles—the major constituent in the raw meal—
and SO2 that is formed mainly by the oxidation of pyrite
contained in the raw meal takes place. The CO2 partial pres-
sure in the hot flue gas is normally around 30 vol. %, which
is sufficiently high to prevent the calcination of limestone at
the highest temperature approximately 1073 K in the cyclone
preheater. The sulfation reaction in the cyclone preheater, is,
thus, the direct sulfation reaction.

In previous decades, the direct sulfation of limestone has
been studied extensively mainly because of the potential of
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direct dry sorbent injection as a simple and economical
desulfurization method during PFBC. Hu et al.1 recently per-
formed a comprehensive review of the literature concern-
ing this reaction. The review highlights that a number of
phenomena observed concerning this reaction by different
authors are either not explained satisfactorily or not
explained at all. The following are some examples:
� The product layer formed by the direct sulfation of

limestone is porous,2,3,4 despite the fact that the molar vol-
ume of the formed solid product (CaSO4) is much larger
than that of calcite. The porosity and pore size increase with
increasing temperature and decrease with increasing conver-
sion of the limestone.
� The influences of the gaseous reactants and product

(SO2, O2 and CO2) on the direct sulfation of limestone were
observed to vary with reaction conditions. The apparent reac-
tion orders of SO2 observed by various authors5,6,7,8 are sig-
nificantly lower than unity, while the apparent reaction order
of O2 was observed to drop to zero at high O2 concentra-
tions.4,9,10 Higher CO2 concentrations were observed to
depress the direct sulfation reaction under certain reaction
conditions.11,12,13

� The effective diffusivity in the product layer was
observed to decrease with increasing conversion and SO2

concentration.3,7,8,10

� Water can both significantly promote the direct sulfation
reaction and increase the apparent reaction order of SO2

3,5

although water is not considered to participate in the reaction
as a reactant.

Furthermore, previous kinetic studies are also heavily em-
pirical, which seriously limits the applicability of kinetic data
published in the literature. One of the main reasons for the
difficulty in explaining the earlier observations, and for the
heavily empirical methods applied in previous kinetic studies
is the limited understanding of the mechanism of the direct
sulfation of limestone.

The study described in this article is part of a project that
aims at a better understanding of the sulfation reaction taking
place in the cyclone preheater used in cement production
with the final purpose of reducing SO2 emissions from the
production process. In the following, the main experimental
results of this study are presented. A new mechanism for the
direct sulfation of limestone is proposed based on the experi-
mental results. The various phenomena of the direct sulfation
of limestone that are observed in this and earlier studies are
discussed and explained in terms of the obtained results and
the new mechanism.

Experimental

Reactor setup

All experiments were performed in a quartz fixed-bed re-
actor as illustrated in Figure 1. The reactor was originally
developed by Dam-Johansen et al.14–17 for studying the sul-
fation reaction between SO2 and limestone. The reactor con-
sists of a quartz shell and a removable inner tube that con-
tains the sample bed; the inner diameter of the inner tube is
16 mm. The reactor is electrically heated by three separate
heating sections. Each of the heating sections has its own
temperature controlling system. The reaction temperature is
measured by a thermocouple located immediately beneath

the sample bed. Temperature mapping of the reactor showed
that the temperature variation was less than 2 degrees
between the measuring point, and the point that is about 10
cm over the bed. It was observed during each experiment
that the temperature increased no more than about 0.5–1
degree after SO2 was introduced. The isothermal reaction
condition is therefore considered to be fulfilled.

The required gases (SO2, O2, CO2 and N2) are supplied
from gas cylinders, with the flow of each gas controlled by a
mass flow controller. Water vapor is added to the gas mix-
ture by passing the CO2 or N2 gas through liquid water in a
heated container. The container is specially designed to
secure saturation of the passing gas. The gas mixture enters
the reactor at the bottom and is preheated to the required
temperature before it reaches the sample bed. Following the
reaction, the gas mixture flows out of the bottom of the reac-
tor and is cooled to approximately 278 K to remove water
from the gas. The gas is then analyzed for SO2, O2, and CO2

by on-line gas analyzers. The concentrations of SO2, O2, and
CO2, temperature and pressure upstream of the bed are con-
tinuously measured and logged via a data acquisition system.

Samples

Three types of limestone were used for the experiments: a
soft and porous bryozoan limestone from Faxe Kalk in Den-
mark (referred to hereafter as Faxe Bryozo), a hard and dense
limestone from Obajana, Nigeria, provided by FLSmidth A/S
in Denmark (referred to hereafter as Obajana Limestone),
and Iceland Spar (a naturally occurring and very pure crystal-
line calcite) provided by the Geological Museum, Denmark.
Faxe Bryozo was in powder form when purchased. The
structure of this type of limestone has been thoroughly stud-
ied by Dam-Johansen et al.14–17 in relation to their extensive
study of sulfation of various limestones. Particles of Faxe
Bryozo are agglomerates of primary particles of a few micro-
meters in size. The three limestones were ground and sieved.
Table 1 shows the properties of these limestones and the par-
ticle sizes used for the experiments.

The limestone particles prepared for the experiments were
dried in an oven at 393 K for about 12 h, and then stored in air-
tight containers. For each experiment, a sample weight of 0.25–
2.8 g was used depending on the reaction temperatures. Large
sample weights were used for experiments at lower-tempera-
tures and small sample weights for experiments at higher-tem-

Figure 1. Sulfation reactor setup.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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peratures to obtain a concentration drop of SO2 around 10% at
higher SO2 concentrations (> about 1,000 ppm) and 10–30% at
lower SO2 concentrations (< about 500 ppm), which corre-
sponds to a SO2 concentration drop of about 20–200 ppm. The
uncertainty of SO2 measurement by the online gas analyzer is
less than 6 2.5 ppm at high SO2 concentrations (>500 ppm),
and less than6 0.5 ppm at low SO2 concentrations (<500 ppm).
The concentration-drop range encountered during the experi-
ments ensures reliable measurements, and nearly differential
reaction conditions in the reactor. It was verified that the varia-
tion in sample weight had no noticeable influence on the sulfa-
tion rate under the reaction conditions used.

Experimental procedure

For each run, the reactor was preheated to the required
temperature. Gas flow through the sample bed was main-
tained at 1 l/min (298 K, atmospheric pressure). Calculations
show that gas film resistance was negligible under these con-
ditions. Experiments conducted using samples of different
particle sizes also demonstrated that intraparticle diffusion re-
sistance was insignificant under the applied reaction condi-
tions. The gases were mixed to the required composition,
which was verified by the gas analyzers. The inner tube was
taken out, and a weighed sample of limestone particles was
poured into the bed. The surface of the sample bed was lev-
eled by gently knocking the tube. The tube with the sample
was then put back in the reactor and was heated again. All
the gases except SO2 were mixed and admitted into the reac-
tor. The heating-up generally took 5–8 min. After the tem-
perature reached the set point, SO2 gas was added to the gas
stream. The reaction then started, and continued for a period
from 5 min to a couple of hours depending on the purposes.

Experimental conditions

In this investigation the following parameters were used:
temperature: 723–973 K; SO2 concentration: 50–1,800 ppm
(vol.); O2 concentration: 0.5–45 (vol.) %; CO2 concentration:
5–52 (vol.) %; H2O concentration: 0–7.5 (vol.) %. These

conditions cover typical temperatures and gas compositions
in the cyclone preheater used in cement production.

Results

Data treatment

For the calculation of conversion rate and conversion of
the limestone sample, the following equations are used.

Conversion rate at any time

:dx=dt ¼ ðPVðySO2;in � ySO2;outÞ=ðRTÞÞ=ðWz=MCaCO3
Þ ðs�1Þ

(2)

Increase in conversion during the time interval of sampling
(Dt) at any time:

:Dxt ¼ ½ðPVðySO2;in � ySO2;outÞ=ðRTÞÞ=ðWz=MCaCO3
Þ�Dt (3)

Conversion at time t is obtained by summing Dx.
Deconvolution18 of the measured data by Fourier transform

showed that in the first half minute of the reaction the SO2 con-
centration measured by the online gas analyzer deviated signifi-
cantly from the true SO2 concentration immediately after the
sample bed, because of the influence of residence-time distribu-
tion (RTD) in the system. After this short period, the influence
of RTD was negligible due to the relatively slow change with
time in SO2 concentration after the bed. Figure 2 illustrates
such variations of the outlet SO2 concentration.

To avoid uncertainties caused by the RTD in the initial pe-
riod, only data for the period from 180–480 s are used. Due
to the closely linear increase of conversion with reaction
time in this period, the average conversion rate calculated by
the following equation is used for evaluations of other kinetic
parameters

ðdx=dtÞav ¼ Dx=Dt ¼ ðx480s � x180sÞ=300 ðs�1Þ: (4)

The vertical bar ‘‘I’’ in all the figures represents the maxi-
mum uncertainty estimated via the method of error propaga-

Table 1. Properties of the Limestones Used for the Experiments

Limestone Faxe Bryozo Obajana Limestone Iceland Spar

Composition*:
CaCO3 (w %) 97 94 >99.5
Elemental analysis (w %):
Na <detection limit of 0.001 0.026 <detection limit of 0.001%
Mg 0.26 0.64 0.005
Al 0.026 0.31 <detection limit of 0.001%
Si 0.23 1.2 <detection limit of 0.001%
P 0.014 0.005 <detection limit of 0.001%
S 0.03 0.03 0.04
K 0.0054 0.15 <detection limit of 0.001%
Ca 39 38 40
Ti 0.002 0.019 <detection limit of 0.001%
V 0.002 0.002 <detection limit of 0.001%
Cr <detection limit of 0.001 0.001 <detection limit of 0.001%
Mn 0.02 0.004 0.006
Fe 0.047 0.19 0.02
Zn 0.0014 < detection limit of 0.001 <detection limit of 0.001%
Sr 0.042 0.27 0.02

Particle size (mm) 0.18–0.25 0.2–0.3 0.18–0.25
Total surface area** (m2/g) 0.78 0.19 NA

*Determined by Wavelength Dispersive X-Ray (Philips PW2400).
**Determined by BET (Micrometrics ASAP 2000).
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tion. In the following sections, the main results are intro-
duced. Some additional results are introduced in the discus-
sion section.

Influence of gases

To assess the significance of the influence of each gas at
different concentrations, sulfation experiments were carried
out by varying the concentration of the concerned gas while
keeping the concentrations of other gases constant. The
investigated gases include SO2, O2, CO2, and H2O. The fol-
lowing are the main results.

SO2. The influence of SO2 concentration on the conver-
sion rate of Faxe Bryozo was investigated at two oxygen
concentrations and is shown in Figure 3. The increase in the
average conversion rate with SO2 concentration is relatively
weak, and corresponds to an average apparent reaction order
of 0.22 at 3% oxygen, and 0.17 at 0.5% oxygen, which are
much lower than the values of 0.76 observed by Yang
et al.,5 0.49 by Iisa et al.,6 0.4 by Krishnan7 and 0.58 by Qiu
et al.8 The relatively low apparent reaction order of SO2 may
be related to the much lower-temperatures used in this study
than in the earlier studies. The influence of SO2 on the direct

sulfation reaction seems to be affected by the presence of
water in the gas, as an addition of 7.5% water in the gas
increased the average apparent reaction order of SO2 to
approximately 0.4 in the SO2 concentration interval from 500
to 1,800 ppm. This phenomenon is principally in agreement
with the observation by Yang et al.5

O2. The influence of O2 concentration on the conversion
rate of Faxe Bryozo in the presence of 7.5% water in the gas
is shown in Figure 4. The conversion rate increases with in-
creasing O2 concentration at O2 concentrations up to approxi-
mately 15%. The influence of O2 up to this concentration
corresponds to an apparent reaction order of around 0.4. At
higher O2 concentrations the conversion rate did not increase
further, giving an apparent reaction order of zero. This phe-
nomenon is principally in agreement with observations by
Iisa et al.,9 Alvarez et al.10 and Liu et al.4 The presence of
water seems to create a higher-reaction order for O2 as for
SO2, as the average reaction order at low O2 concentrations,
and without water addition (evaluated by using data pre-
sented in Figure 3) is only about 0.2.

CO2. The influence of CO2 concentration on the conver-
sion rate of Faxe Bryozo is shown in Figure 5. The con-
version rate decreases consistently with increasing CO2

concentration. The influence of CO2 concentration on the
conversion rate corresponds to an apparent reaction order of
approximately –0.5. The observed negative influence of CO2

on the direct sulfation of limestone is in agreement with pre-

Figure 2. Influence of RTD to outlet SO2 concentrations
(reaction conditions: limestone: Faxe Bryozo;
T: 823 K, P: 0.11 MPa; SO2 (inlet): 1830 ppm
SO2; O2: 3%; CO2: 30%).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 3. Variation of the average conversion rate of
Faxe Bryozo with SO2 concentrations at 823
K (other conditions: P: 0.11 MPa; CO2: 30%;
H2O: 0%).

Figure 4. Variation of the average conversion rate of
Faxe Bryozo with O2 concentrations at 823 K
(other conditions: P: 0.11 MPa; SO2: 1800
ppm; CO2: 30%; H2O: 7.5%).

Figure 5. Variation of the average conversion rate of
Faxe Bryozo with CO2 concentrations at 823
K. (other conditions: P: 0.11 MPa; SO2: 1,800
ppm; O2: 3%; H2O: 0%).
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vious observations by Ulerrich et al.,11 Dam-Johansen,12 and
Tullin et al.13

H2O. H2O has no doubt a promoting effect on the direct
sulfation of limestone. Figure 6 shows the conversion rate vs.
time curve at 923 K with and without water in the gas. Ini-
tially water was not added to the gas. The figure shows a
decreasing conversion rate with the reaction time. At the reac-
tion time of about 600 s, water was added to the gas at a con-
centration of about 7.5 %. The addition of water resulted in
an abrupt increase in the conversion rate. The conversion rate
continued to decrease with the reaction time at almost the
same rate as before the addition of water. At the reaction time
of about 950 s, the addition of water was ceased; this caused
an abrupt drop in the conversion rate. A similar experiment
performed at 823 K yielded similar results. The promoting
effect of water on the direct sulfation of Faxe Bryozo is in
agreement with the observation by Hajaligol et al.3 The pres-
ence of water seems to cause changes in the sulfation behavior
of the limestone, which is reflected by the almost constant-
conversion rate after the stop of water addition.

Influence of temperature

To assess the influence of temperature on the sulfation
reaction, the apparent activation energy is evaluated in the
temperature interval from 723 K to 973 K for both Faxe
Bryozo and Obajana Limestone. The conversion rates at dif-
ferent temperatures were measured at the same inlet gas con-
centrations (vol. %). Due to the differential reaction condi-
tions in the reactor, the low-reaction orders of SO2 and O2

and the negative reaction order of CO2, the contributions
from the small variations of the gas concentrations caused by
the different temperatures to the conversion rates were esti-
mated to be insignificant. The activation energies are thus
directly evaluated by plotting ln((dx/dt)av) againt 1/T.

As shown in Figure 7, the apparent activation energy is
evaluated to be 104 kJ/mol for Faxe Bryozo and 103 kJ/mol
for Obajana Limestone. These two values are essentially
equal despite the very different morphologies of these two
limestones. The values are also quite close to those obtained
by Fuertes et al.19 (96 kJ/mol), Krishnan et al.7 (110–138 kJ/
mol) and Qiu et al.8 (96.8 kJ/mol) at low conversions.

Sulfation product

The Faxe Bryozo particles sulfated at 873 and 973 were
analyzed by X-ray powder diffraction. Anhydrite (CaSO4)
was the only identified solid product. The formation of anhy-
drite is in good agreement with the findings by Murthy
et al.,20 Ljungström and Lindqvist,21 Dam-Johansen et al.,16

and Tullin et al.13

Morphological change of the sulfated limestone particles

The surface morphologies of the limestone particles before
and after the sulfation were examined by SEM (scanning
electron microscope). The SEM examinations revealed that
the direct sulfation of limestone involves nucleation and
crystal grain growth of the solid product (anhydrite), which
is well demonstrated in Figures 8–10.

Figure 8 shows SEM images of particle surfaces of Faxe
Bryozo before and after the sulfation reaction at 823–973 K.
Figure 8b shows the sulfated particle surfaces, which appa-
rently become slightly smoothened and rounded compared to
the unreacted particles (Figure 8a). Individual crystal grains
of the solid product are not visible. However, powder pat-
terns of X-ray diffraction of the same sample used for Figure
8b indicates the existence of anhydrite crystals, as the pow-
der patterns showed actually the characteristic strong peak at
2y ¼ 25.58 for anhydrite (other peaks are too weak to be
seen). The magnification of the SEM images is most likely
insufficient in this case to show the very small crystal grains.
At 873 K, the formation of product crystal grains is already
visible (Figure 8c) after 10 min sulfation. At 973 K, the par-
ticle surfaces are covered byproduct crystal grains after 10
min sulfation (Figure 8d).

Figures 9 and 10 show particle surfaces of Obajana Lime-
stone and Iceland Spar, respectively, before and after sulfa-
tion at 973 K. The formation of crystal grains of the solid
product is clearly visible.

Both the powder patterns of X-ray diffraction of the sul-
fated samples and sulfur mapping of the sulfated Iceland
Spar particle by Energy-Dispersive X-ray Analysis (EDXA)
supported that the crystal grains formed by the sulfation reac-
tion are crystal grains of anhydrite.

Figure 6. Influence of water addition on the conversion
rate of Faxe Bryozo at 923 K (other condi-
tions: P: 0.11 MPa; SO2: 1,800 ppm; O2: 3%;
CO2: 30%; H2O: 0–7.5%).

Figure 7. Variation of the average conversion rate with
reaction temperature (other conditions: P: 0.11
MPa; SO2: 1,800 ppm; O2: 3%; CO2: 30%;
H2O: 7.5%).

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The above SEM images demonstrate that the formation of
the product crystal grains is oriented22—the product crystal
grain is directly connected to calcite in lattice level and
grows in a definite direction which is determined by the
direction of the lattice surface on which the nucleation and
growth take place. This phenomenon is discussed further in
the following section.

Discussions

The experimental results allow us to propose a mechanism
for the direct sulfation of limestone and give a qualitative
assessment of its validity. Various subjects concerning the
direct sulfation of limestone are discussed, including phe-
nomena observed in this and earlier studies, such as porosity
in the product layer, variation in the apparent reaction orders
of SO2, O2, and CO2, the controlling mechanism and the
influence of water. Some simple modeling considerations are
also included.

Mechanism of the direct sulfation of limestone

Sulfation Process. As shown earlier, the direct sulfation
of limestone involves nucleation and crystal grain growth of

the solid product (anhydrite). The occurrence of nucleation
means that the sulfation of the limestone may be divided into
two stages. The first stage extends from the start of the sulfa-
tion reaction to the initiation of nucleation of the formed
solid product since the nucleation process requires the sulfate
concentration at the surface to reach a critical level for the
formation of stable nuclei. The second stage involves further
sulfation and the growth of the formed nuclei. It can be
imagined that a thin layer may exist at the surface of the
unreacted core that acts as a kind of parent layer for both
nucleation and subsequent growth. There is no direct evi-
dence that can give a clear indication on the chemical prop-
erties of this parent layer. One possibility is that this thin
layer is a solid solution of the formed product anions in the
parent structure of calcite. The surface of the parent layer is
the gas-solid reactant interface, as well as the reaction front
for the sulfation reaction. Formed sulfate ions (SO4

2�) diffuse
in solid state through the parent layer to the root of the prod-
uct crystal grains and feed the growth process. This process
is illustrated schematically in Figure 11.

In addition to the commonly known steps, such as gas film
diffusion, pore diffusion in the particle and product layer,
and chemical reaction,18,23 the sulfation of limestone, thus,
involves two extra steps: solid-state diffusion and the nuclea-

Figure 8. SEM images of Faxe Bryozo particles before and after sulfation at 823–973 K (other conditions: P: 0.11
MPa; SO2: 1,800 ppm; O2: 3%; CO2: 30%; H2O: 0%).
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tion-growth process. The sequence of these steps is illus-
trated in Figure 12.

With the progress of the sulfation, the unreacted core
shrinks. The free surface area of the parent layer—the sur-
face area of the parent layer that is directly available for the
sulfation reaction—decreases because of both the shrinkage
of the unreacted core and the shielding effect of the formed
nuclei/crystal grains of the solid product.

Solid-state diffusion and the nucleation-growth process

As described earlier, the sulfation process involves ori-
ented nucleation and crystal grain growth of the solid prod-
uct. Oriented nucleation usually takes place when the nuclei
of the new phase and the substrate have a close two-dimen-
sional (2-D) or 3-D match in their crystal-lattice structures
(usually termed epitaxy and topotaxy, respectively).22 This
oriented nucleation and growth is particularly clear with Ice-
land Spar. Iceland Spar is a natural and pure calcite crystal
in relatively large sizes. The SEM image of ground particles
(Figure. 10a) shows clearly fractures and the smooth clea-
vages. The formation of crystal grains of the solid product
takes place only at fractures that are perpendicular to the
cleavages and with same orientation (Figure 10(b–c)). The
situation is similar with Obajana Limestone. Faxe Bryozo
consists of small and randomly orientated calcite grains; this
is the reason for the apparently random orientation of the
product crystal grains. The special preferred orientation of
the product crystal grains indicates that they are directly
rooted on the crystal lattice of calcite. That is, the crystal lat-
tices of the product crystal grains and the substrate (calcite)
are directly connected. The preference of particular sides for
the nucleation is due to crystallographic reasons: the nuclea-
tion of the solid product prefers the sides/faces of the sub-
strate (calcite) that have similar lattice structure, such as the
distance between the cations (Ca2) and crystallographic
angles. Examination of the crystal lattice structures of calcite
and anhydrite reveals a very close 2-D lattice match (epi-
taxy) (distance between cations (Ca2) and angles) between,
for example, the lattice plane (�1,1,0) of anhydrite and the
lattice plane (1,0,4) of calcite. Details about this lattice

match are discussed in a separate article. The growth is
upward, most probably also determined by the fact that the
lattice match between the nuclei and the substrate is 2-D.

The oriented nucleation also implies that the parent layer
has not lost the basic lattice structure of calcite; this supports
the assumption of the formation of a solid solution of the
formed product ions in the crystal lattice structure of calcite.
Except for the surface of the parent layer where the concen-
tration of the product ions may be quite high, the fraction of
product ions in the crystal lattice of calcite in the parent
layer is expected to be relatively low; otherwise the crystal
lattice structure of calcite may become unstable.

Figures 8–10 show that the product crystal grains grow up
from the substrate, just like bamboo shoots. For nucleation
and subsequent growth, the product ions must diffuse to the
nucleation/growth sites. The diffusion process possibly takes
place in the way illustrated in Figure 13.

The diffusion proceeds by point defects,22 which are most
likely vacancies of cations and anions in the crystal lattice of
both the product and the substrate (calcite). As illustrated in
Figures 11 and 13, sulfate is first formed at the surface of the
parent layer. The sulfate ions then diffuse to the root of the
grain, and fill the available vacancies in the root. The continu-
ous supply of sulfate ions formed by the sulfation reaction at
the surface of the parent layer to the root provides a driving
force for the formation of a new layer of the crystal at the outer
surface of the crystal grain because the ions that jump out of
the lattice sites to the surface of the grain (the jumping-out of
the lattice ions to the surface is a coupled process with the for-
mation of point defects) are less likely to jump back due to the
continuous filling-up of vacancies at the root. It is possible that
movement of the ions partly may proceed synchronized. The
movement of cations (Ca2) is considered to take place in the
same way as that for sulfate ions. During this process, carbon-
ate ions have to diffuse to the surface of the parent layer to
facilitate the continuation of the sulfation reaction.

With the growth of the grains, the diffusion resistance
increases because of the greater diffusion distance. This may
be the reason for the rather uniform grain size as shown in
Figures 8–10. The grains may at last detach from the sub-
strate (calcite) because of various stresses, allowing new

Figure 9. SEM images of Obajana Limestone particles before and after sulfation at 973 K (other conditions: P: 0.11
MPa; SO2: 1,800 ppm; O2: 3%; CO2: 30%; H2O: 0%).
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nuclei to form at places where the sulfate concentration
reaches the critical level. The formed product layer is a col-
lection of crystal grains of the solid product.

Chemical reaction at the gas-solid reactant interface

In the mechanism described earlier, the chemical reaction
is assumed to take place mainly at the free surface of the

parent layer. Based on experimental observations and some
theoretical considerations, the chemical reaction is suggested
to proceed by the following multistep mechanism:
Step 1: adsorption of SO2 in active sites at the surface of the
parent layer

:SO2ðgÞ þ ½ �vðsÞ�!
k11

 �
k12

½SO2�vðsÞ (5)

Step 2: conversion of the adsorbed SO2 to sulfite ions

:½SO2�vðsÞ þ CO2�
3 ðsÞ�!

k21 �
SO2�

3

�ðsÞ þ ½CO2�vðsÞ (6)

Step 3: formation of oxygen radicals in gas phase or at the
solid surface by dissociative adsorption

:O2ðgÞ�!k31 �
k32

2Oðg=sÞ (7)

Step 4: oxidation of sulfite ions to sulfate ions

:
�
SO2�

3

�ðsÞ þ Oðg=sÞ�!k41 �
SO2�

4

�ðsÞ (8)

Figure 12. General sequential steps involved in the
direct sulfation of limestone.

Figure 10. SEM images of Iceland Spar particles before
and after sulfation at 973 K (other condi-
tions: P: 0.11 MPa; SO2: 1800 ppm; O2: 3%;
CO2: 30%; H2O: 0%).

Figure 11. Sulfation process.
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Step 5: desorption of CO2

:½CO2�vðsÞ�!
k51

 �
k52

CO2ðgÞ þ ½ �vðsÞ (9)

For the mechanism suggested above the following assump-
tions and considerations are made:

Adsorption of SO2. It was observed that oxidation of SO2

in the gas phase at the highest-temperature (973 K) applied
in the experiments is unnoticeably small without the presence
of limestone particles, even though thermodynamically the
conversion of SO2 to SO3 in the gas phase is favored at such
temperatures.24 This reveals that during the sulfation reaction
the oxidation of SO2 takes place after it is adsorbed on the
limestone.

Vacancies of missing carbonate ions in the crystal lattice
of calcite at the surface of the parent layer are assumed to be
active sites for the adsorption of SO2. The presence of vacan-
cies in ionic crystalline materials is known to be one of the
basic conditions for solid-state diffusion.22 The space of a
vacancy is normally larger than the space that is occupied by
a carbonate ion, because of the loss of attraction from nega-
tive charges. At the surface of the parent layer, the size of
vacancies of carbonate ions is expected to be even larger due
to the unsaturated nature of the cations (that is, Ca2). Vacan-
cies at the surface are probably active sites for the adsorption
of SO2, based on considerations of the size of the vacancy,
the probable benefit for lattice energy by the adsorption and
especially the dependency of the subsequent diffusion of the
formed anions on the vacancies.

Formation of Sulfite. During the process of oxidation of
SO2 to sulfate (SO4

2�), sulfite (SO3
2�) (not CaSO3 in a sepa-

rate phase) is most likely first formed as an intermediate
based on the following observations:
� The absorption of SO2 on the limestone was observed in

this study to proceed in the absence of oxygen.
� Investigation of the intrinsic kinetics of the direct sulfa-

tion of limestone showed that the conversion rate of
limestone was not affected by variations in O2 concen-
tration (details of this investigation are reported in a
separate article).

� Tullin et al.13 detected the presence of trace amount of
sulfite in the sulfated samples by Fourier transform
infrared spectroscopy (FTIR).

The formed sulfite ions are considered to be distributed in
the crystal lattice of calcite and do not exist in a separate
phase as crystalline calcium sulfite (CaSO3). Crystalline cal-
cium sulfite is likely to form if the sulfite ion concentration
reaches the critical level, which, however, will usually not
happen with sufficient oxygen in the gas.

Formation of Oxygen Radicals. The sulfite ions are oxi-
dized by the oxidant: oxygen radicals (O) or oxygen in other
forms. In this study, there is no clear evidence concerning
the form in which oxygen participates in the reaction. Oxy-
gen radicals may come from thermal dissociation of oxygen
in the gas phase. Oxygen radicals or oxygen in other forms
may also form from dissociative adsorption of oxygen at
solid surfaces.25,26,27,28 In the mechanism suggested earlier,
the oxidant is assumed to be oxygen radicals formed by ther-
mal dissociation in the gas phase, and/or by dissociative ad-
sorption at the solid surface.

Formation of Sulfate. As with the formation of sulfite,
sulfate ions formed initially are most likely distributed in the
crystal lattice of calcite. Calcium sulfate in a separate phase
(CaSO4) is first formed when it is nucleated.

Porosity in the product layer

The product layer formed during the direct sulfation reac-
tion has been shown to be porous.3,4 Snow et al.2 proposed
that the porosity was a result of outflow of CO2 formed by
the sulfation reaction, partly based on the observation of a
dense product layer produced during the indirect sulfation
reaction (sulfation reaction between SO2 and calcined lime-
stone), in which CO2 is not formed. However, our observa-
tions indicate that the porosity in the product layer results
from the formation of crystal grains of the solid product as
shown in Figures 8–10 and illustrated in Figure 11. Porosity
in the product layer reflects the presence of free spaces and
voids between crystal grains of the solid product, which are
clearly visible in Figure 8d. The formation of CO2 seems
therefore to be irrelevant in the development of porosity in
the product layer.

The nonrelevance of CO2 formation to porosity in the
product layer is also evidenced by the observations of Duo
et al.29 on the sulfation of calcined limestone (indirect sulfa-
tion reaction). The dense product layer formed during the
indirect sulfation reaction was believed to reflect the absence
of gas (CO2) evolution during the reaction. However, Duo
et al.29 showed that the product layer produced by the sulfa-
tion of calcined limestone can also be porous when the cal-
cined limestone is sintered at high temperatures to form
larger dense particles. This fact again demonstrates that the
formation of CO2 during the sulfation reaction is not relevant
to porosity in the product layer. In fact, the critical factor
seems to be size: the sizes of grains and pores. The product
layer formed during the sulfation of calcined limestone is
usually dense because the calcined limestone particles typi-
cally consist of micrograins of a size around 0.2 mm. The
size of micropores between the micrograins is typically
around 0.1 mm.12,14–17,29 The combination of the small sizes
of micropores and micrograins makes the pore blocking
byproduct crystal grains very easy. Sintering/coalescing of
the product crystal grains readily takes place as they are so
close together.

Figure 13. Probable solid-state diffusion process for
the nucleation-growth process involved in
the direct sulfation of limestone.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Porosity in the product layer can be influenced by various
factors, such as conversion, limestone morphology, tempera-
ture, and gas composition. With increasing conversion, the
free spaces and voids between product crystal grains decrease
due to growth of grains and probably coalescence as well.
This process explains the observations of decreasing porosity
and pore size with increasing conversion.3,4 The product
layer is expected to be more porous for limestones that con-
sist of small calcite grains like Faxe Bryozo, because the ran-
dom orientation of calcite grains also causes a random orien-
tation of the product crystal grains, which in turn creates
more voids. The influence of temperature can be twofold.
Temperature has a significant influence on the nucleation
process. Porosity and pore size generally increase with
increasing temperature due to the formation of fewer, but
larger nuclei/crystal grains at higher temperatures.29 How-
ever, at sufficiently high temperatures, sintering of the prod-
uct crystal grains can become significant, which can cause a
decrease in porosity and/or pore size.

Variation in the apparent reaction orders
of SO2, O2, and CO2

As observed in this and earlier studies,1 the apparent reac-
tion order of SO2 varies with reaction conditions and is sig-
nificantly lower than unity; O2 and CO2 may or may not
show influence depending on the reaction conditions. The
observations of the influence of these gases were generally
made in the second stage of the sulfation where nucleation
and crystal grain growth of the solid product were started.
The measured sulfation/conversion rate was thus inevitably
influenced by the nucleation-growth process, which in con-
junction with the resistance of solid-state diffusion and the
nature of gas-solid reactions are most likely the reasons for
the varying influences of these gases under different reaction
conditions. The direct consequence of the occurrence of
nucleation and crystal grain growth of the solid product is
the reduction of the surface area that is directly available for
the sulfation reaction. The conversion rate measured at any
given time is partly determined by the fraction of the uncov-
ered surface area of the calcite grains. The apparent reaction
order may thus vary significantly depending on the tempera-
ture and the conversion.

The presence of significant resistance of solid-state diffu-
sion causes a significant deviation of the calcite surface from
the pure state, and, thus, also a slower sulfation rate at the
uncovered calcite surface than at pure calcite surface,
because of the lowered carbonate activity aCO2�

3
. The influ-

ence of the gaseous reactants is expected to decrease with
increasing solid-state diffusion resistance. The resistance of
solid-state diffusion is expected to be more significant at
lower temperatures, because of its generally high-activation
energy, usually significantly higher than 100 kJ/mol. A rele-
vant example is the activation energy for the self diffusion of
carbonate ions in calcite lattice which was measured by Haul
and Stein30 to be about 243 kJ/mol. The much lower appa-
rent reaction order of SO2 measured in this study than in
others5,6,7,8 may partly due to a more significant influence of
solid-state diffusion at the relatively low temperatures used
in this study.

According to the above suggested reaction mechanism, the
sulfation rate is determined by Steps 1, 2 and 5, while Steps
3 and 4 are only steps which convert sulfite ions into the
final product: sulfate ions. The rate expressions for Steps 1, 2
and 5 can be established as follows

Step 1 : r1 ¼ k11CSO2
yv � k12ySO2

(10)

Step 2 : r2 ¼ k21ySO2
aCO2�

3
(11)

Step 5 : r5 ¼ k51yCO2
� k52yvCCO2

(12)

Here

yv þ ySO2
þ yCO2

¼ 1;

By assuming that Steps 1 and 5 are in equilibrium, Eq. 11
can be rewritten as follows

r2 ¼
k21K1CSO2

aCO2�
3

1þ K�15 CCO2
þ K1CSO2

(13)

r2 represents the sulfation rate at the uncovered calcite sur-
face. In Eqs. 11 and 13, aCO2�

3
(carbonate activity at the

uncovered calcite surface) is a parameter that reflects the
influence of solid-state diffusion. aCO2�

3
is expected to

decrease before the initiation of the nucleation process. Once
the nucleation process has begun aCO2�

3
at the uncovered

calcite surface will not decrease further because the nuclea-
tion-growth process acts as a buffer that prevents any further
decrease in aCO2�

3
. With the growth of the product grains,

aCO2�
3

at the uncovered calcite surface is expected to increase
because of the reduced diffusion distance of sulfate ions
from the uncovered calcite surface to product grains. Varia-
tions in aCO2�

3
at the uncovered calcite surface are believed

to be one of the main reasons for the variation of the apparent
reaction orders of SO2, O2 and CO2 with reaction conditions.

An increase in SO2 concentration results an increase in the sul-
fation rate, which in turn causes a decrease in aCO2�

3
at the uncov-

ered calcite surface because of the resistance of solid-state diffu-
sion. The apparent observation is thus a reaction order of SO2

lower than unity which varies with reaction conditions.
The effect of O2, according to the suggested mechanism,

is due to its influence on the concentration of sulfite ions at
the uncovered calcite surface. Because of the nucleation and
growth process, sulfate ions diffuse immediately away after
they are formed, whereas sulfite ions stay. A higher sulfite
ion concentration at the uncovered calcite surface means a
lower carbonate activity, and, thus, also a lower sulfation
rate. The increase in sulfation rate with increasing O2 con-
centration is thus caused by the increase in carbonate activ-
ity. O2 shows zero-order behavior when sulfite concentration
approaches to zero.

CO2 has significant influence on solid-state diffusion in
calcite31,32 most likely because of its influence on the forma-
tion of extrinsic carbonate vacancies in the crystal lattice of
calcite. With increasing CO2 partial pressure the number of
extrinsic carbonate vacancies in the crystal lattice of calcite
is reduced, which in turn causes a corresponding decrease in
solid-state diffusivity. aCO2�

3
at the uncovered calcite surface

are thus expected to decrease with increasing CO2 concentra-
tion, and consequently the sulfation rate as well. The influ-
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ence of CO2 was observed to become limited at high temper-
atures,2,9,33 which may in part be explained by the fact that
with increasing temperature the number of extrinsic point
defects usually gets less significant compared to the number
of intrinsic point defects.22

Compared to the established theory, an important feature
in the above rate equations is the introduction of the surface
activity of carbonate into the rate expressions. This enables
consideration of the influence of solid-state diffusion on the
sulfation reaction, and provides the necessary bridge between
the reaction kinetics and solid-state diffusion for the purpose
of modeling.

Controlling mechanism

A reaction process is considered to be controlled by a cer-
tain step when that step is so slow that any increase in the
rate of other steps that are in series does not result in any
significant increase in the overall reaction rate. As discussed
earlier, the direct sulfation of limestone involves five general
steps, that is, gas-film diffusion, pore diffusion in the particle
and product layer, chemical reaction, solid-state diffusion,
and the nucleation-growth process. The sulfation process
may thus be controlled by each of these steps or by a combi-
nation of these steps.

Under the conditions in this study—relatively low-temper-
atures and very low-conversions, the sulfation process is
most likely under mixed control by chemical reaction and
solid-state diffusion. Calculations and the measured apparent
activation energies indicate that resistances of gas-film diffu-
sion and pore diffusion are negligible. The mixed control by
both solid-state diffusion and chemical reaction is practically
‘‘guaranteed’’ by the nucleation-growth process. The resist-
ance of solid-state diffusion is clearly significant in the
experiments performed in this study judged by the observed
nucleation of the solid product (anhydrite) at relatively low-
conversions (for example < 0.5 % at 873 K) in this study.
Otherwise, the calcite grain would be sulfated in a pseudo-
homogeneous way, as the diffusion of the formed sulfate
ions into the inner part of the calcite grain would be fast if
solid-state diffusion resistance was insignificant; the conver-
sion rate would also be more or less constant at low-conver-
sions. This is obviously not the case. However, control by
solid-state diffusion alone may never be realized because
nucleation of the solid product will be initiated before the
carbonate activity aCO2�

3
at the uncovered surface of the cal-

cite grain drops to zero due to thermodynamic reasons.
Chemical reaction can influence the sulfation reaction as
long as the carbonate activity aCO2�

3
at the uncovered surface

of the calcite grain doesn’t drop to zero. The significant
influence of chemical reaction rate is reflected by the signifi-
cant effect of SO2 and O2 on the overall sulfation rate.

Influence of water

As shown earlier, water promoted the direct sulfation of
limestone. A probable explanation of the effect of water is
its influence on solid-state diffusion by the formation of hy-
droxide ions (OH�). The movement of cations (Ca2) is an
important part of the nucleation-growth process and may
contribute a significant part of the resistance of solid-state
diffusion. The formation of hydroxide ions and their adsorp-

tion in anion sites (carbonate)34,35 in the crystal lattice of cal-
cite may result in the formation of more cation (Ca2) vacan-
cies, as hydroxide ions are of single valence. The increase of
the number of cation vacancies improves the diffusion of the
cations and thus solid-state diffusion in general.

Addition of water to the gas in this and earlier studies5

was observed to increase the apparent reaction orders of SO2

and O2. This phenomenon seems to be in agreement with
water’s probable improvement on solid-state diffusion. Direct
sulfation of limestone is usually under mixed control by both
chemical reaction and solid-state diffusion. An improvement
on solid-state diffusion makes the chemical reaction more
dominant in the mixed control. The increase in the apparent
reaction orders of SO2 is probably a reflection of the
increased control by chemical reaction.

Modeling

The shrinking unreacted core model18,23 is frequently used
to model the direct sulfation of limestone.1 Generally, the
concept of shrinking unreacted core is considered applicable
for the direct sulfation of limestone. However, the simplified
shrinking unreacted core model that are described in Leven-
spiel18 and Szekely et al.23 are insufficient for the direct sul-
fation of limestone; this is because these models do not con-
sider factors such as:
� The direct sulfation of limestone involves the nuclea-

tion-growth process.
� The direct sulfation of limestone is significantly influ-

enced by solid-state diffusion.
� Reduction in the directly available surface area for the

sulfation reaction is caused by both shrinking of the un-
reacted core and the formation of product crystals. The
directly available surface area for the sulfation reaction, is,
therefore, expected to be significantly smaller than the total
surface area of the unreacted core.
� The properties of the product layer (such as porosity

and pore size) vary during the sulfation process due to crys-
tal grain growth of the solid product and sintering.

Model simulations are often used for the extraction of ki-
netic parameters, and for the judgment of controlling mecha-
nisms. The use of the simplified shrinking unreacted core
model for the modeling of the direct sulfation of limestone
without considering these aspects may lead to erroneous
results and conclusions. For example, the effective diffusivity
in the product layer was often evaluated across the whole
thickness of the product layer. However, considering (1) that
the resistance of solid-state diffusion is most likely the major
diffusion resistance, and (2) that this resistance of solid-state
diffusion is probably located at the surface of the unreacted
core at low conversions, and in a relatively thin layer near
the unreacted core at high conversions, the effective diffusiv-
ity evaluated in such a way is no more than a model
parameter and does not represent any physical properties of
diffusion in the gas phase or in the solid phase.

Conclusions

The direct sulfation of limestone involves oriented nuclea-
tion and crystal grain growth of anhydrite-the only final solid
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product. Five general steps can be defined for the direct sul-
fation of limestone. They are gas film diffusion, pore diffu-
sion, chemical reaction, solid-state diffusion and the nuclea-
tion and crystal grain growth of the solid product.

The direct sulfation of limestone can be significantly influ-
enced by the concentrations of the gaseous reactants (SO2

and O2) and gaseous product (CO2), and the presence of
water as well. The strength of the influences of these gases
varies with reaction conditions. At 823 K, and in the absence
of water, the influence of SO2, O2 and CO2 on the direct sul-
fation of limestone corresponds to apparent reaction orders
of approximately 0.2, 0.2 and �0.5, respectively. The pres-
ence of water in the gas phase significantly increases the sul-
fation rate and the apparent reaction orders of SO2 and O2.
At high O2 concentrations (> approximately 15 %), the
apparent reaction order of O2 drops to zero.

At low temperatures and low conversions, the direct sulfa-
tion reaction is usually under mixed control by chemical
reaction and solid-state diffusion partly because of the inter-
action of the nucleation-growth process. The low apparent
reaction orders of SO2 and O2, their variations with the reac-
tion conditions, and the influence of water are closely related
to the controlling mechanism, and the effect of reaction con-
ditions on solid-state diffusion and the nucleation-growth
process.

Carbonate activity at calcite surface, a new parameter is
introduced in this article for describing kinetic behaviors of
the direct sulfation of limestone. This new parameter repre-
sents the influence of solid-state diffusion in the sulfation
process and reflects as well the true situation at the gas-solid
reactant interface.

The chemical reaction that takes place at the surface of
the gas-solid reactant interface may involve steps, such as
the adsorption of SO2 in active sites at the surface of the
solid reactant, the formation of sulfite ions (SO3

2�) as an in-
termediate, further oxidation of the formed sulfite ions to
form sulfate ions, and desorption of CO2. The effect of O2 is
most likely due to its influence on the concentration of sulfite
ions at calcite surface.

The product layer formed during the direct sulfation of
limestone is a collection of crystal grains of the solid product
(CaSO4). The presence of spaces and voids between the crys-
tal grains is the reason for porosity in the product layer. The
decrease in porosity and pore size with increasing conversion
is due to the reduction in these spaces and voids caused by
growth of the crystal grains of the solid product, and prob-
ably also sintering.

In the aspect of kinetic modeling, the finding of this
study—the nucleation and crystal grain growth of the solid
product and its importance— indicates that the simplified
shrinking unreacted core model (which considers only the
resistances of gas film diffusion, pore/product-layer diffusion
and chemical reaction) is inadequate to describe the direct
sulfation of limestone, if it, in addition to the purpose of pro-
cess simulation, is used as well for the assessment of reaction
mechanism and extraction of kinetic parameters, such as
intrinsic rate constants and solid-state diffusivity. For avoid-
ing the shortcomings of the simplified shrinking unreacted
core model, new models for the modeling of the direct sulfa-
tion of limestone at relatively low temperatures and low con-
versions are developed and presented in a separate article.
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Notation

a ¼ solid-state activity
C ¼ concentration
Ea ¼ activation energy
K ¼ equilibrium constant
k ¼ reaction rate constant

MCaCO3
¼ molar weight of CaCO3

P ¼ total pressure
p ¼ partial pressure
R ¼ gas constant
r ¼ surface reaction rate
t ¼ time
T ¼ temperature
V ¼ gas flow
W ¼ bed weight
x ¼ conversion of solid reactant (limestone)
y ¼ molar fraction
z ¼ fraction of CaCO3 in limestone
yv ¼ fraction of vacant active sites for the adsorption of SO2 and

CO2

ySO2
¼ fraction of active sites occupied by SO2

yCO2
¼ fraction of active sites occupied by CO2

[ ]v ¼ vacant active site
[SO2] ¼ active site occupied by SO2

[CO2] ¼ active site occupied by CO2

[SO3
2�] ¼ carbonate site occupied by a sulfite ion

[SO4
2�] ¼ carbonate site occupied by a sulfate ion

Subscript

av ¼ average
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