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The initial kinetics of direct sulfation of Faxe Bryozo, a porous bryozoan limestone
was studied in the temperature interval from 873 to 973 K in a pilot entrained flow re-
actor with very short reaction times (between 0.1 and 0.6 s). The initial conversion
rate of the limestone—for conversions less than 0.3%—was observed to be significantly
promoted by higher SO2 concentrations and lower CO2 concentrations, whereas O2

showed negligible influence. A mathematical model for the sulfation of limestone
involving chemical reaction at calcite grain surfaces and solid-state diffusion of car-
bonate ions in calcite grains is established. The validity of the model is limited to the
initial sulfation period, in which nucleation of the solid product calcium sulphate is
not started. This theoretical reaction-diffusion model gives a good simulation of the
initial kinetics of the direct sulfation of Faxe Bryozo. The intrinsic rate of the direct
sulfation of the limestone is estimated to have an activation energy of about 25 kJ/mol
and reaction orders of about 0.9 and 20.75 for SO2 and CO2, respectively. The diffu-
sivity of carbonate ions in the surface layer of the calcite grain is estimated to be
about three orders of magnitude higher than the diffusivity of carbonate ions in the
inner lattice of calcite grain and have an activation energy of about 202 kJ/mol.
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Introduction

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

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

The direct sulfation of limestone is, for example, practically
relevant for desulfurization by direct dry sorbent injection dur-

ing pressurized fluid-bed combustion and SO2 absorption on
limestone in the cyclone preheater used in cement production.

The kinetics of the direct sulfation of limestone was stud-
ied by a number of authors1–14 in the past decades. An exten-
sive review of the earlier studies has been done in a recent
article by Hu et al.15 One of the major subjects in the study
of the direct sulfation of limestone is the intrinsic kinetics of
this reaction. The intrinsic rate data presented in the literature
by different authors were either measured at low conversions
(for example a few percents) or evaluated by extrapolation to
zero conversion with the conversion rate data obtained at rel-
atively high conversions. However, recent study performed
by Hu et al.16 indicates that it is questionable whether those
data actually represents the true intrinsic kinetics.
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Hu et al.16 in another related study demonstrated that the
direct sulfation of Faxe Bryozo involves nucleation and crys-
tal grain growth of anhydrite, the solid product. The conver-
sion of the limestone in experiments with long durations
showed characteristic two-period behavior with an initial pe-
riod of a few to 10 s with relatively high but fast-decreasing
conversion rate and a second period with relatively low but
slow-decreasing conversion rate. The initial period is most
likely the period before nucleation of the solid product
because the formation of stable product nuclei needs the con-
centration of sulfate ions at the calcite grain surface to reach
a critical level,17 whereas the second period is the period
with crystal grain growth of the solid product. The kinetic
properties in these two periods are very different, reflected
partly by the large difference in the rates by which the con-
version rate decreases with time in these two periods and the
sharp transition from the first period to the second period. It
has also been shown by Hu et al.16 that nucleation and crys-
tal grain growth of the solid product can start at a conversion
of about 0.5% at temperatures around 873 K. Rate data
obtained at conversions significantly higher than, for exam-
ple, 0.5% represents therefore with high likelihood the
kinetics of the period with crystal grain growth of the solid
product.

The intrinsic rate of the limestone sulfation is defined as
the true chemical reaction rate between the limestone and
SO2 with the elimination of any influences from diffusion
(both gas phase and solid-state diffusion) and the solid prod-
uct calcium sulfate. As demonstrated by Hu et al.,16 at con-
versions of a few percent, the sulfation reaction is signifi-
cantly hindered by both the resistance of solid-state diffusion
and the reduction of directly exposed calcite surface area due
to the shielding effect of the formed crystal grains of the
solid product, calcium sulfate. Sulfation rates directly meas-
ured at conversions of a few percent are therefore with high
likelihood significantly lower than the intrinsic rates. Because
of the significantly different behavior of the sulfation kinetics
in the initial period before nucleation of the solid product and
the following period with crystal growth of the solid prod-
uct,16 assessing the intrinsic kinetics by simple extrapolation
of the rate data obtained at a few percent or higher conver-
sions to zero conversion will easily lead to faulty results.

Cement is currently produced mainly by using the so-
called ‘‘dry process’’. In this process, a cyclone preheater
consisting of several cyclones in series (usually 4–5 cyclo-
nes) is used to preheat the raw meal (ground raw material
mixture) through direct heat exchange between the hot flue
gas from the downstream process and the raw meal particles
suspended in the gas. The residence time of the raw meal
particles in each cyclone is around 10 s. In the hot and oxy-
gen-containing environment in the cyclones, SO2 is formed,
mainly from oxidation of pyrite contained in the raw meal.
Part of the formed SO2 is absorbed on the limestone par-
ticles—the main constituent of the raw meal—through the
direct sulfation of the limestone. The rest gets out of the sys-
tem together with the flue gas. Absorption of SO2 by the
limestone particles in the raw meal in the cyclone preheater
is desired for both the SO2 emission reduction from the pro-
duction process and the production of cement itself, because
calcium sulfate is a needed minor ingredient of cement prod-
ucts. Because of the relatively short residence time of the

raw meal particles in the cyclones, the initial kinetics of the
direct sulfation of limestone is practically important for SO2

absorption in the cyclone preheater. In this study, the initial
sulfation rates are measured by experimental methods. A
mathematical model is established to describe the initial sul-
fation process and to assess parameters of the intrinsic
kinetics as well.

Experimental

Reactor set-up

For the purpose of measuring the sulfation rates at near-
zero limestone conversion, a pilot entrained flow reactor was
built and used for the experiments. As illustrated in Figure 1,
the pilot entrained flow reactor system includes a gas supply
unit, an electrically heated gas preheater, a particle feeder, a
tubular reactor, and a data acquisition system. The required
amount of gases (SO2, CO2, O2, N2, and compressed air) are
supplied by the gas supply unit. SO2, CO2, and O2 are from
the gas cylinders. Compressed air is from the utility supply
net. The flow rate of each gas is controlled by a mass flow
controller.

Before entering the reactor, the mixed gases (CO2, O2 and
N2) are preheated to the required temperature (usually a cou-
ple of hundred degrees higher than the reaction temperature).
The limestone particles are fed by the automatic particle
feeder at a constant rate to the reactor. Compressed air is
used as carrier gas for the particles and as a source of O2 for
the reaction as well. The preheated gas and the limestone
particles meet at the inlet to the reactor. The limestone par-
ticles suspended in the gas stream are first heated up by the
preheated gas and further heated to the required reaction
temperature in the first part of the tube reactor (from the inlet
of the reactor to the first SO2 injection point).

The reactor is made of Fe-Cr-Ni based high temperature
resistant alloy tubing (AVESTA 235MA, DIN 1.4893-
X8CrNiN21-11) with an outer diameter of 26.7 mm and a
wall thickness of 2.11 mm. The total length of the reactor is

Figure 1. Illustration of the pilot entrained flow reactor.
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about 15 m. SO2 from the gas supply unit is injected at one
of the four injection points along the length of the reactor.
The dosing heads are specially designed with small holes to
ensure an even distribution of SO2 in the main gas flow. By
shifting between the injection points, conversions at different
reaction times under identical flow and temperature condi-
tions can be measured.

The temperature in the reactor is monitored at six points
along the reactor length. Figure 2 shows the temperature pro-
file without and with the particle feeding at the three reaction
temperatures used in the experiments. This figure shows that
the temperature in the reactor is quite close to the set point
down stream of the first SO2 injection point. For experiments
at 873 and 923 K, the temperatures at the first SO2 injection
point was about 3–5 K lower than the set point. This rela-
tively small temperature difference is estimated to have very
limited influence on the experimental results obtained with
the SO2 injected at the first injection point, because this tem-
perature difference, in addition to its small magnitude, is
estimated to disappear after about 1/5 of the total reaction
time.

The sulfation starts when the heated particles meet SO2 at
the injection point. After the reaction, the particles are sepa-
rated in a cyclone that is directly connected to the reactor.
The separated particles fall down into the container outside
the reactor oven. The gas is sampled just before the cyclone
and is analyzed for the concentration of SO2, O2, and CO2 in
online gas analyzers. The difference between the SO2 outlet
concentrations with and without limestone particle feeding is
used to calculate the conversion of the limestone at the corre-
sponding reaction time.

Conversion of SO2 to SO3 at elevated temperatures and
especially in a steel reactor is often a concern for the study
of kinetics of limestone sulfation. Under the applied reaction
conditions in this study, the conversion of SO2 to SO3 was
confirmed to be insignificant, as a gradual increase in the
reaction temperature from room temperature up to 973 K
without limestone particle feeding showed no significant
decrease in the outlet SO2 concentration.

Limestone

The limestone used for the experiments is a soft and po-
rous bryozoan limestone from Faxe Kalk in Denmark

(referred to hereafter as Faxe Bryozo). Faxe Bryozo, in pow-
der form when purchased, was sieved by using a standard
sieve and the fraction with particle sizes between 0.063 and
0.18 mm was used for the experiments. The particles of Faxe
Bryozo are agglomerates of primary grains of a few micro-
meters in size.18–22 The limestone particles were dried at
about 393 K for 12 h in an electrically heated oven and then
stored in air tight containers. Table 1 shows the properties of
Faxe Bryozo.

Experimental condition

Experiments were carried out in the temperature interval
from 873 to 973 K under ambient pressure. The influences of
SO2, O2, and CO2 were investigated at two concentrations
[SO2: 900 and 1800 ppmv (corresponding to 0.04 and
0.08 mol/Nm3, respectively); O2: 3 and 6 vol % (corre-
sponding to 1.34 and 2.68 mol/Nm3, respectively); CO2: 8
and 15 vol % (corresponding to 3.57 and 6.70 mol/Nm3,
respectively)]. A gas velocity of about 20 m/s in the reactor
was used in order to ensure a turbulent gas flow. Reynolds
number was calculated to be around 5000–6000 at such gas
velocity. The solid feeding rate ranges from 0.5 to 2 kg/h,
which corresponds to a volumetric solid to gas ratio less than
6 3 1025 at the used reaction conditions. The applied tem-
perature, pressure, and gas concentrations are all relevant
values in the cyclone preheater used in cement production.

Results and Discussion

The conversion of the limestone was calculated based on the
difference between the outlet SO2 concentrations without and
with limestone particle feeding by using the following equation:

x ¼ P VðySO2;no particle feeding � ySO2;with particle feedingÞMCaCO3

R T w g
(2)

Figure 2. Temperature profile in the reactor tube with
and without the particle feeding.

Table 1. Properties of Faxe Bryozo Particles Used for the
Experiments

Composition*
CaCO3 (wt %) 97
Elemental analysis (wt %)
Na \detection limit of 0.001
Mg 0.26
Al 0.026
Si 0.23
P 0.014
S 0.03
K 0.0054
Ca 39
Ti 0.002
V 0.002
Cr \detection limit of 0.001
Mn 0.02
Fe 0.047
Zn 0.0014
Sr 0.042

Particle size (mm) 0.063–0.18
Total surface area† (m2/g) 0.79
Porosity{ 0.3

*Determined by wavelength dispersive X-Ray (Philips PW2400).
†Determined by BET (Micrometrics ASAP 2000).
{Determined by mercury intrusion (Micromeritics, MicroAutopore II9220).
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Based on the measured conversions, the kinetic properties of
the initial sulfation process are evaluated and discussed. Two
rate concepts are used to represent the sulfation rate of the
limestone. One is conversion rate, which has the unit of s21

and is defined as limestone conversion achieved per unit time
(second). The second is the surface reaction rate (r), which has
the unit of mol/(m2s) and is defined as the amount of solid
reactant (in mol) reacted per unit time (second) and per unit
surface area (square meter). The surface reaction rate is
obtained by dividing the conversion rate with the molar total
surface area of the limestone particles.

As listed in Table 1, the limestone sample used for the
experiments has a total surface area of 0.79 m2/g or 79 m2/
mol and a porosity of about 30%. According to Froment and
Bischoff,23 the intra-particle diffusion resistance is insignifi-
cant when the generalized Thiele modulus is less than 0.5
(corresponding to an effectiveness factor [0.95). To check
the degree of influence of intra-particle diffusion, the gener-
alized Thiele modulus is calculated for each experiment with
the up-limit particle size. The diffusion coefficient of SO2 in
the gas is estimated by the Fuller, Schettler, and Giddings
relation.24–26 By using the rate data measured at different
SO2 concentrations in this study, the average apparent reac-
tion order of SO2 is calculated to be about 0.4. The general-
ized Thiele modulus is calculated to be smaller than 0.5 for
all the experiments. Considering that the average particle
size is significantly smaller than the up-limit particle size of
0.18 mm, the average effectiveness factor should thus be sig-
nificantly higher than 0.95. Because of the insignificant re-
sistance of intra-particle diffusion and the very low limestone
conversions achieved in this study, the calculated surface
reaction rate should therefore represents the true sulfation
rate at the surface of the solid reactant.

Figures 3–6 show the measured conversions of the lime-
stone at different temperatures, gas concentrations, and reac-
tion times. Due to the relatively small difference between the

two SO2 concentrations without and with limestone particle
feeding (generally in the interval from 30–70 ppmv), the
main error sources of the calculated conversion of the lime-
stone was from measurements of SO2 concentrations and gas
flow rates. It is estimated that a maximum deviation of
approximately 6 2 ppmv may exist for the measured SO2

concentrations and 1% of the total gas flow rates for gas
flow measuring. Based on these two major measuring errors,
the standard deviations of the measured conversions of the
limestone are estimated to be around 5–8%. In the presented
figures, the vertical size of the data markers corresponds to
the estimated standard deviations. Experiments at the two
SO2 concentrations (1800 and 900 ppmv) at 873 K were
repeated at two different campaigns. As it is seen in the pre-
sented figures, except one data point obtained at the reaction
time of about 0.37 s and with 1800 ppmv SO2 in the gas, the
reproducibility of other data points is quite good.

Figure 3 shows the variation of conversion of Faxe Bryozo
with time at different temperatures in a gas consisting of
1800 ppmv SO2, 3 vol % O2, 15 vol % CO2, and 81.8 vol %
N2. This figure demonstrates clearly the significant increase
in the conversion rate of the limestone with increasing tem-
perature. By using the average conversion rates (dividing the
conversion by the corresponding reaction time), the apparent
activation energies are estimated to be approximately 43, 69,
86, and 74 kJ/mol at reaction times of 0.08, 0.17, 0.35, and
0.53 s, respectively. (The apparent activation energies at the
reaction times of 0.08 and 0.53 s are evaluated by using data
at two temperatures and therefore may have larger uncertain-
ties than the other two values.)

Figures 4 and 5 show, respectively, the influences of SO2

and CO2 on the conversion of the limestone at different tem-
peratures. As it is indicated by the obtained conversions
shown in these two figures, the conversion rate increases
with increasing SO2 concentration but decreases with increas-
ing CO2 concentration. By using the average conversion
rates, the average apparent reaction orders of SO2 and CO2

Figure 3. Variation of conversion of Faxe Bryozo with
reaction time at different temperatures
(standard conditions if not specified: P:
0.1 MPa; inlet SO2: 1800 ppmv; O2: 3 vol %;
CO2: 15 vol %; N2: balance).

The markers are experimental data. The lines are model
simulations; solid lines: simulations with the model estab-
lished in this study; dashed lines: simulations with the
model from Hajaligol et al.2

Figure 4. Variation of conversion of Faxe Bryozo with
reaction time at different temperatures and
SO2 concentrations (standard conditions if
not specified: P: 0.1 MPa; O2: 3 vol %; CO2:
15 vol %; N2: balance).

The markers are experimental data. The lines are model
simulations with the model established in this study.
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are estimated to be around 0.4 and 20.3, respectively. The
effects of SO2 and CO2 are in principle similar to the obser-
vations made by Hu et al.16 with the same limestone at sig-
nificantly longer reaction times.

Figure 6 shows the variation of conversion of Faxe Bryozo
with the time at different oxygen concentrations and temper-
atures. This figure demonstrates that the conversion was not
promoted by higher O2 concentrations in the investigated O2

concentration interval. This phenomenon is very different
from the observed promoting effect of O2 by Hu et al.16 with
the same limestone at similar O2 concentrations at signifi-
cantly longer reaction times.

Hu et al.16 proposed the following multi-step mechanism
for the sulfation reaction:

Step 1: adsorption of SO2 in active sites (suggested to be
vacancies of carbonate ions) at the surface of the calcite
grains:

SO2ðgÞ þ ½ �vðsÞ�!
k11 �
k12

SO2½ �vðsÞ (3)

Step 2: conversion of the adsorbed SO2 to sulfite ions:

�
SO2

�
v
ðsÞ þ CO2�

3 ðsÞ�!
k21
h
SO2�

3

i
ðsÞ þ �CO2

�
v
ðsÞ (4)

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

O2ðgÞ�!k31 �
k32

2Oðg=sÞ (5)

Step 4: oxidation of sulfite ions to sulfate ions:

h
SO2�

3

i
ðsÞ þ Oðg=sÞ�!k41

h
SO2�

4

i
ðsÞ (6)

Step 5: desorption of CO2:

�
CO2

�
v
ðsÞ�!k51 �

k52

CO2ðgÞ þ ½ �vðsÞ (7)

It was pointed out by Hu et al.16 that due to the formation of
product ions and the significant resistance of solid-state diffu-
sion, the surface layer of the calcite grain is not pure calcite
any more. To describe the reaction kinetics, it is necessary to
consider the variation of carbonate ion concentration at the
calcite grain surface. Based on this mechanism, Hu et al.16

deduced the following rate equation for the conversion of
carbonate ions (equivalent to conversion of the solid reac-
tant) at the calcite grain surface:

r ¼ k21K1CSO2
as

1þ K�15 CCO2
þ K1CSO2

mol=ðm2sÞ� �
(8)

Here, as is the dimensionless carbonate ion concentration at
the calcite grain surface, which is defined as the ratio
between the actual carbonate ion concentration at the surface
and the carbonate ion concentration in pure calcite crystal.

This rate expression can be understood as the multiplica-
tion between the intrinsic rate, r0 (rate at zero conversion)
and the actual dimensionless carbonate ion concentration at
the calcite grain surface:

r ¼ r0as (9)

Here,

r0 ¼ k21K1CSO2

1þ K�15 CCO2
þ K1CSO2

The above reaction mechanism seems to give satisfactory
explanations of the observed special behavior of the initial
sulfation kinetics.

Figure 5. Variation of conversion of Faxe Bryozo with
reaction time at different temperatures and
CO2 concentrations (standard conditions if
not specified: P: 0.1 MPa; SO2: inlet 1800
ppmv; O2: 3 vol %; N2: balance).

The markers are experimental data. The lines are model
simulations with the model established in this study.

Figure 6. Variation of conversion of Faxe Bryozo with
reaction time at different temperatures and
O2 concentrations (standard conditions if not
specified: P: 0.1 MPa; inlet SO2: 1800 ppmv;
CO2: 15 vol %; N2: balance).

The markers are experimental data. The lines are model
simulations with the model established in this study.
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The conversion vs. time data shown in Figures 3–6 dem-
onstrate that the conversion rate of the limestone decreases
quickly with increasing reaction time in all the cases. This
fast decay of the conversion rate with the reaction time could
be explained by a fast decrease in as caused by the signifi-
cant influence of solid-state diffusion in the initial sulfation
period. The generally increasing apparent activation energies
with increasing reaction time may be a reflection of the
increasing resistance of solid-state diffusion with increasing
reaction time or conversion.

The effect of SO2 can be explained well by its influence
on the intrinsic rate according to Eq. 9. However, the effect
of CO2 in addition to its influence on the intrinsic rate
according to Eq. 9, may also come from its effect on as

because of its influence on carbonate ion diffusivity.16,27–29

Labotka et al.29 showed that carbonate ion diffusivity
increases with decreasing CO2 partial pressure. as may thus
be higher at a lower CO2 partial pressure.

O2, according to Eq. 9, apparently does not influence the
sulfation rate. According to the mechanism shown above, O2

has influence on the conversion of sulfite ions (the intermedi-
ate product) to sulfate ions (the final product) in Step 4. In
the initial stage, nucleation is not supposed to initiate. The
formed intermediate sulfite ions and the final product ions,
that is, the sulfate ions take the lattice sites of carbonate ions
at the surface of calcite grains and accumulate mostly at the
surface because of the relatively low solid-state diffusivity. A
small part of the sulfite and sulfate ions may diffuse into the
inner part of the calcite grains. O2 showed no significant
influence at this stage simply because both sulfite and sulfate
ions stay mostly at the surface. Formation of more or less
sulfate ions does not make noticeable difference.

However, in the period with crystal grain growth of the solid
product, the faster conversion of the sulfite ions to the sulfate
ions at a higher oxygen concentration may result in a higher
limestone conversion rate because the formed sulfate ions will
diffuse toward nearby product crystal grains instead of accu-
mulating at the calcite grain surface uncovered by product
crystals, which thus results a higher as. This may explain the
promoting effect of oxygen after a longer reaction time.

As pointed out in the introduction, assessment of the
intrinsic kinetics by extrapolation of the rate data obtained in
the period with crystal growth of the solid product may be
inappropriate because of the significantly different kinetic
properties in the periods before and after nucleation of the
solid product. Figure 7 shows a comparison between the av-
erage surface reaction rates measured at the shortest resi-
dence times (about 0.08 s at 973 K and 923 K, and about
0.17 s at 873 K) in this study and the intrinsic surface reac-
tion rates predicted by intrinsic rate expressions presented in
the literature1,2,5,13). For the sulfation of Faxe Bryozo con-
ducted in this study, the intrinsic rates are expected to be
higher or at least not lower than the measured average rates.
As seen in the figure, the rates predicted by the intrinsic rate
expressions presented in the literature are about 15–100 times
lower than the average surface reaction rates measured in
this study. The differences between the true intrinsic rates of
the direct sulfation of Faxe Bryozo and the rates predicted
by the intrinsic rate expressions presented in the literature
are expected to be even larger. This great undershoot by the
intrinsic rate expressions presented in the literature supports

our doubt about the appropriateness of assessing the intrinsic
kinetics by the rate data obtained in the period with crystal
growth of the solid product.

The experimental conditions used in this study allowed us
to measure conversion rates free from the influence of the
product crystal growth, although solid-state diffusion resist-
ance could not be eliminated. The intrinsic kinetics is there-
fore assessed by model simulations.

Modeling

As proposed by Hu et al.,16 the initial sulfation reaction
takes place at the surface of calcite grains. The product ions
such as sulfate ions or sulfite ions formed at the surface dif-
fuse subsequently towards the inner part of the calcite grain,
whereas the carbonate ions diffuse towards the surface to
participate the reaction. This reaction-diffusion process is
illustrated in Figure 8.

The reaction causes a significant decrease in the carbonate
ion concentration at the calcite grain surface because of the
relatively low solid-state diffusivity, which in turn results in
a significant decrease in the sulfation rate. The effect of the
carbonate ion concentration at the calcite grain surface on
the sulfation rate is accounted by the parameter as in Eq. 9.
Under non-steady state conditions, as is a function of time. If
a(l, t) designates the dimensionless carbonate ion concentra-
tion in the calcite grain at time t and a distance of l from the
grain surface, then Eq. 9 can be rewritten as follows:

r ¼ r0að0; tÞ (10)

Here, a(0, t) is the dimensionless carbonate ion concentration
at the calcite grain surface at time t.

Figure 7. Comparison of surface reaction rates
between values measured at the shortest
residence times (about 0.08 s at 973 and
923 K, and 0.17 s at 873 K) in this study, val-
ues predicted by the intrinsic rate expres-
sions presented in the literature, and values
predicted by the intrinsic rate expression
assessed in this study (other conditions: P:
0.1 MPa; SO2: 1800 ppmv; O2: 3 vol %; CO2:
15 vol %; N2: balance).
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Ionic diffusion in the calcite grain involving CO2�
3 , SO2�

4

and most likely also SO2�
3 can be assumed to be equi-molar

because solid-state ionic diffusion takes place by point
defects30,31 and electroneutrality is required. Fick’s law is
widely used to describe solid-state ionic diffusion.32–36 Cal-
culations indicate that the diffusion treated in this study takes
place in a relatively thin layer of about 5–10 nm (corre-
sponding to about 15–30 layers of carbonate ions in calcite
crystal lattice) near the calcite grain surface. It is assumed
that Fick’s law is still applicable in such a thin layer-thick-
ness. Because of this relatively thin layer-thickness, it is also
sufficient to assume slab geometry for mathematical treat-
ment.

The solid-state diffusivity of carbonate ions (Ds) may vary
with factors such as temperature, CO2 concentrations,

27–29 and
solid composition, which varies with the conversion of the
calcite grain. However, due to limitations of experimental
conditions in this study it is not able to consider the influ-
ence of CO2 concentration and solid composition separately.
It is assumed that the solid-state diffusivity of carbonate ions
(Ds) varies only with temperature. This is, of course, a sim-
plified treatment.

With the above assumptions, a mass balance concerning
the diffusion of carbonate ions in a thin layer near the calcite
grain surface leads to the following partial differential equa-
tion with one initial condition and two boundary conditions:

@aðl; tÞ
@t

¼ Ds
@2aðl; tÞ
@l2

(11)

IC1 : aðl; 0Þ ¼ 1 (12)

BC1: aðl; tÞ ¼ 1 when l!1 (13)

BC2:
@að0; tÞ

@l
¼ 1

DsC0
CO2�

3

 !
r0að0; tÞ (14)

IC1 is simply a statement that no calcite has reacted at
t 5 0.

BC1 is an idealization, stating that the solid reactant (cal-
cite) is not reacted at a distance sufficiently far from the sur-
face. In our case, calculations indicate that this condition is
fulfilled when l is larger than about 10 nm, mainly because
of the very short reaction time and slow solid-state diffusion.

BC2 is the key condition in this model because it relates
the reaction at the surface to the diffusion process in the

grain. BC2 is claimed by assuming that the diffusion rate of
carbonate ions at the calcite grain surface is equal to the con-
sumption rate of carbonate ions by the reaction at the calcite
grain surface.

Equation (11) was solved with Maple 10 from Maplesoft
by using the centered time and centered space method (Crank
Nicholson method).

In our case, BC1 is fulfilled by performing the calculation
in a thin slab with a thickness larger than 10 nm, as calcula-
tions demonstrated that the results do not vary with the slab
thickness when the thickness is larger than 10 nm. 20 nm
was the slab thickness practically used for all the calculations.

The conversion of the limestone particles can be calculated
by the following equation:

x ¼
Z t

0

St MCaCO3
r0 að0; tÞdt (15)

By fitting this model (Eqs. 11–15) to the experimental data,
the diffusion coefficient of the carbonate ions (Ds) and the
intrinsic surface reaction rate (r0) under different reaction
conditions can be estimated by a least square method.

Ds and r0 at 873, 923, and 973 K in a gas consisting of
1800 ppmv SO2, 3 vol % O2, 15 vol % CO2, and 81.8 vol % N2

are estimated first. The values of Ds and r0 at which the sum of
squared deviations between the measured conversions and the
model predicted conversions (

P
(xMeasured 2 xModel predicted)

2)
becomes least are taken as the solutions.

Figures 9 and 10 show, respectively, the plots of the
obtained values of Ds and r0 (in the form of ln(Ds) and
ln(r0)) against 1/T. The lines in Figures 9–10 can be repre-
sented by the following expressions:

Ds ¼ 4:4 3 10�7e
�201700ðJ=molÞ

RT ðm2=sÞ (16)

r0 ¼ 0:0045e
�25200ðJ=molÞ

RT mol=ðm2sÞ� �
(17)

These results show that the solid-state diffusivity of carbon-
ate ions near the calcite grain surface has an activation

Figure 9. Variation of solid-state diffusivity of carbon-
ate ions in the surface layer of calcite grains
with temperature in a gas consisting of 1800
ppmv SO2, 3 vol % O2, 15 vol % CO2, and
81.8 vol % N2.

Figure 8. Illustration of the reaction-diffusion process
before the initiation of the nucleation of the
solid product.
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energy of about 202 kJ/mol, whereas the intrinsic surface
reaction rate has an activation energy of about 25 kJ/mol.

The dependence of the intrinsic surface reaction rate on
SO2 and CO2 concentrations is expressed by the following
empirical equation:

r0 ¼ Ae
�25200ðJ=molÞ

RT Cn
SO2

Cm
CO2

mol=ðm2sÞ� �
(18)

The reaction order of O2 is zero in the investigated O2 con-
centration interval. Though the insensitivity of the sulfation
rate to O2 in the initial period before nucleation of the solid
product is well explained by the sulfation mechanism sug-
gested by Hu et al.,16 the validity of Eq. 18 at O2 concentra-
tions which are significantly lower or higher than the O2

concentrations used in this study still needs to be verified by
further experiments.

The reaction orders of SO2 and CO2 are estimated by fur-
ther fitting to the conversions measured at different SO2 and
CO2 concentrations. By assuming that the reaction orders of
SO2 and CO2 and activation energies for both Ds and r0 do
not vary with gas concentrations and the temperature, the
reaction orders of SO2 and CO2 can also be determined by
the least square method.

At fixed CO2 and O2 concentrations, the intrinsic surface
reaction rate at a different SO2 concentration can be calcu-
lated by the following equation:

r02 ¼ r01
CSO2;2

CSO2;1

� �n

(19)

r0 at 1800 ppmv SO2 is known. By specifying n, r0 at
900 ppmv SO2 can be calculated. With known Ds and r0, the
conversion can be predicted by using the above model (Eqs
11–15). The sum of squared deviations between the model
predicted conversions and the measured conversions
(including data at both 873 and 973 K) is calculated. The
above calculations are done at different values of n. The
reaction order at which the sum of squared deviations
becomes least is taken as the final solution. At fixed SO2 and
O2 concentrations, the same procedure is used to get the
reaction order of CO2.

The obtained reaction order is approximately 0.9 for SO2

and approximately 20.75 for CO2. The absolute values of
these two reaction orders are significantly higher than the
apparent reaction orders of SO2 and CO2 evaluated with the
measured average conversion rates.

With the obtained parameters, the expression for the intrin-
sic surface reaction rate can be established:

r0 ¼ 0:22e
�25200ðJ=molÞ

RT C0:9
SO2

C�0:75CO2
mol=ðm2sÞ� �

(20)

According to the expression for the intrinsic surface reaction
rate in Eq. 9, the reaction orders of SO2 and CO2 should be
dependent on their concentrations. The evaluated reaction
orders are therefore a kind of averages in the used gas con-
centration intervals. The obtained results correspond to a rel-
atively dominant influence of K�15 CCO2

and a relatively weak
influence of K1CSO2

in the denominator of the expression for
the intrinsic surface reaction rate in Eq. 9. This may partly
be caused by the relatively high CO2 concentrations and low
SO2 concentrations used in this study.

For comparison, the intrinsic surface reaction rates pre-
dicted by Eq. 20 are plotted in Figure 7 as well. The intrinsic
rates predicted by Eq. 20 are generally about 2–3 times
higher than the measured average rates, which is in good
agreement with the conclusion of significant resistance of
solid-state diffusion in the initial sulfation period.

The solid-state diffusivity of carbonate ions obtained here
(for example about 4.5 3 10219 m2/s at 873 K) is about
three orders of magnitude higher than the self-diffusivity of
carbonate ions in calcite lattice predicted by the correlation
(Eq. 21) presented by Haul and Stein.37

DL ¼ 4:5 3 1028e2
242790ðJ=molÞ

RT ðm2=sÞ (21)

At 873 K Eq. 21 predicts a diffusivity of about 1.4 3
10222 m2/s.

The diffusion process in our case takes place only in a
thin layer of about a few nm near the calcite grain surface
because of the relatively low solid-state diffusivity and short
reaction times. Solid-state diffusion in the grain-boundaries
(the interfacial area between two crystal grains) and the sur-
face layer of a grain was observed38–39 to be up to several
orders of magnitude faster than the lattice diffusion in the
inner part of the grain, most likely because of the more de-
fective nature of the surface layer of the grain than the inner
part of the grain. This enhanced diffusion in grain-boundary/
surface layers seems to give a good explanation of the rela-
tively high diffusivity of the carbonate ions obtained in this
study. The similar phenomenon was actually also observed
by Haul and Stein.37 In their experimental work to measure
the lattice diffusivity of the carbonate ions in calcite, Haul
and Stein37 observed that the initial diffusion of carbonate
ions in the surface layer of the calcite grains was signifi-
cantly faster than the subsequent diffusion of the carbonate
ions in the inner part of the calcite grains.

With the obtained parameters, solid-state diffusivity of car-
bonate ions and the intrinsic surface reaction rate can be cal-
culated by Eqs. 16 and 20, respectively. The initial sulfation
of the limestone at different conditions can thus be simulated
by the model (Eqs. 11–15). As shown in Figures 3–6, the

Figure 10. Variation of intrinsic surface reaction rate
with temperature in a gas consisting of
1800 ppmv SO2, 3 vol % O2, 15 vol % CO2,
and 81.8 vol % N2.
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model simulates the initial sulfation process very well,
reflected by the good fit between the conversion vs. time
curves calculated by the model and the measured conver-
sions. The standard deviation between the experimentally
measured conversions and the model predicted values are
calculated to be about 6 8.7 3 1025.

For comparison, the variation of the limestone conversion
with the reaction time at the three temperatures used in this
study are calculated with the intrinsic rate equation presented
by Hajaligol et al.,2 which gives the highest rate among the
literature references. Hajaligol’s equation is:

r0 ¼ 1:5e
68650
8:314TCSO2

(22)

Figure 3 shows that the conversions predicted by this equa-
tion, even without consideration of any diffusion resistance,
are at least a factor 10 lower than the experimentally meas-
ured values. No fit at all to our experimental data can be
claimed in any reasonable sense of the word. This demon-
strates again that the intrinsic rate expressions1,2,5,13 estab-
lished by using the rate data at relatively higher conversions
are not able to give a reasonable description of the initial sul-
fation kinetics of Faxe Bryozo.

As discussed earlier, the initial sulfation process most
likely was significantly influenced by solid-state diffusion.
With a negligible resistance of intra-particle gas phase diffu-
sion, the sulfation process was thus under mixed control by
chemical reaction and solid-state diffusion.

Fitting of the model to the experimental data resulted in
activation energies of about 25 kJ/mol for the chemical reac-
tion and about 202 kJ/mol for the solid-state diffusion of car-
bonate ions. The apparent activation energies calculated by
using the measured average conversion rates are all signifi-
cantly higher than the activation energy of 25 kJ/mol for the
chemical reaction but significantly lower than the activation
energy of about 202 kJ/mol for the solid-state diffusion of
carbonate ions. This seems to be a good support to the con-
clusion of mixed control.

The mixed control mechanism seems also to give a satis-
factory explanation of the significantly lower apparent reac-
tion orders of SO2 and CO2 than their intrinsic reaction
orders. Figure 11 shows the variation of a(0,t) with reaction
time at different temperatures and SO2 concentrations calcu-
lated by the model. This figure demonstrates that the carbon-
ate ion concentration at the calcite grain surface decreases
exponentially with time. The decrease is significantly slower
at higher temperatures, caused by a decrease in the relative
control by solid-state diffusion because of the significantly
higher activation energy of solid-state diffusion than that of
the chemical reaction. As it is seen in this figure, a decrease
in SO2 concentration creates a similar effect as an increase
in the temperature. The slower decrease in the carbonate ion
concentration at the calcite grain surface at a lower SO2 con-
centration is caused by an increase in the relative control by
chemical reaction because of a decreased chemical reaction
rate. This slower decrease in the carbonate ion concentration
at the calcite grain surface at a lower SO2 concentration
compensates partly the effect of the lowered SO2 concentra-
tion on the rate of the chemical reaction, which is thus most
likely the reason for the low apparent reaction orders.

Conclusion

The initial kinetics of the direct sulfation of Faxe Bryozo,
a porous bryozoan limestone has been studied in a pilot
entrained flow reactor at temperatures around 873–973 K and
a reaction time less than 0.6 s. The initial sulfation process is
shown to be promoted by higher SO2 concentrations, lower
CO2 concentrations, and higher temperatures. O2 has little
influence on the initial sulfation process. The initial sulfation
process is also shown to be significantly (more than a couple
of orders of magnitude) faster than the further sulfation after
the initiation of nucleation and crystal growth of anhydrite,
the solid product.

The initial sulfation of the limestone is most likely con-
trolled by both the chemical reaction at the calcite grain sur-
face and solid-state diffusion in the grain. A theoretical reac-
tion-diffusion model based on the balance between the sulfa-
tion reaction at the calcite grain surface and the solid-state
diffusion of carbonate ions in the grain gives a satisfactory
description of the kinetics of the initial sulfation process.
The intrinsic kinetics of the direct sulfation of the limestone,
assessed by model simulation, has an activation energy of
about 25 kJ/mol and the reaction orders of 0.9, 20.75, and
zero for SO2, CO2, and O2, respectively.

The solid-state diffusivity of the carbonate ions in the thin
layer near the calcite grain surface, estimated by the model
simulation at temperatures around 873–973 K, has an activa-
tion energy of about 202 kJ/mol and is about three orders of
magnitude higher than the diffusivity of carbonate ions in the
inner lattice of the calcite grains. This enhanced diffusion at
the calcite grain surface is most likely related to the more de-
fective nature of the surface layer than the inner part of the
calcite grain.

The experimental results obtained in this study indicate
also that the kinetic behaviors of the direct sulfation of lime-
stone in the initial period and the subsequent period with
crystal growth of the solid product are very different. It may
be not appropriate to assess the intrinsic kinetics of the direct
sulfation of limestone by direct use or extrapolation of the

Figure 11. Model calculated variation of the dimension-
less carbonate ion concentration at the cal-
cite grain surface with reaction time at dif-
ferent temperatures and SO2 concentrations
(standard conditions if not specified: P:
0.1 MPa; inlet SO2: 1800 ppmv; O2: 3 vol %;
CO2: 30 vol %; N2: balance).
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rate data measured in the period with crystal growth of the
solid product. However, assessing the intrinsic kinetics by
model simulation has its limitations as well because of its de-
pendency on the theory. Even though the experimental obser-
vations are explained well by the theories proposed in this
study and in Hu et al.,16 and even though the experimental
results are described very well by the model which is estab-
lished according to the proposed theory, the correctness of
the declaration of our fitted kinetic parameters as the intrinsic
still needs to be further verified by experimental results in
the future.
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Notation

A5 constant, mol(12n2m)/(m(2-3(n1m))s)
a5 dimensionless concentration of carbonate ions (ratio between

actual carbonate ion concentration and carbonate ion concen-
tration in pure calcite crystal)

C5 concentration, mol/m3

D5diffusion coefficient, m2/s
Ea5 activation energy, kJ/mol
K15 equilibrium constant for SO2 adsorption, m

3/mol
K55 equilibrium constant for CO2 desorption, mol/m3

k5 reaction rate constant (unit depending on rate expressions)
l5diffusion distance, m

M5molar weight, g/mol
Nm35 cubic meter at standard conditions (273.15 K, 101325 Pa)

P5 total pressure, Pa
ppmv5ppm on volume basis

R5gas constant, J/(mol K)
r5 surface reaction rate, mol/(m2s)
St5 total surface area, m2/g
t5 reaction time, s
T5 temperature, K
V5gas flow, m3/s
w5 solid feeding rate, g/s
x5 conversion of solid reactant (limestone), dimensionless
y5molar fraction, dimensionless
g5 fraction of CaCO3 in limestone

[]v5vacant active sites
[SO2]v5 active sites occupied by SO2

[CO2]v5 active sites occupied by CO2

[SO2�
3 ]5 carbonate sites in calcite lattice occupied by sulfite ions

[SO2�
4 ]5 carbonate sites in calcite lattice occupied by sulfate ions

Superscript

05 intrinsic, pure
n, m5 reaction order

s5 surface

Subscript

s5 solid state
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