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Abstract

We studied the absorption of SO2 from mixtures with N2 into limestone slurries. The reactor used was a stirred tank with an almost ;at
gas–liquid interface of area 67:7 × 10−4 m2 at 400 rpm, operated in gas-phase continuous operation mode and batchwise for the slurry.
The operating temperatures used were 20◦C and 40◦C, the content of limestone in the initial slurry was 1, 3 and 5 wt% and the volume
fraction of SO2in the gas mixture at the inlet to the reactor ranged from 4% to 10%.

We determined the overall gas-side SO2 transfer coeAcient, obtaining values of 0.104 and 0:083 mol=s=m2=bar at 20◦C and 40◦C,
respectively. By taking into account the individual gas-side SO2 transfer coeAcient and estimating the enhancement factor, we were able
to determine the thickness of the interfacial liquid Blm, 45 and 58 �m at temperatures of 20◦C and 40◦C, respectively, and the SO2

physical absorption coeAcient, 3:27 × 10−5 and 4:01 × 10−5 m=s at 20◦C and 40◦C, respectively. The results obtained are comparable
with those reported in previous studies, both by ourselves and by other authors. ? 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Emissions of sulphur dioxide into the atmosphere have
increased steadily with industrial development. The com-
bustion of coal, due to its high sulphur content, means it
is necessary to dedicate particular attention to eliminating
the resulting emissions of sulphur oxides. Among the many
procedures employed to desulphurize exhaust gases, absorp-
tion into limestone slurries is the most commonly applied
method due to its high degree of SO2 absorption, low cost
and widespread availability.
Pasiuk-Bronikowska, Ziajka, and Bronikowski (1992) re-

ported the existence of various factors that favour the use
of limestone slurries in the desulphurization of gas streams.
The most important of these are:

(a) The need to remove SO2 from large streams of industrial
waste gases at low cost. Limestone and dolomite are
abundant minerals and can easily be used in slurries
with absorbent properties.

(b) The possibility of transforming the SO2 into gypsum, a
product that is both stable and reusable.
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(c) The speciBc properties of the aqueous slurries produced
by a reagent obtained by the partial dissolution of the
particles in suspension; when such particles are of the
appropriate diameter, shape and composition they facil-
itate an increase in the absorption rate.

The reactions and physical steps that may aIect the
absorption rate within a limestone slurry are as follows
(Uchida, Moriguchi, Maejima, Koide, & Kageyama, 1978):

(1) The diIusion of SO2 through the gas Blm near the gas–
liquid interface.

(2) The dissolution of SO2 in the liquid phase.
(3) The Brst dissociation of SO2.
(4) The second dissociation of SO2.
(5) The dissolution of CaCO3.
(6) The diIusion of SO2 and the diIerent ions towards the

reaction area of the liquid Blm.

When the partial pressure of the SO2 is low, as normally
occurs in the gases to be treated, step 1 may meet signiBcant
resistance, its strength largely depending on the operating
conditions and the type of equipment used to obtain contact
between the phases. Steps 2–4, which correspond to the ab-
sorption and dissociation of the SO2, are virtually instanta-
neous. Step 5 corresponds to the dissolution of the CaCO3
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in the liquid phase and is greatly aIected by the concentra-
tion of the diIerent ions and compounds present, as well as
by the partial pressure of the SO2, the particle size distri-
bution of the limestone and the pH of the medium (Sada,
Kumazawa, & Lee, 1984; Uchida & Ariga, 1985). Step 6
corresponds to the diIusion of the diIerent species towards
the area where the overall reaction is taking place:

CaCO3 + SO2
H2 O→ CaSO3 + CO2

and as the calcium sulphite is highly insoluble it tends to
precipitate as CaSO3 ·1=2H2O. Similarly, sulphate is formed
from the oxidation of sulphite and, depending on the rela-
tive concentration of each, will precipitate either jointly or
separately. Pasiuk-Bronikowska et al. (1992) and Olaus-
son, Wallin, and Bjerle (1993) reported that when the pH is
below 3, Ca(HSO3)2 rather than calcium sulphite is
precipitated.
The operating temperature has little in;uence on the ki-

netics of the overall process, and thus the process may be
limited by the physical steps of the diIusion or dissolution
of the CaCO3 (Uchida et al., 1978). Furthermore, it has been
shown that the absorption rate increases with the surface
area of the particles, with the concentration of solids in sus-
pension and, when a stirred tank is used, with the stirring
speed of the slurry. All this underlines the fact that the dis-
solution rate of the CaCO3 could play an important role in
the overall kinetics. However, when the contact device used
produces a short interfacial contact time, the absorption rate
does not seem to be aIected by the dissolution rate of the
solid particles (Bjerle, Bengtsson, & Farnkvist, 1972).
Pasiuk-Bronikowska et al. (1992) reported that when the

concentration of sulphur dioxide is less than 0.2% in vol-
ume and the absorbent used is alkaline, the main resistance
to mass transfer occurs within the gas phase. When the con-
centration of sulphur dioxide is greater than 0.2% in volume,
the liquid-side resistance to mass transfer should be taken
into account.
Olausson et al. (1993) developed a model for the removal

of SO2 from ;ue gas by absorption into a limestone slurry
within a desulphurization unit comprising an absorber tower
and an oxidation tank. The absorption rates of SO2 and
CO2 in the tower were calculated according to the two-Blm
model. Particle size had a slight eIect on the absorption
capacity of the SO2 in the scrubber unit; smaller particles
dissolved faster than larger ones and so removal of SO2

is greater when the particles of CaCO3 in suspension are
smaller.
Brogren and Karlsson (1997) developed a model based on

the penetration theory to calculate the dynamic absorption
rate of sulphur dioxide into a droplet of limestone slurry.
The calculations show that the absorption of SO2 into a
limestone spray scrubber to a large extent is liquid-side con-
trolled. Only at the very top of the absorber, where the par-
tial pressure of SO2 is low, is the gas Blm resistance above
50%. Limestone dissolution close to the gas–liquid interface
has been shown to be of signiBcance at low pH and in the

parts of the absorber where the internal circulation inside
the droplets is low.
Lancia, Musmarra, and Pepe (1997) carried out SO2 ab-

sorption experiments using a bubbling reactor with a mixture
of SO2 and N2 in the gas phase and aqueous limestone sus-
pensions in the liquid phase. Their model, based on the Blm
theory, was proposed to describe liquid-side mass transfer
and to evaluate the enhancement factor. It was assumed that
the liquid-side resistance to diIusion is concentrated within
a Blm, the thickness of which depends on ;uid dynamics
conditions.
We wished to determine the applicability of modelling

SO2 absorption into CaCO3 suspensions by examining the
transference of the SO2 from the gas bulk to that of the slurry
and by taking into account instantaneous reactions between
ions. This was done by making an experimental study of SO2

absorption using a reactor that provided a limited contact
time between the gas and the slurry, in order to avoid the
in;uence of the dissolution rate of solid particles. The model
developed by Lancia et al. (1997), which applied the Blm
theory, has been extended to consider the case when the
desorption of CO2 may also be taken into account; thus, it
is not assumed to be a negligible step.

2. Materials and methods

The experimental setup has been described in a previ-
ous paper (Bravo, Camacho, Moya, & Garc23a, 2000). The
reactor used was a stirred tank with a capacity of 0:75 ×
10−3 m3 and a virtually ;at gas–liquid interface of area
67:7 × 10−4 m2 at 400 rpm (Bravo et al., 2000), operated
continuously in the gas phase and batchwise for the slurry.
All experiments were performed with a dry gas mixing
stream of 1:667 × 10−5 m3=s and stirring both of the gas
and of the liquid phases at a speed of 400 rpm; our aim was
to obtain a virtually perfect mix both of the liquid phase
(Bravo, Camacho, & Moya, 1993) and of the gas phase
(Bravo et al., 2000). The following parameters were used to
determine the in;uence of the operating variables: temper-
ature, 20◦C and 40◦C; proportion of limestone in the initial
slurry, 1, 3 and 5 wt%; volume fraction of SO2 in the gas
mix at the reactor inlet, 4–10%. The limestone used was ob-
tained from Torredonjimeno (Ja2en, Spain) and had a purity
of over 99.6%. It was ground and sieved to separate two size
fractions which were characterized by granulometric analy-
sis using a GALI-CIS-1 device. Size distributions by num-
ber, area and volume were obtained; the median value was
4:2 × 10−6 m (fraction A) and 6:2 × 10−6 m (fraction B),
and the geometric standard deviations were 1.71 and 1.82,
respectively.
During the absorption, and at 10-min intervals, two sam-

ples were obtained simultaneously from the slurry, in order
to determine the total amount of SO2 absorbed and the to-
tal solids: CaCO3 and CaSO3. We assumed, in agreement
with Pasiuk-Bronikowska et al. (1992) and Olausson et al.
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(1993), that CaSO3 is indeed the solid precipitated, as at all
times and in all the experiments,while there was CaCO3 in
suspension the pH of the solution was greater than 3.
The Brst sample was collected directly on I2 in an acid

medium and the total amount of SO2 absorbed was deter-
mined by iodometric titration with Na2S2O3. The second
sample was rapidly passed through a Blter of pore diame-
ter 0:45 × 10−6 m to separate the precipitate, composed of
undissolved CaCO3 and CaSO3. The Bltrate was dried in
an oven at 105◦C for 24 h to determine the dry weight of
the sample and therefore the total moles of solid per litre of
solution, Msol:

To transform the original data into molar compositions we
determined the density via pycnometries. In obtaining the
density correlation, we considered only the most signiBcant
of the species present, that is, the sum of the compositions of
all the forms of dissolved SO2(H2SO3, HSO

−
3 and SO2−

3 ),
mDS, the solid CaSO3, mSC and the undissolved CaCO3,
mCC. By multiple regression we obtain the following:

�= �a + 0:04324mDS + 0:10559mSC + 0:05938mCC; (1)

where �a is the water density at the working temperature.
Throughout this study, when the molality and molarity

of solids in the slurry are indicated, this is just one means
of describing the relation between the moles of each with
respect to a kilogram of water or to a litre of solution.
In the system we describe, SO2 is absorbed and the CO2

derived from the dissolution of CaCO3 in an acid medium is
desorbed, and thus there is a change in the partial pressures
of the two gases within the reactor. The total pressure of the
gas, the sum of the partial pressures, is given by

PS + PN + PC = PR − PV ; (2)

where the pressure within the reactor, PR, is determined
experimentally and the vapour pressure, PV , is estimated as
being that of the water at the working temperature.
The partial pressures were determined from the molar

fractions of each gas within the reactor. The inlet molar ;ow
rates of SO2 and N2 to the reactor, QS; inl and QN; inl, were
determined from the experimental values of the respective
volumetric ;ow rates. We then calculated, as described be-
low, the molar ;ow rate of SO2 absorbed, QS; a, and that of
CO2 desorbed, QC; d, and from these values derived the mo-
lar fractions and partial pressures of the two gases within
the reactor.

xS =
QS; inl−QS; a

QC; d + (QS; inl − QS; a) + QN; inl
;

PS = xS(PR − PV ); (3)

xC =
QC; d

QC; d + (QS; inl − QS; a) + QN; inl
;

PC = xC(PR − PV ): (4)

These values coincide with the outlet values, as we assume
the hypothesis of perfect mixing.

3. Results and discussion

Whatever its state of crystallization, CaCO3 is highly
insoluble in water, but the fraction that does
dissolve does so as

CaCO3(s) → CO2−
3 + Ca2+ (5)

while the ions react as follows with the water:

CO2−
3 + H2O� HCO−

3 + OH−; (6)

HCO−
3 + H2O� H2CO3 + OH−; (7)

Ca2+ + H2O� CaOH+ + H+ (8)

and the reaction of the CaOH+ to produce calcium hydrox-
ide is almost imperceptible; thus the saturated solution of
CaCO3 is alkaline. This alkaline nature, however, is not
maintained when SO2 is absorbed, due to its higher acid-
ity than the carbonate ion. The resulting solution, therefore,
presents an acidic pH. In consequence, reaction (8) is prac-
tically absent, and so, in addition to reactions (6) and (7),
the following must be taken into consideration:

H2CO3 → CO2(g) + H2O; (9)

SO2(g) + H2O → H2SO3; (10)

H2SO3 � HSO−
3 + H+; (11)

HSO−
3 � SO2−

3 + H+; (12)

Ca2+ + SO2−
3 � CaSO3(s): (13)

In order to determine the concentration of all the chemical
species present in the slurry, we take into account the cor-
responding equilibrium constants of the reactions (6), (7),
(11) and (12), the solubility product of Eq. (13) and the
water autoprotolysis constant, KW , all assumed to be instan-
taneous:

Equilibrium (6) → K2C =
mC2mH

mC1

�C2�H
�C1

; (14)

Equilibrium (7) → K1C =
mC1mH

mC0

�C1�H
�C0

; (15)

Equilibrium (11) → K1S =
mS1mH

mS0

�S1�H
�S0

; (16)

Equilibrium (12) → K2S =
mS2mH

mS1

�S2�H
�S1

; (17)

Equilibrium (13) → Ksp; SC = mDCmS2�DC�S2; (18)

Water autoprotolysis → Kw = mHmOH�H�OH: (19)
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Appendix A contains the expressions used to calculate the
thermodynamic constants and the activity coeAcients de-
Bned in Eqs. (14)–(19). Taking into account, furthermore,
the condition of electroneutrality,

mS1 + 2mS2 + mC1 + 2mC2 = 2mDC + mH (20)

the material balances,

Calcium → mCC0 = mDC + mCC + mSC; (21)

Carbon → mCC0 = mCC + mCd + mC0 + mC1 + mC2; (22)

Sulphur → mST = mS0 + mS1 + mS2 + mSC (23)

and the fact that the sum of the mass fractions of all the
species within the mixture must be equal to one, it is possible
to determine from the initial data (moles of limestone per
kg of water in the slurry) and from the analysis (pH of the
solution and mass fraction of total SO2) the concentration
of all the chemical species in the slurry and also the changes
in the volume of the solution due to the absorption of SO2,
the desorption of CO2, the precipitation of CaSO3 and the
dissolution of CaCO3.
After considering all the variables and equations utilized,

there remained one degree of freedom, which meant a new
variable had to be deBned. No experimental data were avail-
able for the CO2 desorbed, so a variable, Y , is introduced
to represent the ratio of the moles of CO2 desorbed to those
of dissolved CaCO3

Y =
mCd

mCC0 − mCC
: (24)

Initially, this variable satisBes the above-mentioned degree
of freedom, and so a prior value must be assumed that en-
ables us to resolve the whole system of equations, although
this can be calculated later, after determining the proBles of
the chemical species within the liquid Blm.
In the liquid bulk of the reactor, operating as described

above, it is veriBed that the accumulation of SO2, in all
the forms possible within the slurry, dnS=dt, must equal
the molar ;ow rate of SO2 across the interface, this be-
ing the product of the ;ux, NS , and the interface area,
A.

dnS
dt

= NSA: (25)

To evaluate the total number of moles of SO2 absorbed
during the time interval between two consecutive samples
(Qtj = tj − tj−1) it is possible to multiply the diIerence in
molarity by the mean solution volume, Vm j, that corresponds
to this time interval.

nS; j = (MST; j −MST; j−1)Vm; j: (26)

This enables us to determine the derivative of Eq. (25)
and thus obtain the ;ux of SO2 across the interface

NS =
1
A
dnS
dt

=
1
A

d(VMST)
dt

=
Vm

A
dMST

dt
(27)

which is found to be constant throughout each experiment
while there is undissolved CaCO3. By integrating for the
generic time interval, Qtj, we obtain

MST; j −MST; j−1 = (NSA)
Qtj
Vm; j

(28)

which when applied to the Brst and successive samples ob-
tained for analysis, enables the following equation to be de-
duced:

MST; j = (NSA)
nCC∑
j=1

Qtj
Vm; j

; (29)

where nCC indicates the sample obtained prior to the total
dissolution of the solid CaCO3 or, if it does not dissolve
totally during the experimental period, the total number of
samples taken.
By applying the same treatment to the CO2 desorbed as

to the total SO2 absorbed, we obtain an expression that is
analogous to Eq. (29)

MC; j = (NCA)
nCC∑
j=1

Qtj
Vm; j

(30)

and from this we can determine the ;ux of the CO2, NC ,
across the interface. In this case, MC; j represents at each
moment the relation between the moles of CO2 desorbed
and the volume of solution.
The partial pressures of the diIerent gases in the gas bulk,

Eqs. (3) and (4), are used to calculate the composition of
the species at the interface. Thus, the composition of free
SO2 and of free CO2 at the interface is determined by means
of Henry’s constants for each operating temperature, as de-
scribed in Appendix B. In order to apply these constants, it
is Brst necessary to obtain the partial pressure of each gas
at the interface, which is done by applying the equations for
the gas-side mass transfer,

NS = k0g; S(PS − PS; i); (31)

NC = k0g; C(PC; i − PC) (32)

as the two individual gas-side mass transfer coeAcients are
known (the values used and how they were obtained are
described in Appendix B).
When the compositions of free SO2 and CO2 at the inter-

face are known, the next step is to calculate the composition
of the remaining ion and molecular species. We did not use
the solubility product of the CaSO3, as this assumes the in-
existence of solids at the interface (Pasiuk-Bronikowska &
Rudzinski, 1991), but just the equilibrium constants corre-
sponding to Eqs. (6), (7), (11) and (12) and to the water
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autoprotolysis. Additionally it must be taken into considera-
tion that the net charge transport between the gas and the liq-
uid is zero (Lancia et al., 1997) and that the sum of the mass
fractions of all the species present is equal to one. Fick’s
Law and the boundary conditions of the liquid Blm are used
to integrate the expression of the net charge transport, under
the condition that there is no proBle for the calcium ion.
The ;ux of SO2 is given by

NS = k0g; S(PS − PS; i) = NS0 + NS1 + NS2

=Kg(PS − PS; e); (33)

where Kg represents the overall gas-side SO2 transfer coef-
Bcient and PS;e the partial pressure of SO2 in equilibrium
with the free SO2 present in the liquid bulk determined by
means of Henry’s constant, Eq. (B.4) in Appendix B. By
considering the Blm theory, applying Fick’s Law and the
boundary conditions at the interface, and then integrating,
we obtain the following equation:

NS =DS0
MS0; i −MS0

 
+ DS1

MS1; i −MS1

 

+DS2
MS2; i −MS2

 
(34)

which enables us to determine the thickness of the interfacial
liquid Blm,  .
By also considering the expression for the ;ux of CO2

across the interface,

NC = NC0 + NC1 + NC2 (35)

and considering the Blm theory, applying Fick’s Law and the
boundary conditions at the interface, and then integrating,
we obtain the equation from which MC0 can be determined:

NC =DC0
MC0 −MC0; i

 
+ DC1

MC1 −MC1; i

 

+DC2
MC2 −MC2; i

 
(36)

by using the value of  calculated from Eq. (34).
After determining the composition of free CO2 in the bulk

of the liquid phase, MC0, and using the material balance to
carbon, Eq. (22), together with the equilibrium constants
for the carbonic acid, Eqs. (14) and (15), the value of Y is
calculated from Eq. (24). This variable was assumed before
when calculating the concentration of all the species in the
bulk of the slurry, and so it is now possible to perform a trial
and error recalculation of the value until in two successive
cycles the diIerence is within the required precision.

3.1. Variation of the chemical species concentration over
time

Before studying the in;uence of the operating variables
on absorption, it is useful to show the variation over time
of some of the most signiBcant variables determined by the
above-described calculation procedure. Figs. 1–3 illustrate,

Fig. 1. The molar concentration of free SO2 (S0) in the liquid bulk and
at the interface versus the time.

Fig. 2. Experimental pH in the liquid bulk and at the interface versus the
time.

with a vertical line, the instant calculated in which total dis-
solution of the CaCO3 occurs. The present study considers
only the results obtained before this instant.
For example, Fig. 1 shows the molar concentration of free

SO2 (S0) in the liquid bulk and at the interface, together with
the tendency of these two to converge to the equilibrium
value for the liquid phase, estimated from the absorption in
water, according to the PS value (Camacho, Bravo, Tortosa,
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Fig. 3. Molarities of total SO2 absorbed, MST and of CO2 desorbed, MC ,
versus the summation deBned in Eqs. (29) and (30).

& Ruiz, 1986). Note that while there is undissolved CaCO3,
the molarity values of free SO2 in the liquid bulk and at
the interface remain almost constant, and well below the
equilibrium value. The former, moreover, presents a very
low value.
Fig. 2, corresponding to the same experiment, shows the

experimental pH values in the bulk liquid phase, the values
calculated at the interface and those corresponding to the
equilibrium between phases. It can be seen that the bulk and
interface values tend to converge, and that when the CaCO3

is exhausted, they converge to the equilibrium value.
To determine the SO2 ;ux and the CO2 ;ux across the

interface, NS and NC , Fig. 3 shows the molarities of total
SO2 absorbed, MST, and of CO2 desorbed, MC , versus the
summation deBned in Eqs. (29) and (30), for the same ex-
periment described in Figs. 1 and 2. Fitting by least squares
was used to obtain the ;ux as the slope of the straight lines,
using only the results obtained before total dissolution of
the CaCO3 and, in the case of the CO2, after its desorption
has begun.

3.2. In<uence of operating conditions

As remarked above, the operating conditions that were
modiBed during the experiments were the volume percent-
age of SO2 at the reactor inlet, the size and weight of the
solid content in the initial slurry, and the operating temper-
ature. Table 1 describes the experiments performed, the op-
erating conditions applied and the rates for SO2 absorption
and CO2 desorption determined by Btting procedures anal-
ogous to those of Fig. 3.

Fig. 4 shows all the values calculated for the total moles
of solid (undissolved CaCO3 and CaSO3) per litre of solu-
tion, Msol; cal, versus the corresponding experimental values,
Msol; exp. There is an acceptable degree of agreement be-
tween the experiments with the lowest initial percentage of
solids in suspension, while experimental values were usu-
ally below the calculated values in the case of the highest
percentages, which could be due to the fact that, depending
on the operating conditions, only a part of the CaSO3 is pre-
cipitated, while the rest remains in the form of CaSO0

3 ion
pairs.
We wished to study the in;uence of the operating vari-

ables on the absorption process, taking into account the pos-
sible eIects of the composition of the gas phase. Fig. 5,
therefore, shows, for all the experiments carried out, the NS

and NC values divided by the partial pressure of the SO2 at
the reactor inlet plotted versus the CaCO3 molarity at the
start of the experiment. The Bgure shows that the operating
temperature does not seem to have a signiBcant in;uence
on the rate of SO2 absorption or of CO2 desorption. Nei-
ther are these aIected by the use of diIerent concentrations
or sizes of the initial solid. Therefore, the only factor that
seems to be signiBcant within the experimental conditions
assayed (Table 1) is the SO2 content in the gas phase.
With this in mind, we determined, for each experiment,

the overall gas-side SO2 transfer coeAcient, Kg, deBned in
the Bnal equality of Eq. (33). This was found to be con-
stant and independent of the initial conditions, only being
aIected by the operating temperature. The values obtained
were 0.104 and 0:083 mol=s=m2=bar at 20◦C and 40◦C, val-
ues lower than those of the corresponding k0g; S (Appendix
B), which is indicative of how the absorption process is con-
trolled by the transport through the two phases as the resis-
tance of the gas phase (1=k0g; S) represents 51% at 20◦C and
32% at 40◦C with respect to total resistance (1=Kg).
Fig. 6 shows all the values for Y obtained versus experi-

mental time. It is apparent that Y only depends on the tem-
perature and on the time, while desorption occurs at times
greater than approximately 30 min. The following correla-
tion was obtained by nonlinear regression Btting:

Y = 1− 0:4 exp(2200=T )
(t)0:5 exp(158=T )

(37)

and this was used to plot the curves for the Bgure.
Finally, Fig. 7 illustrates all the values of  versus ex-

perimental time, for each temperature. The mean values for
each temperature are 45 and 58 �m at 20◦C and 40◦C, re-
spectively, these values agree acceptably with those at 25◦C
of 54 and 51 �m indicated by Sada, Kumazawa, Hashizume
and Nishimura (1982) and Lancia, Musmarra, Pepe, and
Volpicelli (1994). According to Blm theory, k01 can be de-
termined from the thickness of the interfacial liquid Blm:

k01 =
DS0

 
(38)
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Table 1
Operating conditions and ;ux of SO2 and of CO2 across the interface

T (◦C) CC0 (wt%) Fraction PS ; inl (bar) NS × 103 NC × 103

(mol=s=m2=bar) (mol=s=m2=bar)

20 1 B 0.0745 3.72 —
20 1 B 0.0370 2.03 1.67
20 1 A 0.0650 3.28 —
20 3 B 0.0743 3.91 3.26
20 3 B 0.0370 2.00 1.89
20 3 A 0.0648 3.20 2.86
20 3 A 0.0371 2.06 1.83
20 5 B 0.0465 2.57 2.38
20 5 B 0.0465 2.58 2.43
20 5 A 0.0744 3.68 3.20
20 5 A 0.0371 2.05 1.93
40 1 B 0.0440 2.18 1.52
40 1 A 0.0705 3.33 2.31
40 1 A 0.0439 2.35 1.53
40 3 B 0.0700 3.12 2.55
40 3 B 0.0352 1.89 1.29
40 3 A 0.0790 3.52 2.92
40 3 A 0.0352 1.71 1.63
40 5 B 0.0834 4.05 3.98
40 5 B 0.0350 1.89 1.63
40 5 A 0.0834 3.71 3.57

Fig. 4. Total moles of solid per litre of solution, calculated versus experimental values.

which gives values of 3:27× 10−5 and 4:01× 10−5 m=s at
20◦C and 40◦C, respectively.
To test whether the values of k01 are consistent, they are

plotted in Fig. 8 versus temperature values, for comparison
with: (a) those corresponding to a previously established
equation (Bravo, Camacho, & Moya, 1991) for SO2 absorp-
tion in water, although it should be noted that the reactor
used had a capacity of 0:25 × 10−3 m3 and that the ex-
periments were performed at 200 rpm rather than 400 rpm;
(b) the values for k01 estimated from the oxygen physical

absorption coeAcient in the 0:25× 10−3 m3 reactor but at a
stirring rate of 400 rpm (Bravo, Camacho, & Moya, 1992),
after transformation into values corresponding to SO2 trans-
fer by multiplication, according to the Blm theory, by the
ratio of diIusion coeAcients; and (c) the values determined
by other authors using reactors and conditions that were
analogous to those of the present study (Sada et al., 1982;
Pasiuk-Bronikowska & Ziajka, 1985; Ulrich, Rochelle, &
Prada, 1986; Pasiuk-Bronikowska & Rudzinski, 1991). The
values obtained by these authors are in acceptable agreement
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Fig. 5. Flux of SO2 and of CO2 divided by the partial pressure of the
SO2 at the reactor inlet versus the CaCO3 molarity at the start of the
experiment.

Fig. 6. Ratio of the moles of CO2 desorbed to those of dissolved CaCO3
versus the time.

Fig. 7. Thickness of the interfacial liquid Blm versus the time.

Fig. 8. SO2 physical absorption coeAcient versus the temperature.

with those established in the present study, which corrobo-
rates the hypothesis that, under the experimental conditions
assayed, the limiting step of the global process of SO2 ab-
sorption within CaCO3 slurries is the SO2 transfer through
the two phases.

4. Conclusions

We have developed a calculation procedure that uses
the values for the limestone content in the initial slurry,
the total SO2 in the liquid phase and the pH to determine
the concentrations of all the species.
The experimental values demonstrate the considerable re-

duction in the absorption rate as the CaCO3 disappears from
the slurry, and that the ;ux of SO2 across the gas–liquid
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interface does not vary signiBcantly with the operating tem-
perature. We assume, therefore, that the reactions are instan-
taneous and that the process is limited by a physical step.
The ;ux of SO2 across the gas–liquid interface is also

practically independent of the CaCO3 content by weight in
the initial slurry and of the particle size of the CaCO3, within
the range tested, although the one assayed in this study was
limited.
On the basis of the above conclusions we determined the

thickness of the interfacial liquid Blm. Within the intervals
used for the diIerent variables being tested, the mean thick-
ness was 45 and 58 �m at 20◦C and 40◦C, respectively. From
these data, and using the values for the diIusion coeAcient
of SO2 in the liquid phase at the above operating tempera-
tures, we determined the SO2 physical absorption coeAcient.
The values obtained were 3:27× 10−5 and 4:01× 10−5 m=s
at 20◦C and 40◦C, respectively. These values are compara-
ble to those achieved by other authors and by the present
authors in previous studies of the absorption of SO2 and
of O2.

Notation

A interface area, m2

K equilibrium constants
Kg overall gas-side SO2 transfer coeAcient,

mol=s=m2=bar
k0g Individual gas-side mass transfer coeA-

cient, mol=s=m2=bar
k01 SO2 physical absorption coeAcient, m=s
M molarity, mol=l
m molality, mol=kg
N ;ux, mol=s=m2

P partial pressure, bar
Q molar ;ow rates, mol=s
T temperature, ◦C
t time, s
x molar fraction
Y ratio of the moles of CO2 desorbed to

those of dissolved CaCO3

Greek letters

� density, kg=m3

 thickness of the interfacial liquid Blm,
�m

� molal activity coeAcient

Subscripts

a absorbed
C CO2

C0 H2CO3

C1 HCO−
3

C2 CO2−
3

CC undissolved CaCO3

CC0 initial CaCO3

Cd desorbed H2CO3

DC Ca2+

d desorbed
e equilibrium
H H+

i interface
inl inlet
N N2

0 initial
OH OH−

S SO2

S0 H2SO3

S1 HSO−
3

S2 SO2−
3

SC solid CaSO3

Sol total solids
ST total SO2

Appendix A. Equilibrium constants

A.1. Thermodynamic equilibrium constants

• Eqs. (14), (15) and (19). To determine the constants of
these equations, Lowell, Ottmers, Schwitzgebel, Strange,
and Deberry (1970) and Olausson et al. (1993) proposed
the expression:

logK =−A
T

− BT + C (A.1)

with the parameters indicated in Table 2.
• Eq. (16)

K1S = exp
[
1972:5

T
− 10:6819

]
(A.2)

proposed by Astarita, Savage, and Bisio (1983).
• Eq. (17)

K2S = exp
[
1398:16

T
− 21:288

]
(A.3)

proposed by Hayon, Treinin, and Wilf (1972).
• Eq. (18)

logKsp;SC =
838:3
T

− 9:7572 (A.4)

proposed by Tseng and Rochelle (1986).

A.2. Activity coe@cients

To solve Eqs. (14)–(19) it is necessary to determine the
molal activity coeAcients. For this purpose, we use Debye
and HTuckel’s equation (Lowell et al., 1970):

− log �i =
Az2i

√
I

1 + B Uai
√
I
; (A.5)
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Table 2
Parameters of Eq. (A.1)

A B C

K1C 3404.71 0.03279 14.844
K2C 2902.39 0.02379 6.498
Kw 4470.99 0.01706 6.088

Table 3
Parameters of Eq. (A.5)

T (◦C) 20 40

A 0.507 0.524
B 0.328 0.331

where zi is the valence of ion i; Uai is the parameter of size
for each ion and I is the molal ionic strength. Parameters A
and B are a function of the temperature and the dielectric
constant of the solvent. The values of the latter at the op-
erating temperatures, related to the ion size (in angstroms)
and utilisation of molalities, are shown in Table 3.
The values used for the ion size parameter can be seen in

Table 4 (Klotz & Rosenberg, 1991).
For the molecular species, SO2 and CO2, the equation

used to calculate the activity coeAcient is the one reported
by Chang and Rochelle (1982), modiBed to refer the coef-
Bcient to molalities

�0 =
100:076IM

cAG
; (A.6)

where cAG represents the kg of water per litre of solution,
and in which the value of �0 is assumed to be the same for
all the molecular species and where the ionic strength, IM ,
in mol=l, is used.

Appendix B. Calculation of thermodynamic and
kinetic parameters

B.1. Gas-side mass transfer coe@cients

The values of k0g; S were previously determined, exper-
imentally, by the absorption of SO2 from mixtures of N2

in solutions of NaOH (Bravo et al., 2000). These values
were 0.204 and 0:261 mol=s =m2= bar at 20◦C and 40◦C, re-
spectively. The values of this coeAcient for CO2 transport
were determined from those corresponding to SO2 after

Table 4
Ion size parameters of Eq. (A.5)

Ions H+ Ca2+ OH− HSO−
3 SO−

3 HCO−
3 CO2−

3

Uai ; ( UA) 9 6 3.5 4.5 4.5 4.5 4.5

modiBcation, according to Blm theory, by the diIusivity ratio
of the two gases in the gas phase.

k0g; C = k0g; S
DC; g

DS; g
: (B.1)

This equation was applied using a ratio of 1.247 irrespec-
tive of the temperature (Reid, Prausnitz, & Sherwood,
1987) between the diIusivities of SO2 and CO2 in nitro-
gen. The values thus obtained for k0g;C were 0.254 and
0:325 mol=s=m2=bar at 20◦C and 40◦C, respectively.

B.2. Henry’s constants

The expression for Henry’s constant used for SO2 absorp-
tion in slurries of CaCO3 is a modiBcation of the one pro-
posed by Camacho et al. (1986) for SO2 absorption in pure
water.

H 0
S =

m0
S0; i

PS; i
= exp

(
3100
T

− 0:204PS; i − 10:06
)
: (B.2)

The van Krevelen and Hoftijzer equation was used to
establish the saline eIect on the solubility of the SO2; this
equation relates Henry’s constant to the molar ionic strength
by

log
HS

H 0
S
= hIM; i = log

mS0; i

m0
S0; i

(B.3)

and we have considered a global value for h that represents
the contribution of all the ionic species and of the gases
present. After estimating the value of h for each experiment,
it was observed to be proportional to the partial pressure
of SO2 at the interface. The constant of proportionality was
practically the same for all experiments, which enables us to
obtain the following correlation from Eqs. (B.2) and (B.3).

HS =
mS0; i

PS; i

= exp
[
2712
T

+ (103:9IM; i − 16:86)PS; i − 8:26
]
: (B.4)

The values of Henry’s constant for CO2 were determined
by the following equation, which is valid for the range 273–
353 K.

ln xC =−159:854 +
8741:68

T

+21:6694 ln T − 1:10261× 10−3T: (B.5)

This provides the molar fraction of CO2 in water at the
pressure of 1:013 bar (Fogg & Gerrard, 1991). The values
obtained for HC , 25.96 and 42:66 bar=kg=mol at 20◦C and
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Table 5
Values for the diIusion coeAcients, D(×109 m2=s)

(T (◦C))
Species 25 20 40

SO2 1.76 1.46 2.32
HSO−

3 1.33 1.18 1.93
SO2−

3 0.96 0.85 1.39
H+ 9.3 8.21 13.5
OH− 5.27 4.65 7.63
CO2 2 1.71 2.71
HCO−

3 1.2 1.06 1.74
CO2−

3 0.7 0.62 1.01
Ca2+ 0.79 0.7 1.14

40◦C, respectively, are in reasonable agreement with those
achieved by Goode and Mercer (1997).

B.3. DiCusion coe@cients in the liquid phase

The diIusion coeAcients of the ionic species were calcu-
lated, for the respective operating temperatures, using those
proposed for water at 25◦C by Chang and Rochelle (1981,
1982), Dutta, Basu, Pandit, and Rai (1987) and Lancia et al.
(1997), on the assumption that for each of these the (D'=T )
ratio is constant
The diIusion coeAcient of SO2 in water was determined

by the following equation:

DS0 = 5:08982× 10−12T

×exp
[
5:15581− 1243:06

(T − 53:19)

]
m2

s
(B.6)

proposed by Pasiuk-Bronikowska and Rudzinski (1991) and
the diIusion coeAcient of CO2 in water was calculated from
the expression proposed by Versteeg, BlauwhoI, and van
Swaaij (1987):

DC0 = 2:35× 10−6 exp
[
−2119

T

]
m2

s
: (B.7)

Table 5 gives the bibliographic values at 25◦C and those
used for the present calculations at 20◦C and 40◦C.
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