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Abstract

Chemical absorption of pure SO2 into aqueous slurries of fine and reactive Ca(OH)2 and Mg(OH)2 was studied in a stirred vessel at
298 K at realistically high mass transfer coefficients. The absorption process was theoretically analyzed using two different models. For the
SO2–Ca(OH)2 system, a single reaction plane model was used to estimate the theoretical enhancement factor and for the SO2–Mg(OH)2
system, a two-reaction plane model incorporating the solids dissolution promoted by the reactions with the absorbed SO2 in the liquid
film was employed. For the later system, the theoretical results could be more accurately predicted by a correct approach to estimate the
enhancement caused due to suspended solids and the overall enhancement factor. The extra enhancement observed for the SO2–Mg(OH)2
system could be explained from the reaction between SO2 and the dissolved [SO3]2−. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Slurry reactors have a widespread application in chemical
and bio-chemical industries. The problem of gas absorption
with reaction in a slurry containing fine particles has become
important in the development of processes for the removal of
acidic pollutants. At present, most wet scrubbing processes
for the removal of SO2 are by lime and limestone slurry
solutions. Also Mg(OH)2 as suspended solids may yield a
high scrubbing capacity as a result of the presence of the
more soluble reaction product magnesium sulfite, relative to
the corresponding calcium salt.

The present work focuses on the enhancement of the
absorption rate of a gas into a slurry containing small reac-
tive particles. The elementary processes involved in chemi-
cal absorption into the slurry are
1. diffusion of the solute gas in the film,
2. chemical reaction,
3. dissolution of solid.

Applying the so called film theory for mass transfer, the
chemical absorption and the solids dissolution are trans-
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fer processes either in series or in parallel, depending upon
whether the suspended particles size is significantly smaller
or larger than the thickness of the liquid film (film model,
film thickness= D/kL). The solids dissolution in the liq-
uid film enhances the absorption rate and further the rate of
solute dissolution is enhanced by the reaction between the
dissolved gas and the dissolved solid in the liquid film when
the particle size is significantly smaller than the film thick-
ness. As a result, the solid dissolution rate as well as the
chemical reaction rate affect the rate of gas absorption.

2. Previous work

Table 1 summarizes the literature data reported for the
absorption of SO2 into aqueous slurries of calcium and
magnesium hydroxides and the corresponding enhancement
factors observed. Here,E0 is the enhancement factor in the
absence of suspended particles andE is the enhancement
factor under similar conditions but with suspended particles
present.

This problem has been discussed on the basis of the film
model by Ramachandran and Sharma [1] considering the
effect of solids dissolution in the liquid film both, to be
important and not important depending on the conditions.
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Nomenclature

A∗ concentration of A at the gas–liquid
interface (mol/m3)

Ap 6w/ρ dp, surface area of solid
particle (m2/m3-dispersion)

a gas–liquid interfacial area (m2/m3 liquid)
C concentration in the liquid phase (mol/m3)
D diffusivity in the liquid phase (m2/s)
dp arithmatic mean particle diameter (m)

as defined byd2
i = (

∑
nid

2
i )/(

∑
ni)

E enhancement factor
He Henry’s constant (Pa m3/mole)
J mass transfer rate (mol/m2 s)
kL liquid side mass transfer coefficient (m/s)
ks solid side mass transfer coefficient (m/s)
m

√
ksAp/DB

N ksApz
2
L/DB solid dissolution parameter

NA moles of A absorbed
n stirring speed (s−1)
p partial pressure of the solute gas (Pa)
qA CAi /CBs
R gas constant (J/mole K)
rA DA/DB
T Temperature (K)
t time (s)
VL liquid volume (m3)
VG gas volume (m3)
w amount of solids (mol/m3 slurry)
x1 dimensionless position of the first

reaction plane
Y dimensionless concentration in liquid phase

relative to that at gas–liquid interface
or at solid surface

z1 position of the first reaction plane
as shown in Fig. 5b (m)

zL thickness of liquid film as shown
in Fig. 5b (m)

Greek letters
ρ density of solid particle (kg/m3)
ν overall reaction stoichiometry
λ reaction plane for SO2–Ca(OH)2 system (m)
δ film thickness for SO2–Ca(OH)2 system (m)

Subscripts
A component A (SO2)
B component B [OH]−
F component F [HSO3]−
E component E [SO3]2−
i value at gas–liquid interface
0 value in the absence of suspended

particles (N = 0)
s at the surface of the solid particle

Superscripts
0 value at timet = 0
∞ value at timet = ∞

Later, Uchida et al. [2] modified the model proposed by
Ramachandran and Sharma and pointed out that the rate
of solids dissolution is enhanced by the reaction between
the absorbed gas and the dissolved solid in the liquid film.
Sada et al. [3–6] formulated the process of gas absorption
in the slurry on the basis of the film model incorporating
instantaneous reactions between the absorbed gas and the
dissolved solid in the liquid of the film. Their model as-
sumes that solids dissolution in the film for mass trans-
fer is one of the elementary steps. This is the case when
the average size of the suspended particles is considerably
smaller than the thickness of the film. The reaction was in-
terpreted both, by a single reaction plane model [3] and a
two-reaction plane model [4], respectively. The validity of
the proposed model was checked by single and simultaneous
absorption of CO2, or NO2 and/ or SO2 into aqueous slur-
ries of Ca(OH)2 [4,7,8] and by the absorption of SO2 into
aqueous slurries of Mg(OH)2 using a stirred-tank absorber
with a flat gas–liquid interface. However, the experimental
results for high SO2 concentrations could not be interpreted
by the proposed models [6], possibly because these did not
incorporate the fact that the solids dissolution in the liquid
film can be enhanced by the chemical reactions.

Sada et al. [9] developed a two-reaction plane model in-
corporating the solids dissolution enhanced by the reactions
in the liquid film. The theoretical enhancement factors com-
pared well with the experimental data.

The particles of Ca(OH)2 and Mg(OH)2 being reactive,
help to increase the rate of absorption of SO2 in the slurry.
Previous authors have measured the enhancement factor at a
speed range of 1–4 s−1 which gives a very low mass transfer
coefficient (2–4×10−5 m/s) which is much lower than ap-
plied in industrial practice. The purpose of the present work
is to present the absorption data for the removal of SO2 by
micro sized reactive particles of calcium and magnesium
hydroxide at stirring speeds in the range of 3–15 s−1 (Re>

105) and to check whether the experimentally observed en-
hancement factors can be described by a suitable model.

3. Experimental investigations

The experiments were carried out in a thermostatted re-
actor of glass and stainless steel as shown in Fig. 1. A six
bladed turbine stirrer was located centrally in the liquid at a
height above the reactor bottom equal to half the reactor di-
ameter. Four symmetrically mounted glass baffles increased
the effectiveness of stirring and prevented the formation
of a vortex. The pressure and temperature transducers to-
gether with valves 1 and 2 were connected to an Olivetti
M240 computer, thus enabling automatic data collection
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Table 1
Literature review for the absorption of SO2 in hydroxide slurries

S. no. Gas–slurry system Gas concentration Solids (wt.%) Enhancement
factor

1 SO2 in aqueous slurries of Mg(OH)2 particles [10] 5% 0–20% E/E0 = 1 − 2.3
2 SO2/CO2 absorption in Ca(OH)2 slurry [3] 5% 0–30% 1–4
3 SO2/CO2 absorption in Ca(OH)2 slurry [7] 2000–4800 Pa 0–20% 1–3
4 Absorption of lean SO2 in aqueous solutions of Na2SO3 [5] SO2 + N2 + watervapour 0–300 mol/m3 1–15
5 Absorption of lean SO2 and NO2 into aqueous

slurries of Ca(OH)2 or Mg(OH)2 [8]
800–10,000 ppm 0–15% E/E0 = 1–3

6 Absorption of SO2 in aqueous slurries of Mg(OH)2/CaCO3 [14] 100–1000 ppm 2–10% 2–10
7 Absorption of SO2 in Mg(OH)2/CaCO3 slurry [4] 100–2000 ppm 0–10% 1–5
8 Absorption of SO2 in Mg(OH)2/CaCO3 slurry [16] 2000 ppm 0.5% CaCO3 1–10

3% Mg(OH)2 1–40
9 Absorption of lean SO2 into aqueous slurries

of CaCO3 and Mg(OH)2 [9]
100–2000 ppm 1–5% E/E0 = 1–5

10 Absorption of SO2 by calcium hydroxide
solution in a wetted wall column: effect of
magnesium hydroxide, magnesium carbo-
nate and magnesium sulfite additives [17]

1000–5000 ppm Ca(OH)2: 0.0106 M 5–80

Mg(OH)2: 0.0001883 M
11 Chemical absorption of CO2 and SO2 into Ca(OH)2 slurry [13] Pure SO2 diluted by N2 0–20% 1–7
12 Absorption of CO2 and SO2 into aq.

Conc. Slurries of Ca(OH)2 [18]
105 Pa 2–40% 1–3

13 Absorption of SO2 into aq. Double slurries
containing limestone and Mg(OH)2 [19]

1715 ppm CaCO3: 1–3% 1–3

Mg(OH)2: 0.25–1%
14 Absorption of SO2 in Ca(OH)2/CaSO3 [20] 0–1000 ppm CaSO3: 1–7% 5–20

NaHSO3 + Na2SO3 2 M 1.2–2.2
15 Absorption of SO2 in Mg(OH)/CaCO3 [15] 0–1000 ppm Mg(OH)2: 0–5% 5–10

and programmed reactor operation. The reactor dimensions
are given in Table 2.

After filling the reactor with the desired slurry, the liquid
was degassed by closing valve 1 and opening valve 2. Once
the slurry was equilibrated under the vapour pressure of
water, N2O was fed to the reactor upto a fixed pressure (0.8×
105 Pa). Then, the stirrer was started and the decrease of

Fig. 1. Stirred cell reactor (1, 2: computer activated valves, 3: thermostates
stainless steel top, 4: thermostated glass reactor wall, 5: Medimix magnetic
coupling, 6: gas stirrer, 7: liquid stirrer).

Table 2
Reactor dimensions

Reactor diameter 0.105 m
Reactor volume 1.777× 10−3 m3

Gas–liquid contact area 8.37× 10−3 m2

Liquid impeller type Six bladed turbine, 0.04 m diameter
Gas impeller type Six bladed turbine, 0.06 m diameter

with enlarged six blades

pressure due to the physical absorption of N2O was recorded
over time. These data were used to estimate the solubility
of the gas and the liquid side mass transfer coefficient. The
operating conditions of the reactor are listed in Table 3.

After the physical absorption experiments, the chemical
absorption of pure SO2 into aqueous slurries of Ca(OH)2
and Mg(OH)2 was carried out. All the experiments carried
out were batchwise, both, with respect to gas phase and the
slurry solution. The volume of the slurry loaded in the reactor
was always kept at 10−3 m3 and the slurry concentration

Table 3
Experimental conditions

Temperature 25◦C
Initial pressure 0.8 × 105 Pa
Liquid volume 1× 10−3 m3

Gas N2O, purity >99.5%
SO2, purity >99.5

Stirrer speed 3–13 s−1
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Table 4
Data used in the experimental calculations

dp Ca(OH)2 = 4.5mm (determined with Coulter Counter)
dp Mg(OH)2 = 21.4mm (determined with Coulter Counter)
DSO2–water = 1.49× 10−9 m2/s [3]
DN2O–water = 1.78× 10−9 m2/s [3]
DCO2–water = 1.95× 10−9 m2/s [3]
CBs of Ca(OH)2 in water= 23 mol/m3 [8]
CBs of Mg(OH)2 in water= 0.46 mol/m3 [8]
T = 298 K
He for SO2–water sytem= 73.01 Pa m3/mol [19]

was varied from 0 to 20 wt.%. Table 4 gives the data used
in the experimental calculations. The reactive particles of
Ca(OH)2 and Mg(OH)2 of arithmatic mean size 4.5 and
21.2mm were used for the experimentation. Table 5 gives
the size distribution of these particles.

The interfacial area at higher speeds (N > 6.5 s−1) where
the gas–liquid interface is no longer flat, was obtained from
the absorption rate of carbon dioxide into a 3000 mol/m3

NaCl solution containing 100–1000 mol/m3 NaOH. CO2
pressure was kept at 2500 Pa. Due to the presence of NaOH,
the absorption of CO2 is enhanced relative to the physical
absorption. The interfacial area then can be calculated by
the standard procedure reported by Mehta and Sharma [10].
The interfacial area was found to remain unaffected in the
speed range of 3–15 s−1. The information regarding the ef-
fect of solids on the interfacial area for the stirred cell is
so scattered that no reliable correlation can be presented.
Literature has been reported only for bubble columns and
stirred cells with gas spargers. Increase in the solid content
results in increase in the percentage of gas–liquid surface
coverage suggesting an increase in the interfacial area [11].
In our case as the gas phase is above the G/L interface, this
effect of the presence of solids on the interfacial area could
be neglected due to the absence of bubbles.

4. Estimation of gas solubilities and mass transfer
coefficients

The solubility of a gas A in a liquid defined as the Henry
coefficient, is expressed by

He =
(

PA

Ci

)
at equilibrium

(1)

Table 5
Size distribution of the hydroxide particles

% Particles Particle size (mm)

Ca(OH)2 Mg(OH)2

10 6.09 29.16
25 4.71 24.44
50 3.52 18.38
75 3.34 16.57
90 3.24 15.65

Arithmatic mean size 4.35 21.20

In the absence of chemical reaction the concentration of the
gas in the liquid follows directly from the total amount of
gas absorbed. For an ideal gas

He = (p∞ − pH2O)

(p0 − p∞)

RTVL

VG
(2)

Volumetric mass transfer coefficients were obtained from
the physical absorption rate of nitrous oxide with time. The
value ofkLa follows from(

k

k + 1

)
ln

(
p0

A

(k + 1)pA − kp0
A

)
= kLat (3)

where

k =
(

VG He

VLRT

)
(4)

The volumetric mass transfer coefficient of physical absorp-
tion of SO2 in water then follows from [5]

(kLa)SO2 = (kLa)N2O

(
DSO2–water

DN2O–water

)2/3

(5)

The rate of SO2 absoptionin the slurry follows from

JAa = VG

VLRT

(−dPA

dt

)
= kLECAi (6)

The experimental enhancement factor was calculated by tak-
ing the ratio of the initial rates in presence of the solids and
in the absence of suspended solid particles i.e. the saturated
solution of the hydroxide involved. IfEA > 1, the absorp-
tion is chemically enhanced whereasEA = 1 represents a
purely physical absorption of SO2.

5. Theory of gas absorption

5.1. SO2 absorption in Ca(OH)2 slurry

[SO3]2− produced by the reaction of SO2 and [OH]− is
gradually accumulated. [OH]− ions are fed by the dissolu-
tion of the solid particles in the liquid film. In the case of the
SO2–Ca(OH)2 system the reaction between SO2 and [OH]−
is instantaneous and the product of the reaction CaSO3 is
insoluble in the medium [12]. The reaction scheme for this
process of gas absorption can be represented as

SO2(g) → SO2(aq) (i)

Ca(OH)2(s) → [Ca]2+ + 2[OH]− (ii)

SO2(aq) + 2[OH]− → [SO3]2− + H2O (iii)

As the rate of solid dissolution is enhanced by the instan-
taneous reaction of SO2 and Ca(OH)2, the model proposed
by Uchida et al. [2] can be used to describe the absorption
process. The rate of gas absorption is given by the expression
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JA = mDAA∗ cothmλ + mDBCBs

z

(
cothmλ − 1

sinhmλ

)
(7)

The parameterλ can be calculated by the equation

DBCBs

2

(
cothmλ + cothm(δ − λ) − 1

sinhmλ

)

− DAA∗

sinhmλ
= 0 (8)

when the solution contains no suspended solids, the expres-
sion becomes

J0 = kLA∗
(

1 + DBBs

DAA∗

)
(9)

5.2. SO2 absorption in Mg(OH)2 slurry

In the SO2–Mg(OH)2 slurry process, however, the product
of the reaction MgSO3 has a much higher solubility in water
than that of Mg(OH)2. The species MgSO3 formed exists in
a dissolved state. The dissolved SO2 thus also reacts with
[SO3]2− and forms [HSO3]− which in turn further enhances
the rate of absorption. Thus, dissolved SO2 is consumed by
the reaction scheme of

SO2 + 2[OH]− = [SO3]2− + H2O (I)

SO2 + [SO3]2− + H2O = 2[HSO3]− (II)

[HSO3]− + [OH]− = [SO3]2− + H2O (III)

In the process of SO2 absorption in Mg(OH)2 slurry with no
suspended particles, [HSO3]− cannot coexist with [OH]−, so
that reaction (I) never takes place directly (see Fig. 2a). The
above consideration shows that reactions (II) and (III) take
place at two differently located planes in the two-reaction
plane model. However, in the slurry process to be considered
here, both dissolved SO2 and the [HSO3]− to be produced
by reaction (II) can react with [OH]− which is fed by the
dissolution of the solid particles in the liquid film. So in
this case, dissolved SO2 can be consumed by reactions (I)
and (II) simultaneously. The concentration of [SO3]2− in the
bulk liquid increases as the absorption proceeds.

For a saturated solution of magnesium hydroxide, a
plausible sketch of the concentration profile is given in
Fig. 2(a). When the particles are suspended in the liquid
film, the concentration profiles shift as shown in Fig. 2(b).

5.2.1. Reaction plane model
The mass balances for the relevant species in the regions

I, II and II are as follows
Region I

DA
d2CA

dz2
− ks

2

(
1 + 2DACA

CBsDB

)
ApCBs = 0 (10)

DF
d2CF

dz2
− ks

(
1 + DFCF

CBsDB

)
ApCBs = 0 (11)

Fig. 2. Concentration profiles based on two-reaction plane model for the
SO2–magnesium hydroxide system. (a: no suspended solids, b: in presence
of suspended solids).

Region II

DF
d2CF

dz2
− ks

(
1 + DFCF

CBsDB

)
ApCBs = 0 (12)

DE
d2CE

dz2
+ ks

(
1 + DFCF

CBsDB

)
ApCBs = 0 (13)

Region III

DB
d2CB

dz2
+ ksAp(CBs − CB) = 0 (14)

DE
d2CE

dz2
= 0 (15)

The boundary conditions imposed are

At z = 0, CA = CAi ,
dCF

dz
= 0 (16)

z = z1, CA = CE = 0, CF = C∗
F (17)

−DA

(
dCA

dz

)
= DE

(
dCE

dz

)
(18)

At z = z2, CB = CF, CE = C∗
E (19)

DB

(
dCB

dz

)
= −DF

(
dCF

dz

)
(20)

At z = zL , CB = CBs, CE = CE0 (21)

C∗
E and C∗

F represent the concentrations of E atz2 and F
at z1, respectively (A= SO2, B = [OH]−, E = [SO3]2−,
F = [HSO3]−).
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The expression for the enhancement factor obtained by
solving Eq. (10) with the given boundary conditions [9] is

E=
[
1 + 1

2rAqA

] √
N

tan
√

Nx1
−
[

1

2rAqA

] √
N

sinh
√

Nx1
(22)

E0 represents the enhancement factor for a clear solution
saturated with the hydroxides and is defined by

E =
[
1 + 1

2rAqA

]
(23)

6. Results and discussion

6.1. Effect of speed of agitation onk0
L

Experimental results for the physical absorption of N2O
in calcium and magnesium hydroxide slurries are plotted in
Fig. 3(a) and (b) ask0

L versusn with the slurry concentration
as a parameter. The series of experimental points fall on a
straight line with a slope of 0.8, irrespective of the slurry
concentration. This is in close agreement with the previously

Fig. 3. Effect of stirrer speed of agitation on liquid side mass transfer
coefficient at different solid loading (wt.%). (a: system: N2O/Ca(OH)2
slurry, b: system: N2O/Mg(OH)2 slurry, initial pressure= 0.8 × 105 Pa,
T = 298 K).

reported results for such type of agitated absorption vessel
[10]. The contribution of the gas side resistance was zero as
pure SO2 was used. The initial pressure was kept constant
(800 mbar) for all the experiments.

6.2. Effect of solid loading

To show the contribution of the presence of the solids
to the absorption rate, the ratio of enhancement factor into
slurry to that into saturated solution (E/E0) is plotted against
wt.% solids in Fig. 4(a) and (b). The ratioE/E0 represents
the degree of enhancement owing to the presence of solid
particles in the slurry.

For the case of SO2 absorption in Ca(OH)2 slurry, the
concentration of [SO3]2− (in the bulk) to be produced by
the reaction of SO2 and Ca(OH)2 is extremely low, because
the solubility of CaSO3 in water is about 25 times lower
than that of Ca(OH)2 [10]. Consequently, the reaction be-
tween dissolved SO2 and [SO3]2− can be neglected. The
solid curves plotted in Fig. 4a (Lines 1, 2, 3, 4 and 5) are
obtained from the theoretical values of the enhancement fac-
tor. These theoretical values are calculated using the model
proposed by Uchida et al. [2], by using Eqs. (7)–(9). Table 6
shows the experimental values of the enhancement factor
under the different experimental conditions.

In order to compare the experimental results with the the-
oretical predictions for the SO2–Mg(OH)2 system, it is nec-
essary to know the values of the dimensionless parameters
r, q andN. For the evaluation ofr, the diffusivity of SO2 in
the slurry was assumed to be the same as that in pure water.
Thus, the value ofr is 1.22 for this system. The value of
q was calculated from the ratio of concentration of SO2 at
the gas–liquid interface and the solubility of the hydroxide
in water. The dimensionless distances into the liquid phase
from the gas–liquid interface (x1 and x2) were calculated
computationally by using the equations suggested by Sada
et al. [8]. The position of the primary reaction plane was
smaller than the average diameter of the suspended particles,
typically z1/dp was in the range of 0.4–0.45.

The dimensionless parameterN is proportional to the solid
concentration in the slurry solution (w). Fig. 4b gives the
variation ofE/E0 with the solid loading for the absorption
of SO2 in Mg(OH)2 slurry and its values are also indicated
in Table 7. For the estimation of the parameterN, Sada et al.
[9] compared their experimental results with the theoretical
prediction according to model II [8,10]. However, as model
II did not take into account the extra reaction between SO2
and [SO3]2− (reaction II), the values of experimental en-
hancement factors predicted by Sada et al. [9] did not match
with the theoretical values predicted by Model II [8,10].

The enhancement observed in this system is considered
to be attributed due to both the presence of solid particles
(reactant of reaction I and III) in the liquid film and the
extra reaction of SO2 and [SO3]2− (reaction II). The con-
centration of [SO3]2− is allowed to be a function of time.
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Fig. 4. Enhancement factor ratio as a function of solid concentration. (Initial pressure= 0.8× 105 Pa,T = 298 K). (a) SO2 absorption in Ca(OH)2 slurry
(Lines 1, 2, 3, 4 and 5: from theoretical values of enhancement factor predicted according to Uchida et al. [2]). (b) SO2 absorption in Mg(OH)2 slurry
(r:experimental values of(E/(E∗

0(E/E0)w=0)) at 10.8 s−1, j: experimental values of(E/(E∗
0(E/E0)w=0)) at 5 s−1, Line 1 and 2: theoretical values

with correctN/w values, Line 3: theoretical values predicted by Model II [8,10]).

[SO3]2− is produced in the film by the reaction of SO2 and
the hydroxide ions (reaction I) and also by the reaction of
[HSO3]− and the hydroxide ions (reaction II). The consump-
tion of [SO3]2−, however, occurs only by its reaction with
SO2. Hence the rate of generation of [SO3]2− is greater than
its consumption in the film, due to which the concentration
of [SO3]2− starts building up in the film. The concentration

Table 6
Experimental values of the enhancement factor for SO2/Ca(OH)2 slurry system

Solids (wt.%) Enhancement factor (E) E/E0

3.3 s−1 7.5 s−1 9.2 s−1 10.8 s−1 12.5 s−1 3.3 s−1 7.5 s−1 9.2 s−1 10.8 s−1 12.5 s−1

0 1.11 1.04 1.02 1.02 1.02 1 1 1 1 1
1 2.13 1.83 1.57 1.86 1.71 1.93 1.77 1.54 1.84 1.68
4 2.35 2.13 2.02 1.90 2.02 2.13 2.05 1.97 1.87 1.96
8 2.56 2.14 2.12 2.13 2.19 2.31 2.06 2.07 2.1 2.15

16 2.58 2.14 2.18 2.22 2.26 2.34 2.06 2.13 2.19 2.22

of [SO3]2− in the film is larger than its concentration in the
bulk liquid due to which [SO3]2− diffuses into the liquid
bulk.

The enhancement caused by the reaction between SO2 and
the [SO3]2− formed was assessed by extrapolating the ob-
served enhancement in the presence of solids to that for a sat-
urated solution of magnesium hydroxide, that is(E/E0)w=0.
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Table 7
Values of the solid dissolution parameter at different solid loading for
SO2/Mg(OH)2 slurry system

Speed
(s−1)

Solids
(kg/m3)

kL × 105

(m/s)
z = D/kL

(mm)
N/w

5 0.01 4.4 31.8 11.31
0.04 4.4 31.8 11.31
0.08 4.4 31.8 11.31
0.16 4.4 31.8 11.31

10.8 0.01 5.6 25.0 7.58
0.04 5.1 27.5 9.14
0.08 4.9 28.6 9.91
0.16 4.9 28.6 9.91

This value was found experimentally to be 1.8 at 10.8 s−1

and 2.4 at 5 s−1 (Fig. 4b).
To estimate the contribution of solids in the observed

enhancement factor, the degree of enhancement which
was also caused due to the reaction II was avoided
by Sada et al. [9] by converting the ratioE/E0 to the
quantity (E/E0−(E/E0)w=0 − 1)), where the quantity
((E/E0)w=0 − 1) corresponded for the extra enhancement
due to the reaction II. Model II predicts the data of the
effect of addition of solids on the enhancement factor at
different values ofN/w. Sada et al. [9] thus, estimated the
value of N/w to be 12.3 by comparing their experimental
findings with the theoretical values predicted by Model II.
However, their procedure of calculating the contribution
of solids to the enhancement factor does not seem to be
correct as enhancement factors are factorial, i.e. are mul-
tiplicative and hence they should not be subtracted. So it
is more logical to define the total enhancement factorE as
E = E0 × Es × E[SO3]2− .

Hence, in our calculations, the ratio ofE/E0 was converted
to the quantity (E/(E0 · (E/E0)w=0)), to estimate the effect
of suspended solids alone on the enhancement factor where
the quantity(E/E0)w=0 counts for the additional increase
in the enhancement due to reaction II which is represented
by E[SO3]2− . The values of (E/(E0(E/E0)w=0)) are repre-
sented as the dark points in Fig. 4b and are also indicated
in Tables 8 and 9. These dark points show the contribu-
tion to the enhancement in the rate of absorption due to the
presence of the suspended solids only. For comparison, the
values predicted by Model II forN/w = 12.3 is shown in
the form of a solid line (3) in Fig. 4b. The difference in the

Table 8
Experimental values of enhancement factor for SO2/Mg(OH)2 slurry sys-
tem

Solids (wt.%) Enhancement factor (E) E/E0

5 s−1 10.8 s−1 5 s−1 10.8 s−1

0 1.02 1.03 1 1
1 2.46 1.78 2.42 1.73
4 2.65 2.21 2.61 2.15
8 2.89 2.46 2.84 2.40

16 3.36 3.03 3.30 2.95

Table 9
Experimental values of the enhancement caused due to the solid particles
alone for SO2/Mg(OH)2 slurry system

Solids (wt.%) (E/(E0
∗(E[SO3]2− )))

5 s−1 10.8 s−1

0 1 1
1 1.1 1
4 1.18 1.16
8 1.29 1.29
16 1.54 1.59

values between our experimental findings and the line 3, es-
pecially at higher solid loading, is due to the more accurate
procedure for the estimation of solid dissolution parameter
and the multiplicative approach to estimate the contribution
of solids in the enhancement. With the correct values ofN
(as estimated by us), Sada et al.’s theoretical values won’t
match with their experimental findings. But because they fol-
lowed a theoretical approach, they estimated a higher value
of N and hence could compare their theoretical data with the
experimental.

For the slurry process, the Sherwood number can be de-
fined asSh = ksdp/DB which gives the value ofN =
Sh(6w/ρ)(zL/dp)

2.This indicates that the quantityN/w is
dependent onShanddp. For calculation ofN/w, Sh= 2 was
assumed in our calculations which resulted into the value of
N/w = 11.31 for 5 s−1. The values ofN/w for the different
solid loading are shown in Table 7. These values ofN/w were
used to calculate the theoretical enhancement factors due to
the presence of solids using Eq. (22), which are indicated
by the two solid curves (1 and 2) represented in Fig. 4b.

Fig. 5. Variation of enhancement of SO2 absorption with time. (System:
SO2/Mg(OH)2 slurry, speed= 5 s−1, initial pressure= 0.8 × 105 Pa,
T = 298 K, Line 1, 2, 3: theoretical values predicted according to Sada
et al. [9]).
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Fig. 6. Parity plot showing the comparison of experimental and the-
oretical values (according to the model of Uchida et al. [2]) of
the enhancement factor ratio for SO2–Ca(OH)2 slurry system. (Initial
pressure= 0.8 × 105 Pa,T = 298 K, Solids= 0–12 wt.%).

6.3. Effect of batch time

Fig. 5 shows the variation of the enhancement factor with
time as observed for reactive SO2 absorption in a Mg(OH)2
slurry. It can be seen that the enhancement is constant at
the start for some time and then decreases and ultimately
becomes zero. Initially, at higher partial pressures of SO2,
the consumption of [SO3]2− by reaction II is balanced by
its regeneration by reaction III. Hence the enhancement
remains constant. Then, as the absorption of SO2 proceeds,
the pressure in the reactor and also the amount of the gas
absorbed reduces and hence results in a reduction of the

Fig. 7. Parity plot showing the comparison of experimental and theoretical
values (according to Sada et al. [9]) of the enhancement factor ratio
for the SO2–Mg(OH)2 slurry system. (Initial pressure= 0.8 × 105 Pa,
T = 298 K, Solids= 0–12 wt.%).

enhancement. The solid lines are the theoretical values. For
the calculation of the variation of the theoretical enhance-
ment factor with time, the variation of theoretical pressure
with time was calculated initially, by substituting Eq. (22)
in Eq. (6) and integrating it. The variation of the enhance-
ment factor with time was then recalculated from Eq. (6)
by putting theoretical values of pressure.

6.4. Comparison of experimental and theoretical

Figs. 6 and 7 show the comparison between experimen-
tal and theoretical values of the enhancement factor owing
to the presence of solid particles for both calcium and mag-
nesium hydroxide in the slurries, respectively. It is evident
that the experimental and the model values are in good
agreement.

7. Conclusions

The absorption of sulfur dioxide into aqueous slurries
containing fine suspended reactive particles of calcium and
magnesium hydroxide was performed in a stirred cell at
relatively high mass transfer coefficients. The enhancement
of the mass transfer due to the presence of fine particles
increased with the solid concentration. Experimental data
on the absorption rates were compared with the theoret-
ical predictions using two different models i.e. a model
proposed by Uchida et al. [2] for the Ca(OH)2 slurry and
the two reaction plane model proposed by Sada et al. [9]
for the Mg(OH)2 slurry. For the later system the results
could be accurately described by a new approach defin-
ing an overall enhancement factorE which is built up as
E = E0×Es×E[SO3]2− with Es andE[SO3]2− being the fac-
torial enhancement factors due to the effects of suspended
solids and the reaction of SO2 and [SO3]2−, respectively.
The enhancement factor thus calculated proved to predict
the values observed experimentally very well.
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