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Abstract

Chemical absorption of pure $S@nto aqueous slurries of fine and reactive Ca(@khd Mg(OH)» 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 tt
SO,—Ca(OH) system, a single reaction plane model was used to estimate the theoretical enhancement factor and feMbEOE0)
system, a two-reaction plane model incorporating the solids dissolution promoted by the reactions with the absobedeSiQuid
film was employed. For the later system, the theoretical results could be more accurately predicted by a correct approach to estimate 1
enhancement caused due to suspended solids and the overall enhancement factor. The extra enhancement observed/fo(Git) SO
system could be explained from the reaction between 8@ the dissolved [S§)?—. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction fer processes either in series or in parallel, depending upon
whether the suspended particles size is significantly smaller
Slurry reactors have a widespread application in chemical or larger than the thickness of the liquid film (film model,
and bio-chemical industries. The problem of gas absorption film thickness= D/k_). The solids dissolution in the lig-
with reaction in a slurry containing fine particles has become uid film enhances the absorption rate and further the rate of
important in the development of processes for the removal of solute dissolution is enhanced by the reaction between the
acidic pollutants. At present, most wet scrubbing processesdissolved gas and the dissolved solid in the liquid film when
for the removal of S@ are by lime and limestone slurry the particle size is significantly smaller than the film thick-
solutions. Also Mg(OH) as suspended solids may yield a ness. As a result, the solid dissolution rate as well as the
high scrubbing capacity as a result of the presence of thechemical reaction rate affect the rate of gas absorption.
more soluble reaction product magnesium sulfite, relative to
the corresponding calcium salt.
The present work focuses on the enhancement of the2. previous work
absorption rate of a gas into a slurry containing small reac-

tive particles. The elementary processes involved in chemi-  Taple 1 summarizes the literature data reported for the

cal absorption into the slurry are absorption of S@ into aqueous slurries of calcium and
1. diffusion of the solute gas in the film, magnesium hydroxides and the corresponding enhancement
2. chemical reaction, factors observed. Her&; is the enhancement factor in the
3. dissolution of solid. absence of suspended particles & the enhancement

Applying the so called film theory for mass transfer, the factor under similar conditions but with suspended particles
chemical absorption and the solids dissolution are trans- present.
This problem has been discussed on the basis of the film
+ Corresponding author. Tek:31-50-3634486; fax4+-31-50-3634479,  Model by Ramachandran and Sharma [1] considering the
E-mail address:A.A.C.M.Beenackers@chem.rug.nl effect of solids dissolution in the liquid film both, to be
(A.A.C.M. Beenackers). important and not important depending on the conditions.

1385-8947/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Nomenclature

Al

concentration of A at the gas—liquid
interface (mol/r)

6w/p dp, surface area of solid

particle (nf/m3-dispersion)

gas-liquid interfacial area #m? liquid)
concentration in the liquid phase (mofn
diffusivity in the liquid phase (f's)
arithmatic mean particle diameter (m)
as defined byi? = (3" n;d?)/ (3" n;)
enhancement factor

Henry’s constant (Pa#mole)

mass transfer rate (mol#s)

liquid side mass transfer coefficient (m/s)
solid side mass transfer coefficient (m/s)
VksAp/Dg

ksApz? / Dg solid dissolution parameter
moles of A absorbed

stirring speed (31)

partial pressure of the solute gas (Pa)
Cai/Cgs

gas constant (J/mole K)

Da/Dg

Temperature (K)

time (s)

liquid volume (n¥)

gas volume ()

amount of solids (mol/fslurry)
dimensionless position of the first
reaction plane

dimensionless concentration in liquid phase
relative to that at gas—liquid interface

or at solid surface

position of the first reaction plane

as shown in Fig. 5b (m)

thickness of liquid film as shown

in Fig. 5b (m)

Greek letters

0

v
A
8

density of solid particle (kg/®)
overall reaction stoichiometry
reaction plane for S@-Ca(OH)» system (m)
film thickness for S@-Ca(OH)» system (m)

Subscripts

oOTmTmMmm >

component A (SQ)

component B [OH}

component F [HSg}~

component E [Sg)%~

value at gas—liquid interface

value in the absence of suspended
particles (v = 0)

at the surface of the solid particle

Superscripts
0 value at timeg =0
00 value at timer = oo

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 C@, or NGO, and/ or SQ into aqueous slur-

ries of Ca(OH}) [4,7,8] and by the absorption of $SGnto
aqueous slurries of Mg(ORlusing a stirred-tank absorber
with a flat gas—liquid interface. However, the experimental
results for high S@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)and Mg(OH» being reactive,
help to increase the rate of absorption of,9@the slurry.
Previous authors have measured the enhancement factor at a
speed range of 1-4'$ which gives a very low mass transfer
coefficient (2—410~°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 o 89
micro sized reactive particles of calcium and magnesium
hydroxide at stirring speeds in the range of 3-15Re >
10°) 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 $@n hydroxide slurries
S. no.  Gas-slurry system Gas concentration Solids (wt.%) Enhancement
factor
1 SO in aqueous slurries of Mg(OHRl)particles [10] 5% 0-20% E/Ep=1-23
2 SGQ/CO, absorption in Ca(Oh)slurry [3] 5% 0-30% 1-4
3 SG/CO, absorption in Ca(OH) slurry [7] 2000-4800 Pa 0-20% 1-3
4 Absorption of lean S@in aqueous solutions of N&8O; [5] SO, + N, + watervapour  0-300 mol/n 1-15
5 Absorption of lean S@and NG into aqueous 800-10,000 ppm 0-15% E/Eo=1-3
slurries of Ca(OH) or Mg(OH), [8]
6 Absorption of SQ in aqueous slurries of Mg(OR)CaCQ [14]  100-1000 ppm 2-10% 2-10
7 Absorption of SQ in Mg(OH),/CaCQ; slurry [4] 100-2000 ppm 0-10% 1-5
8 Absorption of SQ in Mg(OH),/CaCGQ; slurry [16] 2000 ppm 0.5% CaGp 1-10
3% Mg(OH), 1-40
9 Absorption of lean S@into aqueous slurries 100-2000 ppm 1-5% E/Eo=1-5
of CaCQ and Mg(OH) [9]
10 Absorption of S@ by calcium hydroxide 1000-5000 ppm Ca(OHr) 0.0106 M 5-80
solution in a wetted wall column: effect of
magnesium hydroxide, magnesium carbo-
nate and magnesium sulfite additives [17]
Mg(OH): 0.0001883 M
11 Chemical absorption of COand SQ into Ca(OH) slurry [13] Pure S@ diluted by N» 0-20% 1-7
12 Absorption of CQ and SQ into ag. 10° Pa 2-40% 1-3
Conc. Slurries of Ca(OH)[18]
13 Absorption of S@ into ag. Double slurries 1715 ppm CaC@ 1-3% 1-3
containing limestone and Mg(Oki)19]
Mg(OH): 0.25-1%
14 Absorption of S@ in Ca(OH)/CaSQ [20] 0-1000 ppm CaS® 1-7% 5-20
NaHSQG + NaS0O; 2M  1.2-2.2
15 Absorption of S@ in Mg(OH)/CaCQ [15] 0-1000 ppm Mg(OH): 0-5% 5-10

and programmed reactor operation. The reactor dimensionsrable 2
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. OnceReactor volume
the slurry was equilibrated under the vapour pressure of Gas-liquid contact area

water, NO was fed to the reactor upto a fixed pressurgx0

10° 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 gjrrer speed

£ 2 To gas
[ ,—H suction
T E—

[] gas phase
_ liquid phase

coupling, 6: gas stirrer, 7: liquid stirrer).

Reactor dimensions

0.105m
T77x103md
B x 103 m?
Six bladed turbine, 0.04 m diameter
Six bladed turbine, 0.06 m diameter
with enlarged six blades

Reactor diameter

Liquid impeller type
Gas impeller type

pressure due to the physical absorption gONvas 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 SPinto aqueous slurries of Ca(OH)
and Mg(OH) 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 T m? and the slurry concentration

Table 3

Experimental conditions

Temperature 23

Initial pressure B x 10°Pa
Liquid volume 1x 1073m?3

Gas NO, purity >99.5%
SO, purity >99.5

3-13%




206 M.V. Dagaonkar et al./Chemical Engineering Journal 81 (2001) 203-212

Table 4

. . i In the absence of chemical reaction the concentration of the
Data used in the experimental calculations

gas in the liquid follows directly from the total amount of
gas absorbed. For an ideal gas

dp Ca(OH)2 = 4.5um (determined with Coulter Counter)
dp Mg(OH), = 21.4 um (determined with Coulter Counter)

Dsoy—water = 1.49 x 1079 m?/s [3] 0 _ pH20y RT
Dnyo—water = 1.78 x 107°m?/s [3] He = » 5 P ps )RV (2)
Dcoywater = 1.95 x 1072 m?2/s [3] (p°—=pr>) Ve

Cgs of Ca(OH) in water= 23 mol/n? [8]

Cgs of Mg(OH), in water= 0.46 mol/n® [8] Volumetric mass transfer coefficients were obtained from

T — 298K the physical absorption rate of nitrous oxide with time. The
He for SQ-water sytem= 73.01 Pani/mol [19] value ofk_a follows from
k 0
. . Pa
was varied from 0 to 20wt.%. Table 4 gives the data used ( n 1> In ((k T Dpa —k o) = k_at 3)
in the experimental calculations. The reactive particles of PA — XPa

Ca(OH) and Mg(OH» of arithmatic mean size 4.5 and where

21.2um were used for the experimentation. Table 5 gives Ve H

the size distribution of these particles. k = ( G e) (4)
The interfacial area at higher speeds ¢ 6.5s 1) where VLRT

the gas-liquid interface is no longer flat, was obtained from The volumetric mass transfer coefficient of physical absorp-

the absorption rate of carbon dioxide into a 3000 M8l/m  tion of SO in water then follows from [5]

NaCl solution containing 100—1000 moffnNaOH. CQ

pressure was kept at 2500 Pa. Due to the presence of NaOH

the absorption of C®is enhanced relative to the physical

absorption. The interfacial area then can be calculated byTh te of S i the sl foll f

the standard procedure reported by Mehta and Sharma [10]. e rate of S@absoptionin the slurry follows from

The interfacial area was found to remain unaffected in the Vo (—dPa

speed range of 3-15%. The information regarding the ef- Jaa = VLRT< dr

fect of solids on the interfacial area for the stirred cell is

so scattered that no reliable correlation can be presented.The experimental enhancement factor was calculated by tak-

Literature has been reported only for bubble columns and ing the ratio of the initial rates in presence of the solids and

stirred cells with gas spargers. Increase in the solid contentin the absence of suspended solid particles i.e. the saturated

results in increase in the percentage of gas-liquid surfacesolution of the hydroxide involved. IEa > 1, the absorp-

coverage suggesting an increase in the interfacial area [11]1ion is chemically enhanced where&a = 1 represents a

In our case as the gas phase is above the G/L interface, thiurely physical absorption of SO

effect of the presence of solids on the interfacial area could

be neglected due to the absence of bubbles.

DSOz—water 23
(kLa)so, = (kLa)n,0 (—) (%)
DNgO—water

) = kLECa| (6)

5. Theory of gas absorption

4. Estimation of gas solubilities and mass transfer 5.1. SQ absorption in Ca(OH) slurry
coefficients

[SO3]2~ produced by the reaction of S@nd [OH] is
coefficient, is expressed by gradually accumulated. [OH]ions are fed by the dissolu-
' tion of the solid particles in the liquid film. In the case of the
He— ( Pa ) 0 _SQZ—Ca(OH) system the reaction between 5&)1_d [OH]_’
—\ i at equilibrium is instantaneous and the product of the reaction GaSO
insoluble in the medium [12]. The reaction scheme for this
process of gas absorption can be represented as

The solubility of a gas A in a liquid defined as the Henry

Table 5
Size distribution of the hydroxide particles SOy — SOy 9 ()
al

% Particles Particle sizgqu) ’

Ca(OH) Mg(OM), Ca(OH)y — [Cal?t + 2[OH]~ (ii)
10 6.09 29.16 - 2-
25 471 24.44 SO ag + 2[OH]™ — [SOs]°~ + H20 (iii)
>0 3.52 18.38 As the rate of solid dissolution is enhanced by the instan-
75 3.34 16.57

90 324 15.65 taneous reaction of SCand Ca(OHy), the model proposed
by Uchida et al. [2] can be used to describe the absorption

Arithmatic mean size 4.35 21.20 . .
process. The rate of gas absorption is given by the expression
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mDgC G/L I I Bulk
Ja = mDa A* cothmA + De Ces cothmi — — Interface ' y
z sinhma | , . : oH
HSO, : . —
@ N\ ; /4
The parametek can be calculated by the equation C : 2
p y the eq so, \30?/ L
DeCes (Cothma + cothm(s — 1) — — o U /N
2 sinhma RN VAN
DpA* z=0 z,' 2z, z,
“sinhma ®) )
. . . [ 1 . 11 . Bulk
when the solution contains no suspended solids, the expres- ] ‘- e '

Dp A*

5.2. SQ absorption in Mg(OH) slurry \ v //
‘ \:/ :/

Inthe SQ-Mg(OH), slurry process, however, the product z=0 2z, z, ZL
of the reaction MgS@has a much higher solubility in water (b)
than that of Mg(OHj). The species MgSgXormed exists in
a dissolved state. The dissolved Sthus also reacts with  Fig. 2. Concentration profiles based on two-reaction plane model for the
SO:1%2~ and forms [HSG]~ which in turn further enhances  SO,-magnesium hydroxide system. (a: no suspended solids, b: in presence
[SOs] [HS@]
the rate of absorption. Thus, dissolved S©consumed by  ©f suspended solids).
the reaction scheme of

HSQ T
sion becomes | % / :803 ——
DgB LN : _OH

JoszA*(1+ B 5) 9) c i : —

SO, + 2[OH]™ = [SO3]%™ + H20 0) Region Il
2- — - d’c DEC

SQ, + [SOs]*” + H20 = 2[HSOj] (11 De—g —ks <1+ e ) ApCas =0 (12)

[HSO3]™ + [OH]™ = [SO3]>™ + H,0 (I ‘ Bs™B

| L . d?ce DrCE

n the process of S§absorption in Mg(OHj) slurry with no De—— +ks(1+ ApCgs =0 (13)

suspended particles, [HS[P cannot coexist with [OH], so dz BsDB

that reaction (1) never takes place directly (see Fig. 2a). The Region III

above consideration shows that reactions (II) and (ll) take )

place at two differently located planes in the two-reaction d“Cg A B _ 14

plane model. However, in the slurry process to be considered” © dz2 +ksAp(Ces — C) =0 (14)

here, both dissolved SCand the [HS@] ™ to be produced Rc

by reaction (Il) can react with [OH] which is fed by the Dg E_o (15)

dissolution of the solid particles in the liquid film. So in dz?

this case, dissolved SQan be consumed by reactions (I) The boundary conditions imposed are
and (1) simultaneously. The concentration of [$€ in the

bulk liquid increases as the absorption proceeds. Atz=0, Ca=Chaj, % =0 (16)
For a saturated solution of magnesium hydroxide, a dz
plausible sketch of the concentration profile is given in ; — ,;  Co=Cg=0, Cr = Ct (17)
Fig. 2(a). When the particles are suspended in the liquid
film, the concentration profiles shift as shown in Fig. 2(b). —Dp (dCA> = D (%) (18)
dz
5.2.1. Reaction plane model _ _ .
The mass balances for the relevant species in the regionsAt t=2, Ca=Cr Ce=Cg (19)
I, Iland Il are as follows dCg dCr
Region | Ds (y) =—Dr (g) (20)
d?Ca ks 2DACa Atz =z Cg =C Ce=C (21)
Dr— _ 21 AnCre =0 10 L, B Bs, E EO
A4z 2( CBSDB) PrEs (10

Ct and C{ represent the concentrations of Ezatand F

d’Ccr DeCE at z;, respectively (A= SO, B = [OH]~, E = [SO3]%~
Dr—5 —ks|1 ApCs =0 11 ‘ _ ' ' '
] ( * chDB> PCes A )

dz2
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The expression for the enhancement factor obtained byreported results for such type of agitated absorption vessel
solving Eq. (10) with the given boundary conditions [9] is  [10]. The contribution of the gas side resistance was zero as

pure SQ was used. The initial pressure was kept constant
E— [1+ 1 } VN _ [ 1 } VN (22) (800 mbar) for all the experiments.

2raga | tany/Nx; [ 2raqa | sinhy/Nxy

Ep represents the enhancement factor for a clear solution ) )

saturated with the hydroxides and is defined by 6.2. Effect of solid loading

E— [1+ 1 } (23) To show the contribution of the presence of the solids
2raqga to the absorption rate, the ratio of enhancement factor into

slurry to that into saturated solutioB/Ep) is plotted against
wt.% solids in Fig. 4(a) and (b). The ratE®/Eg represents
the degree of enhancement owing to the presence of solid
o particles in the slurry.
6.1. Effect of speed of agitation af For the case of SDabsorption in Ca(OH) slurry, the
concentration of [S€]2~ (in the bulk) to be produced by
Experimental results for the physical absorption @ON  the reaction of S@and Ca(OH) is extremely low, because
in calcium and magnesium hydroxide slurries are plotted in the solubility of CaS@ in water is about 25 times lower
Fig. 3(a) and (b) a&p versusn with the slurry concentration  than that of Ca(OH) [10]. Consequently, the reaction be-
as a parameter. The series of experimental points fall on atween dissolved S9and [SQ]?~ can be neglected. The
straight line with a slope of 0.8, irrespective of the slurry solid curves plotted in Fig. 4a (Lines 1, 2, 3, 4 and 5) are
concentration. This is in close agreement with the previously gbtained from the theoretical values of the enhancement fac-
tor. These theoretical values are calculated using the model

6. Results and discussion

10 proposed by Uchida et al. [2], by using Egs. (7)—(9). Table 6
o shows the experimental values of the enhancement factor
o © under the different experimental conditions.
n| In order to compare the experimental results with the the-
o 0 oretical predictions for the S&Mg(OH), system, it is nec-
k.’ x10° 11 X 00% essary to know the values of the dimensionless parameters
(mis) 01% r, g andN. For the evaluation of, the diffusivity of SQ in
A3% the slurry was assumed to be the same as that in pure water.
% 8% Thus, the value of is 1.22 for this system. The value of
+12% g was cal_cul_ate_zd from the ratio of Con_c_entratlon ofzsﬂ_
the gas—liquid interface and the solubility of the hydroxide
0.1 : ' in water. The dimensionless distances into the liquid phase
0 5 10 15 from the gas-liquid interfacex{ and x,) were calculated
(@ n,s’ computationally by using the equations suggested by Sada
et al. [8]. The position of the primary reaction plane was
10 smaller than the average diameter of the suspended particles,

typically z;/d, was in the range of 0.4-0.45.
W The dimensionless paramel¢is proportional to the solid
concentration in the slurry solutiom). Fig. 4b gives the
variation of E/Eg with the solid loading for the absorption
kS’ X10° | of SO in Mg(OH), slurry and its values are also indicated
(mls) O0% in Table 7. For the estimation of the parameteSada et al
1% [9] compared their experimental results with the theoretical
04% prediction according to model Il [8,10]. However, as model
A8% Il did not take into account the extra reaction betweern SO
X12% and [SQ]% (reaction Il), the values of experimental en-
hancement factors predicted by Sada et al. [9] did not match
with the theoretical values predicted by Model 1l [8,10].
®) n,s” The enhancement observed in this system is considered
_ _ o o to be attributed due to both the presence of solid particles
Fig. 3. Effect of stirrer speed of agitation on liquid side mass transfer . . L
coefficient at different solid loading (wt.%). (a: systemyJCa(OH)» (reaCtant O_f reaction | and ”I) in the II_qUId film and the
slurry, b: system: BO/Mg(OH), slurry, initial pressure= 0.8 x 10° Pa, extra reaction of Spand [SQ]?~ (reaction II). The con-
T = 298K). centration of [S@]%~ is allowed to be a function of time.

0.1
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25

E/Eo

1.5 1

0 5 10 15

(a) Solids (Wt%)
4 4
05s”
3.5 + 3.5
3 13
E/
EE, 25 | 125
l_p (Eg*Eqsos’)
2 12
1.5 4 + 1.5
1 T 1
0 5 10 15 20

(b) Solids (Wt%)

Fig. 4. Enhancement factor ratio as a function of solid concentration. (Initial pressiu@x 10° Pa, 7 = 298 K). (a) SQ absorption in Ca(OH)slurry
(Lines 1, 2, 3, 4 and 5: from theoretical values of enhancement factor predicted according to Uchida et al. [2]) #ibs&®tion in Mg(OH) slurry
(®:experimental values ofE/(E§(E/Eo)w=0)) at 10.8 s1, W experimental values ofE /(EG(E/Eo)w=0)) at 5s1, Line 1 and 2: theoretical values
with correctN/w values, Line 3: theoretical values predicted by Model Il [8,10]).

[SO3]% is produced in the film by the reaction of $@nd of [SO3]%~ in the film is larger than its concentration in the
the hydroxide ions (reaction I) and also by the reaction of bulk liquid due to which [S@|2~ diffuses into the liquid
[HSOg3]~ and the hydroxide ions (reaction Il). The consump- bulk.

tion of [SO3]%~, however, occurs only by its reaction with The enhancement caused by the reaction betwegraB®d
SO. Hence the rate of generation of [§J® is greaterthan  the [SGQ]?~ formed was assessed by extrapolating the ob-
its consumption in the film, due to which the concentration served enhancementin the presence of solids to that for a sat-
of [SO3]%~ starts building up in the film. The concentration urated solution of magnesium hydroxide, thathy Eo).,—o.

Table 6
Experimental values of the enhancement factor fop/S@(OH) slurry system
Solids (wt.%) Enhancement factdEe)( E/Eq
3.3s? 7551 9.2s1 10.8s? 125s? 3.3s? 7.5s1 9.2s1 10.8s? 12551
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 2.05 197 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
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Table 7 Table 9
Values of the solid dissolution parameter at different solid loading for Experimental values of the enhancement caused due to the solid particles
SO/Mg(OH), slurry system alone for SQ/Mg(OH), slurry system
Sp?ed Solids kL x 10° z=D/k. N/w Solids (wt.%) E/(Eo*(Esoy2-)))
(s) (kg/m) (m/s) (rm) 5ol 1088t
5 0.01 4.4 31.8 11.31
0.04 4.4 31.8 11.31 0 1 1
0.08 4.4 31.8 11.31 1 11 1
0.16 4.4 31.8 11.31 4 1.18 1.16
8 1.29 1.29
10.8 0.01 5.6 25.0 7.58 16 154 159
0.04 51 275 9.14
0.08 4.9 28.6 9.91
0.16 4.9 28.6 9.91

values between our experimental findings and the line 3, es-

This value was found experimentally to be 1.8 at 10Bs  pecially at higher solid loading, is due to the more accurate
and 2.4 at 5! (Fig. 4b). procedure for the estimation of solid dissolution parameter

To estimate the contribution of solids in the observed and the multiplicative approach to estimate the contribution
enhancement factor, the degree of enhancement whichof solids in the enhancement. With the correct valueslof
was also caused due to the reaction Il was avoided (as estimated by us), Sada et al.’s theoretical values won’t
by Sada et al. [9] by converting the rati&/Ey to the match with their experimental findings. But because they fol-
quantity €&Eo—(E/Eo)w=0 — 1)), where the quantity |owed a theoretical approach, they estimated a higher value
((E/Eo)w=0 — 1) corresponded for the extra enhancement of N and hence could compare their theoretical data with the
due to the reaction Il. Model Il predicts the data of the experimental.
effect of addition of solids on the enhancement factor at  For the slurry process, the Sherwood number can be de-
different values ofN/w. Sada et al. [9] thus, estimated the fined asSh = ksdp/Dg Which gives the value oV =
value of N/w to be 12.3 by comparing their experimental sr(ew/p)(ZL/dp)Z_This indicates that the quantity/w is
findings with the theoretical values predicted by Model Il. dependent oshandd,. For calculation oN/w, Sh= 2 was
However, their procedure of calculating the contribution assumed in our calculations which resulted into the value of
of solids to the enhancement factor does not seem to beny/w = 11.31 for 55 1. The values oN/w for the different
correct as enhancement factors are factorial, i.e. are mul-solid loading are shown in Table 7. These valueN/ef were
tiplicative and hence they should not be subtracted. So it used to calculate the theoretical enhancement factors due to
is more logical to define the total enhancement fa8i@s the presence of solids using Eq. (22), which are indicated

E = Eg x Es X Ejgope-- by the two solid curves (1 and 2) represented in Fig. 4b.
Hence, in our calculations, the ratiolefeg was converted

to the quantity £/(Eo- (E/Eo)w=0)), t0 estimate the effect
of suspended solids alone on the enhancement factor where

the quantity(E/Ep),—o counts for the additional increase 4

in the enhancement due to reaction Il which is represented 1%
by Eso,2- The values of £/(Eq(E/Eo)w=0)) are repre-

sented as the dark points in Fig. 4b and are also indicated 3]

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

. . . E 2
values predicted by Model Il foN/w = 12.3 is shown in
the form of a solid line (3) in Fig. 4b. The difference in the
Table 8 Ly
Experimental values of enhancement factor fon,8@(OH), slurry sys-
tem
Solids (wt.%) Enhancement factdE)( E/Ep 0 :
5571 10.8s? 551 10.8s? 0.1 1 10 100 1000
0 1.02 1.03 1 1 tme (3
1 2.46 1.78 2.42 1.73
4 265 2921 261 215 Fig. 5. Variation of enhancement of $@bsorption with time. (System:
8 2.89 2.46 2.84 2.40 SO/Mg(OH), slurry, speed= 5s72, initial pressure= 0.8 x 10°Pa,
16 3.36 3.03 3.30 2.95 T = 298K, 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 HE]) of

the enhancement factor ratio for $@Ca(OHY slurry system. (Initial
pressure= 0.8 x 10° 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 g@bsorption in a Mg(OH)
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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 Eg. (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

slurry. It can be seen that the enhancement is constant aincreased with the solid concentration. Experimental data
the start for some time and then decreases and Ultimatelyon the absorption rates were Compared with the theoret-

becomes zero. Initially, at higher partial pressures 05,SO
the consumption of [S€)%~ by reaction Il is balanced by

ical predictions using two different models i.e. a model
proposed by Uchida et .aJ2] for the Ca(OH} slurry and

its regeneration by reaction Ill. Hence the enhancementthe two reaction plane model proposed by Sada et al. [9]

remains constant. Then, as the absorption of ff@ceeds,

for the Mg(OH) slurry. For the later system the results

the pressure in the reactor and also the amount of the ga%ould be accurate|y described by a new approach defin-
absorbed reduces and hence results in a reduction of theng an overall enhancement factBrwhich is built up as

4
055" O
010.8 s
3 ,
E/Ey o
(model)
14
0 , ; .
0 1 2 3 4
E/E, (expt)

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 SQ-Mg(OH), slurry system. (Initial pressure: 0.8 x 10° Pa,

T = 298K, Solids= 0-12 wt.%).

E = Egx Esx Ejgo,2- with Eg andE[So3]zf being the fac-
torial enhancement factors due to the effects of suspended
solids and the reaction of $Cand [SQ]%~, respectively.
The enhancement factor thus calculated proved to predict
the values observed experimentally very well.
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