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Abstract

Chemical absorption mechanism of sulfur dioxide into the slurry containing fine limestone
particles was analyzed theoretically by a two reaction planes model(three zone model). As
an experimental verification of the model, enhnncement factors for the liquid film mass

transfer coefficients, which were obtained by the absorption using a stirred tank absorber
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with a plane gas-liquid interface at 20°C, were compared with the values predicted theore-
tically. It was shown that the absorption rates can be satisfactorily predicted by the pro-
posed model. The data of absorption rate indicate that it is necessary to enhance the solid

dissolution in order to improve the absorption rase. Blinding in the liquid film as well as

in the bulk slurry must be considered significantly when the limestone particle is much

smaller than the thickness of liquid film.

[. INTRODUCTION

The removal of sulfur dioxide by absorpt-
ion using limestone slurry is the most favor-
ed alternative. To design the efficient sulfur
dioxide absorber, it may be requirded to
develop a mathematical model which rep-
resents the real absorption system. Remac-
handran and Sharma considered, for the
first time, the problem of gas absorption
accompanied by a fast chemical reaction in
a slurry conaining sparingly soluble fine
particles based on the film concept. Uchida
et al.»>® modified the model developed by
Ramachandran and Sharma, and they sugg-
ested that solid dissolution is enhanced by
the reaction between the absorbed gas and
the dissolved solid species in the liquid film,
and hence, the rate of absorption becomes
higher than that predicted by the model of
Ramachandran and Sharma. Although the
chemical reaction was assumed to be instan-
taneous in the model of Ramachandran and
Sharma and the model of Uchida et al.,
Sada et al.¥ extended these models to the
process of absorption with a finite rate of
reaction into a slurry. They concluded from
the experimental results that the extension
of the model of Uchida et al. can be satisf-
actorily applied to the process when compar-
ed with the extension of the model of Ra-
machandran and Sharma.
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Recently Sada et al.® proposed the two-
reaction-planes model from the fact that
the reactions of sulfur dioxide in alkaline
slurries are regarded as being consecutive
and parallel. The two reaction planes model
may be called as a three zone model.®

In this study the three zone model is ap-
plied to develop a mathematical model for
sulfur dioxide absorption into a limestone
slurry, and the applicability of the model
was examined by the absorption experiment
of SO; in a stirred tank absorber with a
plane gas-liquid interface.

I. ENHANCEMENT FACTOR
DFRIVATION

Bjerle et al.” reported their experimental
finding that the concentration of HCO;™ in
limestone slurry in the range of pH 8.3 to
8.5 is in the order of 107% g-mole/1 while
the concentration of OH is in the order of
10°® g-mole/1, which means that HCO;™ is
the dominant reactant in the reaction with
sulfur dioxide. It was found from the liter-
ature® that the concentration of HCO;™ is
about 1.15 X 10°® g-mole/l1 whereas the con-
centration of CQ; is about 1.65 X 107% g-
mole/l when calcium carbonate is saturated
in water at 16°C in contact with air includ-
ing carbon dioxide content of 301 ppm to
327 ppm. Furthermore, the chemical absorp-
tion of sulfur dioxide into limestone slurry
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gives a considerable amount of carbon diox-
ide and this helps the concentration of HCO;~
in the bulk slurry remain much higher than
that of CO,=.

The mass transfer in the liquid film is
presented qualitatively in Fég. 1. The con-
centration of sulfur dioxide dissolved in the
solution is Ca; at the gas-liquid interface.
The aqueous SO, will diffuse toward the
liquid and react with the dominant reactant
HCO,;~ at the first plane z; to yield HSO;~
and CO; (aq)

SO; + HCO;-=—HSO0;" + C0:(aq), K
= 10* 1
The reaction product HSO;= will diffuse and
react with another reactant CO;" to yield
HCO;- and SO;= at the

plane z;

CO3= + HSO;"—=HCO,~ + S0,%, K; = 10°
(2)
Most of SO,= will be converted to CaSO; » —‘,13—

H.0 very rapidly by the reaction with Ca**

Second reaction

Ca** + SOs= + %HZO—»Casos-%Hzo
(3)
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Fig. 1. Concentration Profiles for the SO-CaCOs
System

All the reactions are considered to be in-
stantaneous and irreversible because the
chemical equilibrium constants are very
large. It is assumed that the film thickness
is much larger than the diameter of limes-
tone particle(usually, 2:>>10d,). P Since the
liquid film thickness is much larger than the
particle size, the solid dissolution in the
liquid film is enhanced by the reaction.

Material balance equations for the relevant
species in tke zonmes (1), (1) and (I)
depicted in Fig. 1 are obtained for the
steady state.®

In zone (]) the material balance equation
for sulfur dioxide is

d?Cy DaCay DeCe
D4 dzt k;(l + D3zCps DgCps )
A;:CB: =90 (-l)
In zone (I ) two equations are obtained
a*Ce , DcCes e
DGidzT — l?s(l -+ DBCBs >APCB.)‘ = ('J)
a*Ce | DsCs _
De - + k(1 + ige JACae =0 (6)

In zone (1) the material balance equation
for CO,” is

2
D3 —%Z—S'ZE -+ ks(Cps — Cp)Ap =0 @)

The second terms in equations (4), (5) and
(6) represent the rate of consumption or
production of components SO, HSO;~ and
HCO;~ by the limestone dissolution in the
liquid film. The second term in equation
(7) denotes the rate of solids dissolution.

Equations from (4) to (7) can be solved
by the aid of the following boundary con-
ditions

2=0:C4=Cu, Cs=C¢* €))
2=2:Ca=Cr=0, Co=Co* (9
dCa _ dCr dCe
— DAidgzi = D 4z = —Dg dz (10)
z2=2;:Cp=C¢ =0, Cpr=Cr*=Cp (11)
daCs __ aCs __ dCe
Dy dz Do dz De dz (12)
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and The dimensionless boundary conditions are
2==21:Cp =Cpy Cc=Crp (13) x=0:Ya= =1, Yo= Y¢* (18>
All the above equations and boundary x=x01:Ya=Yr=0, Yo= Yc* (19>
conditions are put into the dimensionless dYa _ dYe _ d¥s
form. A L I i a7
In zone (1) (20)
d*Ys 1 x=2%x.Yp=Ye=0, Ye= Ye¥= Yg
dx? ( raga rAqA Ye + YA) @n
= (14) dYs d¥e dYe
In zone () dx . TTgx T Tt (22)
S = N5 ¥o) =0 (15) #=10 Vo= Yoo Vo= Vi @5
d ¢ The enhancement factor for the liquid
an film mass transfer coefficient can be deter-
2 ~
ffz’x{[ + N( 71; + i}:% Yc> =0 (16) mined theoretically from equations (14)-(17)
In zone (II) with the boundary coditions (18)-(23)
dz YB
Ga= kz,A __dYa
v le,A - dx x=0 .
(14 (1 + 7¢ Ye®)/(raga)t v Ncosh( v N x1) — (1 + 76 Y6*) v/ N/(raga) (24)

= sinh( v/ N%1)

Unknown values of x, and Y¢* can be ca-

lculated from the following equations, which

are given by the boundary conditions (20)
and (22)

(raga+ 1+ reYe*) fﬁ - (1 + re Y6*) N sinh( 4/ Nx1)

- VN -1+ rc YG*)COSh NN (%2 — 20} ) + reYgo — 76 Yc*
- sinh{ 4/ N (x2 — 21} X2 — %1
- JNO-Qa+ ?’GYG*)COSh AN (%2 — 21} ] (25
- sinh | ¢ N (%2 — 1)}
and
VN cosh{(V N (1— %)} — (1 — Yio) o/ ‘N — ¥ N{cosh{ N (x2—x)) —1—7cYc*)
) T sinhiy N1 -2 sinh {4 N (%2 — x1)}
_ — ¥ NCcosh{y N @ —a)} —1—rsYe¥) L. reYeo — 7o ¥t (26)
- sinh{ v/ N (%2 — 21)} X2 — A1

. EXPERIMENTAL

The schematic diagram of absorption sys-
tem is shown in F7g. 2. Nitrogen gas from
nitrogen cylinder is passed through the wa-
ter vapor saturator and mixed with sulfur
dioxide gas from SO, cylinder thoroughly at

Btei3E H193 ® 35 19814 6%

the mixing column. The gas mixture enters
the stirred tank absorber, where sulfur di-
oxide is removed from the gas mixture into
limestone slurry. The exit gas of the absorb-
er is discharged to the vent. Limestone slurry
is fed to the absorber from the slurry feed
tank. The whole system was maintained at
20(£D°C.
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The stirred tank absorber with a plane
:gas-liquid interface was used for all the ex-
periments. The vessel was made of acryl
wesin except for top and bottom plates and
has four equally spaced baffles attached to
the internal wall of the liquid phase. The
liquid phase volume was 2180 cm?® and the
.gas phase volume was 1260 cm3. Two stirrers
were used for agitation in the gas and liquid,
driven by two separate motors. Agitator
impeller speed in gas phase was fixed at 320
rpm, and the liquid side stirrer was driven
.at two constant speeds of 50 rpm and 67 rpm.

Prior "to the chemical absorption exper-
iments, the physical absorption of pure CO,
into water was done to determine the mass
transfer coefficient in liquid film using the
stirred tank absorber. To measure the con-
<entration of CO, in water, an excess amount
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of 20 mM-Ba(OH), solution was added to the
sample and it was back titrated with 20 mM-
HCI1 solution by using phenolphthalein solut-
ion as an indicator.'®

Mass transfer coefficient in gas phase was
obtained by absorbing lean SO, gas diluted
with ‘nitrogen into 1 M-NaOH solution in
the stirred tank absorber. The compositions
and flow rates of the inlet and outlet gas
mixtures of the absorber were measured.

The experiments for the absorption of SO,
into the limestone slurry were performed
under various conditions. The range of SO,
concentration in the inlet gas mixture was
from 4.000 to 20,000 ppm and slurry concen-
trations were fixed at 1,2 and 5 weight per-
cent. The flow rate of gas mixture was al-
ways about 1,062 cm?/min and the loading
volume of slurry was 2,180cm3. The gas

vent
R4 ' )
S ;
1 6 ‘
t: L ! ; ‘
f; 4% 52 -
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7. variable speed motor

8. slurry feed tank

Ry, Rz, Rs, R.:rotameters
S1, Sz, Sa : sampling port
Ty, T : thermometers

Fig. 2. Schematic Diagram of Experimental Apparatus
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samples were taken when the pH value of
the slurry was placed in the range of 8.0
to 8.4. and then the slurry was replaced by
the fresh for the next experiment run.

To investigate the effect of pH on the
absorption, the SO, concentration of inlet
gas was fixed at 6,800 ppm and the speed
of liquid side stirrer at 67 rpm. The experi-
ment was carried out by the batch operation.

Gas side concentrations of SO, and CO,
were measured using the Varian 920 gas
chromatograph. The column was packed with
porapak Q.

IV. RESULTS AND DISCUSSION

(1) Mass Transfer Coefficients for
Physical Absorption

The gas film mass transfer coefficient of
sulfur dioxide was calculated from the ma-
terial balance equation for sulfur dioxide in
the experiment of lean SO, gas absorption
into 1 M-NaOH solution.

Ra=Q(Par — Pag)/(RTA) = kePas (27)

The liquid film mass transfet coefficient
of CO, was calculated from the following
equation

In {(Crs — Cr1)/(Crr — Cr2)}
=k, rA(, — t)/V (28)
And then the coefficient of SO, was obtained
from the following correlation!V
kiosa = kig,r(Da/Dr)*"? (29)

The surface area of the solid particles per
unit volume of the slurry was approximately
obtained from the following relation

Ap = 6W/(psdy) (30)
The mass transfer coefficient for the limes-
tone dissolution %; was estimated by the
Hixson’s correlation!®

ksDi/Dp = 0. 16(Re:)* %2 (p/prDp)°"®

Atat@ar 19N R 33 1981 68

for Re>6.7 X 10* 31
k:Di/Dg = 2.7 X 1073(Re:)"*(pr/prDp)°
foe Re:<6.7 — 10* (32)
where k; was assumed to be independent of
the particle size and physical propdrties of
#r and pr were considered to be the same
as those of water.

(2) Absorption of Sulfur Dioxide into
Limestone Slurry

The experimental enhancement factor,
@4,0xp, was calculated from the following
equation
Ra=Q(Par — Pag)/(RTA)

= ke(Pag — Pai) = @asexp £10,4Ca: (33)
where Ca: was calculated from the equilibri-
um relation for pure water absorbent propose
by Fujita'®

Cai = (23.067 Pa: + d.2835 P4:)/18 (34}
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Diffusivities in the limestone slurry were
assumed to be the same as those in water.

Fig. 3 shows that the absorption rate of
sulfur dioxide increases remarkably as the
solid concentration and the speed of liquid
side stirrer increase, which means that solid
dissolution plays a very important role in
the absorption. In order to improve the ab-
sorption rate, it may be necessary to enhance
the solid dissolution.

Enhancement factors for the liquid fiim
mass transfer coefficients are plotted as a
function of two dimensionless parameters,
N and g, in Fig. 4. The experimental
enhancement factors show fairly good agr-
eement with theoretical ones predicted by
the proposed model. This implies that the
absorption rate of SO, into limestone slurry
can be satisfactorily evaluated by the prop-
osed three zone model. It is shown that the
predicted enhancement factor is generally a
bit higher than the observed one. It is be-
lieved that the crystallization of CaSO{-%—
H,O on the surface of limestone particle may
cause the inhibition from further solid dis-
solution. This phenomenon is called a blind-
ing. The deviation of theoretical factor from
experimental one is larger for higher con-
centration of limestone and/or lower speed
of stirrer. It is considered that such a result
is probably owing to the difficulty of com-
plete mixing of the limestone particles in
the slurry, especially near the gas-liquid
interface.

Absorption rates of sulfur dioxide are
plotted against various values of pH in Fig.
5. The absorption rate is slightly dependent
on the pH in the pH range of 7.0 to 8.2,
and it decreases rather steeply below the pH
values of 7. Considering that the experiment
was carried:out in batch operation with re-
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spect to the slurry, accumulation of blinded
limestone particles in the slurry may be a
major cause of such a result.

Below the pH value of,6.0, a large portion
of SO;~ ion produced fromTthe dissolution of
CaSC)g'%HzO will convert rapidly to HSO;~

ion, leading to decrease the absorption rate.'®
Therefore, the reaction mechanism at the
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Fig. 4. Enhancement Factor for leferent Dimen-
sionless Concentration

pH Effect on Absorption Rate of SOz(Inlet
SO2 Conc. 6800 ppm, 2wt% CaCOs; slurry,
n = 67 rpm)

Fig. 5.
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reaction plane should be modified at the
low pH.

CONCLUSION

The absorption rate of SO; into a limestone
slurry was analyzed theoretically using a
three zone model. The agreement between
theoretical and experimental enhancement
facors was fairly good. When the limestone
concentration is high, a slight discrepancy
between them is shown. This may suggest
that an experimental device for complete
mixing of limestone particles is required.
The data of absorption rate indicate that it
may be necessary to enhance the solid dis-
solution in order to improve the absorption
rate. Blinding in the liquid film as well as
in the bulk slurry must be considered signi-
ficantly when the size of limestone particle
is much smaller than the thickness of liquid
film.

NOMENCLATURE

A : gas-liquid interfacial area (cm?)

A, : surface area of solid particles per unit
volume of slurry (cm2/cm3-slurry)

Cri ! concentration of species F at time ¢
(g-mole/cm3)

C; : concentration of species j in liquid phase
(g-mole/cm?)

D; : diffusivity of species j in liquid phase
(cm?/sec)

D, : diameter of stirred tank absorber (cm)

d, : average diameter of the limestone par-
ticles (cm)

K : chemical equilibrium constant for react-
ion (i)

kg : mass transfer coefficient of species A in

gas phase (g-mole/cm?-sec-atm)

siarEer M1 M3 2 1381 63

A5

A ol A

ki1 : magss transfer coefficient for liquid phase
(cm/sec)
k1p : mass transfer coefficient in liquid phase
for physical absorption (cm/sec)
ks * mass transfer coefficient for limestone
dissolution (cm/sec)
. speed of liquid-side stirrer (rpm)
N: k;Apz/Ds
P; : partial pressure of species j in gas phase
(atm)
Q : gas flow rate (cm?/sec)
ga : dimensionless concentration, Cai/Css
R : gas constant (82. 05 cm®-atm/g-mole °K)
R, : absorption rate of species A (g-mole/
cm?2-sec)
Re: : Reynolds number for liquid phase, D¢
nior/pL
r; . dimensionless diffusivity of sepcies J,
D;/Ds
T ¢+ absolute temperature (°K)
t; : time (sec)
V : volume of liquid in stirred tank absorber
(em?)
W : limestone concentration (g/cmd-slurry or
wt%)
% : dimensionless distance from gas-liquid
interface
%1% © 21/21 and z/zL respectively
Y4 : dimensionless concentration of species
A, Ca/Cai
Y; : dimensionless concentration of species
s Ci/Css
2+ distance from gas-liquid interface into
liquiduid phase (cm)
21,22 ¢ position of reaction plane in the liquid
film (cm)
21 ° thickness of liquid film for gas absorpt-
ion (cm)

Greek Symbols

¢ viscosity of liquid (g/cm-sec)
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£L.0p * densities of liquid and limestone par-
ticle (g/cm3)
@4 : enhancement factor of species A abs-
orption

Subscripts and Superscripts

: 80,

: COy5”

: HCO,-

: CO,

: HSO,-

: feed to stirred tank absorber
: gas phase value

RN Oy o

: at gas-liquid interfce
: at the surface of limestone particle
¢ in bulk of slurry

# O w

: at reaction plane
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