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Sulpher Dioxide Pollution Control by
Wet Scrubbing Methods

K C Biswal, Non-member
Dr G K Roy, Associate Member

The paper brings out the differences between the dry and the wet scrubbing methods of control of atmos-
pheric pollution dueto sulphur dioxide emission. Important wet scrubbing methodsal or;gbthh their
relative meritsand demer its have been enumerated. The mechanism of sulphur dioxide absorptionin
limestoneslurry has been elaborately discussed with the hel p of kinetic models.

mole/cm? sec

NOTATIONS Rg = rate of displution of solid in bulk liquid phase,
mole/cm” sec
a = gasliquid interfacial area,cm2/cm3 dispersion R = rate of chemical reaction, gmole/lcm® sec
A = gedies to be absorbed W = amount of solids, g solids’em® dlurry
4* = interficid concentration of A, gmole/cm® X = distance into liquid film, cm
. A = concﬂramion of A in the bulk liquid phase, j = radia distance from solid surface, cm
molelcm”. . . . . A
: . Y = ratio of concentration in the liquid phase to that
4, = surfece area of solid particles, cm2/om3 slurry at the gas liquid interface or at the solid liquid
B = concentratlosn of dissolved solid component, interface
gmols’;:[m ‘ dicsaived siid . Z = soichiometric factor, cm
B, = concentration of dissolved solid component in — thi i fi :
L bulk liquid phase, gmolelom3 z, thlck_ness of I|qU|d film (;‘or gas absorption), cm
. . : 3 P = dendty of solids, g/cm
B, = saturation solubility of solids, gmole/cm $ = filmthickness. cm
C = concentration of liquid phase, mole/l . esan - . .
: . . 8’ = thickness of the liquid film around solid particle
d, = average diameter of solid particles, cm in the bulk liguid phase, cm
D = liquid phase diffusvity, cm/sec ) — reaction plane in liquid film next to ges liquid
D,, = diffudvities 2of A and B, respectively in liquid interface, cm
Dy phase, cm/sec _ _ o A = reaction plane in liquid film around solid particle
E; = enhancement factor for dissolution with instan- in the bulk liquid phase, cm
taneous reaction N , @ = enhancement factor
H = Henery's law solubility co-efficient, gmole/cm™
am
INTRODUCTION
K, = liquid film mass transfer co-efficent in the ODUCTIO
' absence of chemical reaction, cm/sec The growing awareness of atmospheric pollution
K: = mass transfer coeffident for solid dissolution, by sulphur dioxides (Fig 1) has resulted in massive efforts
cnsec being made al over the globe to develop suitable pro-
m = ceses to control them. Available sulphur dioxide pollu-
M, = VKC.D-K.2 tion control processes of importance can broadly be
b ai “BTs categorized into (i) dry processes, and (ii) wet processes.
N = KApZ “Ds The basic difference between the two methods is in the
P = partial pressure of A, atm mode ?f clontact offttr;]e ;f)ollutantt?1 with tth(Ia _cont[]cgllln
- " : - reagents. In case of the former, the control is achiev
R = spedific rate of chemica reaction by dry absorption with alkali and alkaline earth-meta
R, = rate of gas absorption, mole/cm” sec oxideS whereas absorption takes place in durries of the
Ry = rateof diffyuson of B to or from bulk liquid phase, similar compounds in case of the latter. The paper,

using various kinetic models, compares the important
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wet scrubbing methods and the mechanism of absorptio:
of sulphur dioxide therein.
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Figl Annual emmission of.S0a to US atmosphere (extrapolated)
WET SCRUBBING METHODS
Scrubbing methods can broadly be divided into:

(@ Limestone based scrubbing processes, which
can be further categorised into
(i) Scrubber addition of limestone and

(i) Bailer injection and
(b) Scrubbing by lime and other akalies.

SCRUBBER ADDITION OF LIMESTONE
The process (Fig 2) is smple and favoured by the
er Industry at present. Its main drawback is that
imestone is not as reactive as lime which makes neces-
say use of more limestone, installation of alarger scrub-
ber and recirculation of more durry. It adso becomes
essentia to grind the lime to finer size.

SCRUBBER SETTLER

—_—

STACK GAS

CqoCO3+Cy SO,
TO WASTE

Fig 2 Scrubber addition of limestone

BoOILER INJECTION

Fig 3 gives the schematic diagram for the process. The
cost of calcination can be reduced in power plants by
injecting the lime-stone into the boiler furnace. The gas
then carries the lime to the scrubber. Problems include

r—GAS TO STACK

Co0+GAS
co.
GaC0s BOILER SCRUBBER SETTLER
CaSoyxtCasSo,
A _ TO WASTE
PUMP TANK ’ :

Fig 3 Boiler injection
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possibility of boiler fouling, danger of over burning and
In activating the lime and Increased scaling in the scrub-
ber when the lime enters with the gas . This process is
unsuitable for refineries or sulphuric acid plants and
smeters but widely favoured in power plants.

SCRUBBING BY LIME AND OTHER ALKALIES
This process can further be subdivided into :

(i) Scrubber addition of lime,

(i) Scrubbing with mangnesum oxide,

(iif) Dua akali process and

(iv) Simultaneous absorption of SO, and NO, in
aqueous solutions of NaOH and Na,S0s.

Scrubber Addition of Lime

~ Scrubbing effidency is improved in case of addition of
lime to the scrubber. First, the limestone is cacined to
lime which is then introduced into the scrubber (Flgg 4).
The cost is much more than that for lime stone slur
scrubbing because of the installation of lime kiln. Use o
Ilmebbgso increases  the problem of scding in the
scrubber.

I'-—>GAS TO STACK
CalOH),

=t
JPUMP TAN

>
___.__.——J CoSOx+C0504

TO WASTE

" STAGK GAS

—

SETTLER

SCRUBBER

oGOy CALCINER l

Ca0

Fig 4 Scrubber addition of lime

Scrubbing with Magnesium Oxide

The process utilizes the SO, absorption characteristics
of an agueous durry containing MgO and MgS04. The
operation involves five steps: (i) absorption, gl) centri-
fuging, (iii) drying, (iv) transportation, and (v) cacina-
tion.

The reaction between MgO and S0, is
MgO (Eq) + S0, + M9803

In this case, SO, remova effidency of about 90% is
_corlljsstently obtained when oil of 2.1% sulphur content
is burnt.

In this process the flue gas containing SO, enters the
ventury absorber and contacts the agueous durry. The
ventury absorber corresponds to a co-current packed
vessd and the process of SO, remova is explained on
conventional mass transfer principles. The advantage
of ventury absorber lies in the potential which enables
operation over wide ranges of output without the reduc-
tion of SO, removal effiaency, since surface area available
for mass transfer is relatively invariant over awide range
of gas flow.

The generation step is the reverse, a thermal decom-

position of MgS0; which because of its low solubility
can be separated easily from the absorbing slurry.
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MgSO; -~ MgO + SO,
Dual Alkaline Process

In tﬁis process, SO, is absorbed in a solution of sodium
salts to produce a solution of NaySO,. .

During absorption, 5-109; of the sulphite is oxidized
to sulphate at excess oxygen concentrations,

Absorption reactions are:

NaOH + SO, - Na,S0,
NaOH + S.Og - NaHSO,
Na,SO; - Na,SO,

Regeneration reactions are:

2 NaHSO; + CaCO; - Na,S0;+CaS0, | + CO,-+ H,0

2 NaHSO; -+ Ca(OH), - Na, SO, - CaS0, | + H,0
Na,S0, +Ca(OH), » 2 NaOH + CaSO;, |
‘Na,SO, + Ca (OH); = 2 NaOH + CaSO, |

Suffident sulphate must be reacted in order to re-
generate sulphate at the rate at which it is being formed
In the scrubbing system. After regeneration solids are
separated from the regenerated liquor and the clear
liquor containing very low atms of sugpended and dissolv-
ed calcium is returned to the scrubber.

The system overcomes the inherent difficulties of direct
calcium durry scrubbing. All precipitations occur out-
side the scrubbing Séstem under controlled reactor condi-
tions. The dual akali process therefore combines the
high reliability aspects and high SO, remova capabilities
of solution based scrubbing with the advantages of a
solid waste disposal. In this process, SO, remova in
excess of 90% is maintained.

Smultaneous Absorption of SO, and NO, in Aqueous
Solution of NaOH and Na,SOg

When S0, and NO, are simultaneoudy absorbed
from an S0,-NO»-N, mixture, the rate of NO, absorp-
tion into aqueous NaOH solution was enhanced more
than in absence of S0,, while for agueous Na,SOs solu-
tion the rate was reduced. Such apsorption behaviour
arises essentially from the change of SO3 concentration
a the 8as-liquid interface. The rate of NO, absorption
with SO, is predicted according to the mechanism with
the competetive reactions of NO, with sulphite and
water.

MECHANISM OF GAS ABSORPTION IN SLURRY
MODEL BY RAMCHANDRAN AND SARMA

Primary studies relating to the absorption of gas into
durry based on thefilm concept have been made by Ram-
chandran and Sarma’. They derived analytical equation
to predict the effect of smultaneous solid dissolution in
a liquid film on the specific rate of absorption. Under
certain circumstances the specific rate of absorption in
the presence of fine suspended solids in a suitable med-
ium can be considered higher than that in the absence of
solids. When the solids are sparingly soluble in the
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medium, the reaction that occurs between the dissolved
gas and dissolved species can be represented as

A@® - A @)
B() - B (aQ
A (g - B (aq - product ‘

- The two general cases have been considered by them
taking dissolution of solid in the liquid film first as un-
important, and then as important.

Solid Dissolution in the Liquid Film Uniinportakt

_ This is the case when either the concentration of solids
is relatively small or the particle size of the solid is
relatively large compared to the liquid film. The condi-
tion under which this assumption is valid can be shown
as . .

KB Ap D AB : -

7R, Dy D, << 1 | (l)

The above condition is valid if the average diameter of
the particles is greater than five times the liquid film
thickness ' '

D,

§ =
Ky

The reaction scheme for this case involves:

@) Diifiiiusion of gaseous species A through fhe gas
m,

(ii) Dissolution of the solid species B, and

(iii) Diffusion and simultaneous chemical reaction of
dissolved gas in the liquid film near the gas-
liquid interface. The rates are same under steady

~ state conditions. The rate of 1 and 2 are given by

R = Ky alp;—pi] @)
for diffusion through the gas film
R =K, 4, (B:—B) &)

for solid dissolution.

On rearranging the above equations,

R'H
A*=Hpg— X, @
. R
BL =B8—‘ KeAp b- (5)

\

After knowing 4* and By, the usual expression for the
gas absorption with chemical reaction can be used to
predict the rate of absorption of the gas.

The following equation obtained as the basis of film

theory holds when absorption is accompanied by an ins-
tantaneous reaction,

Hpg+——g—”Bs
A

T Ty ©
Kgu ' Kia ' D K. 4,
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Whenthe Solid DissolutionintheLiquid FilmisImportant

For normal values of K, and for the cases when the
average diameter of the particles is considerably less than
the thickness of the liquid film (dy<170S), the solid dis-
solution in the film becomes important. For this case,
the solid dissolution and the chemical reaction become
parallel steps. The effect of solid dissolution in the film
Is to increase the local concentration of the relative
gpecies in the film, thereby enhancing the rate of absorp-
tion. The reaction between the dissolved gas and dis-
olved speciesis assumed to be instantaneous and thereis
no gas-Sde resistance to mass transfer. The dissolution
of the solid in the liquid film shifts the reaction plane
closer to the interface and thereby incresses the rate of
absorption.

For 0 < x < A the material balance for the diffusing
gas gives

d?a
Dy o —Kidy B, =0

)]
The term K, A4, B, takes into account the amount of
solid dissolution in the region 0 to A.

The reaction is assumed to be instantaneous so that
the concentration of the liquid phase in the region O to A is
assumed to be zero.

d*B

DB’Jx—z‘ +KsAp(Bs'_B)=0 (8)

The term K, A,(B, — B) takes into account the
amount of solid dissolution in the region A to é.

Atx =0, Y ,

At x = A, g4 p
. ,, 5

A=B=0;— D, <_dx)x=A_D” (Tx )HA

Atx =296
B = B, (10)
Solution of equation (7) gives the concentration
profile of dissolved gas A

K, Ay B, x

DAA=DAA*(1;iA)—— 220 —%) (1D

Similarly, solution of equation (8) gives the concentra-
tion profile of B

B= B.,l:l _sinh VAo (5
DB

{sinh 3/%’7’12-(6—/\)}-1] (12)

Boundary conditions (9) and (10) enable the rate of
absorption to be predicted

_ (D, 4%) 2
R="2AT) 4 g 4.8 2
. ' K, 4
R=Bs\/(DBK,Ap)coth\/< D;)((s—n
LKA, B (13
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As a specid case the absorption of gas in a solution
containing extremdy fine solids is analyzed as follows.

Under certain conditions solid dissolution becomes
extremely rapid and reaction plane shifts to the gas-solid
interface ( A-»-0) the rate of absorption being

R'BV(DsKAp)

Equation (14) suggests that the rate of absorption is
roportional to the square root of the amount of solids
or afixed particle Sze since the surface area of dissolu-

tion A, is directly proportional to the amount of solids.

(14)

~ Equations (13) and (14) hold good only if the reaction
is instantaneous.

UCHIDA'S MODIFIED MODEL — A CASE STUDY

Uchida, et al®,®> modified Ramchandran and Sarma
mode! bg taking the concrete case of SO, in limestone.
This is on the fact that the rate of limestone dis-
solution into an acid solution is accelerated by the con-
celntr_anon of hydroniumion or the pH value of the
solution.

If the rate of SO, absorption is much faster than the
rate of limestone dissolution, the reaction plane shifts to
the liquid film near the solid-liquid interface and the
reaction products CaCOs and CaS0, are deposited on the
surface of the limestone preventing further dissolution.
Therefore, recovery of pH vaue of the durry cannot be
expected and limestone utilization efid is lowered.
The rate of dissolution of solid is enhanced by the reac-
tion between the absorbed gas and the dissolved solid
soecies in the liquid film around the solid species. The
generd reaction-mechanism can be of two main cata-

ories depending upon whether the solid dissolution in
Iquid film next to the gas-liquid interface is unimportant
or important.

Solid Dissolution in Liquid Film Next to the Gas-Liquid
I nterface Unimportant

This catagory can further be divided into three cases:

Case /—Reaction Plane in the Liquid Flm Near the
Gas-Liquid Interface (Case of Sow Gas Absorption):

When the rate of gas absorption is relatively dow
compared to the rate of solid dissolution, the concentra-
tion of the dissolved solid in the bulk liquid phase is
maintained at a certain value under the steady state condi-
tion. The reaction_plane between the two species A and
B isin the liquid film near the gas liquid interface. The
rate of gas absorption is

D
% B
R . A + ZDA Bs
4 . l DB a
K. T D K 4, (15

the condition being K, a A* < K, 4, B,.

Case II—Reaction Plane in the Liquid Film Around
the Solid Particles in the Bulk Liquid Phase:(Case of
Fast Gas Absorption):

When the rate of gas absorption is relatively fast as

compared with that of the solid dissolution, the dissolved
solid species B in the bulk liquid phase is consumed and
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the reactioﬁ plane shifts to the liquid film around the

solid. The solid dissolution is enhanced by the reaction
and the enhancement factor is

— . D A AL 6

B =14+Z TB— B, (16)

the condition being K, 4, B, < K a 4*.

Case //[—Reaction Plane in the Liquid Film Near the
Gas 'Liquid Interface; Concentration of B in the Bulk
Liquid Phase Constant at the Saturation Concentration

S.

Here, the solid is abundant in the liquid phase and the
rate of gas absorption is much dower than that of the
solid dissolution. Now the concentration of dissolved
species B in liquid phase is maintained at saturation
solubility Bs. The rate equation is

DB B! )A*

17
ZD, 4 (17

Solid Dissolution in the Liquid Film Next to the Gas—

" Liquid Interfaces Important

Case I—Reaction Plane in the Liquid Film Near Gas-
Liquid Interface; Concentration of B in Liquid Phase

. is Maintained at Saturation Concentration Phase B,:

This is similar to Case I earlier. Equation for con-
centration profiles 4 and B are

D, B,\sinh m (A—x) , Dg B,/ sinh m
— * B sV
A\-(A +DAZ) +D,z( 1

“sinhm A sinh ma
for 0 < x<<A (18)
_ p l—sinh m (8—x).
B =35 —uhm ©=a), ‘
foragxg$é (19)
The rate equation is
= * m Dp B, 1
Ry=mDyjA*cothma+ cothmA— = — 1)

_ ’"D;EE doth m (5—A) + m(D,, A* & ?_95_133)

1
% ( coth m A — m) (20)

Case II—Reaction Plane in the Liquid Film in Gas-
Liquid Interface; Concentration of the Dissolved Soild
Species B in the Bulk Liquid Phase Lower Than Satu-
ration Concentration B:

The case corresponds! to whert the solid concentration
is very low or the concentration of the dissolved gas at
the gas-liquid interface is high. The rate of gas absorp-
tion is relatively fast and the concentration of B is less
than the saturation solubility B,. The rate equation is

: 1
sinh m A

@2y

Ry=m D A*cothm A + z1%‘§!=<coth mA—

IE (1) Journal-EN

Rate of solid dissolution in the bulk liquid phase R, is
4y
a

Rs =K. ( ) (B, — By) @2)

R,, the rate of diffusion of solid species from bulk
liquid phase is '
_ 'dB 3 B,
Re = Ds (““dx ) xmg =M DB(s'inh‘m—“(a_A‘))
(23)
Combining equations (22) and (23) which are same at

steady state condition, the concentration of the solid
species in the bulk liquid phase is

-m 1
By = =B, {sinh o=

’Z}". 24)

When the solid concentration is high or interfacial
areain the absorber is small, B_ = Bs. If the concentra-
tion of the absorbed gas in the gasliquid interface is
high, A->8 and B_-*-0.

Case Ill—Main Reaction Plane is in the Liquid Film
Around the Solid Particle in the Bulk Liquid Phase:

This case corresponds to Case |1, wherethe solid dis-
solution in the liquid film near the gas-liquid interface as
wdl as in the bulk liquid phase are important. The
boundary conditions are:

x;—=0,A=A*,R.=—-DA(‘fb‘C4>

x=8,4 =4,

The concentration profile in the liquid film next to the
gas liquid interface is

[(A*+ ZDSA B,) sinh m (5—x) +(AL + 2 B,)
A

Ds B’]

Z D,

X sinhm x —
4 =

sinh mé
(25)

The rate equation is

R, =m D, (A* cothmd — 4;) + 2 %’ B, (coth mé—1)
26)

_ Dyz Ay (4
Ri=K,(1+ D, B, ) (T)B“ (27

Rate of diffusion of absorbed gas into bulk liquid
phase, through the plane x = 8 is .

dA
RA="‘DA ( dx )x-—-&.

D D
) m D4 (A*-}- 7%; B,)— (AL+ Z_ISA Bs)cosh ma

= 28
sinh m 6 28)
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Under steady state condition,

Rd =Z.RA
D
* B
a2 Dy

B, (29)

coshmé + -b—smh mé

where m-0, A, -~ A%, in equation (13) R, 0.

If mé or mja jncreases in equation (29) ,4; =0 ata
certain value and Case III becomes same as Case II.

The rate of solid dissolution in liquid film Wl}ich is
enhanced by absorbing gas into slurry, the equation of
the diffusing gas is

24 K, Z, D, _ ;
PAW“Z’(IfBSDB) A B.=0 0G0

for O0< x < A

The rate is enhanced by 1 —}—ZA D4
: Bs DB

bed gas 4. The concentration of B in the liquid phase is
between 0to A for A < x < 8 and the equation is reduced to
the same as given by Ramchandran and Sarma?'

due to the absor-

. Dg; B sinhm()\—x).)
_— # B s :
Ad=d"+ DAZ< sinh m A
Dy B, / sinhm ) '
+ DAZ<sin_hmz\> (1)
K 4

where m = , s e,

N—p;

The rate of absorption of gas A is

B dA\ _Dy(dB
R=— DAx:0< Dx>_ Z (dZ>x=)\
L Kadp By, | DaKody SAdx -
2 D,

Substituting values of 4 and B,
. % m D, B, 1
R=mD,A4 cothm/\—}—-———z cqthm/\ SRh
| 2D, B,
=Dy Bt m(s—2) +m (D,, A% + ——B—>
Z A
1 .
- X (coth mA ——Slnh‘-———m> (33)

is obtained by the trial and error method or by foliowing
equation derived from the boundary condition

D; B, 1
—3= [ coth m X + coth m(8—A) - SRz /\]
D, A*
—smhma 0 (34)
BJELES MODEL: WITH GAS PHASE RESISTANCE
CONSIDERED

In the models developed earlier, the gas phase resis-
tance was neglected. Bjele, et al® considered the laminar
jet theory, where the gas phase resistance is taken into
account. In the reactor, S0,-N, system has been studied,
epecialy S0, absorption in CaC0z durry. The rate of
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absorption of SO, in CaCO; slurry isdightly greater than
in water due to ther eaction between SO, and HCO3.
As it is unsuitable to work with low concentration of
S0,, a gas mixture of S0,-N, was used with H,0,
NaOH and CaCO; durry as absorbing fluids.

Assuming stagnant film on both sides of the boundary
surface, total mass transfer co-efficient is

1 _ 1  H - (39)
K F T K; ' K,
' D

KL:Z\IA;JZ

By absorbing SO, in strong alkali solution,” K is
obtained as
G (P;—Pyp)
VPtot

From Hirschfelder’s equation, Dy, the diffusion co-
efficient for SO, is calculated as

o8 I M FM,
_ .3
Dy, = 1.858 X 10 P3P \!W (36)

When the average particle diameter is much less than

1
the film thickness, d, <75~ 38, K the mass transfer

co-efficient for solid dissolution is in the average of 2
to 8 x 10-% cm/sec. The dissolution and the chemical
reaction steps are parallel and the chemical reaction rate
increases in the boundary layer. The rate of absorption
is given by

A
R =Duy C* + K, A, B

_ ' K, 4,
= B, \/ Dy K, 4, coth \/ -—D—BP—{S—A) + K, A,,.Bs A
€0}

~ The mode proposed by Sada, et al *, for the absorp-
tion process with afinite rate of reaction was an extension
of the modd prepared by Uchida, et al®,’. Numerical
results were derived in terms of enhancement factors,
as proposed by Uchida, et al, and was compered with the
avallable data. Single gas absorption with reaction
into a urry containing fine particles has also been satis-
factorily predicted with the help of this model.

They have given the kinetic rate of absorptions of lean
sulphur dioxide into agueous durries of cacium carbo-
nate and magnesum hydroxide. The rate is influenced
by the dissolution of the particles. The rate of solid
dissolution can be promoted by the reaction between
the absorbed gas and the dissolved solid near the gas
liquid interface.

CONCLUSIONS

At present wet scrubbing is being practised as the basic
method of controlling SO, emisson mainly from the
power plants. Wider application of this method to
Industries that emit SO, depends on the solution of cer-
tain inherent problems such as _(Q] dow settling rate of
waste solids and the resulting hl? ‘waste pond volume,
(i) dow rate of limestone dissolution in the scrubber,
and (iii) the point of introduction of limestone to the
process. The technology is now only in the beginning
phases of development and numerous pilot plant projects
and fundamenta research studies are underway to further
understand the process.
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