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Gas/liquid mass transfer with simultaneous equilibrium
chemical reactlons was modeled by both film and surface renewsl
theories. For systems with complicated multiple reactions, approxi-
mate solutions of surface renewal theory were obtained by replacing
diffusivity ratios by their square roots in the solutions of film
theory. This approximation method was tested with single reactions
over a wide range of varibles and found to be accurate within 10%
for most cases.

The absorption rates of SQZ from a gas mixture of 582 and
Ng into aqueous solutions were measured at 2506 in a continuous
stirred vessel with an unbroken gas-liguid interface. The results
were found to be accurately modeled by the theory of surface renewal
with equilibrium reactions.

The theory of gas/liquiﬁ nass transfer with simultaneous
equilibrium reactions was further applied to the absorption of 862

from waste gases into lime or limestone slurries:




1. to describe the 802 absorption mechanism in scrubbers
2. to model the novel processes such as forced oxidation and

buffer additives
3. to evaluate the effectiveness of organic-acid buffer additives

and to estimate the amount of additives needed for SGZ scrubber.

It was found that the absorption of SGZ by aqueous solutions

can be modeled by approximate surface renewal theory with equilibriun
reactions. Adipic, sulfopropionic, sulfosuccinic &ndAgahydrcxy~
propionic aclds were evaluated as the most promising buffer additives
for lime/limestone slurry scrubbing of 362 from flue gas. 10 - 20
mM adipic acid should be adequate to provide most of the benefit

from buffer additives on mass transfer enhancement for a typical

lime/limestone slurry scrubber for stack gas desulfurization.
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Chapter 1

INTRODUCTION

More than three quarters of 302 emlssions in the U,S,
result from fossil fuel combustiion in utility and industrial
boilers, ususlly coal-fired (Kellogg, 1974). On the other hand, the
enegy crisis and oil shortage make the high-sulfur fuel an attractive
fuel even iIf some expenses must be tolerated, to solve the 802
pollution problem. A number of processes have been developed to
alleviate the 802 emissions from combustion sources (Nelson, 1974},

Among them, the technology with the greatest number of applications

is throwaway scrubbing with lime or limestone slurries.

THROWAWAY SCRUBBING PROCESS

A simplified flowsheet of lime/limestone slurry 382 scrubbling
process is shown in Figure 1-1. The absorption of sulfur dioxide is
carried out in the scrubber where intimate contact between the upward
flowing flue gas and downward flowing slurry is maintained. The
crystallizer plays an important role in the recycle system by
providing sufficient time for the scrubber effluent so that the
absorbed 502 can react with dissolved lime or limestone to crystal-
lize as calcium sulfite or calcium sulfate (gypsum). These preci-
pitates are then purged from the system as solid waste through a
liquid/ssiiﬁ separation device. Most current practical approaches

to waste disposal contaln the concentrated sclution or solids in a

4
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Figure 1-1. Slurry scrubbing



disposal pond or landfill area. Lime or limestione is required to

neutralize the acldic S0, in the liquid phase and to make up the

2
calcium species lost as solid waste. Some typlcal conditions of

flue gas and scrubbing solutiocn are shown in Table 1-1. (Rochelle,
1978)

A feasible throwaway scrubbing process must perform two
important functions: (1) it must effectively remove SQZ from the flue
gas  (2) it must produce easy-to-nandle and environmentally acceptable
waste disposal. It has been cbserved that gypsum crystallizes in
much larger, more easily ﬁewatered crystals than CaSGBQ Therefore,
forced oxidation of waste CaSGB solids has been suggested and tested
as a means of producing easily dewatered waste sollds which are more
suitable for landfill disposal.

Chiyoda Englneering in Japan initiated the development of
& process to integrate the forced oxidation into the holding tank +o
rrovide sufficient residence time for oxidation. Previous work
assumed that SDm removal in the scrubber occured only by physical
absorption. However, Borgwardt (197 ? has demonstrated that S0

2
absorption capacity is improved by oxidation of absorbed 802 in the
scrubber. This mass transfer enhancement phenomena will be discussed
in chapter 6 with the aid of the 302 absorption model developed

by present work.

The limiting factor in throwaway processes with slurry

o+

5

fda

scrubbing the liquid-phase mass transfer resistance. Li iquid-phase

mass transfer in simple slurry system is probably accomnplished



Table 1-1. Typlcal conditions of flue gas and scrubbing solutions.
g

Flue Gas Characteristics

Temperature iﬁGCC
Pressure Atmosphere
Composition (mole %)
I}

N, 7H.55
CSZ 12.55
H,0 7.76

§2 4,86

ket

NO 0.06
HCL 0.006
SQB 0.005

Scrubbing Solution Characteristics

Temperature SOC
Composition (g-mole/liter)
(dissolved solids)
Ca 0.057
Mg 0.01
c1 .1
S0 0.014

3

0.00h

862

(continue)



disposal pond or landfill area. Lime or limestone is required to
neutralize the acidic 302 in the liquid phase and to make up the
calcium species lost as solid waste. Some typical conditions of
flue gas and scrubbing solution are shown in Table 1-1. (Rochelle,
1978)

A feasible throwaway scrubbing process must perform two
important functions: (1) it must effectively remove SO, from the flue
gas (2) it must produce easy-to-handle and environmentally acceptable
waste disposal. It has been observed that gypsum crystallizes in
much larger, more easily dewatered crystals than CaS0_, Therefore,

3

forced oxidation of waste CaSOB solids has been suggested and tested
as a means of producing easily dewatered waste s0lids which are more
sultable for landfill disposal.

Chiyoda Engineering in Japan initiated the development of
a process to integrate the forced oxidation into the holding tank to
provide sufficient residence time for oxidatlon. Previous work
assumed that SQZ removal in the scrubber occured only by physical
absorption. However, Borgwardt (1977) has demonstrated that S82
absorption capacity is improved by oxidation of absorbed 302 in the
scrubber. This mass transfer enhancement phenomena will be discussed
in chapter 6 with the aid of the 802 absorption model developed
by present work.,

The limiting factor in throwaway processes with slurry

scrubbing is the liquid-phase mass transfer resistance. Liquid-phase

mass transfer in simple slurry system is probably accomplished



Table 1-1. Typical conditions of flue gas and scrubbing solution.

(continue)

(Alkaline species) (millimoles/liter)
se; 0.11

Ca,so; 1.47

ﬁggg; 0.08

itm; 0.5

catco, ” 0.18

MgHCO, " 0.02

3



largely through the buffering couples HCO “/C0. and 50,5 /uan -
3 2 S PV !quB .

At the gas/liquid interphase, HCO3™ and 50, alkalinities react with

3
dissolved 8623
SO3 + SGZ o+ ﬁzo =SS éﬁbOB
HSOB + 802 P 082 + HSGB
The alkaline species HCOB“ and sagm are regenerated at the liquid/
s0lid interphase by dissolution of CaGOB and 03803.
o ot -
CaCO3 + LGE + HZO = O 4+ ZHCGB
rer = et =
CO,, + ZHSO s + i i
Ca 63 ZHS 3 Ca ZSO3 + 802 + dZO
Caso ==ca"" + 50,
3 3
+t - -
a + + == Ca + i
C@SGB GOZ 320 === (s 5583 + H603

The rate of SSZ mass transfer through the liquid boundary layer
adjacent to the gas interface will therefore be a strong function of
the dissolved alkalinity of the bulk liquid, provided that the
reactions are sufficlently rapid. Additives enhance the affect of
dissolved alkalinity by increasing the concentrations of HSOBW and
SOBx or by introducing significant concenirations of other buffering
couples, such as acetate/acetic acid and other organic acids. Thus,
an equivalent level of SQZ removal can be achieved with better lime-
stone utilization, fewer scrubber stages, less pressure drop, iegs‘
liquid rate, and/or a simpler scrubber. Alternatively, a given

scrubber system can be used to oblain better levels of 852 remcoval .

Rochelle and King (1977) have discussed the general criteria of
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desirable buffer additives. The mass transfer model developed in the
Present work will be helpful in the understanding of SO2 absorption

mechanism and in the selection of appropriate buffer additives.

SCOPE OF INVESTIGATION

There are two major objectives of this work:

(1) to model the 302 absorption mechanism by mass transfer with
equilibrium reactions.

(2) to evaluate buffer additives to improve 802 scrubbing performance
by lime or limestone slurries.
The equilibrium reaction effects on mass transfer rate were discussed
for several general reaction types. Both film and surface renewal
theories were used to make material balance for the diffusion process
in liquid phase. An approximation method which can estimate the
surface renewal theory solutions by replacing diffusivity ratios by
their square roots in the solution of film theory was tested over a
wide range of variables. This approximation method was further
applied to complicated multiple reaction systems so that surface
renewal theory mass transfer rate can be easily obtained.

A series of experiments were run to measure the SO absorp-

2

tion rate from a gas mixture of 302 and NZ into aqueous solutions.

A continuous stirred vessel with a flat gas-liquid interface was
employed as the absorber with a simple geometry. The SGZ concentra~
tion in gas phase was controlled in the same range as in SGZ scrubber,
Pure water, HCl and NaCl solutions were used as the absorbing liquid

for the first set of experiments. Only the SOZ hydrolysis reaction



was conslidered in t&e gas absorption mechanism. The presence of
various lons can transform the S@z hydrolysis into different reaction
types. This set of experiments provided data to verify the mass
transfer model with single equilibrium reaction for simple4802
absorption process.

The second set of experiments was to absorb SGZ by RaOH
solutions., For this system; 802 hydrolysis, water ionization and
secondary ionlzation of HSGB* should be considered at the same time,
Therefore, the experimental data can be used to verify mass transfer
with simultaneous multiple equilibrium reaction model.

Acetic acid and adiplc acld solutions were utilized to
absorb 50, for the third set of experiments. The theory of gas/
liquld mass transfer with multiple equilibrium reactions was used to
model those two buffer additives. This theoretical model was fur-
ther employed to evaluate the effectiveness of nine other organic- .
acid buffer additives. The parameters studied included temperature,
diffusivities, PSGZ, pH, pKa, concentrations of total sulfite and
buffer additives. After taking into account the gas-liquid mass
transfer resistance of a typical 802 scrubber, the mass transfer
nodel was used to assess the effect of forced oxidation on the 882

absorption rate and to estimate the amount of organic acid required

to derive most of the mass transfer benefit from buffer additives.
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Chapter 2
SURFACE RENEWAL THEORY FOR S IMULTANEOUS

MASS TRANSFER AND EQUILIBRIUM CHEMICAL REACTION

ABSTRACT

The solution of surface renewal theory for the effect of
instantaneous reversible reaction on the rate of mass transfer has
been computed numerically. The material balance equations were
transformed into ordinary differential equations by combination of
variables. An explicit, finite difference method was employed to
solve the differential equations. At every point along the diffusion
path, all the species were assumed to be in equilibrium. The
analytical solutions derived from film theory are also Presented and
compared with those from surface renewal theory.

An approximation method by the use of film theory solutions
which can estimate the surface renewal theory solutions was tested
over a wide range of variables. It was found that the approxima-
tion method can estimate the surface renewal theory solutions

within 10% for most cases.

SCOPE
This chapter presents numerical solutions of surface renewal
theory for several general cases of instantaneous reversible chemical

reactions with diffusivity ratios different from one. Danckwerts
) 10




11

(1968) has provided a model for diffusivity ratios of one. However,
some lmportant reactions such as 502 absorption in aqueous solutions
have diffusivity ratios as large as 7 (Chang and Rochelle, 1979).
Olander (1960) has solved the filnm theory of absorption for several
types of instantaneous reversible reactions. However, surface
renewal theory is more representative of practical gas-liquid con-
tactors. Secor and Beutler (1967) extended their numerical solutions
of finite rate reversible reaction. However, their method is too

cumbersome to provide general results for instantaneous reversible

reactions.

An approximation method 1is presented to permit application of
surface renewal theory to more complicated reactions. The solution
derived from film theory is modified by substituting for any diffusivity
ratic its square root.

CONCLUSIONS

1) Mass transfer with instantaneous reversible reactions as complicated
as A+ B C+ D can be modeled by surface renewal theory solved
by numerical integration using Kutta's - Simpson's rule.

2) Film theory and surface renewal theory give identical enhancement
factors with diffusivity ratios of one. However, deviations
between the theories can be as much as 1007 with a diffusivity

ratio of 10.

3 Surface renewal theory can be approximated within 10% within the

range of diffusivity ratios of 0.3 to 10.0 by using the film

[&4]

theory solution with diffusivity ratios replaced by their

sguare roots,
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This method does not require numerical integration and should be

especially useful for complicated reaction systems where surface

renewal theory models could be difficult to solve.

4) At large values of the equilibrium constants, the solutions for
bimolecular equilibrium reactions asymptotically approach the
solutions for instantaneous, irreversible reactions presented
by Brian et al (1961).

INTRODUCTION

The problem to be considered is the effect of chemical reaction

on the diffusion rate of solute A into a medium in which A undergoes

an instantaneous, reversible reaction. The effects of reactions 2-1

through 2-4 will be modeled by surface renewal theory:

1)

2)
3)

4)

5)

AZ 2B (2-1)
AZB+C (2-2)
A+BZC (2-3)
A+BIC+D (2-4)

The basic assumptions can be summarized as follows:
Only A can penetrate through the surface of the medium. Species
B, €, and D are nonvolatile,

The concentration of A at the surface of the medium is a constant.
The concentr&tioﬁs of all the species are initially uniform

through the medium.

Transport of all species {s by molecular diffusion alone.

Qély a single reaction is significant.
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6) The chemical reaction is instantaneous and reversible., The
chemical equilibrium restriction is valid at every point of the
diffusion path.

7) The diffusion coefficient of each species is constant,

8) Heat effects are negligible.

In the treatment that follows, the total component material
balance will be used to obtain the differential equations describing
the diffusion process. Each differential equation represents the
material balance of a certain component in all forms, reactant or
product. Unlike the finite reaction rate cases, the diffusion rare
of any component other than A is not zero at the medium surface. FEven
though there is no mass transfer of B, C or D across the interface,
part of A which penetrates through the medium surface will transform
into those species by the instantaneous, reversible reaction. The
stoichiometric relationship will be used to give appropriate boundary
conditions for B, C, and D. |

Case 1, Reaction A 2 2B

According to surface renewal theory, the total component material

balance gives
w2 2

E(Eé.{.iﬁigzg i.f.é{-i@i_% {o_ &
Bt 2%t AT 2733 (2-5)
ox 0x
where A and B are subject to the equilibrium condition
e 2
%1 = C | (2-6)

The initial and boundary conditions are:
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at t = 0, €, =C
at ¢ > 0 ané x = 0, CA = CAi

at t 2 0 and x - o, Cg = CA0

The boundary concentrations of species B can be obtained from Equation
2-6, Either CA or CB in Equation 2-5 can be eliminated by substitu-
ting the equilibrium relation into it. The partial differential
equation can be transformed into an ordinary differential equation by

combination of variables with

w = —=L (2-7)

The dimensionless form of Equation 2-5 can be expressed as:

2 & * *
wdwz (d1+d2 daB ) + 5 o= G +d, diB ) = dy(3) 0 (2-8)
D 2C 2(C, ~ C. )
B Bi Bi Bo
where d, = z— , d, =~ _ d_ =
1 2DA 2 Kl 3 Kl

and B* - CBi e
Bi = “Bo

Equatioﬁ 2-8 1s a nonlinear differential equation, therefore, no
analytical sointion can be obtained. However, it can be solved by
numerical procedures. A forward integration method suggested by
Kutta and Simpson (Levy, 1950) was chosen because it is relatively
simple and very accurate. Aacording to this method, the second order
ordinary differential equation can be separated into two first order

ordipary differential equations by assuming another variable equal to
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the gradient of B*. Integration was performed step by step across the
entire domain of w. Adjustments and corrections were made for each
increment. The error can be as small as the fifth power of the width
of increment (Levy, 1950),

The remaining difficulty occurs in the treatment of the semi-
infinite geometry where a finite number of points must be distributed
over an infinite range of w. Also an abrupt change of B* was expected
in the first few steps of increment of w. An approach was used to tfrang-

form the variable w by means of the equation

—

W

{2.»{};

1-v
This equation wmaps the infinite range of w into a finite range from 0
to 1, that is, at w= 0, v = 0 and at w - @y v = 1. Thus, equation 2.3

can be transformed into

%
dB' | 2 v(1+d,-d B ) epe? 4, (2-10)
dv 1~v 3 * % =10 )
- — |
2(1-v) (4 +dy=d ;") d *dy=d B
%
gt = 4B (2-11)

T odv
The boundary conditions for these equations are
v=0, B =0
v=1l, B =1
Because this is a houndary value problem, an initial value of B'
must be assumed to start the integration. Then, the final value of Bﬁ
at v = 1 obtained from the numerical integration is compared with the

boundary value 1 at v = 1. If the difference is greater than the desired
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tolerance, a correction is made and a new initial value of B' iz ser

to start the integration again until the final solution reaches the

desired limit of accuracy. Figure 2-1 shows the numerical integration
‘results for several différent initial values of B'. The width of each
increment was set at 0.0l. The correct initial value of B' should lie
in between 0.295 and 0.300. The preceding techniques have bheen incorpo-
rated into a Fortran IV program with computer iteration.

The mass transfer enhancement factor is calculated from the results
of the numerical integration. According to the stoichiometry of

~ Yeaction 1, the absorption rate can be written as:

aC B, eC_
EE e A -—--}é. B 3 £ B
N (DA 5x T2 9% x =0 (2-12)
Substituting the equilibrium relation
DA
= som. B 'E 4
N . (CBi CEO) {él + éZ)B i =0 (2,“13}
According to surface renewal theory
- o -5t - _ v -
Nave fG Nse " dt = 2 ¢ DAHS {CBi CBG}{dl+a2)§ ; v=0 (2-14)

the total mass transfer rate of A across the interface without chemical

reaction can be written

Nony = ¥ Dps (4 - €0

P
na
i
[,
A5
p

The mass transfer enhancement factor can be obtained as the ratio

of Equation 2-14 to 2-15 with substitution of Equation 2-6;
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Figure 2-1. Some iterative results for case 1, A .
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where B' at v = 0 is the iterative constant obtained directly from the

¢sl

(2-16)

v=0

numerical sclution of Equations 2-10 and 2-11.

Figure 2-2 shows a plot of ?%1 versus Ki/CAi with the parame-
ter DB/DA' As the value of Ki/CAi becomes less than 0.1, the effect
of chemical reaction on the mass transfer rate is almost negligible.
However, at greater values of Kl/CAi’ the mass transfer rate incre-
ases very fast. This can be explained by the extent of dissociation

of A for various values of Kl/C .+« In real gas absorption cases,

Al
high Kl/CA1 corresponds to either very high value of Ki or very
dilute A in gas phase.
The mass transfer enhancement factor for reaction 2-1 derived fronm

the film model was given by Olander (1960):

E§.f Kl74

= ] + 5
A #ﬁ;& + #SAO

%61

Values afiﬁfi are compared wiikxggi in Figure 2-2. When the diffu-
sivity ratic equals one,fﬁfi is equivalent to @si‘ The difference
betweenzﬁfi and~¢%i increases when DB/DA deviates further from 1.{§f1
is greater thaﬂgbsi for DA/DB greater than 1, and less thansési for
DB/DA less than 1. It was found that the film theory solution of ﬁ?
could be as much as 100% higher than that of surface renewal theory
when DB/BA gets close to 10.

The effect of the bulk concentration, ng' on mass transfer en-~

hancement factor is shown in Figure 2-3. It is interesting to note
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Comparison of mass transfer enhancemenc fact

Figure 2-2, 6rs predicted

by film theory and s&rf&ce renewal theory for

Agzt2n {Cﬁﬁ = 3,
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that the value of ¢ will not be 1.0 even though the mass transfer rate
become zero when Cﬁa equals to Gﬁi'
Another s}mpiified model which considers the equilibrium relation

only at boundaries, the bulk and the surface of medium, was proposed

by Danckwerts (1968):

N = (Ac,,) YD/t (2-18)

where the diffusivities of both species, A and B, are taken to be equal

to D. ACAt represents the amount of A which must be added to a unit
volume of reacting medium in order to raise the concentration of unreacted
A from its initial value Cﬁa to the final equilibrium value, CAi’ and
simultaneously to raise the concentration of A in the reacted form by the
amount required by the equilibrium condition. According to surface

renewal theory and equilibrium relation, Equation 2-18 can be expressed

as;:

N = g’i@?s’(cﬁi+/5'"’§<“~c - J/C. K

ave ALl Ao Aol (2-19)
The mass transfer enhancement factor is
/K. Jh
L p— (2-20)
/Cﬁi + C&g

Comparing Equation 2-20 with 2-17, it is seen that Danckwerts' model
can be considered as a special case of the film model with equal
diffusivities. As such it 1s also equivalent to a rigorous surface
renewal model with egqual diffusivities.

The absorption of sulfur dioxide into pure water is a process of
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gas absorption accompanied by instantaneous reversible reaction of case

1. The following hydrolysis reaction takes place in liquid phase

50, + H,0 * H' + HS0, (2-21)
Because the absorbent is pure water and the products are only two ionic
species of opposite sign, electrical neutrality not only requires that

the concentrations of H+ and HSGéiare always equal but also forces them

to diffuse together with the same effective diffusivities. Chang and

Rochelle (1979) have discussed this process in detail and compared the

predictions of surface renewal model with experimental data.

Case 2, Reaction AZ B + C

The total component material balances on each of the species A and

B are: 5 )
BCA BCB g CA 3 CB
Species A: 5t Tt P L2 Dy (2-22)
5.4 9%
ac.  ac 3%c e
Species B: B _ €. D B 0 ¢ (2-23)
P ot ot B .. 2 c .2 <3)
9% Ix
The equilibrium relation is
C,K, = C.C (2-24)

A2 B7C

The initial and boundary conditions for this case are

at t = 0, Cp = Cﬁa’ CE = ng

>0 and 3 = =
at £t > 0 an 0, Cg CAi

1Y

Gand x v, C, = (

£
at A~ “a0’ Y3 T Cpo
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The boundary concentration of species C can be obtained from the equili-
brium relation of Equation 2-24. The final boundary condition which

reflects the inability of B or C to diffuse across the interface is
BCB QCC

at £t > 0and x = 0, DB - C T =

Equations 2-22 and 2-23 can be transformed into dimensionless forms

by the same mathematical procedures as in case 1:

dB' _ prp 2 v (Em.+ Do (CeymACeCH)
dv iyt (l~v) D, D, K2
5 * ‘ @
DB<CBi ACBB ) . &CCV DQ CBi~&CB§ﬁ
+ 5w - ¢ 3 gﬁm.“ 1>Gm*wggw-%
A 2 EACBd4(1~V} B 2
2D AC L
+ B C (2-25)
DAdAKZ
X
dc' o Ach B C1~AC c*
T~ B G“~“m~wm-“§ (1 - ﬁmﬁ( Kw~“»~)
20C 4, (1-v) A "2
C 4
vo2 v Dy Dy (Cpy=BCBT) b, (Co =AC.CT)
R P 3%‘+§”*§““”+§*”?“““%
2d, (1-v) A A 2 A 2
2DRAC,
; B¢ (2-26)
DAd&KQ \#26)
ac®
T =C (2-27)

dv
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where
C..-C
s Ci ¢
C¥ ===, AC, = C_.-C_, AC_ =C., - C
CCi CG0 B Bi TBo c Ci Co
o -8, D% Pl
4 DA2 DAKZ DAKZ

The boundary conditions become

atv=20,8"=90, c*=0

at v=1,B8=1, ¢c*=1
The numerical method, Kutta's-Simpson's rule, was used to solve the
simultaneous nonlinear differential Equations 2-25, 2-26, 2-27, and 2-11.
Due to fhe nature of the boundary value problem, two initial conditions
need to be guessed to start the numerical procedure. They are either
CBi’ B' or CCi’ C’, Iterative adjustments were made to continue the
calculation until the final computed values of B' and ¢' matched the
known boundary conditions.

The mass transfer rate of species A across the interface can be ex-

pressed as: SCA BCC
AN PR S R R (2-28)

In accordance with surface renewal theory, the steady state absorp~

tion rate can be obtained from Equations 2-24 and 2028 as

= - L f"‘t“ ~
N e »/DA% AC,b,C { v =0 (2-29)
where
Cpi Dby D¢
b TR tTEoth
2 B2 A
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The mass transfer enhancement factor is

\XEElACGc’ |
b, =t | (2-30)
s2 (CAi CAO) v=20

where Czl 0 and CCi are constants obtained from the numerical soclution
v: B

of Equations 2-25, 2-26, 2-27, and 2-11. Some values of $52 are shown

in Figure 2-4 by solid curves with parameters GAi/KZ and BB/DA.

On the other hand, the material balance according to film theory

glves two homogeneocus ordinary differential equations

dch _ &ZCB

p—Aip By oag)
£ 277 2 (2-31)
ae a’c

Dy—3 = D=5 =0 (2-32)
B ax dx

ac, ac,,
at x =0, € =Cps» Dpar=Dogr =0
at x=4¢, ¢ =( C. =

The general solutions to Equations 2-31 and 2-32 are

DACA + DBCB = bl}x + bs (2,_33}
DpCp = DCp = bex + b (2-34)
Substituting boundary conditions into Equations 2-33 and 2-34, bé nust

be equal to zero and the other three constants can be expressed by the

combinations of diffusivities and boundary conditions. Therefore, the
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S0

Figure 2-4, Comparison of mass transfer enhancement factors

predicted
by film theory and surface renewal theory for

e 3 = =
AF=B+C (C, =Cp =cC. =0).
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mass transfer enhancement factor can be obtained as

don =1+ EEEEQE:EEQz (2-35)
£2 DpCriCyo) o
where
- Bo \/Zc e }2%4%63"3’*&2
Co D Bo Co D Bo D
¢ - c c c
Ci 2

The film theory mass transfer emhancement factor, @fz’ is also shown
in Figure 2-4 by dashed curves. t can be seen that reversal of the

relative values.of @fz and ¢32 occurs when the diffusivity ratio

(DBfDA) changes from greater than 1 ¢o less than 1.
| Aétually, case 1 can be considered as a special condition of case 2
where CBG is equal to CCO and DB is equal to ﬁC,

When sulfur dioxide is absorbed by an aqueous solution of strong
electrolyte such as NaCl, electrical neutrality no longer restricts the
diffusion behavior of the ionic products. The two product ions of the
hydrolysis reaction, ut and HSOB“, can migrate with different diffusivi~
ties, Therefore, the absorption process becomes mass transfer accompa-
nied by an instantaneous, reversible reaction of case 2. {Chang and
Rochelle, 1979)

Case 3, Reaction A+ B3¢

The differences between this case and case 2 are the boundary

conditions and equilibrium relation. The total component material

balance gives é 9
aC al 3 C 8 ¢
. A B A B o
Species A, Pr il vl DA 5 - DB —5 {2“ﬁ3i



28

9c,  ac, BECB 33€C
Species B, st Ll eap —Pip . C o
at ot B axz c BXE L3y 7

where A, B, and C are subject to the equilibrium relation

CaCgKy = Cp (2-38)

The initial and boundary conditions are

o zz I =
§€B 3€C
> = £ e e 352
at t > 0 and x = @, CA eAi v BB 5t Dg o

> ax : e, =
at t > 0 and x » o, CA QAO . QS CB@

The same numerical procedures used for case 2 can be applied to thig

system. The mass transfer rate can be expressed as

- ¥
Y ; fm ey S
N e D s b, AC,A fv “ o (2-39)
where
P S T
Z (BB+ﬁ€CAiRE}Dé
and
aA* x Cai G
dv A, A= ¢, . ~C
Al TAo

The mass transfer enhancement factor can be written

. %Vﬂ. ) ~ hiem
b3 =YmbA Tl L g (2-40)

t
where A iv = 0 is a constant obtained from the numerical solution of

Equations 2-36, 2-37, 2-38, and 2-11., Some values of @%3 are shown

in Figure 2-5. along with the film theory mass transfer enhancement

A
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Figure 2-5. Comparison of mass transfer enhancement factors predicted by -

O

film theory and surface renewal theory for A + Be=2(

(CAO = CCG = 0, C}}ofcﬁi = 10).
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factors given by Olander (1960).

£ KB becomes large, the system approaches that of instantaneous
irreversible, second-order reaction which has been discussed in detail
in the literature. As K3 approaches infinity, the group l/CAiK3 in
Figure 2-5 approaches zero and both film theory and surface renewal
theory mass transfer enhancement factors reach asympotic values.
Olander (1960) showed that the asymptotic value of%éfg was equivalent
to Hatta's (1928) equation for reaction ty?e of this case. It was
found from present work that the asymptotic values of‘ﬁSB corresponded
to the solutions given by Danckwerts (1970) and Sherwood and Pigford

(1952) for this reaction type under instantanecus and irreversible

conditions.

Case 4  Reaction A+ B=C + D

There are four components in this system, therefore, four equations
are needed to solve for the mass transfer rate of species 4. The
equilibrium relation provides one equation, the other three can be ob=~

tained from material balances. The total component material balance

gives:
ac,  ac a%c a2c
. A B _ A B
Spectes b Ge mwe TP 2% o (2-41)
9% ox
ac,  ac, ¥’c, ac,
Species B, =+ o= = Dy =5~ + D, =5~ (2-42)
‘ 9% 9%
ac, ac ¥c, a%c,
Species D, §?«t%-§z~>= 38 5+ DD 5 (2-43)



31

where A, B, C, and D are subject to the equilibrium relation:

KCals = Oy (2-h)

The initial and boundary conditions are

at t = 0, Cu=Cp»Cy=¢C _,C =¢

§
!

> = ' ;
att >0 and x> w,0) =€y, Cp= ¢~ o

B c_
P R
AT Car 0 Py ag t 0.

#

at ¢ > 0 and x=0, ¢

aC. 3¢
B Do
Dy 5= T 0y ™ -0

The numerical procedure, Kutta's-Simpson's rule, can also be used

(ae soive for the mass transfer rate of A of this case., But three
initial conditions, for example, CBi’ Cﬂi’ and Bg, must be get to start
the integration. Three variables ﬁ*, C*, and D¥ should reach the
boundary condition of 1 at the same time when appropriate initial con-~
ditions were given for the numerical integration. The mass transfer

rate of A across the interface can be written as

aC ac
T e ._...._“é - ,_,wi}i ! ;o
: 5% e 'x = 0 (2-45)

The mass transfer enhancement factor according to surface renewal theory

is:
vﬁg'b3ﬁ'%
Yse T Thc v -0 (2-46)
where
b= r}IBCCi DpChi 4 a1 +%§
3 DK,C DX, C c D

B47Bi C47B1 Bi A
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Values of @sé obtained from numerical solution of Equations 2-11,
2-27, 2-H1, 2-42, 2-43, and 2-U4 are shown in Figure 2-6. The corres-
ponding values of film theory mass transfer enhancement factor are also
presented as dashed curves. Those values were calculated from the
equations equivalent to those given by Olander (1960) and Danckwerts
(1970).

bgg = 1 4 mz (2-47)
AMAL
where

CBo CCD DD ﬁﬁ
Cer = PpCaiky ¢ D, + DB) /A ”“ﬁ”g Cpo * b, Caifs = Ceo)

2

D D

1/2
CBO C

Co D |y .
PR, Gt )l G ey v Gk, = C ) )

c B c o B 4 Co

If we take the limit of CCi ag Ké approaches infinity and substi-

tute it into Equation 2-47, the mass transfer enhancement factor

becomes
D_¢C
lim q‘)f& = 1 + BBCBO {2«&8}
K&* o ATAL

vhich is the Hatta (1928) equation for the reaction type of case 3.
Therefore, when the equilibrium constant approaches infinity, case 4
is actually equivalent to case 3 and the physical properties of the
reaction prc&ucts do not affect the mass transfer rate any more. It

can be seen from Figures 5 and é that even though ésg and @sé are quite

different from each other at moderate values of equilibrium constants,



33

O

i i |
1000 100 10 .0 Ol
K

Figure 2-6. Comparison of mass transfer enhancement factors predicted
by film theory and surface renewal theory for

wsmmendt F=3 = = N =
A+ Be2C+D (CAD CGQ CBG 0, (,BQICM 10).



34

they tend to approach the same asymptotic values as KB and Ké become

very large.

Case 4 can also be equivalent to case 3 when C (or D) has high
concentration and/or low diffusitivity relative to those of éther
species. Under such circumstances, the concentration of C (or D) is
almost constant throughout the system and the chemical reaction effect

on its concentration distribution is negligible.

Approximation Method

| From prior sections, it is seen that the solution of surface
renewal theory for mass transfer with chemical reactions involves
numerical integration and tedicus trial and error procedures. On the
other hand, the exact solution of film theory is easily obtained in
algebraic form. It was found that/the exact surface renewal theory

| solutions could be approximated by replacing the diffusivity ratiocs
by their square roots in the exact analytical solution based on film
theory.

It can be shown from the previous analysis of Danckwerts' theory
(1968) that the effects of chemical reaction on mass transfer rate for
both film theory and surface renewal theory are equivalent when the
diffusivities of all components are the same. The relative magnitude
of the mass transfer enhancement factors switch when the diffusivicy
ratioc goes across 1.0 as shown ia.Figares 2=2, 2-4, 2-5, and 2-6,

All the equations needed to approximate the surface renewal

theory mass transfer enhancement factors for cases 1, 2, 3, and 4 are
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listed in Table 2-1. Figures 2-7, 2-8, 2-9, and 2-10 show the
deviation between the enhancement factor obtained by exact numerical
solution, @S, and the enhancement factor, Qa’ calculated by the use

of the equations in Table 2-1. The deviations were found to be most
sensitive to variations in the diffusivity ratios. The @a is actually
equal to ¢ when all the diffusivity ratios are equal to unity. The
differences between the predictions of the approximation method and
that of the surface renewal theory become larger as the diffusivity
ratios deviate from one. Figure 2-11, 2-12, 2-13, and 2-14 chow
comparisons of @S and ¢a for more extensive variations of the boundary
conditions and other parameters for all four reaction types. For

most cases the values of exact solutions of the surface renewal theory

can be approximated by this method within 10% when the diffusivity

ratios lie between 0.3 and 10.

g
i

previously mentioned, if the equilibrium constants become very
large, both the systems of cases 3 and 4 approach the instantaneous,
irreversible reaction type problem. From Table 2-1, it can be

seen that as the equilibrium constants approach infinity, the

mass transfer enhancement factors in borh Equations (T-3) and (T-4)

reduce to

b, C
B "Bo .
im ¢ = 1 + — (2-49)
a,34 DA bAi
K +» o

which corresponds to replacing by its square root the diffusivity
ratio of Hatta's equation (1928} of this reaction type. Brian et al.
(1961) analyzed the solutions for surface renewal theory with instan-

taneous irreversible bimolecular reaction and suggested Equation 2-49
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Table 2-1,
Case 1 ¢al
Case 2 @az
Case 3
Case 4 ¢a&

CCi
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Summary of the equations for the approximation
method for cases 1, 2, 3, and 4.

v K174

A JcAi+ /cAO

1

/EB 2 /SB g /EB
[(Coo 5 Cpod +4/ 5 Cp¥y) ~Cou 5 ¢,

=1+ C C C [

(T-1)

i

[

+
u@]

Dy Q(CA{CAO)
(1-2)
C
=1+ 'ég‘ = (1-3)
D
A . B 1
ai ¥ D.x_
C ™3
- /56 (CCi”CCo}
=ity e (T-4)
A “CALi VAo

it

1, /P /oy 2
7 LI D, Cpot D, CpiK4=Ceo) H4C K,

(/g-chQ + @ ccé}}% - </§' C +/§c

K, -C_ )}
DB c Do DB AL 4 Co
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was a good approximation method at high value of ¢ and at values of
DBfDA near 1.0. Rochelle and King (1977) utilized this kind of
approximation to construct a mass transfer model to describe the
scrubber behavior for the absorption of sulfur dioxide from stack

gas by lime/limestone slurries.



Notation

b13 bz) b32

CA’ CB’ CC, CD

CAi’ CBi’ CCi’
CAO’ CBO’ CCG’
dys dy d3, d&
Kl’ Kz

%3

%4

N

N

ave

CDi

C

Do

L6

dimensionlesé concentrations for spacies A, B,
and C.

dimensionless concentration gradients for species
A, B, and C defined by Equations (39), (11), and
(26)

dimensionless groups defined by Equations (29),
(39), and (46)

concentrations of species A, B, C, and D,
g-mole/liter

concentrations of species A, B, C, and D at
interface, - g-mole/liter

concentrations of species A, B, C, and D at
bulk g-mole/liter

dimensionless groups defined by Equations (8)
and (25)

equilibrium constants defined by Equations (6)
and (4), g-mole/liter

equilibrium constant defined by Equation (38),
liter/g-mole

equilibrium constant defined by Equation (44)
instantaneous flux of A across the interface,
gwmelesisac~cm2

average flux of A across the interface,

g~msle}sec~cm2
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average flux of A across the interface without
chemical reaction, gwmoleisec~cm2

fractional rate of surface renewal, sec

time, sec

defined by Equation (9)

defined by Equation (7)

distance, cm

mass transfer enhancement factors predicted by
approximation method for case 1, 2, 3, and 4
mass transfer enhancement factors predicted

by film theory for case 1, 2, and 4

mass transfer enhancement factors predicted by
surface renewal model for case 1, Z, 3, and 4
mass transfer enhancement factor predicted

by Danckwerts' model for Case 1

concentration differences between the interface
and the bulk for species A, B, C, and D,
g-mole/liter

total concentration difference for species A
defined by Equation (18), g-mole/liter

film thickness, cm
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Chapter 3

MASS TRANSFER WITH MULTIPLE EQUILIBRIUM REACTIONS

ABSTRACT
The effects on mass transfer of multiple instantaneous
reversible reactlions are modeled by film theory and surface renewal
theory. Film theory mass transfer enhancement factors are solved
directly for simple reaction systems. More complicated systems
require numerical solution of higher order algebraic equations.
Non-interacting systems of reactlions can be solved as a
linear sum of contributions from each constituting reaction. Inter-
acting systems each require a unique solution. Only the simplest
reaction system iz easily solved for surface renewal theory. The
solution of surface renewal theory for more complicated systems
is approximated by replacing diffusivity ratios by their square roots

in the solution of film theory.

SCOPE
Multié}e reactions are frequently more representative than
single reactions when considering gas absorption with chemical reac- o
tions. However, the analysis is often avoided because of its
complexity. Analytical solutions have been obtained for first and

second-order, irreversible reactions with finite rates. (Kuo and

49
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Huang, 1970, Kubota and Lee, 1973, Kuo et al, 1974, Seda et al, 1977)
Either numerical methods or approximation methods have been used for
multiple, irreversible reactions with kinetic order higher than

two (Brian and Beaverstock, 1965, Teramoto et al, 1973, Kuo and
Huang, 1973). Hikita et al (1972 and 1976) discussed the case of gas
absorption accompanied by a two-step instantaneous irreversible
reactions in which the gas absorption rate is totally mass transfer

controlled.

Experimental studies on gas absorption accompanied by multiple
chemical reactions in the 1liquid phase have been carried out for the

2*&&03 and SGE*NastB,

(Hikita et al, 1977); COZ~§80H and CDZ~§32€D3~€&H6333 (Rehm

et al, 1963, Hikita et al, 1976); and COi‘aqueavs amine golutions,

systems Clz«NaOﬁ, (Hikita et al, 1973), SO

(Sada et al, 1976).

However, very few studies have been presented in the literature
on the case of mass transfer with multiple instantanecus reversible
reactions. Danckwerts (1960) suggested a model for a single equili-
brium reaction which considers the equilibrium relation only at the
gas—-liquid interphase and liquid bulk. This model can be extended to
multiple instantaneous reversible reactions. However, its application
is restricted to systems with components of equal diffusivities.
Olander (1960) presented solutions of film theory for single equili-
brium reactions with unequal diffusivities. Chang and Rochelle (1979)

kS

considered single equilibrium reactions with surface remewal theory and
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approximated surface remewal by a simple modification of the solution to
film fheory. The objective of this work is to solve film theory and
approximate surface renewal theory for systems of multiple instantaneous
reversible reactions with components of unequal diffusivities.
Conclusions

The multiple equilibrium reaction systems can be divided into two
categories, non-interacting and interacting systems. The former one
requires that there are no commen components except the one penetrating
through the phase boundary. The characteristics of the constituting
single reactions can be directly applied to the multiple reaction
system. The effects of multiple reactions on mass transfer rate are
the sum of the effects of the constituting single reactions.

The interacting systems have more than one common component and
all the properties of the components can affect the concentration pro-
files and mass transfer rates. Therefore, each interacting system
results in a unique form of mass transfer enhancement factor.

The film theory of mass transfer with multiple equilibrium reactions
can be solved for most cases., Numerical techniques may be required for
complicated reaction systems because they involve high order algebraic
equations.

Only the simplest reaction system can be solved by surface renewal
theory. However, the film theory solutions can be employed to estimate
the surface renewal theory mass tfangfer enhancement factor with the

approximation method suggested by Chang and Rochelle (1979).

B
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Introduction

The problem to be ceésiéereé is a transport process between two
phases, for example, gas and liquid phases. As the reactant A diffuses
from the gas phase into interface, it is assumed that several instan-
taneous reversible reactions take place along the path of diffusion in
the liquid phase. The main feature of this system is that chemical
equilibrium is maintained throughout the diffusion path. The concen—
tration of A at the phase interface is assumed to be constant. Other
assumptions and basic approaches of the authors' previous paper on the
effect of single equilibrium reactions (Chang and Rochelle, 1979)
will also be used as the basis of the present analysis.

Multiple and Single Reactions

Systems of reactions with finite rates can be represented as a
combination of two primary reaction types, competing or parallel
reactions and consecutive or series reactions. The relative positions
of the reactants, intermediate products,and final products are not
changeable. However, for the case of instantaneous reversible
reactions, the multiple reactions are more versatile and convertible.
This is because, first, we do not have to deal with the kinetic be-
havior of the reactions and, second, there are equilibrium relations

between all the reactants and products, for example:

As=2C+D, C\K; = €Ly (3-1)
Py 7 = . é.
ATE+ T, €K, = C.Cy (3-2)

These two parallel reactions could also be expressed as consecutive

reactions:
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Ag=C+DZ=E+F, CAKlw(ZaCD {3.,_,3}
CCGDK3 = CECF

where K3 = K2/Kl' Furthermore reaction 3-3 can be represented by the
combination of the fqllowing reaction with either reaction 3-1 or 3-Z2.
C+DF=E+F (3-4)
All multiple reactions can be expressed by the parallel combination
of single reactions. However, not all the multiple reactions can be
represented as a series of single reactions, for example:
A+BZ2C+D (3-5)
A+E=F y ggmg}
Thus, systems of consecutive reactions are special cases of multiple
reactions,
The distinction between a single reaction and multiple reactions
is in stoichiometry. If we compare reactions 1 and 2 with a single
reaction having the equivalent equilibrium relations,

2

AFRCHDHE+FTF, €K, = C.CCC (3-7)

7 CDEF

where K7 = K1 Kz, the stoichiometry of reaction 3-7 requires that one
half mole of each product C, D, E, and F is produced when one mole of
A is consumed. However, this is not true for multiple reactions 3-1
and 3-2. The distribution of the reacted A depends on the relative o
order of magnitude of the equilibrium constants of reactions 3-1

and 3-2.



Film theory with non-interacting multiple reactions

A system of reactions is non-interacting if the component A is the

only common component in each reaction.

For this system, only the

distribution of reacted A between the products has to be considered.

The stoichiometry relatiogs between all of the species other than A are

fixed.’

The generalized non-interacting system can be expressed as

J
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The total steady-state material balance for component A in terms of the

first product of each single reaction gives

d Cﬁ m Be 1 d Ce 1
5+ 3 Smloslog (5-6)
dx e=1 Ye,l dx

The general solution of Equation 3-8 is

D

m
w...e..l;. =z { ~0Y
D,C, + > 5 Ce,z byx + b, (3-9)
e=1 Fe,l
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where bl and b2 are integration constants. The flux of species A

across the interface is

dC.A m Ee 1 dce 1
Ne = ~ygx ¥ %;g ;:”;'“E§““J§xz0 (3-10)

Combination of Equations 3-9 and 3~10 gives Nf in terms of the boun-

dary conditions C

ALt CAO’ c

. and C

e,li e,log
DA m De 4
Ne =By =5 (Cyy ~ G %;? ;e .8 Ce1s ™ Ce,10’ (3-11)
= Y .

The definition of the mass transfer enhancement factor, @f, is given by

N, =¢. % (€, -C,) (3-12)

According to this definition and Equation 3-11, the mass transfer en-
hancement factor for a system with only one single reaction e can be

expressed as

)

Be,l (Ca,li”ce,lo

L X N IS

Ae,1 “TAL Tho
Comparison of Equation 3-12 with 3-11 shows that the overall mass
transfer enhancement factor for a system of m reactions can he ex-

pressed as
b =1+ ) (¢ -1 (3-13),

Therefore, for a system of nonwiﬁteracﬁing multiple reactions, each
constituting single reaction contributes one additive term to the

overall mass transfer enhancement factor., This term is derived from
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the mass transfer enhancement factor of the individual single reaction
by itself. That is, there is no interaction among the constituting
reactions and those single reactions affect the mass transfer rate

independently.’

Mass transfer enhancement factors of several typical single
reactions are listed in Table 3-1. (Glander, 1960, Danckwerts, 1970,

Chang and Rochelle, 1979) For example, by the use of Equation 3-13,

the mass transfer enhancement factor of the gystem
A+Bgs=2cC , CACBKlé = C. (3-14)
A =D , CAK15 = C}} (3“15>

can be cobtained from Table 1 as

DyCho . DpKys
D, (Cyy¥Ky4Dp/D) ~ D,

®f=1+

Film thecry with interacting multiple reactions

For a system of interacting multiple reactions, there is
more than one common component in all the constituting single reactions.
Theréfore, the distribution of those common components must be con~
sidered in the material balances. Furthermore, the constituting
single reactions no longer contribute independently to the mass trans—
fer enhancement factor. All the reactants and products affect each
other both in concentration distribution and mass transfer rate,

For example, consider the system:

§
[
L

A+ B e3¢ (31

)
A+ B z=2p (3-16)



Table 3~1. Film theory enhancement factors for single reactions
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(Olander, 1960, Danckwerts, 1970, Chang and Rochelle, 1979)

Reaction type

As=3

(CAK = CB)

A o= 2B

2
(CAK = CB )

A+ B g=2¢C

(CACB& = CC)

A+ B ==22C

2
(CACBK = CC )

Az2B +¢C

(CAK = CBGC)

2A =B + C

2
(CA K = CKCC)

K C
DB Bo

(K ¢ +
b, (KC,,

DC(CC.~C )

DB/DQ)

i Co
20, (Cp=Chg

) ¥

S
Cpi =3 i ¢

C
- f
Bo DC Co
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A4+ B2 4+ D ”
DC{CCi )

(C,ChK = C.C.) p,(C,,~C )
(e Dy D, 2 D, Dy o
Coy = E{BWC of 52KC, ~Co) e, K (o +20 )]
C B C B
D B

D
- C A KC )}
DC Do DB Ce
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This is an interacting multiplie reaction system because those two
reactions have two common compoﬁents, A and B. The toral & component

material balance is

a? a’c

Y CA _ D

A 2 B, 2
dx dx

D

The total B component material balance is

Z 2 2z
d CB d CC a CQ

B dx2 C dxz D dxz

=0 (3-18)

The equilibrium relations are
a8%14 = C¢
aCs¥16 = G
The boundary conditions are
atx=0 , ¢, =2¢
atx=68 , C, =¢ , C.=¢C

The final boundary condition is:

dc dc dcC
B C D
at x o ., DB i + Bc I + BD e 0

Substituting the boundary conditions and the equilibrium relations into
Equations 3-17 and 3-18, we can obtain the interface concentration of

species B:

DBCBo+ﬁCCCG+BSCBc

BL o DptDeCu Ky 4584 %

Equation 3-19 shows CBi is a function of bulk concentrations,
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diffusivities, and equilibrium constants of all the components and
reactions of this system.

The mass transfer rate of A across the interface can be obtained

as
DA
Ne = G,y - C) b, (3-20)
where
DK
D716
Dplpol + 5 )
c 14
6 = 1 + .
£ Dy P%i6
DA[D R L e }]
c 14 ¢4

The mass transfer enhancement factor, ¢f, igs quite different from
those of non-interacting systems in the previous section. There is no
obvious relation between the mass transfer enhancement factor of

the system of interacting multiple reactions and of the constituting
single reactions,

Not all multiple reaction systems have analytical solutions for
mass transfer rates. When there are more than three products, the
algebraic equation which relates the interface concentration and other
known properties becomes a complicated form with order higher than
three, Numerical techniques, such as Newton Rapson's method, must
be used to solve the algebraic equation. Once the interface con~-
centration is obtained, the mass transfer rate can also be calculated.

Surface Renewal Theory with Multiple Reactions

First, consider the simplest case of multiple reactions:
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Pra— 1 s
AF=5 21,1 7 %1
A =B C.K = C
1,2
: 2 A 2:, B,2 (3-21)
¢ ¢
—t =
A 5 CAKZl,m CB,m
The total unsteady-state material balance for component A gives
3ZCA m SZCB e 3 m
D+ . . {3901
Dy 7t g DB,e 2 at (CA * z; GB,e) \J-22)
ox e=1 ox e=1

- The initial and boundary conditions are

at t =0, CA = CAo
> = P

t 0 and x = 0, CA CAi

t >0 and x - oo CA = CAo

The boundary conditions of species Be can be obtained from the
equilibrium relations. Equation 3-22 can be solved for the instan-

taneous flux of A across the phase boundary defined by

BCA m ECB o ,
o s (St B {73 ey
Ns [DA o0x + E;: Dpe ( 9x )}t (3-23)
e=1 x=0
to yield the time-average flux:
&
= -8t = / o - / ~
Nave .}; Ns ¢ de Dys (CAi CAO) ¢s (3-24)

where the enhancement factor, ¢s’ is given by
ji m DB e '
- Pt S
¢’s [(l * Z K21,e)€1 + Z D Kzl,eﬂ
e=1 e=1 "A

For comparison, the film theory solution obtained from Table 51 an

Equation 3-13 gives:



2 EB egzi e
bpm 1 L T (3-25)
Q&

. . e 71 - o v e 2 z s s
Danckwerts (1968} proposed a simple concept which simplified this case

into purely physical mass transfer taking (C - Cii ) as the driv-
. AL0

Ati

ing force. The concentration of total A compounent, ng’ iz

m
Yat'T VA 4‘%;% Cﬁ,é (3-26)
Then, Equation 3-24 can be written as
' - B,e
P )
(1 %“zgi D@ KEE,& ’ )
= D = - - a 3-27)
Nove DpS <€Ati Céta} m \3=27)

1+ ‘{; Kgi&
e=1

Equation 3-27 is equivalent to Danckwerts' model when
21l the diffusivity ratios are equal to one.

Because of the non-linear equilibrium relations, no analytical
solutions are expected for multiple reaction systems other than
reaction 3-21. An approximation method which can estimate the surface
renewal mass transfer enhancement factor by the use of film theory
solutions was tested by Chang and Rochelle (1979) for single equili-
brium reaction systems. This method sugpests that the mass transfer
enhancement factors derived from surface renewal theory can be esti-
mated by replacing all the diffusivity ratios in film theory solutions
by thelr square rcots. Figure 3«1 shows the comparison of mass trans-
fer enhancement factors predicted by surface renewal t&eéry and appro-

ximation method for reaction 3-21. It is seen that the approximation
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Figure 3-1. Comparison of mass transfer enhancement factors predicted
by rigorous and approximate surface renewal theory for
reaction 21 with E% e:‘fBA = 0.3 to 10, Kzz,@ = 0.1 to 10,

&

m= 2 to 10,
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method can estimate the surface renewal theory solutions within 10%
error for a wide range of all the parameters. Since film theory
solution, either analytical or numerical, can usually be obtained for
other multiple reactions, this approximation method should be very
useful for the estimation of the surface renewal theory solutions
for the more complicated and practical multiple reaction systems.
For examéle, material balance for the surface renewal theory
of the interacting system with reactions 3-14 and 3-16 gives two
second-order nonlinear partial differential equations. Solution of
those equations involves complicated numerical methods and tedious
trial and error procedures. However, surface renewal theory can be
easily approximated by replacing diffusivities by their square roots

in the corresponding film theory solution as shown in Equation 3-20

to give:
/D, K
C (1 + MQ.Tlé
D Bo Do Ky
¢ D

1+ -

a D DK
A JDB t]i AIVA I J/DD Klé}
%14 ¢ %14

C



Notation

bl' b2> = constants, see Equation (9)

c = concentration, g-mole/liter

D = diffusivity, cmz/sec

J,J = number of reactants and products
K = equilibrium constant

] = number of reactions

N = absorption rate, g-mole/sec

PeY = stoichiometric coefficient

s = fractional rate of surface renewal, sec,
t = time, sec.

b4 = distance, cm,

¢ = mass transgfer enhancement factor
8 = film thickness, cm.

Subsgcripts

a . = approximation method

e = reaction e

£ = film theory

i = interface

h = gcompeonent number

0 =  bulk

] = surface renewal theory
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Chapter 4

302 ABSORPTION INTO AQUEOUS SOLUTIONS

ABSTRACT
The absorption rate of S0, from a gas mixture of SO

2 2

into pure water, HC1, and NaCl solutions has been measured at 2503

and &2

in a continuous stirred vessel with an unbroken gas-liquid interface,

Gas-phase mass transfer resistance was determined by absorption into

0.7 to 1.0 molar NaOH solution. The rates of liguid-phase mass

transfer are accurately modeled by the theory of surface renewal

with the instantaneous, reversible hydrolysis of dissolved SOE'
Because ﬁ%)aﬁﬁ HSOS_diffuse at the same rate, pure water

results in the reaction type, As=*2B. The enhancement factor

varies from 1.1 with pure SOE to 12 with 200 ppm 302 in the gas.

HCl solutions give the reaction type, A==B. The enhancement factor

with dilute 802 varies from 2.5 in 0.01 molar HCl to 1.0 in 1 molar

HCl. In HaCl solutions, H+ and HSQB~ diffuse at different rates

and the reaction is given by A&=2B + (. The enhancement factor with

1250 ppm 802 increases by 20 to 25% in going from pure water to

0.4 molar NaCl.

SCOPE
The removal of sulfur dioxide from gas mixtures by chemical

absorption with aqueous solutions or slurries is an important

- process for control of air pollution. This process is frequently

68
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Process for control of air pollution. This process is frequently
dominated by liguid-phase mass transfer resistance (Rochelle and
King, 197?). Little work has been done on modelling by fundamental
theories the enhancement of SOZ absorption by chemical reactions.

The absorption of sulfur dioxide into water is a process of
simultaneous mass transfer with instantaneous reversible reaction.
Danckwerts’® (1968) modified physical absorpition model was most often
used in previous studles. But this model does not consider the
sulfur dioxide hydrolysis reaction properly and may result in some
error due to the different sulfur dioxide and bisulfite diffusiviteis.
Because no exact analytical solution can be obtained from the
rigorous surface renewal model, only the film model (Vivian, 1973) -
and an approximate penetration model (Hikita, 1978) have been used
to interpret the absorption data. However, the rigorous surface
renewal model has been solved numerically by Chang and Rochelle
(1979). Their results will be employed to analyze the experimental
data of this work.

Most previous experimental studies used pure sulfur dioxide
as gas phase (Groothuis and Kramers, 1955; Lynn et al., 1955; Toor
and Chiang, 1959, Hikita et al., 1978). 1In these cases, the sulfur
dioxide hydrolysis reaction is highly depressed and can only enhance
the physical absorption rate about 10%4. It is very difficult to
discuss the absorption mechanism with such a small rate change.

On the other hand, the concentration of sulfur dioxide in stack gas

is normally 1000 to 4000 ppm. This work has conducted experiments
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at SGZ partial pressures of 0.0002 atm to 0.98 atm. Thes results
show a greater effect of iheghydrslysis reaction and are of greater
practical significance.

The present work was undertaken to confirm that SGZ absorption
into aqueous solutions can be represented by a rigorous surface

renewal model with equilibrium hydrolysis of sulfur dioxide at all

points in a baffled agitated vessel with a flat gas-1ligquid interface.

CONCLUSIONS

Experiments have been carried out on the absorption of sulfur
dioside, both pure 50, and 302/}32 mixtures, into pure water, HC1
solutions and NaCl solutions in a continuous stirred tank. These
results have been modeled by the mass transfer theory of surface
renewal with instantaneous reversible chemical reaction.

For the sulfur dioxide-water system, the gas absorption
mechanism can be modeled by mass transfer with an instantaneous
reversible reaction of the type A==2B. The hydrogen and bisulfite
ions possess equal diffusivities to comply with the electrical
neutrality requirement.

For the sulfur dioxide-~hydrogen chloride system, the equili-
brium chemical reaction type becomes A==B. The mass transfer
enhancement factor is independent of gas phase sulfur dioxide
partial pressure.

For the sulfur dioxide-sodium chloride system, the absorption

can be described by surface renewal theory accompanied by an
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equilibrium reaction of type A=2B + C. f&e presence of the rela-
tively high concentration of sodium chloride releases the hydrogen
ion from the force of electrical potential gradient in the system.
Sodium chloride also increases the value of the effective equili-
brium constant through its effect on activity coefficients. These
factors are reflected in the increase of the 302 absorption rate

with the addition of sodium chloride.

CHEMICAL ABSORPTION MECHANISM

The following hydrolysis reaction takes place in the

liguid phase when sulfur dioxide is absorbed into pure water:
+ - (h4 %

O

The forward reaction rate constant at 2070 was estimated to be

3.4 x 106 (s)mi (Bigen et al., 1961) and this reaction can be
considered to be instantaneous. The value of the equilibrium

constant of reaction 4-1 is

a a -
H+3Hso
K, = 3 = 1.3 x 102 (4-2)
%0
2
at 257C and infinite dilution (Johnstone and Leppla, 1934). The

moderately low value of Ka and high reaction rate characterize the
equilibrium feature of this hydrolysis reaction. Therefore, the
absorption of sulfur dioxide intm‘water can be regarded as a pro-
cess of gas absorption accompanied by an instantaneous reversible

reaction.
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In a previous paper, Chang and Sséhelle (1979) considered
the problem of mass transfer with various single equilibrium reactions.
They presented the theoretical analysis based on surface renewal
theory and compared the result with that of film theory given by
Olander (1963). It was shown that the predictions of the two models
are equivalent when the diffusivities of all the diffusing species
are equal. The two models differ when the diffusivity ratios
deviate from unity. However, results of the surface renewal theory
can be estimated by an approximation method which modifies the
exact solution of the film theory by replacing the diffusivity ratios
with their square roots.

When sulfur dloxide is absorbed into pure water, there are
no other ionic specles except the two reaction products present in
liquid phase. Therefore electrical neutrality requires that the
concentration and effective diffusivity of 1" are always equal to
those of HSOBM‘ As a result, the hydrolysis reaction of 502 in pure
water can be represented as a reversible reaction of the type
A28, The results of surface renewal theory can be obtained by
numerical solution of the second-order nonlinear differential
material balance equation. The mass transfer enhancement factor

can be approximated by (Chang and Rochelle, 1979);

D, K
& = B o . N
ICHRE /;; et (5-3)
J TAi JFMAO

where QA and ﬁB represent the diffusivities of species A and B, XK,
L

the effective equilibrium constant of reaction 4-1, and SA* and ng
-
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the concentrations of species A& at gas-1liquid interface and liquid
bulk, respectively. The rate of 3@2 absorption Ng can be expressed

as

Ny = ¢k2a(cAi - Cpl) (b-1t)

When SO, is absorbed into a HCL solution in which the H'
ion concentration is much higher than that of HSQB* ion, the H%
lon concentration is almost a constant through the system and the
sulfur dioxide hydrolysis effect on H' ion distribution is negli-
gible. The absorption of SGZ into HCl solution become a gas absor=
yﬁion‘pracess accompanied by an equilibrium reaction of the form
A=B, where B represents the bisulfite ion only. The exact surface

renewal theory solution for the mass transfer enhancement factor

was given by (Olander, 1960):

_ Dy . ) B
¢y = J/li + 5§.KC}{1 + K. (4-5)

and the film theory solution was given:

(nt)
If sodium chloride solution is used to absorb sulfur dioxide,

electrical neutrality no longer constrains the concentration
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distribution and diffusivity of H' ang HSZ@B“, Therefore the reaction
which affects the absorption rate of 8@2 into NaCl solution is a
reversible reaction of the type A==B + C. The numerical solution

of the surface renewal model can be approximated by {Ghaﬁg and

Rochelle, 1979);:

o = 14+ |2 Cei - Ceo .
a D, C,. = ¢ (&4-7)
A TA4 Ao
in which
b
B DB 2 / EB
c - CCO E‘EE {QBO "‘”/ {CCO m/;; CBO} + 4 5{%— CAiK{}
Ci 5
EXPERIMENTAL

Apparatus and procedure

Figure 4-1 shows a schematic diagram of the experimentsl
apparatus. The agitated vessel, shown in Figure 4-2, was made of
lucite with 14 cm i.4. Four equally spaced vertical baffles, each
one twelfth of the vessel diameter in width, were attached to the
internal wall of the vessel. Another baffle, shown in Figure 4-2(a),
was put on the inner side of the 1id under the gas inlet hole. A

liquid trap was used to keep a constant liguid level. The liquid

holdup in the reactor is usually maintained at 1.4 liter.
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Figure 4-2. Agitated vessel and stirrers.
(a) Agitated vessel (b) Gas stirrer
(c) Ligquid stirrer.
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The gas phase stirrer, shown in Figure 4-2 (b), was a
propeller with three flat blades and was placed in the center of
the gas phase. The liquid stirrer, shown in Figure 4-2(c), was a
propeller with three blades smaller than those of gas stirrer and
was placed about one inch above the bottom of the vessel. The two
stirrers were fastened to the same shaft. A variable speed motor
with 1?@0 h.p. was used to drive the agitator. The stirrer speed
could be adjusted from O — 350 rpm and was measured by a strobe
light. For most runs, the stirrer speed was kept at 300 rpnm.

The gas was pure SOZ or a mixture of sulfur dioxide and
nitrogen. It was assumed that the gas phase was saturated with
water vapor at the temperature of the experiment. The partial

pressure of 80, in the gas phase was varied from 0.0002 to 0.98 atnm.

2
The absorbing liquids used were pure water and aqueous solutions of
HCl, NaOH, or NaCl of concentration varying from 0.01 to 1 g-mole/
liter.

All the experiments were carried out in flow operation with
respect to both gas and liquid. Pure 592 or premixed SGE/ﬁz were
taken from preésurized cylinder, passed into the vessel through a
gas rotameter and then vented into the exhaust line. The volumetric
flow rate of gas was maintained constanit in the range of 200 to 2000
cmj/miﬁ with a needle valve. The liquid flow rate was maintained
constant in the range of 60 to §5G ml/min bty an overflow device.

As soon as the liquid in the vessel reached desired level,

agitation in both phases was started. The S0, gas stream was then

2
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introduced into the vessel and the absaréiian gradually reached
steady state. Liquid samples were taken from the sample port at the
outlet of the liquid trap at reqular intervals of the liguid resi-
dence time in the vessel. The system was assumed to be at steady
state when the concentration of total sulfite in the sample attained
a final constant value. The sulfur dioxide absorption rate was
calculated from the liguid phase material balance.

The total dissolved sulfur dioxide in the solution was
determined by iodometric titration using starch as an indicator. In
order to avoid air oxidation of the dissolved sulfur dioxide in the
sample, the liquld sample was flowed directly into the iodine
solution. Several samples were taken with hydrogen peroxide solution
to oxidize the dissoclved sulfur dioxide totally intc sulfate. An
ion chromatograph was used to analyze the sulfate concentration.

The results showed that the oxidation of absorbed SO. in the vessel

2
was negligible. The 302 concentration of the exit gas stream was
determined by a.pulsed fluorescent SO, analyzer (Thermoelectron

2
Model 40).

Prediction of physical properties

Sulfur dioxide in aqueous solution is present as hydrated 562

molecules and HSO,. ions at pH less than 5. Babe and Harriaz (1953}

3

measured the physical solubility of sulfur dioxide in pure water

with wide range of temperature and concentration. They presented

their results in the form of Henry's law constant for nonionized
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50

H = exp (2851.1/T - 9.3795) (4-8)

This empirical equation also fits the data given by
Johnstone and Leppla (1934). Hence the concentration of the non-

ionized sulfur dioxide in pure water can be obtained from

where PSO is the partial pressure of SGE in gas phase.

s

The physical solubility of sulfur dioxide in aqueous HCL and
NaCl solutions were estimated from (Van Krevelen and Hoftijzer,

1949 )

log (cAi/"c ) = K1 (4-10)

Alw
where CAi is the physical solubility of sulfur dioxide in agueous
solution and KS is the salting-out parameter expressed as the sum
of the contributions due to the positive and negative lons present
and the dissolved gas. I represents the ionic strength of the
solution. The values of KS for HCl and NaCl solutions at 2506 are
-0.084 and 0.01, respectively.

The equilibrium constant of reaction 4-1 was calculated

from the correlation (Rabe and Harris, 1963)

K, = exp (1972.5/T - 10.9670) (4-11)
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in which Ka has thermodynamic units. Therefore, appropriate acti-
vity coefficlents must be incorporated with the concentration of
each component to estimate its activity aj,

., o= .. . 12
aj Yj Cj ( )

Individual ion activity coefficients at Eﬁac were calculated by a
modified Debye-Huckel limiting law (Lowell et al., 1970):

_pl/2
172
1 + 0.312C55T

* Cayll (413)

" 2
log Yj = 0,512n3 {

where nj is the charge on the jth ion, and §3$ and S&j are charac-
teristic parameters for each lon species. Table 4-1 lists all the
values of those constants and parameters on a molar concentration
basis. The activity coefficient of the hydrated sulfur dioxide
in solution was estimated by (Harned and Owen, 1958);

logYy = 0.076 1 (4-14)
Figure 4-3 shows the values of effective equilibrium constant KC in
concentration units, calculated from Eq. 4-11, 4-12, 4-13 ang -1l
versﬁs ionic strength.

The liquid phase diffusivity BA@ of sulfur dioxide in pure
water was taken as 2.00 x 1077 cmg/sec at 30°C (Peacenan, 1951 ).
The value of ﬁAw at 2506 was predicted by correcting for the
temperature and viscosity of water according to Stokes-Einstein
relation.

The true diffusivities of H+ and,HSQBw are related to their

equivalent ion conductivities



Table 4-1. parameters for the estimation of
activity coefficients at 25°¢C

H803ﬂ 4.5 0.0

81
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Effect of ionic strength on equilibrium constant of
reaction (1) at 25°C.
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3 (4-15)

where Fa is the Faraday number and Yt is the equivalent ion cenduéu

tivity. The ionic conductivities of H' and HSO.~ at 25°C and

3

infinite dilution are 350 and 50 cmé/mole~ohm, respectively (Lan-
de
dolt - Bornstein, 1950). Therefore, H tends to move six times

faster than HSO. .

3
e
In pure water, electrical neutrality requires that H and
HSO, move at the same rate, therefore an electrical potential
4

gradient develops which slows down H© and speeds up HSO, . The

3

effective diffusivity of both H' and HSO. is given by (Newman, 1967):

3

= RT + - 1 oy
Pegs = (a7 % 1n7) (4-16)
(Fa) “(1/x+ + 1/A-)

The value of D pp Tor H and HSGB“ in pure water at 25°C is 2.33
cmgfsec.

In NaCl and HCl solutions the potential gradient is dispersed
by a concentration gradient of ﬁa% and C1 ., Furthermore, according
to the analysis of Vinograd and McBain (1941), the interference of
electrical potential gradient on diffusion of electrolytes can
be avoided if sufficient relative excess of any salt is distributed
in uniform concentration throughout the system. It was found accord-
ing to the equation of Vinograd %nd McBain (1941) that the effective
diffusivity of H' deviates from its true value by less than 2% if .

the concentration of NaCl is Tifty times higher than that of
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bisulfite. In HCl solutions, the difference between the effective
and true diffusivity of HSQBW is less than 1% when the concen-
tration ratio of HCl to HSO, is 10. All of the experiments with

3
NaCl and HCl meet those conditions. Therefore the efTective diffu-
sivities of H+ and HSOB" were assumed to be equal to their true
diffusivities, 9.37 and 1.33 cmz/sec at 2503, respectively.
Only the ratios of diffusivities were used for the estimg-
tion of mass transfer enhancement factors. It was assumed that

these diffusivity ratios were independent of temperature and

viscosity.

RESULTS AND DISCUSSIONS

Gas and liquid phase mass transfer coefficient

The gas mass transfer coefficient was measured by absorbing
sulfur dioxide from 802/N2 mixture into NaOH solutions (0.7 to 1 M).
In this system, the dissolved sulfur dioxide reacts instantanecusly
and irreversibly with the liquid phase reactant at the gas~liquid
interphase. Therefore, the liquid phase mass transfer resistance
is considered to be negligible. The values of kga were calculated
from the measured absorption rate, assuming that the gas phase is
completely mixed.

The effect of gas flow rate on the value of Kga is shown in

Figure 4-4, It can be seen that the kga values are independent of
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the gas flow rate, indicating that the above assumption of complete
mixing in the gas phase is valid. The temperature effect on kﬁa

g
was found to be negligible in the range of the experiments (15 to
30°¢).

The liquid phase mass transfer coefficient, kza, was deter-
mined at constant stirrer speed (300 rpm) by measuring the rate of
physical absorption of pure sulfur dioxide into HCl solution (1 M).
It was assumed that there was no mass transfer resistance in the
pure SOZ gas phase. According to BEq. 4-5, the chemical reaction
effect on the mass transfer rate is negligible in 1 M HC1 solution
and only physical gas absorption of 392 cceurred in liquid phase.
Experimental results for the liguld-side mass transfer coefficient
are shown in Flgure 4-5 as a plot of kza vs temperature. It was
found that Ekga is about forty times greater than kga. Therefore,
in most experiments the mass transfer rates were controlled by
liquid phase resistance and the chemical reaction effect on liquid
phase resistance and the chemical reaction effect on liquid phase

mass transfer can be easily detected.

302 - h20 systen

Experimental results obtained with pure S0, and pure H. O at

2 p

different temperatuers are listed in Table 4-2. The gas phase mass

transfer resistance was assumed to be negligible in pure SO, runs.

2

Because of the high sulfur dioxide concentration at the interface,
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Figure 4-5. Liquid-phase physical mass transfer
coefficient of sulfur dioxide into
water at 300 rpm.
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the mass transfer enhancement factors calculated from Eq. 4-3 were
all about 1.1. The liquid phase physical mass transfer ccefficlent
was estimated from these data at various temperatures by taking

into account the 10% mass transfer enhancement coused by SO hydro-

2
lysis. The black dots in Figure 4-5 represent the kza computed from
pure 802 - HQO data. They are in good agreement with those obtained

from pure physical S0, absorption in 1 ¥ HCL.

2
Figure 4-6 reﬁreseﬁts the experimental data obtained for the
dilute 382 - HZG system at 2500’ The experimental value of the mass
transfer enhancement factors are shown in Figure 4-6 by circles
along with those values obtained by other investigators. Vivian
(1973) conducted a series of experiments with dilute SOE/NZ mixture
and pure water in a short wetted wall column. Instead of measuring
the gas and liquid phase physical mass transfer coefficients, some
correlations were used to calculate these values. His data are shown
in Figure 4-6 by black dots. The two triangles in the same figure
represent the data obtained by Bengtsson et al. {(1972) fron a
laminar Jet. The solid line vepresents the theoretical line for
absorption with an instantaneous reversible reaction of type A=*2R
predicted by surface renewal theory. The film theory predictions
are represented by the dotted line. Because the effective diffusi-
vity ratio of bisulfite lon to dissolved sulfur dioxide is not far
from unity, the predictions by fzim theory are quite close to

those by surface renewal theory.
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S0 HCl system

Experimental results on the absorption of 892 into HCL
solutions are shown in Figure 4-7, where the experimental mass
transfer enhancement factors, @, are plotted against the HCL
concentrations. The solid curve in this figure represents the
theoretical mass transfer enhancement factor predicted by surface
renewal model on the assumption that the reversible reactién of type
AT=B takes place instantaneously along the diffusion path, while
the broken curve shows the corresponding film theory predictions.

Eq. 4-5 indicates that the mass transfer enhancement factor

in this case should be a function of diffusivity ratio and equili-
brium constant only. The value of ® remains a constant irrespective
of the sulfur dioxide partial pressure variation in gas phase.
This is quite different from the gas absorption cases with other
equilibrium chemical reaction types. Experimental data in Pigure
4-8 show that the change of gas phase 802 concentration dose not
affect the value of $, as long as the temperature and the HCIL

concentration remain the same.

302 -~ NaCl system

Figure 4-9 present the experimental data obtained for the
802 ~ NaCl system at 24.°¢ and 1250 ppm 802 gas phase concentration.

The absorption rate increases with the rise of the NaCl
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concentration and reaches a maximum at aéoai 0.4 M NaCl concentra-
tion, then decreases very slowly as NaCl concentration increases
further. Two factors, diffusivity and equilibrium constant,
contribute to this absorption rate change. The ionic strength
increases with the addition of NaCl which which affects the effec-
tive equiiibrium constant KC as shown in Figure 4-3. The similarity
between the shape of the curve in Figures 4-3 and 4-9 reflects the
effect of equilibrium constant on absorption rate caused by ionic
strength variation. However, only part of the absorption rate
increase can be attributed to the equilibrium constant change. The
other factor which causes the absorption rate rise with the increase
of NaCl concentration is the diffusivity change. As nmentioned
earlier, when sufficient excess of salt is added to the system, the
electrical gradient effect on the ionic diffusion is suppressed and
the moving ions can migrate freely. Therefore, the fast moving
hydrogen ion is gradually liberated from the influence of the other
ions as the sodium chloride is added into the aqueous solution.
When a sufficient amount of salt is present (0.1 to 0.2 M in this
case), the hydrogen ion is not bound by the other ions anymore., The
absorption rate of sulfur dioxide is also accelerated along with the
release of the hydrogen ion.

The experimental resulisqof sulfur dioxide absorption rate
in NaCl solutions are shown in Figure 4-10 as a plot of enhance-

ient factor  vs interphase equilibrium concentration of sulfur
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dioxide. The solid curve glves the surfate renewal ihéory solution
for gas absorption with an instantaneous reversible reaction of the
type A B + C and can reasonably represent the data. The chain
curve (7wo~m‘m9 shows the predictions of surface renewal model

with reaction of the type A 2B. The figure shows that the releg-

sed hydrogen ion increases the 50, absorption rate by more than

2
20%. The broken curve represents the film theory model. The
difference between the film model and the surface renewal model
is much larger than in pure water or HCl solution. This is
because the fast moving hydrogen lon makes the diffusivity ratios
in this case deviate from unity much farther than the Sﬁgw H.O

2

and SGZw HCL systenms.
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NOTATION

component activity g-mole/liter
concentration g-mole/liter

Parameter in Eg (13)

diffusivity of component cm?/sec

effective diffusivity defined by

effective diffusivity of ions
defined by Eq (15) cm?/sec

Faraday = 96488 coulumbs/g-equivalent
gas flow rate  cp3/sec

Henry's law constant g-mole/atm
ionic strength g-mole/liter

thermodynamic equilibrium constant

g-mole/liter

effective equilibrium constant in
concentration units g-mole/liter

equilibrium constant defined by Egq (6)

gas-phass mass transfer coefficient

liguid-phase mass transfer
coefficient 1iter/sec

salting out parameter liter/g-mole
liquid flow rate cm3/sec
absorption rate g-mole/sec

valence

50, partial pressure atm

gas constant = 8,315 J/°K-g-mole
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Sub-~
scripts
A.B,C
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temperature °K
mass transfer enhancement factor

obtained from approximation method,
penetration model, film model and
experiment

activity coefficient of
component j

equivalent ion conductance sz/g—mole/ehm

components A, B, C

concentration at gas-liquid interface
concentration in bulk liquid

value for pure water

concentration g-mole/1
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Chapter 5

ABSORPTION OF SGZ INTO AQUEQUS
NaOH AND NaZSQB SULFITE SOLUTIONS

Abstract

The chemical absorption of sulfur dioxide into aqueous
sodium sulfite and sodium hydroxide solutions is modelled by
simultaneous mass transfer and multiple instantaneous reversible
reactions. Experiments on the absorption of dilute sulfur dioxide
into aqueous sodium hydroxide solutions were carried out in a
stirred vessel with a plain gas-liquid interface. An approximation
method based on film theory is used to estimate surface renewal
theory solutions for mass transfer enhancement factors. Predictions
by the present model are compared with those by a previocus irrever-
sible model over a wide range of SO, partial Pressure in the gas

2

phase.

Because of its relevance to pollution abatement, 802 absor-
ption into NaCH or NaZSOB solution has been studied by several
Investigators. Goettler (1967) investigated the simultaneous

absorption of SGZ and 662 into NaOH solution flowing over a single
sphere. The absorption rates were modelled by the film theory

with the assumption that dissolved sulfur dioxide and OH partici-

102
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pate in a two-step instantaneous irreversible reaction and two reac-
tion planes are formed within the liquid phase. Hikita et al (1972)
derived the solution of the penetration theory using the model of
two reaction planes. Onda et al (1971) studied the behavior of the
reaction plane movement by absorbing sulfur dioxide into agar-agar
gel containing sodium hydroxide or sodium sulfite solution. The
experimental results for sulfur dioxide-sodium hydroxide system were
found to agree with penetration theory based on the two reaction
plane model. Hikita et al (1977) measured the absorption rate of
pure sulfur dioxide into aqueous sodium bisulfite, sodium hydroxide
and sodium sulfite solutions in a liquid jet column. The absorption
rates obtained with no interfacial turbulence were in good agree-

ment with the theoretical prediction based on the penetration theory.

The two reaction plane model used by previous investigators
neglects the reversible hydrolysis of the absorbed sulfur dioxide. Most
previous studies used either pure or concentrated sulfur dioxide in gas
phase under which the sulfur dioxide hydrolysis reaction is highly
depressed (Teramoto et al, 1978). However, the stack gas sulfur
dioxide concentration in 802 scrubbers is normally very dilute (100 °

4000 ppm) and under these conditions the sulfur dioxide hydrolysis
reaction can have a significant effect on the absorption rate.
This paper develops an approximation of the surface renewal
theory with instantaneous, reversible chemical reactions representa-

tive of 502 absorption into NaOH or ﬁaZSG3 solution. The theory
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is tested by experimental absorption of Sﬁz at low partial pressure

in a well-stirred vessel.

Conclusions

1. The experimental data on the absorption of dilute sulfur dioxide
into NaOH solutions agree well with the approximate solutions of surface
renewal theory with instantaneous reversible reactions.

2. This chemical absorption model shows that the reversible 802
hydrolysis reaction is significant and H+ plays an important role in the
absorption mechanism when SOZ partial pressure is much lower than 0.05
atm. When the 302 partial pressure is higher than 0.05 atm, the
hydrolysis of dissolved SO2 is negligible and the present model

gives the same prediction of mass transfer enhancement factor as

the irreversible two-reaction plane model.

Chemical Absorpticn Mechanism

When dilute sulfur dioxide is absorbed into aqueous alkaline

solutions, the following three reactions should be considered.

.+ - }
802 + 820 <+ 8383 (5-1)
- 4t = .
HSO., TH + SO (5-2)
3 3
+ I
H + OH 7 4,0 (5-3)

2



The values of the three equilibrium constants for reactions 5-1, 5-2,

and 5-3 are designated as Kai’ K&Z’ and KEB and they are given, respec-

tively, as:

N N _
X, = mgj;«§§§3m = 1.3 x 10 2 {Johnstone and Leppla,
at S0 1934)
2
U+ %50, 8
Kaz = —= = 6,2 x 10 (Tartar and Garretson,
‘ HS0,~ 1941)
1.0 x 1014 o
333 =apran. = 1.0x 10 (Harned and Owen, 1958}

o ,
at 257¢ and infinite dilution, Reaction 5-1 ig very fast, with g Torward
6

rate constant estimated to be 3.4 x 10 {3}wl, (Eigen et al, 1961).
Reaction 5-2 and 5-3 are even faster than reaction 5-1 since they are
proton transfer reactions. Therefore, the absorption of sulfur dioxide
into aquecus alkaline solutions can be regarded as a process of gas ah-
sorption accompanied by multiple instantaneous reversible reacticns in the
liquid phase.

The differential equations describing the diffusion of all species
in the liquid phase, based on surface renewal theory and total-component

material balance, can be written as:
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2 2, - 2
3750, ] 9" [HS0, ] 97150, 7]
SO, : D — D . + D .
2 50, Y HSO, 152 S0, N
i 3[80,] . 3[ns0,”] ., 3150,7] o
T TTEL ot ot \5-4)
szfﬁfl 32§g5033 32{5G3ﬁ} szgéﬂ“}
N i - st .oy S
Acidity: Q§+ P ﬁHSO - 2 2333 = w 2 DQE“ 2
% 3 ax 3 dx Sx
+,  9[HS0,”] 52139 7] -
AT i 3 _3lon) (5-5)
gt 3t ot ot 77

Furthermore, the chemical equilibrium relations of reactions 5-1, 5-2,
and 5-3 also apply at all points in liquid phase. The substitution of
the equilibrium relations into Equations 5-4 ang 5~5 results in two non-
linear second-order partial differential equations. Therefore, there

are no analytical solutions for the above differential equations, How-
€ver, an approximate analytical solution for surface renewal theory can
be obtained by replacing all the diffusivity ratios in the exact solution
based on film theory by their square roots, {Chang and Rochelle, 1979a,
1979 b).

The general solutions of the film theory material balance equations

are:

3302{8023 * Dyso

3~{ase3 ]+ QSGE:{SG3 ] =bx+b, (5-6)
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+ - fa = ¢ et . 7
;}H_*_{}i ] - Diso “{ﬁsg}?) 1 ZDSQ =[50, I Dy~ [OHT] = byx + b, (5-7)

3 3
Concentrations of all the species are subject to the equilibrium relations

of reaction 5-1, 5-2 and 5-3. The boundary conditions are

at  x = 0, (862} = {SGZ}i’
[ 1 so ~ -
110 e T B 1
oY dx HS0,~ dx S04 dx OH~ dx

The 302 absorption rate is given by
o ,
N =@ k’a ([S0], - [ 5.8
so, ~PHge (€807, - 507 ) (5-8)
2
where ¢ is the mass transfer enhancement factor. Solution of Equations
5-6 and 5-7 with appropriate boundary conditions Ffollowed by substi-
tution for diffusivity ratios by their square roots gives the approxi-
mate enhancement factor from surface renewal theory:
ED . s -
HSO iﬁSGB }i - [HS0,. 7]

3

3 o
$ = 1—%é{ G - )
a 9892 {Sﬁzii {SOEEG

D N = 4-« S . e
) g/ 583 ({303 }i {b@z }0
ESGZ [so b@zfﬁ

) (5-9)
231 - 1

- = +
e e -ols ] d [so by
The values of {8803 }i and {883 }i are rvelated to [H }; an {S}zji by

the equilibrium relations:
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i

- +
[5O3 1, = K 4[80,1, /1171,

= ) +_ 2
[0, ], = KerRep 180, 1, /107 )7

where Kcl’ KQZ and Kc3 are the effective equilibrium constants of reactions
5-1, 5-2, and 5-3 expressed in concentration units. Furthermore, the

value of EH+},

4 can be obtained from the following equation derived

from Equations 5-6 and 5-7.

s +3 "*"2 F el - Sopn “g‘ e . =
%ba+(ﬂ 11 + [H }i({ngséz,gﬁsez }Q‘~ xbg+{3 IG + 2ab3032{393 }O

e

- + — —
* Dpp-[007] ) - [u }i(¥§H863“5802}iKsi * Dop-Keg)

K,y =0 (5~10)

- 2¥§SQ3Q{SGz}iKcl

Exverinental
Apparatus and Procedures

Experiments on the absorption of sulfur dioxide by aqueous sodium
hydroxide solutions were carried out in an agitatred vessel with an un-
broken gas-liquid interface which was used by Chang and Rochelle {1979¢)
in a previous work. The absorber uses continuous flow for both gas and
liquid phases and ig suitable for steady-state Cperation. Sulfur dioxide
diluted by nitrogen was fed into the stirred vessel ar constant flow rate.
Sufficient sodium chloride (0.5 molar) was added to the aqueocus sodium
hydroxide solutions to eliminate the effect of electric potential gradient
on the diffusivities of ionic species (Vinograd and McBain, 1941).

A1l the experimental runs were performed at about atmospheric -

RSt . o , .
Pressure and 25+1°C. The sulfur dioxide partial pressure of the
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outlet gas stream was measured by a pulsed fluorescent Sﬁz analyzer
(Thermoelectrom model 40). At steady-state, samples of the cutlet
liquid were acidified by HCl and oxidized by hydrogen peroxide.
Total sulfate concentration was determined by an ion chromatograph.
The sulfur dioxide absorption rate was calculated from the liquid

phase material balance.

Physical Properties

The physical solubility of sulfur dioxide in water was obtained from

the following equation based on the measurement of Rabe and Harris (1963},

o,

exp (2851.1/T - 9.3 + 95) (5-11)

o

{s0.], =P
2°1 SQZi

since the equilibrium constants of reactions 5-1, 5-2, and 5-3 are
in thermodynamic units, an appropriate activity coefficient must

be incorporated with the concentration of each component to estimate
the effective equilibrium constants in concentration units for

equation 5-10. For example

ysaz
(5-12

Ky =K, @ o= 5-12
Yu+Vuso,,

cl al

-

Individual ion activity coefficients at 25°C were calculated by a

modified Debye-Huckel limiting law (Lowell et al, 1970).

2 _t/2

log ‘{j = 0.512 n, 7| 172 + Cé&j?{} (5-13)

1+ 0.312 5331

where nj is the charge on the jth ion, I represents the ionic strength,
and §3j and Céj are the characteristic parameters for each ion species.

Table 5-1 lists the values of those two parameters on a molar
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Table 5-1« Parameters for the estimation
of activity coefficient at 25°C

C, . C

31 43
nt 6.0 0.4
oH 3.0 0.3
HSO, 4.5 0.0
50.° 4.5 0.0



[N
ot
[N

concentration basis. The activity coefficient of the hydrated sulfur
dioxide was estimated by Harned and Owen, (1958)

log Yy, = 0.0761 (5-14)
2

The liquid phase diffusivity, DSO » of sulfur dioxide in water was
2
5

taken as 2.00 x 10 cmzfsec at 30°C (Peaceman, 1951). The value of

D802 at 25°C was predicted by correcting for the temperature and viscosity
of water according to Sakes-Einstein relation.

One half wmole of sodium chloride was added to each liter of sodium
hydroxide solution for all the experimental runs to avoid the interference
of electrical potential gradient with the diffusion of ionic species
(Chang and Rochelle, 1979c). Therefore, the effective diffusivities of
all the ionic species were assumed to be equal to their true diffusivities
as determined from equivalent ionic conductivities:

RT A
D, = g\z;jg‘ggyzm (5-15)

where Fa is the Faraday number &ﬁé:ﬁi the equivalent ionic conductivity.
The values effﬁj for H+, OH , 3833” and 8033 at 25°C and infinite dilution
are given in Landolt-Bormstein (1960). The diffusivities used in the
nodel calculations are listed in Table 5-Z.

Only the ratios of diffusivities were used for the estimation of
mass transfer enhancement factors. It was assumed that these diffusivity

ratios were independent of temperature and viscosity.
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Table 5-2. Effective diffusivities at 25°C
and infinite dilution

D ox EGS (smzfsec}

ut 9.31
oH- 5.25
HSO, 1.33
50,7 0.958
50, 1.76
NaOH 2.122
4118 -
NaliS0, 1.33
Na,S0, 1.18




Experimental Results and Discussion

Experimental results for the absorption of dilute sulfur dioxide
into aqueous sodium hydroxide solutions are shown in Figure 5-1 as a
plot of mass transfer enhancement factor versus NaOH concentration.
The data are in good agreement with the approximate surface renewal
theory.

Hikita et al (1977) conducted a series of experiments with pure
sulfur dioxide as gas phase and concentrated NaOH or ﬁazseg solutions
as liquid phase with a laminar liquid jet. Because no excess sodium
salt was added to ligquid phase, the ionic diffusivities were affected

by the electric potential developed by the diffusing ions. However,

§w) s
.

it is shown in Figures 5-2 and 5-3 that the present model can §

their experimental data if sodium salt diffusivities were used a

n

ons. For

fode

the average effective diffusivities of the diffusing
example, the average effective diffusivity of sodium hydroxide can

be calculated from Vinograd and McBain, (1941).

RT { 1 + ;;“Ew 3

Dyaou = 5 gﬁ‘} gi
ay? L+ 1
“Hat SoH~

The values of those average diffusivities used in the model calculation
are listed in Table 5-2.

Hikita et al (1972) proposed a model using a two-step instantanecus
reaction which considered the following reactions to occur irreversibly

as sulfur dioxide is absorbed into aqueous alkaline sclutions
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60

|
06 08 10 12 14
(50,1, X10° (M)

Figure 5-1. (Comparison of surface renewal theory with experimental
data for 802232 -~ NaOH system at 25°C.
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802 + 803 4’23583

Ty,

L
AN

S

HSO.T + OH = S0, + H.,0

3 3 2 5-17)

Paa

When only sulfite ion is present in significant amount in liquid bulk,

reaction 5-17 is not important and only reaction 5-16 proceeds
irreversibly at a single reaction plane. When hydroxide ion is the
major alkaline species in liquid bulk, two reaction planes were

formed within the liquid. Reaction 5-16 and reaction 5-17 take
place irreversibly at the first and the second reaction planes,

respectively.
The main differences between Hikita's model and the present model

are the reversible feature of reaction 5-1 and the role of hydrogen
ion in the absorption mechanism. The concentration profiles of impo
important species predicted by the present reversible model are
shown in Figures 5-4 and 5-5 for 802 - ﬁaZSQB and SQZ ~ NaOH systems,
respectively. It can be seen that when the SGZ partial pressure in
> 0.05 atm), the hydrogen ion concentration,

P
SOZ

relative to the concentrations of the other species, is negligible

gas phase is high (

,‘

throughout the system. Therefore, the reversibility of reaction

5-1 is not important. But when SGZ partial pressure in gas phase is
much less than 0.05 atm, the hydrogen ion concentration is comparable
to the concentrations of SGE and HSSB“ near the gas-liguld interface.
Therefore, the reversible 802 hydrolysis reaction has a significant
effect on the sulfur dioxide absorption rate.

Figure 5-6 compares the mass transfer enhancement factors

predicted for the 862 - NaSGB system by film theory with reversible
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rigure 5-l.  Schematic diagram of concentration profiles for the
absorption of sulfur dioxide into aqueous gsodium
hydroxide solutions:
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Schematic diagram of concentration profiles for the
absorption of sulfur dioxide into aquecus sodium sulfite
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reactions 5-1, 5-2 and 5-3, by approximate surface renewal theory
with reversible reactions 5-1, 5-2, and 5-3 and by penetration theory

with irreversible reaction 5-16 and 5-17. With a constant ratio of

{SOBmEO to {SOé}i, H@kita‘s irreversible model pfedicts a mass trans-
fer enhancement factor which is independent of sulfur dioxide partial
pressure. However, the present reversible model shows that the mass
transfer enhancement factor increases with the decrease of gas phase
802 partial pressure. This is because the hydrolysis reaction 5-1
gradually becomes more important as the SQZ partial pressure decreasss.
decreases.

Since the hydrogen ion diffusivity is much higher than that of
dissolved sulfur dioxide, the film theory prediction of ¢ is higher than
that of surface renewal theory at low SGE partial pressure where the
diffusion of hydrogen ion has a significant effect on 302 absorption rate.
However, when the 302 partial pressure is greater than 0.05 atwm, the
hydrogen ion is no longer important, and the major species which influence
the 802 absorption rate are HSGBW and SGEﬁ‘ Their diffusivities are both
lower than that of absorbed 802. Therefore, the film theory prediction
of ¢ is less than surface renewal theory at higher SGE partial pressure.
These phenomena comply with the observation of Chang and Rochelle (1979a)
on the effect of diffusivity ratios on mass transfer with general equili-
brium reactiouns.

Figure 5-7 shows the comparison of experimental data with the
predictions of the present reversible model and Hikita's irreversible

model for the dilute SGZ -~ NaCOH system. The approximation solution



Figure 5-7.
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of surface renewal theory with multiple instantaneous reversible rea
reactions fits the data well. The difference between the reversible
model and Hikita's irreversible model represents the effect of rever-

sible SOZ hydrolysis reaction on the absorption rate.




Notation

#
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component activity, g-mole/liter
parameter in Eq. (13)
s _ VA
diffusivity of component, cm /sec
- . , . 2
effective diffusivity defined by Eq. {15}, cm /sec
Faraday = 96488 columbs/g-equivalent
ionic strenmgth, g-mole/liter
thermodynamic equilibrium constant
effective equilibrium constant in concentration units
liguid phase mass transfer coefficient, liter/sec
absorption rate, g-mole/sec
valence
Sﬁz partial pressure, atm
. L0
gas constant = 8.315 J/ K-g-mole
o
temperature, K
time, sec
distance, cm
mass transfer enhancement factor obtained from
approximation method
activity coefficient
; . 2
equivalent ion conductance, c /g-mole/ohm
£1im thickness, cm

concentration, g-mole/liter
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reaction (1), (2), and (3}
concentration at gas-liquid interface
component

concentration in bulk liquid
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Chapter 6

EFFECT OF ORGANIC ACID ADDITIVES

ON SOZ ABSORPTION INTO CaO/CaGOB SLURRIES

Abstract

The absorption rate of sulfur dioxide from a gas mixture of
802 and KZ into aqueous acetic acld and adipic acid solutions at
PH 4 to 6 has been measured at 2506 in a continucus stirred vessel
with an unbroken gas-liquid interface. Experimental data are
interpreted by approximate surface renewal theory with multiple
equilibrium reactlons.

The model of gas/liquid mass transfer with simultaneous
equilibrium reactlons is further applied to the absorption of SGE

from waste gases into lime or limestone slurries with the following

objectivess

1. to describe the 30, absorption mechanism in scrubbers.

2
2. to model novel processes such as Intentional oxidation and

buffer additives.

3. to evaluate the effectiveness of eleven organic-acid buffer

additives.

Scope

302 absorption from waste gases by lime/limes%Oﬂe slurries

is frequently limited by liquid-phase mass transfer resistance.

128
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Experimental results have shown that buffer additives such as
organic acids can effectively enhance the mass transfer rate
(Hatfield and Potts, 1971, Hatfield et al, 1972, Hollinden et al,
1974, Wasag et al, 1975, Borgwardt, 1977, Bechtel, 1979). Several
investigators (Rochelle and King, 1977, Cavanaugh, 1978) have
extensively evaluated the avallable carboxylic aclds on the basis
of cost, buffer capacity, solubility, and other factors. The
combined use of buffer additives and forced oxidation have been
tested as a means of dewatering waste solids more easily, thereby
minimizing loss of the soluble additive (Rochelle and King, 1978,
Head, 1979). In this paper, a mass transfer model is developed for
the 802 absorption with or without buffer additives and forced
oxidation.

Film theory mass transfer with equilibrium resctions was
first discussed by Olander (1960). Danckwerts (1968) proposed
a simple physical mass transfer concept for equal diffusivity
systems. Chang and Rochelle (1979%a, 1979b) studied the equilibrium
reaction effect on mass itransfer rate by surface renewal theory with

unequal diffusivities. This mass transier model is suitable for

802 absorption processes because the dissolved SGZ is hydrolyzed

instantaneously and reversibly. Chang and Rochelle (1979¢, 19794d)

have employed the model to interpret experimental data of SGQ

absorption into pure water and several other aqueous scolutions.
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The major objective of this work is to use surface reneswal

theory with equilibrium reactlons to model the 882 absorption

by agueous solutions buffered with organic aclds. Experiméntal

data are presented with adipic acid and acetic acid solutions

for 2565, 0.5 M NaCl, and pH 4.5 to 5.5. The mass transfer

model will be further employed to evaluate appropriate

buffer additives under 302 scrubbing conditions at 550C with

C.1 M CaClZ. The amount of adipic acid needed for a typical SO2

scrubber will be estimated.

Conclubions

1. The absorption rate of 502 into buffered solutions of acetic
or adipic acid can be modeled by approximate surface renewal
theory with multiple equilibrium chemlcal reactions.

2. Forced oxidation in the scrubber loop results in better 802

_removal because the 802 hydrolysis reaction contributes more

to mass transfer enhancement in the absence of bisulfite.

3. Adipic, sulfopropionic, sulfosuccinic and g-hydroxypropionic

acids are the most promising buffer additives for 1ime/1imesﬁone

slurry scrubbing of 362 from flue gas. Formic acld and acetl
acid are nominally the least expensive buffer additives.
However, losses by volatilization in the scrubber may be
economically and environmentally significant.

L. 10 to 20 mM adipic acid should be adequate to provide most of

c

the benefit from buffer additives on mass transfer enhancemsnt

for a typical lime/limestone slurry scrubber for stack gas



desulfurization with high-sulfur coal.

Chemical absorption mechanism

When sulfur dioxide is absorbed into agueous solution of
difunctional buffer like adipic acid in the pH range from &4 to 7,

the following four reactions should be considered:

S0, + H,0 &= H + S0, (6-1)
- 5 + =

HSO04 H + 303 (6-2)

H,Ad = g+ HAG™ (6-3)
- . + = )

HAd == g + Ad (6-14)

where EZAé represents adiple acid and Had , Aﬁ% its ions. The

first reaction corresponds to the hydrolysis of absorbed S0 Its

o
forward reaction rate constant was estimated to be 3.4 x EOé
sec L (Bigen et al, 1961) at 20°¢. Reactions 6-2, 6-3 and 6-4 are
proton transfer reactlions and have much higher reaction rates

than that of reaction 6-1. Therefore, all four reactions can be

regarded as instantaneocus.

The values of the equilibrium constants, K}, Kz, K, and K§
o
of reactions 6-1, 6-2, 6-3 and 6-4, respectively, are:
a,}{-%' aHS {}3”‘ -

Ki = e = 1,3 % 10 (Johnstone and
%30

2 Leppla, 1934)
oyt 8gg "

K, = ————2— = 6.2 x 1070 (12

Tartar and

3 Garretson, 1941)
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aH+ aHAdm _5
K, = = 3.82 x 10 (Gane and
H,Ad
2 Ingold, 1931)
aH+ “pa” -6
K), = = = 3.87 x 10 (Gane and
“Had™

Ingold, 1931)
at 25°C and infinite dilution. Under typical conditions of Ca0/
CaCO3 slurry scrubbing reaction 1 must be treated as a reversible
reaction. Therefore, 502 absorption becomes a process of
simultaneous mass transfer with multiple equilibrium reactions.
According to surface renewal theory , the total componenent

material bvalance gives:

For S0, species:

2
Yisol ¥l o1 ¥
e E D e o D, B T
50, axz H* axzz 8057 3,2 Ad = 3;«:2
YHAAT  )[S0,1 JLH'T )L 50,1 JLAd ]
= + - - +
HoAd 2 )t )t )t )t
5[}{2,&:1]
"5:;** (6-5)

+ .
For H species:

Crma o ymsory o ¥soyy )i
Ht bxz HSOB“ axz SUBN 3X2 Hzﬁd DXZ

e ———————— =4

MY )t e gy

32{Ad$3 YCH'] ) 355&50{3 zgzss I
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JLad ]
P (6-6)
For HzAd speciesi
Y IH,Ad 7] yInaa3 YTaa™ 1 yraag
D ""'-**-42-w~*~ + D - 5 “ Do o 2
HzAd 3 x2 HAd BX Ad 9){2 a N
[HAQ™] [ad™ ]
) o (6-7)

)t )t

Furthermore, the chemical equilibrium relations of reactions
6-1, 6-2, 6-3 and 6-4 are effective at every point in the liquid
phase. Three non-linear second order partial differential equations
with three unknowns can be obtained by substituting the equilibrium
relations into Equations 6-5, 6-6 and 6-7. There is no analytical
solution for this set of equations, however, an approximate analy-
tical solution can be obtained by replacing the diffusivity ratios
in the solution of film theory by thelr square roots (Chaﬁg and
Rochelle, 1979z, 1979b). The general solutions of the film theory

material balance equations are:
13302 [s0,7+ D+ #'] - Dso;E SO;} - D~ [4d ]+ bﬁzmwzga}
= bix + bz (6-8)
DL H' ] - DHSOB'E HS0,7] - 2 "35032:: [505™ T+ Dy al Haha] -
D,g= [Ad" ] = by + by, (6-9)




SHZAd{jHZAdj * Dypg- CHAA T+ Dy =T Ad™ = bex + by (6-10)

All the concentrations are subject to the equilibrium relations

of reactions 6-1, 6-2, 6-3 and 6-4. The boundary conditions are;

at x = Ot [302] = [SDZ]i

afH™g a[H50; "] drs0, 1 d[H,Ad]
Dyt - Do - 7 g e Dy g -
i dx HSO} dx T3 dx 2 dx
dfad™ ]
D S =
A=
dH Ad] d[HAd ] afad™ ]
D, ,,——=—— + D, .- + D, .. = 0
HoAd ™ HAQTT AdTT

at x =y, [s0,7= [s0,], [u'] = [« , [Hzgd]::[ﬁzgdjs

where [sozji represents the physical solubility of 80,. The other
two differential equations reflect the inability of other species
to penetrate through the gas-liguid interface.

The approximate surface renewal theory mass transfer

enhancement f&c%cr@ can be written as:




=1+ p. ] -I[H1)- Do, (80371 -[s057)) -
D4 ([ad7]; - [Ad]) + I}HzAd (CHyAdl, - [HyAa] ) /
DSOZ ([80231 - [30230) (6-11)

The values of all the concentrations at the gas-liquid interface
can be estimated by numerical solution of a fifth order algebraic
equation derived from Equations 6-8, 6-9 and 6-10 and their
boundary conditions with all the diffusivity ratics replaced
by their square roots.

This mass transfer model can alsoc be employed with other
buffers by the substitution of appropriate equilibrium constants
and diffusivities. With monofunctional buffers like acetic acid,
the mass transfer enhancement factor can be obtained by using the
single buffer Ké;va}ue for ¥, and a dummy value for KQ outside

3

' - e
the range of 16“4 to 10 7, such as 10 13. The value of K3 used

in the model calculation is 1.75 x 1072 at 25°¢ (MacInnes and

Sedlovsky, 1932) for acetic acid.

Experimental

Apparatus and procedures

The experiments of the absorption of sulfur dioxide by
aqueous acetic acid and adipic acld solutions were carried out in

an agitated vessel with a plain gas-liquid interface, as used by

135
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Chang and Rochelle (1979¢, 1979d4) in previ§u$ works. The absorber
has continuous flow with respect to both gas and liquid phases,
enabling steady-state operation. The physical gas and 1i§uid
phase mass transfer coefficients were measured by Chang and
Rochelle (19790) as a function of stirrer rate. The stirrer speed
for all runs was kept at 300 rpm,

Sulfur dioxide was diluted by nitrogen and fed into the .
stirred vessel at a constant flow rate. An appropriate amount of
sodium chloride was added to the aqueous solutiéns to disperse the
effect of electrical potential gradient on the diffusivities of
ionic species. All the runs were performed at about atmospheric
pressure and 25+i°c.

The sulfur dioxide partial pressure of the ocutlet gas
stream was measured by a pulsed fluorescent SGZ analyzer.
(Thermoelectron model &0). The hydrogen ion activity of the
outlet liquid stream was measured by a pH meter. Solution samples
were collected after the system reached steady state. The absorbed
sulfur dioxide was oxidized into sulfate species by the addition
of 30% hydrogen peroxide solution to liguid sample. An ion
chromatograph was used to analyze the total sulfate concentration.
The sulfur dioxide absorption rate was calculated from the liquid

phase material balance.
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Physical properties

The concentration of molecular sulfur dioxide at the gas-
liquid interface was obtained from the following equatioé gliven
by Rabe and Harris (1963):

{soz}i = P exp(2851.1/T - 9.3795) (6~12)

50y 4

Since all the equilibrium COﬁsﬁaﬁts are in thermodynamic units,
appropriate activity coefficients must be incorporated with the
concentration of each component to estimate the effective equili-
brium constant in concentration units. For exanple,

Ts0,
K. o, =K = (6-13)

c,1 1 ‘ _
Tut XHSOB
Individual lon activity coefficlents at 2506 were calculated by a
modified Debye-Hiickel limiting law (Lowell et al, 1970):

i
- 1%

- 2 :
log ¥, = 0.512N7%( % * O 1] (6-14)

1 +0312¢C,. 1

33
where ”3 is the charge on the jth ion, I represents the ionic
strength, CBj and ng are the characteristic parameters for each
ion species. The values of those two parameters for H', HSO. ™ and

3
S0, were listed in a previous paper (Chang and Rochelle, 1979d).

3
3.0 and 0.3 were the values used for GBj and ij, respectively,
for all other charged species. The activity coefficients of
hydrated sulfur dioxide, acetic acid and adipic acid in solutions

were estimated by (Harned and Owen, 1958)
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log ¥ = 0.076 I (6-15)
The liquid phase diffusivity, DSO s of sulfur dioxide in

water was taken as 2.00 x 10“5cm2/sec at %OOC (Peaceman,;195i).
The value of DS02 at 2508 was predicted by correcting for the
temperature and viscosity of water according to Stokes-Einstein
relation. All experimental runs were made with 0.5 M NaCl solutions
to disperse the effect of electrical potential gradient on the
diffusion of ionic species (Chang and Rochelle, 1979c¢). Therefore,
the effective diffusivities of all the lonic species were assumed

to be equal to their true diffusivities, as calculated from

equivalent lonic conductivities by

RTA,
D, = —= (6-16)
- ny (Fa)

where Fa 1s the Faraday number andgkgthe equivalent ionic conduc~
tivity. The values of %g for H%, HSOBM, SOsx and Ac  at 2506 and
infinite dilution are 350, 50, 72 and 40.9 cmz/moie~ahm,
respectively (Landolt - Bornstein, 1960).

The value of acetic acid diffusivity in water at 2500 was
taken as 1.19 émg/sec (Lewis, 1955). The diffusivities of adipic
acld and adipate ion in water at 250C was reported to be 0.736 and
0.705 cmz/sec, respectively (Albery et al, 1967, Jeffery and Vogel,

1935). Since those two values are very close to each other, the

diffusivity of HAd was taken to be their arithmetic mean.
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Experimental resulis

According to interphase mass transfer theory:

o -

- - = - ) e

N kga (PSOV Poo ,) kza¢{{goggi [s0,1,) (6-17)
2 21

Therefore, experimental values of @ can be obtained from the measure-

ment of S0,, absorption rate. Figures 6-1 and 6-2 show the experi-

2
mental results for acetic acid and adipic acid systems, respectively.
The data are in good agreement with the theoretical predictions

shown by curves.

Model for slurry scrubbing conditions

Typical conditions in a CaG/Ga%G} slurry scrubber are listed
in Table 6-1. 1In order to evalute the effectiveness of organic
acids as buffer additives, the present mass transfer model was
medified to include the effects of 0.1 M Caélz (rather than 0.5 M
NaCl) and higher temperature (55°C).

The presence of dissolved Ca results in formation of the

calcium sulfite lon pair:

ca™" + 50, == Ccas0,’ (6-18)
3 3
aCaSOBQ
X 0= —
Cas0,° = T -
ca™t 50,

o . . : . . .
CaSo can react with dissolved 80, and acts like sulfite ion.

3 2
- o o . . . . e
Therefore, if CaS@B is assumed to have the same diffusivity as
S0, , a modified equilibrium constant of reaction 2 can be used

, , o, . " e
to account for Cagﬁ? in the presence of excess Ca .
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0 S [0 15 20
(AC], x10% (M)

Figure 6-1. Mass transfer enhancement factor with acetic

acia, 25°c, 0.5 M NaCl, pH &4 to 6.



141

Q ié 20 SC? 40
2[Ad7),+ [HADT), (mM)

Figure 6-2. Mass transfer enhancement factor with adipic acid,

25°¢, 0.5 M NaCl, pH 4 to 6.



Table 6-1. Typical conditions in Ca0/CaC0, slurry scrubber.

3
o
Temperature 55°C
PSOZ,in 0.005 to 0.0005 atm.
PSGz,out 0.0002 to 0.00002 atnm.
pH 4.5 to 5.5

Total dissolved sulfite 0 to 20 mM

Total dissolved calcium 0.05 to 0.2 ™
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3 (6-19)

where aj. == a,,= (1 + a. ++ K o)
SQB SO3 Ca SaSGB

The value of Ké,z at 5§OG in 0.1 M ca012 was estimated to be
2.02 x iGué g-mole/liter (Lowell et al, 1970).

Higher temperature is accounted for by changes and appro-
priate assumptions for equilibrium constants,activity coefficients
and diffusivities. The diffusity ratios and effective equilibrium
constants were assumed to be independent of temperature. Minor

medifications were made in the computation of activity coefficients

for X
e,

¥

and K. , by the method of Lowell et al (1970).
H

Optimun pKe of buffer additives

Y s

To be effective for mass transfer enhancement, additives
should buffer between the pH of the gas/lﬁguié interface and the
PH of the bulk liguid. Figure 6-3 shows the optimum pK, values for
a hypothetical monofunctional buffer as predicted by the modified
mass transfer model {5598, 0.1 M Gaﬂlz} for a wide range of scrubber
conditions. The optimum PK, values are very nearly equal to the

n the

=

average of the pH values at the gas/liquié,in%erf&ce and
bulk liquid.

The pH at the gas/liguié interface is primarily a function
of SQZ gas concentration, but also varies with total dissolved

sulfite and buffer concentration. In a typical absorber calculated



35 S
35 40 45

(PHe+pHI/2

Figure 6-3. Optimunm };Kc values for monofunctional buffer.
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values of pH at interface decrease from 4.0 in the top of the
absorber to 3.0 in the bottom. At more extreme conditions inter-
face pH can be as low as 2.0 or as high as L.5., Bulk solution pH

is typically 4.5 to 5.5. Therefore, the optimum ch value of a
monofunctional buffer should lie between 3.5 and 4.5. FPoly-
functional buffers should also have pKC values near 3.5 to 4.5

for maximum effectiveness. In concentrated solutions such as 0.1 M

CaCl, K, values will be 0.3 to 0.6 units less the true pK values.

Evaluation of buffer additives

Fleven buffer additives with appropriate ch values have
been assessed by the modified mass transfer model. The diffusivities
and ch values are listed in Table 6-2. For some puffers, the
diffusivities were estimated by the following equation for
carboxylic acids (Albery, 1967).

log D = - (4.0 + 0.49 log V') (6-20)
where V' is the molecular volume of the organic acid estimated by
the method of Le Bas (1915). The carboxylic ions were assumed to
have the same diffusivities as thelr molecules. In several cases
pKC values were measured by Cavanaugh {1978) by acid-base titration
in 0.1 M CaCl, at 25°%.

The relative effectiveness and costs of eleven organic
acids are given in Table 6-3. Adipic acid was taken as the
bvasis of comparison. The modified mass transfer model

was used to determine the buffer concentration required to give

an enhancement factor of 20. Su&foprepioaic,;@nhydrsxypropiaﬁicg




Table 6~2. Physical properties of organic acid additives

e
at 25 C.

Organic acid

Formic acid
Acetic acid
Benzolc acid
Glycolic acid
Lactic acid

Sulfopropionic
acid

B-hydroxypropionic
acid

Phihalic acid
Succinic acid

Sulfosuccinic
acid

Adipic acid

#¥(a) estimated values

Diffusivity x 10

e
(o8

(cmz/sec}
acld species  basic species K
1.46 1.433 3.45 ——
1.19 1.09 L.bs -
1.21 0.862 3:9, —
0.98 - 3 b2k -
0.967_ - 3.36, —
&82a - &.Qéb _—
S§§8?a - %.zék -
0.717, 0.692 2.82, ke
0.86 0.812 3.98 L.6
0.731 - B.ib ﬁ,éﬁ
0.736 0.705 3*98% @,Séb

*(b) measured by Cavanaugh(1978)

#(c) effective pK values in 0.1 M Qa@ig



Table 6-3. Organic acid additive costs

Basis: 525‘; 20

5506, pH = 5.0, CCaGlZ = 0.1 M

CSOZi = 0.5 nM, nggT = 10 mM
Organic acid Concentration Pricea

(mM) $/ 1b-nmole

Formic acid 17.7 12.88
Acetic acid 14.3 11.4
Adipic acid 7.0 63.51
Sulfosuccinic acidr 7.8 44.1°
Sulfopropionic acid 16.1 28.8P
B-hydroxypropionic b
acid 14.55 28.8
Phthalic acid 6.4 58.1°
Succinic acid 7.3 186'36
Benzoic acid 15.8 36.66
Glycolic acid 224 30.4
Lactic acid 24,7 73.8

a  Chemical Marketing Reporter, July 2, 1979
b Acrylic acid

¢ Phthalic anhydride

d  Succinic anhydride

e

Maleic anhydride

147

Helative

cost

0.513
0.367
1.0
0.774
1.04

0.943
0.836
1.74
1.302
1.532
L.10
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TOTAL SULFITE
O mM

s

19 S0

(HR.or2CADTT+(HAD))/(HP.,.)

Figure 6-4. Scrubber mass transfer capaci

ty vs. adipic acid

addition for SO, removal.

2

100
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- 2 21 (6-22)

The low value of PSO represents scrubber conditlons near
2
the gas outlet or for flue gas of low-sulfur coal. The high

value of PSO represents typical conditions at the gas inlet.
2

It is seen that the SGZ absorption is more gas-phase controlled

with low PSG . Therefore, adipic acid is relatively more effective

2
y T
with high ‘802'

Forced oxidation in the scrubber loop usually results in
low total sulfite. Figure 6-l shows that at pH 5 the overall mass
transfer coefficient of slurry without sulfite is greater than
that with 10 mM sulfite. In other words, the 802 absorption
efficiency is improved by forced oxidation as observed by
Borgwardt (1978). At pH 5§‘most of the total dissolved sulfite
is present as bisulfite ions which depress the S$2 hydrolysis.

In the absence of bisulfite, increased S0, hydrolysis enhances

2

mass transfer.

As adipic acid is added to the system, liquid phase mass
transfer rate is enhanced by the buffering couples of Hzﬁd/HAd"
and HAd"/Adz. Retter scrubber performance was shown in Figure 6-4
with the addition of adipic acid under three different operating
conditions. Less overall mass transfer enhancement is obtained

with low PSG because it is more gas-phase controlled. All
2



e
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three curves approach the asymptotic value of 1.0 at a high concen-
tration of adipic acid, where 582 removal is totally controlled

by gas phase resistance. Further addition of adipic acid or
other buffer will not improve SQZ removal. Actually, in a typical
CaGOB slurry scrubber 10 to 20 mmole/liter should be adequate

to provide most of the benefit from adipic acid addition. This

is very close to the experimental results obtalned by Bechtel

(1979)
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Notation

a = component activity, g-mole/liter

b = Integration constant in Equation (8), (9) and (10)

D = diffusivity of component, cmzfseé

Dt = effective diffusivity of ions defined by Equation (/g ), cmzfgec

Fa = Faraday = 96488 coulumbs/g-equivalent

I - ionic strength, gwmeie/liier

X = thermodynamic equilibrium constant

KC = effective equilibrium constant in concentration units

k a = gas-phase mass transfer coefficient, g-mole/sec-atm
&

kza = liquid-phase mass transfer coefficient, liter/sec

n = valence

N = absorption rate, gwmeiefsec

P§Q§ = SGE partial pressure, atm

t = time, sec
- S C}{_%
T = temperature,
V' = moleculay volume
®x = distance, cm
¢>x mass transfer enhancement factor
Y = activity coefficient
0 . . y 2 .
}\% = equivalent ion conductance, cm /g-mole/ohn

5* film thickness, om
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Subscript
1, 2, 3, b = reaction 1, 2, 3, 4

i = at gas-liquid interface

i

J = component j
o = at liquid bulk

f 1= concentration, g~mole/liter



e}

15%

Literature cited

Albery, W. J., A. R. Greenwood and R. F. Ribble, *piffusion
Goefficients of Cafbagylis Acids”, Tra. Farad. Soc. 63, 360
(1967)

Ando, J., EPA Report No. EPA-650/2-73-038, p. 69 (1973)

Bengtsson, B., ph.D. Dissertation, Technical University of Munich,
(1974)

Bechtel National, Inc., "EPA Alkali Scrubbing Test Facility TVA
Shawnee Power Plaﬁ%iﬁoﬁthiy Progress Report for Period June 1,
1979, coniract 68-02-311k, July 25 (1979)

Borgwardt, R. H., EPA Report No. EPA-600/2-76-136a, p.117 (1976)

Borgwardt, R. H., "pffect of Forced Oxidation on iimea%@ne/SQX
Serubber Performance'’, Preceedings: S§m§esiam on Flue Gas
Desulfurization-Hollywood, FL., EPA-600-7-78-058a, p.205 (1978)

Borgwardt, R. H., EPA-IERL Progress Report 29 (Dec., 1977)

Cavanaugh, C. M., "Buffer Additives for Flue Gas Desulfurization
Processes"”, M.S, Thesis, U. of Texas at Austin, Austin, TX,
(1978)

Chang, C. S., and G. T. Rochelle, " Surface Renewal Theory for
Simultaneous Mass Transfer and Equilibrium Chemical Reaction”,
In Preparation, (197%a)

Chang, C. S., and G. T. Rochelle, "Mass Transfer with Multiple
Equilibrium Reactions™, In Preparation, (1979b):

Chang, C. S., and G. T. Rochelle, ”S@Z Absorption into Aguedus

Solutions”, In Preparation (1979c)



Chang, C. 8., and G. T. Bochelle, "Absorption of Sulfur Dioxide

into Aqueous Sodium Hydroxide and Sodium Sulfite Solutions",

In Preparation, (19794)

Danckwerts, P. V., "Gas Absorption with Instantaneous Reaction”,
Chem. Engr. Sci., 23, 1045 (1968)

Eigen, M. K. Kustin and G. Maas, "Die Geschwindigkeit der Hydratation
von 302 in Wassriger Losuing", Z. Phys. Chem., Frankfurt, 30,

130 (1961)

Elder, H. W., F. J. Princiotta, F. J.y.G. A. Hollinden, and 8. J.
Gage, "Sulfur Oxide Control Technology; Visits in Japan -~ August,
1972", U.8. Gov. Interagency Report (1972)

Gane, R., and C. K. Ingold, "Electrometric Titration Curves of

Dibasic Acids. Part IV.", J. Am. Chenm. Soc., 53y 2153 (1931)

tic solutions", 3rd Ed, Reinhold, N.Y. (1958)

Hatfield, J. D., and J. M. Potts, "Proceedings of Second International
Lime/Limestone Wet-Scrubbing Symposium", APTD - 1161, 263 (1971)

Hatfield, J. D., Y. K. Kim, and R. C. Mullins, U. S. Env. Prot,
Agency, APTD - 1137, PB210 - 793 (1972)

Head, H. N., S. C. Wang, D. T. Rabb, R. H. Borgwardt, J. E. Willianms
and M. A. Maxwell, "Recent Results from EPA's Lime/Limestone
Scrubbing Programs - Adipic Acid as a Scrubber Additive”, Sympo

Symposium on Flue Gas Desulfurization, Las Vegas, Nevada (1979)




Hollinden, G. A., N. D. Moore, and J. J. Schultz, "Removal of
Sulfur Dioxide from Stack Gases by Scrubbing with Limestone
Slurry: Effect of an Organic hdditive at TVA Pilot Plant”,
Presented at Fourth Annual Environmental Engineering and
geience Conference, Touisville, Kentucky (i??@}

Johnson, H. F., and P. W. Leppla, "The Solubility of Surface Dioxide
at Low Pressures. The Tonization Constant and Heat of
Tonization of Sulfurous Acid", J. Am. Chem. Soc., 56, 2233,
(1934)

Landolt - Bornstein Physikalisch - Chemische Tabbellen, Bd II-7,
p. 255, Spring - Verlag, Berlin, Germany (1960)

Le Bas, G., '"The Molecular Volume of Liquid Chemical Compounds",
Longman Green, London (1915)

Lewis, J. B., "Dome Determination of Liguid-Phase Diffusion
Coefficients by Means of the Improved Digphragm Cell™,  dJ.
Appl. Chem., 5, 228 (1955)

Lowell, P. S., D. M. Ottmers, K. Schwitzgebel, T. I. Strangs, and
D. W. Deberry, P. B. 193 - 029, U. o, Environment Protectlion
Agency (1970)

Macinnes, D. A., and T. Shedlovsky, '"The Determination of the
Tonization Constant of Acetic Acid, at 2568, from Conductance
Measurements”, J. Am. Chem. Soc., 5k, 1429 (1932)

Olander, D. R., "Simultaneous Mass Transfer and Equilibrium Chemical

Reaction™, A. I. Ch. E. J., 6, 2, 233 (1960)




Peaceman, D. W., "Liquld - Side Resistance in Gas Absorption
with and without Chemical Reaction™, Sc. B. Thesis, Mass.
Inst. Technol., Cambridge, MA (1951)

Rabe, A. E., and J. F. Harris, "Vapor Liquid Bguilibrium Data for
the Binary System, Sulfur Dioxide and Water”, J. Chem. Engr.
Data., 8, 333 (1963)

Rochelle, G. T., Ph.D. Thesis, University of California, Berkeley
(1977)

Rochelle, G. T., and C. J. King, Ind. Bng. Chen. Fund., 16, 67 (1977)

Tartar, H. V., and H. H. Garretson, "The Thermodynamic Ionization
Constants of Sulfurous Acid at 25°C", J. Am. Chem. Soc., 63,
808 (1941)

Wasag, T., J. Galka, and M. Fraczak, "Effects of Organic Acids on
the Kinetics of SQQ Absorption”, Air Conservation, 9s 3, 16

(1975)



Chapter 7

SUMMARY

The objectives of this work are:
(1) to model the SOZ absorption mechanism.
(2) to evaluate buffer additives for S0, scrubbing
Analysis using the mass transfer model developed elucidates the
functions of three major 1ime/limestone slurry flue gas desulfuri-

zation processes: simple slurry, forced oxidation and buffer

additive.

Theoretical Development

Mass transfer theory with equilibrium reactions was
investigated because the hydrolysis of absorbed 302 is an instan-
taneous reversible reaction.

The solution of surface renewal theory for the effect of
instantaneous reversible reaction on the rate of mass transfer has
been computed numerically. The material balance equations were
transformed into ordinary differential equations by combination of
variables. An explicit, finite difference method was employed to
solve the differential equations. At very point along the diffusion
path, all the species were assumed to be in equilibrium. The analy-
tical solutions derived from film theory are also presented ang

compared with those surface renewal theory.
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An approximation method which can estimate the surface
renewal theory solutions by the use of film theory solutions was
tested over a wide range of variables. Tt was found that +the
approximation method can estimate the surface renewal theory
solutions within 10% for most cases.

Multiple reactions are frequently more representative than
single reactions when considering gas absorption with chemical
reactions. The effects on mass transfer of multiple instantaneous
reversible reactions are modeled by film theory and surface renewal
theory. Film theory mass transfer enhancement factors are solved
directly for simple reaction systems. More complicated systems
require numerical solution of higher order algebraic equations.

Non-interacting systems of reactions can be solved as a

-

linear sum of contributions from each constituting reaction.
Interacting system each requires gz unique solution. Only the
simplest reaction system is easily solved for surface renewal theory.
The solution of surface renewal theory for more complicated systems

is approximated by replacing diffusivity ratios by their square

roots in the solution of film theory.

Application of the theories

The absorption rate of SG? from a gas mixture of 802 and
Ez into pure water, HCl, and NaCl solutions has been measured at
o)
25°C in a continuous stirred vessel with an unbroken gas-liquid

interface. Gas-phase mass transfer resistance was determined by

PR ——



absorption into 0.7 to 1.0 molar NaOH solution. The rates of
liquid-phase mass transfer are accurately modeled by the theory
of surface renewal with the instantaneous, reversible hydrolysis
of ﬁissolved,SOzc

Because H% and,HSOB” diffuse at the same rate, pure water
results in the reactlon type, A=22B. The enhancement factor varies
from 1.1 with pure S0, to 12 with 200 ppm SO

2 2

solutions give the reaction type, A ==B. The enhancement factor

in the gas. HCL

with dilute SOE varies from 2.5 in 0.01 molar HCL to 1.0 in 1
molar HCl. In NaCl solutions, H% and,HSQBw diffuse at different
rates and the reaction is glven by A=B + C. The enhancement
factor with 1250 ppm SQZ increases by 20 to 25% in going from pure
water to 0.4 molar NaCl.

The chemical absorption of sulfur dioxide into agueous
sodium sulfite and sodium hydroxide solutions is modelled by
simultaneous mass transfer and multiple instantaneous reversible
reactions. Experiments on the absorption of dilute sulfur dioxide
into aqueous sodlum hydroxide solutlons were carried out in a stirred
vessel with a plain gas-liquid interface. An approximation method
hased on film theory is used to estimate surface renewal theory
solutions for mass transfer enhancement factors. Predictions by
the present model are compared with those by a previous irreversible
model over a wide range of §§2 partial pressure in the gas phase.

Approximate surface renewal theory with multiple equilibrium

reactions was further employed to interpret the experimental data




of SSZ - aeetic acid,and,SGZ - adipic acid systems. The absorption
rate of sulfur dioxide from a gas mixture of 302 and,N2 was measured
at 2500 in the stirred vessel as used before.

The model of gas/liquid mass transfer with simultaneous
equilibrium reactions was modified to include the practical SQZ
scrubbing conditions at 55OC and 0.1 M Caﬁlg. The modified model

was applied to the absorption of 302 from waste gases into lime

or limestone slurries with the following objectives:

o~
fret

) to describe the SQZ absorption mechanism in scrubbers.

(2) to model novel processes such as forced oxidation and buffer
additives.

(3) to evaluate the effectiveness of eleven organic acid buffer

additives.

Conclusions

1) Mass transfer with instantaneous reversible reactions as
complicated as 4 + Be=2( + ] can be modeled by surface renewal
theory solved by numerical integration using Kutta's - Simpson's
rule.

2) Film theory and surface renewal theory give identical enhance-
ment factors with diffusivity ratios of one. However, deviations
between the theories can be as much 100% with a diffusivity
ratio of 10.

3) Surface renewal theory can be approximated within 10% with

diffusivity ratios of 0.3 to 10.0 by using the film theory




i)

ON
N

solution with diffusivity ratios replaced by thelr square roots.
This method does not require numerical integration and should

be especlally useful for complicated reaction systems where
surface renewal theory could be difficult to solve.

At large values of the equilibrium constants, the solutions for
bimolecular equilibrium reactions asymptotically approach the
solutions for instantaneous, irreversible reactlons.

The multiple equilibrium reaction systems can be divided into

two categories, non-interacting and interacting systems. The
former one requires that there are no common components except
the one penetrating through the phase boundary. The characteris-
tics of the constituting single reactions can be directly
applied to the multiple reaction system. The effects of multiple
reactions on mass transfer rate are the sum of the effects of the
constituting single reactions,

The interacting systems have more than one common component and
all the properties of the components can affect the concentra-
tion profiles and mass transfer rates. Therefore, each inter-
acting system results in a unique form of mass transfer enhance-
ment factor.

The film theory of mass transfer with multiple equilibrium react-
tions can be solved for most cases. Numerical technigues may

be required for complicated reaction systems because they involve
high order algebraic eguations.

1y the simplest reaction system can be solved by surface



8)

9)

renewal theory. However, the film theory solutions can be
employed to estimate the surface renewal theory mass transfer
enhancement factor with approximation method.

For the sulfur dioxide-water system, the gas absorption mech-
anism can be modelled by mass transfer with an instantaneocus
reversible reaction of the type A#22B. The hydrogen and bisul-
fite ions possess equal diffusivities to comply with the electri-
cal neutrality requirement.

For the sulfur dioxide-hydrogen chloride system, the eguilibrium
chemical reaction type becomes Ay=2B. The mass transfer enhance-
ment factor is independent of gas phase sulfur dioxide partial
pressure.

For the sulfur dioxide-sodium chloride system, the absorption
can be described by surface renewal theory accompanied by

an equilibrium reaction of type A#=23B + C. The presence of the
relatively high concentration of sodium chloride releases the
hydrogen ion from the force of electrical potential gradient in
the system. Sodium chloride also increases the value of the
effective equilibrium constant through its effect on activity
coefficients. These factors are reflected in the Increase

of the 802 absorption rate with the addition of sodium

chloride.

The experimental data on the absorption of dilute sulfur

dioxide into NaQH solutions agree well with the approximate
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solutions of surface renewal theory with instantaneous rever-

sible reactions.
11) The chemical absorption model shows that the reversible 802
hydrolysis reaction is significant and gt plays an impoitant
role in the absorption mechanism when SGZ partial pressure
is much lower than 0.05 atm. When 802 partizl pressure is
higher than 0.05 atm, the hydrolysls of dissolved 80. is

2
negligible and the present model gives the same prediction
of mass transfer enhancement factor as the irreversible
two-reaction plane model.

12) The absorption rate of SGZ into aqueocus acetic and adipic
acid solutions can be modeled by approximate surface re-
newal theory with multiple equilibrium reactions.

13) The 802 removal efficlency of scrubber loop forced oxidation
is better than that of simple slurry process,because the

bisulfite ion which depresses the S0 hydrolysis is oxidized

2

‘into sulfate species. As a result, the liquid phase mass

transfer rate is more enhanced by SO hydreolysis in forced

4
oxidation than in simple slurry process.

14) Adipic, sulfopropionic, sulfosuccinic and g-hydrcxypropisnic
acids are the most promising buffer additives for lime/
limestone slurry scrubbing of 502 from flue gas. Formic and
acetic aclds are the least expensive buffer additives.

However, losses by volatilization in the scrubber may be

economically and environmentally significant.
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10 - 20 mM adipic acid should be adequate to provide most
of the benefit from buffer additives on mass transfer enhance-

ment for a typical SOZ scrubber.

Recommendations for further work

1)

2)

3)

Test the dissolution rate of limestone under 892 scrubbing

with and without buffer additives.

Test 802 scrubbing with a variety of organic acids and evaluate

the least expensive buffer additives such as formic acid and
acetic acid.

Test the effect of mass transfer enhancement of HC®3~/COZ
buffer couple.

Construct an integrated 502 scrubber model which incorporates
CaCQB dissolution rate, HSOB*!SQBx

couples and organic acid buffer additives.

and/or Hsag“/caz buffer



APPENDIX A. ESTIMATION OF EXCESS SALT NEEDED TO LIBERATE THE
DIFFUSING IONS.

In a system of mixed electrolytes, the unidirectional diffusion
flux of each ion species results from a combination of electrical

and concentration gradients was given as (Vinograd and McBain, 1941)

_ RTAt - IA+G+/ Ny —EA-G-/n.
DG == [Gr 7 neC: Tp oo a1 (A-D)

The first term on the right hand side of Equation A-1 outside the
paranthesis represents the true diffusivity of the ion at infinite
dilution. All the terms within the paranthesis can be considered
the correction factors due to the presence of the other ion species.
The Dt of Equation A-~1 represents the effective diffusivity of the
specified ion.

A simplified concentration distribution diagram of SégaﬁaCi
absorption system 1s shown in Figure A-(1). The assumptions employed by
Vinograd and McBain (1941) regarding linear concentration gradients
and arithmatic mean concentrations are adopted and the lonic conductance
values 350, 50, 76 and 50 &icmg/mo}e for E+, HSGB*, ¢1” and Na' ions
respectively at 2509 will be used for analysis.

The first estimation was made by assuming that ihe ﬁ* and 8393_
ions have equal concentration gradients. It was found that the
effective diffusivity of hydrogen ion deviates from its true value
by only about 2% if the minimum concentration ratio of sodium chloride

to hydrogen bisulfite is 50. However, in real cases, the slow moving

S0~
503

ion will present a much steeper concentration gradient than

166
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‘that of H+ ion. The minimum concentration ratic between NaCl and
HSOB” jon will also be much lower than that between NaCl and H' ion.
All those changes tend to decrease the diffusivity deviation to much
less than 2%.

The simplified concentration distribution of SOZ»Hﬁl system is
$1lustrated in Figure A-(2). In this case, the excess hydrogen ion
which possesses very high ionic conductance can greatly lower the
electrical gradient effect on the diffusion characteristics of moving
ions. Tt was found that the difference between the effective
diffusivity and the true diffusivity of HSO, ion is only 1% when

3

4 -
concentration ratio of H to HSO ion is 10.

3
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APPENDIX C
COMPUTER PROGRAMS FOR RIGOROUS SURFACE RENEWAL THEORY

WITH SINGLE EQUILIBRIUM REACTIONS
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COMPUTER PROGRAM FOR APPROXIMATE SURFACE RENEWAL THEORY

WITH MULTIPLE EQUILIBRIUM REACTIONS
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