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AbstractE®A new methodE-molten salt membraneE—of removing sulfur dioxide from flue gas is proposed in this paper.

The rate of mass transfer of SO, across the molten salt membrans"MSMECcan be explained satisfactorily by the use of

non — equlibrium thermodynamics. The mathematical model of SO, transfer across MSM is established and calculated

by an electronic computer to obtain the solution. The experimental quantitiesEsuch as the electric current densityE-the

concentration of SO, and the gas flow rate in cathode or anode compartment are tested. The experimental results are in

good agreement with the model.
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Introduction

The new technology for gas separationf~ supported
molten salt membraneE” MSM£@method£-has expanded
since 1970s on the basis of the supported liquid mem-
brane. Because the stability of liquid membrane is far

~3 adopted the new

from satisfactoryE~"Winnick Jack"
achievement in fuel cell research£- substituted the
molten electrolyte for the liquid electrolyteE-and devel-
oped the supported moltensalt membrane method. Al-
though the method has been used for removing CO, from
the gasesE-the research into the sulfur dioxide separa-
tion is seldomE-especially the mathematical description
of mass transfer rate in MSM is as sparse as the morn-
ing stars. The purpose of this paper is to establish the
mathematical model by using non — equilibrium thermo-
dynamics theoryE—to calculate the model on an electron-
ic computer and to set up the experimental equipment
for testing the effects of various variables on SO, trans-

fer rate.

1 Theoretical Analysis

The principle of SO, removal using a molten salt mem-

brane is shown in Fig. fMEEE~chich involves the use of

ternary eutectic mixture of lithiumE-potassium and sodi-
um sulfates as electrolyteE-meta — lithium aluminate as
supported material and DC electric field as driving
force. The electrodes are made of stainless steel mesh-
es. When the contaminated flue gas is fed to the cath-
ode of the cellE-the chemical reaction below occurf™

SO, + 0, +2e—>S05 ™. £71£0
Sulfate ions migrate in the applied field to the anode.
Where the sulfate ion is oxidized

SO0;™ S0, + 0, + 2e . £72£0
The result is that sulfur dioxide is removed in cathod
chamber and recovered in anode chamber.
In this investigationE-the experimental conditions are
controlled so as to eliminate the diffusion resistance of
SO, in cathode or anode chamber. In order to establish
the mathematical model of the systemE-the linear non —
equilibrium thermodynamics is usedE=and moreoverf—
some assumptions should be introduced.
FirstEnit is assumed that SO, diffusion process is in
steady stateE-in one dimensional and at a constant tem-
perature. NextE-the chemical equilibrium exists in any
place of the membrane. FinallyE-Onsager coefficients
are constant. Then the model can be developed when

the following factors are taken into accountE®
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1.1 The solvent — fixed flux of matter
According to non — equilibrium thermodynamicsE-the
ternary systemf£-containing three cationsE=1£2 and 3£-

and one anionE-0E-may be described by the linear rela-

tiongom&EY
IS = 0£n £°3£0
D](I)D O e Lo OXiO
l:l (Z)D: Dlzl 122 ZZSE §X2§£_' £'4£©

Ut Oy Ly 10 Oxs0

Onsager coefficients are found empirically and theoreti-
cally to be symmetric

Ly = l; £7i = jEC. £75£0
The one — dimensional case is considered for conve-
nienceEand the thermodynamic force can be described

asE-because this is the usual experimental situation.

Here is

X, = £, 7 p9%ger; _ igaaces et
J dx 7T dx

As the flux tested in the experiment is related to the
volume — fixed reference framef- according to Pri-
gogineis theorflﬂgg\ﬁ‘it can be transformed from the sol-
vent — fixed reference frame

N, = JO+ CU, £ i = OEtEIE3EC.  £77£0
1.2 Chemical reaction in the membrane
In the MSME£-the concentration of SO3 ™ is higher and it
changes so slightly that we can believe that the chemi-
cal equilibrium equation below is tenable£®

K = C,Cy. £78£0

1.3 The mass transfer of Q3"

Mamantov thinks that the concentration of O, is less

than that of any other ions and Nernst — planck equa-

. 4 £010EY
tion can be used to describe its transfer rat&’'*

.dCy  2FC4 dg
A A T

£79£0

Sulfur dioxide removal & by using MSM

1.4 The local electroneutrality in the membrane
Based on electrochemical theoryE-there is the local
electroneutrality at all points in the membrane. So that
we can get the equation

2Cy+2C4 = Cy + Cy + Cs.

1.5 The conservation of electric charges

£710£0

If the used electric current density is /E-the conserva-

tion equation of electric charges is given by

A
2F

1.6 The mass transfer of the cations

= Ny + N,. £711£0

Although the cations migrate in the membrane as the
carrier or complexE-they can not pass through the mem-
brane. For the volume — fixed reference frameE-the fol-
lowing equation can be tenable

N, = 0 £77 = 1£2£3£0, £712£0

1.7 The transfer of SO, across the membrane

The total flux of SO, across the membraneE-which is e-
qual to the flux of sulfur at any points in the mem-
branef-is described by

dC,

NA = - DA E + No. £.l3£©

Combining equatiorE” 3£@andE "4ECwith the equatiorE "6
~ 13£8-we obtain the mathematical model of SO, trans-
ferE-that is

.. A oo pe- 1 2KD, _
£°N, - ZFE@]A #£°N, - 2F£© aRTE@]A =
Ko | ,dCy sk
~ Rkt PG DaCh g =27 e iR
Cy dx DK de £714£0
Where o is the model parameterfw = # 'lij£©
The boundary conditions are
X = O£ﬂ CA = CAOE» £'15£©
x = LE~ C, = Cy. £716£0
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For the sake of simplicityE-the dimensionless variables
are introduced C, = C,/C*E»x = x/LE»D, =
DA/D% £»D4 = D4/D * E»iﬁ = KEC%EQ»& =
aREC* juD " £B»N, = N,ioL€ C* joD*£8»] =
%E@) Cﬁﬁ@"and the model becomesE-in di-

mensionless formE-

£

-
dEvA £ NA — E£©C24 + 2ﬂ C4£©+ ‘BICA

R N YO
£717£0
where 3 = E "« £0 with the boundary condition
X = 06~ Cy = Cyob» £718£0
X = 1£~ C; = Cyy. £719£0

2 Experimental Study

In experimental sectionf—the main equipment is a elec-
trochemical cellE-which consists of three partsE-that isE-

the stainless steel housingE-the porous electrode and

the supported molten electrolyte membrane. Inlet and

outlet connections are made to stainless steel tubes

which also act as current leads. The tubes are as long

as possible so that the gas coming in the cell can reach

operating temperature. In molten sulfate membranef—
the fused electrolyte£<78.0% Li,SO4 + 13.5% K,S0,

+8.5% Na,S0,EE+is contained in the capillary pores

of the ceramic tileE-that isE-1iAlO,. The porous elec-

trodes are held against the electrolyte tile. The experi-

mental flow diagram is shown in Fig.2.

During experimentE-the SO, coming from the cylinder

passes through the needle adjusting valve and mixes

with nitrogen and oxygen gases from other cylinders in

gas mixer. After the measurement of temperaturef-
pressureEmand flow rateE-the mixed gas is fed to the

cathode of the electrochemical cell. Nitrogen gas or air

is fed to the anode of the cell to draw SO, migrated

from the cathode out. Details of the analysis of SO, at

the inlet and outlet of the cell are given for calculating

its transfer rate.

11

180

1i®gas cylinder£2i®pressure gaugef3j?rotating flow meterf4j?flow adjusting valve£si?three way valvef»

6i2gas mixer£??soap flow meter£32U pressurerf9j®thermometer£$0jZelectrochemical cell£»

11i®gas chromatogramer£$2 j2absorption bottle£$3j2air compressor£$4i2buffer tankfs5j?air adjusting valve
Fig.2 Sketch of electrochmical removal of SO, using MSM

3  Results and Discussion

3.1 Calculation of the model
The model equatiorE 17£Cwas solved using the Runge

— kutta method. In this paperf-an IBM computer was

programed to give the calculation results. FirstE-the in-

dependent experimental quantitiesEsuch as the specific

conductanceEHittorf transference numbers and the dif
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Fig.3 Dimensionless SO, transfer rate vs.
dimensionless electric current density
— fusion coefficientsE-were used to obtain Onsager co-
efficientsE-as listed in Table 1. NextE-the parameters
in the model were calculated and also listed in Table
1. FinallyEat a specific concentration on two sides the
membraneE-the relations of SO, transfer rate to the

electric current density were shown in Fig.3.

and Fig.4. It can be seen that SO, transfer rate in-
creases with increasing current density and concentra-
tion difference. Especially when current density is very
smallE-the effect of concentration difference on SO,

transfer rate is obviously greatE—and vice versa.
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Fig.4 Dimensionless SO, transfer rate vs.

dimensionless electric current density

Table 1 Onsager coefficients and Parameters for calculation of the model mol’£" Jam£0
Iy Iyn Iy lyp I3 Iy a B
2.58x107% 2.49%x107' 2.50x107"° 2.68x10°" 0.82x10°° 0.08x10"'° 1.95x107° 1.76x10~°

3.2 Experimental results

The electrochemical removal of SO, from simulated flue
— gas has been tested for a variety of current density
and inlet concentration of SO, in the gases. The typical
relation of SO, transfer rate to current density and to the
concentrationE-which is shown in Fig.5E7s the same as
that in the model calculation. The transfer rate or re-
moval efficiency is in direct proportion to the current
density . The reasion is that the rate of reactiolE1£Cbe-
tween SO, and O, increases with increasing the current
density or the inlet concentration. Fig. 6. shows the
calculated and experimental values at a specific con-
centration of SO, . It is found that the calculated results
can be satisfactorily used to predict the characteristics
of the experimental data. The main difference between

them is caused by the polarization of the electrode.

4  Conclusion

The non — equilibrium thermodynamics was satisfactori-
ly used in describing the transfer rate of SO, across the
molten sulfate membrane. It has been shown that the

electrochemical removal of SO, represents a potentially

inexpensive technology . It is applicable not only to coal
— burning power plantE-but also to any other industry

with sulfur dioxide emission problem.
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Fig.5 Flux of SO, vs. electric current density
Symbles£®

A specie SO,
C  concentration of specie i

C.

. dimensionless concentration of specie 1

I dimensionless electric current density

J;  molar flux of specie iEmolg m%BEO
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Fig.6 Comparison of experimental results
with model calculation date

K chemical equilibrium constantE8mol/m*EY

L thickness of the membraneE-m

l;  Onsager coefficientE-mol*£" Jj i BEO

N; mass transfer flux of specie iE-molZ m’j BecEO
N; mass transfer flux of specie iE-molZ m’ BecEO
U  velocityE-m/sec

X;  thermodynamic force of specie i£F/mol

x  direction of mass transfer

D; dimensionless diffusion coefficient of specie i
D; diffusion coefficient of specie iEm’/sec

F  Faraday constarfi "96500£€€0lumbs/mol
Greek letters

a model parameter

B model parameter

n; chemical potential of specie i£-J/mol
®; electrical potential of specie iE-V
Subscripts

I specie I

o sulfate ion

Superior Letter

o sulfate ion fixed reference fram
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