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dimensionless deposition rate 
surface to volume ratio, cm -~ 
dimensionless time, Eq. [9] 
gas temperature, K 
power-on fraction of pulse period 
power-off fraction of pulse period 
dimensionless pulse period, Eq. [9] 
time, s 
linear gas velocity, cm/s 
uniformity index, Eq. [21] 
axial coordinate, cm 

error tolerance for detection of periodic steady 
state, Eq. [30] 
time as a fraction of the pulse period during a single 
period 
radical diffusion length, cm 
dimensionless axial coordinate, Eq. [9] 
set of collocation points, Eq. [26] 
gas residence time, Eq. [9] 
pulse period, s 
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Mathematical Modeling of an H2S Removal Electrolyzer 
Z. Mao,* P. Adanuvor,** and R. E. White** 

Department of Chemical Engineering, Texas A&M University, College Station, Texas 77843 

ABSTRACT 

A mathematical model is presented for a high temperature H2S electrolyzer. It is shown that the maximum current in 
this type of a cell is determined entirely by the transport rate of sulfide ions through the separator. It is suggested that this 
model could be used to determine the feasibility of various designs for this electrolyzer. 

It has long been recognized that electrolysis of hydrogen 
sulfide (H2S) would provide an effective means of cleaning 
various H2S containing gases (1-3); consequently, a great 
deal of effort has been devoted to develop such a process. 
Unfortunately, electrolysis of H2S in aqueous solutions 
leads to problems such as the passivation of the anode be- 
cause of the deposition of sulfur (4), and the oxidation of 
sulfide or sulfur into sulfur oxyanions (5). The application 
of high temperature molten salts for this electrolysis may 
provide a means to overcome these problems because sul- 
fur would be in a liquid or even a gaseous state at high tem- 
peratures, which would remove the "blocking" effect 
caused by elemental sulfur in the aqueous process. Also, 
because no oxygen would be present in the salts, neither 
sulfide nor other sulfur species would be oxidized into sul- 

* :Elec t rochemica l  Soc ie ty  S t u d e n t  M e m b e r .  
** E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  

fur oxyanions. Several attempts have been made recently 
to use an electrolyzer similar to the molten carbonate fuel 
cell for this purpose (3, 6-8). While these experiments were 
carried out without much success, high polarization losses 
were experienced, the results of these experiments em- 
phasized that improvement in the performance of these 
cells may be obtained by optimizing the cell design in a 
manner  analogous to that for the molten carbonate fuel 
cell. Little attention has been paid to differences between 
these two types of electrochemical reactors. This work 
uses a mathematical model to examine the characteristics 
of the electrolyzer with regard to mass transport and to 
predict the maximum current density that could be ob- 
tained with this type of an electrolyzer. 

Although the structure of the electrolyzer is similar to 
that of the molten carbonate fuel cell, the mass transport 
process is different from that of the molten carbonate fuel 
cell (MCFC). In  the latter, the reactants are fed to both elec- 
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trodes from outside of the cell, where at the cathode 02 re- 
acts with the melt  to generate CO~ 2- ions which carry the 
current to the anode. At the anode, the CO~ 2- ions react 
with H~ gas to give water vapor and CO2. In the MCFC, the 
polarization resistance at the cathode may control the 
overall reaction rate. For the proposed electrolyzer, the 
H~S containing gas is fed to the cathode, where it reacts to 
produce hydrogen and sulfide ions 

H2S + 2e---* H2 ~ + S 2- [1] 

The sulfide ions produced at the cathode must  pass 
through the separator by migration and diffusion, and 
react at the anode to form sulfur 

S ~- - 2e- ---> S [2] 

A simple calculation can illustrate how the maximum cur- 
rent density can be limited by the mass transport through 
the separator. Assuming that the effective diffusion coef- 
ficient of S ~- in the separator is 1.0 x 10 -s em~/s, the con- 
centration of sulfide ions in the cathode is 1.0M, and a lin- 
ear concentration profile exists in the separator for a 
separator of thickness 0.05 cm, the limiting current density 
can be estimated from Eq. [3] to be 3.8 mA/cm e 

Cs2 
il,~,t = 2 F D s 2 - -  [3] 

k~ 

This limiting current density may be higher if migration is 
taken into account. Also, the concentration of sulfide ions 
in the cathode region may be much higher than 1.0M, and 
the concentration distribution may not be linear in the sep- 
arator. Therefore, a more detailed analysis of the mass 
transport in the electrolyzer during the electrolysis is 
needed in order to determine the maximum current den- 
sity as a function of the cell design and operating features 
of this electrolyzer. 

Development of the Model 
Figure 1 is a schematic representation of the proposed 

electrolyzer. The cathode is a sintered porous Ni-Cr plate. 
In the middle of the electrolyzer is a tape-cast l i thium alu- 
minate matrix which separates the electrodes and holds 
the electrolyte. The anode is assumed to be porous graph- 
ite. With this arrangement, H~S is passed over the cathodic 
side where it dissolves in the melt and reacts according to 
Eq. [1]. The sulfide ions formed are then transported 
through the separator to the anode by diffusion and migra- 
tion. At the anode, sulfide ions are oxidized into elemental 
sulfur which vaporizes at the back side of the electrode. 
The sulfur formed at the anode can react further with sul- 
fide ions to form polysulfide species which can back-dif- 
fuse to the cathode. Consequently, hydrogen evolution 
would be partially replaced by reduction of the polysulfide 
ions to sulfide species. However, to simplify the model, 
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Fig. 1. Schematic of the electrolysis cell 
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these complications will not  be considered, instead, a sim- 
ple one-dimensional model will be developed to account 
for the transport processes taking place in the electrolyzer. 

An exploded view of the various regions of the electro- 
lyzer is shown in Fig. 1. A three-phase reaction zone exists 
at the cathode towards the gas-side, whereas a two-phase 
reaction zone exists towards the matrix side of the cathode 
and in the anode. There are two phases in the separator as 
well, but it is assumed that no reaction occurs inside the 
separator. 

Gas phase  in the ca thodic  r e g i o n . - - T h e  gas phase con- 
sists of two components, hydrogen and hydrogen sulfide. 
Hydrogen sulfide diffuses into the porous cathode, dis- 
solves into the melt and reacts to form hydrogen gas ac- 
cording to reaction [1]. The mass balance for the two com- 
ponents can be expressed as follows (9) 

OC, g 
e g = - ? .  N~ g + Rg, [4] 

at 

N,g = -C,D,~VX, + X, 7, Nj~ [5] 
3 

where Rg, represents either the rate of the dissolution of 
hydrogen sulfide into the melt per unit volume of the elec- 
trode or the rate of the production of hydrogen gas per unit 
volume of the electrode. The other symbols in the equa- 
tions are explained in the List of Symbols. The consump- 
tion rate of hydrogen sulfide per unit volume is equal to its 
diffusion rate into the bulk melt (i0). It can expressed as 

aCH2s 
Rg.H2S = - - a ' D C H 2 s - -  [6] 

0~ 

where a I is the melt surface area per unit volume in the ca- 
thodic region. DcH2S is the diffusion coefficient of hydrogen 
sulfide in the melt, aCH2s/a~ stands for the derivative of the 
concentration of hydrogen sulfide at the melt surface in 
the direction normal to the surface which is approximately 
calculated by Eq. [7] on the basis of the thin film ag- 
glomerate model (11) 

OCH2s _ C*~2s - CH2S 
[7] 

at 8 

where C*H2S and CH2S are the concentrations of the dis- 
solved hydrogen sulfide at the melt surface and near the 
solid surface, respectively, and 8 is the thin film thickness. 
It is assumed here that C*H2S is proportional to its concen- 
tration in the gas phase. That is 

C*s2 S = K~CgH2S [8] 

Hydrogen gas that is produced in the cathode must  pen- 
etrate through the gaseous pores in the cathode to the out- 
side; the rate of hydrogen gas production is equal to its 
local electrode reaction rate, that is 

ascic 
Rg.H2 = - - -  [9] 

nF 

where as c is the specific surface area of the cathode, and ir 
is the current density due to hydrogen evolution. In order 
to simplify Eq. [4] and [5], it is assumed that Knudsen diffu- 
sion is negligible and that there is no bulk gas flow in the 
x-direction. Therefore, the total pressure in the gas phase 
is constant, which when expressed in terms of concentra- 
tion leads to the equation 

CgH2s + CgH~ = Ct [10] 

Equation [10] is used to simplify further Eq. [4] and [5], and 
the results are displayed in Table I. 

L i q u i d  phase  in the ca thodic  reg ion . - - In  the liquid phase 
of the porous cathode, the dissolved hydrogen sulfide is 
electrochemically reduced to form hydrogen gas and sul- 
fide ions which are transported by migration and diffusion 
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Table I. Governing equations and boundary conditions 

Gas  p h a s e  i n  t he  p o r o u s  c a t h o d e  (0 < x < x~) 

0cgIt2 02CgH 2 ic 
eg = D g H 2 n  -- as  c - 

Ot ox  ~ 2F 

CgH2 ~- CgH2 S = C t 

[I-1] 

[I-2] 

w h e r e  

Mel t  p h a s e  in  t he  gas-fed p o r o u s  c a t h o d e  (0 < x < l~) 

OCH2s _ n~ o2C~zs i~ ( K ~ C ~ 2 s  - Cn2s) 
~c _ ~ ,  H2S ~ _1_ {~s c - -  + aLDCH2 s 

~t 2F 5 

OCs2- O2Cs2 - [ Cs2- OdO 02*] ~c 
e c Des 2- 2Fues 2- 0 = . . . .  + C s 2 - -  as c - 

Ot Ox 2 k Ox Ox ox2J 2F 

] ]) i~ = ~~ ~f I - -  e x p  (Ec - 4' - Uc,ref) (Ec - + - Ur ~f) 
' \Cs2 ,,el L R T  C~2s,~f ~ R T  ' 

oC 1 ~2C 1 [ o C  1 0(~ 02+] 
e c -  D " - -  t = ~ 2 +z~Fu~c - -  - -  +C~ 

Ot OX L Ox Ox 

i =  M+,M - 

z,C~ = 0 

[I-3] 

[I-4] 

[I-5] 

[I-6] 

g-7] 

Mel t  p h a s e  in  t he  p o r o u s  c a t h o d e  (l. < x < /p)  

0CH2s 02CH2s i c 
e c = D c H 2 S - ~ - ~  + as  c -  

ot o x  ~ 2F 

The  e q u a t i o n s  for t he  o the r  spec i e s  a re  the  s a m e  as  Eq.  [I-4]-[I-7] 

[I-8] 

In  s e p a r a t i n g  m a t r i x  r eg ion  (xp < x < x~) 

o c  o c, roc, o,  o ,1 

for a l l  s pec i e s  (see T a b l e  I I )  

z,C, = 0 

[[-9] 

g-7] 

w h e r e  

In  the  po rous  a n o d e  r eg ion  (x~ < x < xl) 

OCs2- O2Cs2- [OCs2- 04, 02~] ia 
e ~ , = D"s2 - 2Fu%2- i - -  + Cs=- - - - I  - a ~  

at Ox 2 L Ox Ox 0 2 J  2F 

l e o  F aF 1 ]) ia = i~ ~ f |  - e x p  l - -  (E. - r - Ua r~f) - e x p  (E~ ~ 6 - U. ~f) 
' \Cs2-,ref k R T  ' R T  ' 

oC, o2C, [oC, o+ o%1 

~ - - = D ? - - + ~ t  ox  2 z ,FU? | L - -  - -  + G o x  

for the  o the r  spec i e s  (see Tab le  II)  

z,C, = 0 

[I-10] 

[I ]1]  

[I-12] 

[I-7] 

A t x  = 0 

A t  X = Xa 

CgH2 S = C t 

CgH2 = 0 

e l l s -  = KHCgH2S 

oC, 04, 
- D ,  e -  - z , F u , e C ~ -  = 0 

Ox Ox 

z,C, = 0 

0CgH2 02Cgtt2 ic 

Ot = DgM2 Ox 2 asC 2F 

[i-13] 

[i-14] 

[ i - is ]  

[I-]6] 

g-7] 

[I-17] 

Continued 
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Table I. continued 

2119 

At x = xp 

" (  OCH2S) x=xp_ [ OCit2s\ (1 - , c )  tr + -DOries = ~-D~H2 s Jl  
2F Ox ] Ox ]lX=Xp+ 

- (1 - r  + -Des2 - + 2Fu~s2-Cs2 - = (-D~s2 - + 2FuSs2-Cs2 - 
2F Ox ~=Xp- Ox 

[Cs2- [ a c F  ] CH2 S [ ( 2 - ac )F  ] )  
io = i% ~f | exp | - -  (Ec - ~b - U~ ~f) exp (E~ - ~b - U~ ~f) 

' \Cs2-,~of L RT ' - Ca2s,~ef RT ' 

- D ,  = + 

i = M +, M- 

z~C, = 0 

[I-18] 

[I-19] 

[I-5] 

[I-20] 

[I-7] 

At x = Xla 

( 1 - e  a ) - +  - D % 2 -  + = 
2F Ox O x  x=xta + O x / [  X=Xla- 

exp [ - ~  (E~ - r - U~ ~f) - exp [ - -  (E, - d~ - U~ ~r 
ia = Z%,ref~cs2 ,ref ' RT ' 

- D ,  7 x  = I, -D' 7 x  

z,C, = 0 

[I-21] 

[I-11] 

[I-22] 

[i-7] 

A t  x = xl  

OC~ Oeo 
D~ a -  + z~C~Fu, a -  = 0 

Ox Ox 

for all the species 

z,C, = 0 

[I-23] 

[I-7] 

in to  t h e  separa tor �9  T h e  effect  of  c o n v e c t i o n  o n  m a s s  t r ans -  
po r t  is a s s u m e d  to be  neg l ig ib le  he r e  b e c a u s e  t he  e l ec t rode  
is qu i t e  th in ,  a n d  t h e  e lec t ro ly te  is he ld  in  t h e  ma t r ix .  T h e  
r e s u l t i n g  m a s s  b a l a n c e  for  e ach  spec ies  c an  b e  e x p r e s s e d  
b y  Eq.  [11] (12) 

O-T = D~ ~ x  2 + z,Fu, ~Ox \ ax] 

i =  1,2,"  . . , n  

+ Rd,~ + RChe,1 [11] 

I n  t he  a b o v e  equa t ion ,  t he  c o n c e n t r a t i o n  s h o u l d  b e  visual-  
ized  as a v o l u m e  ave raged  concen t r a t i on ,  as d i s c u s s e d  b y  
N e w m a n  a n d  T i e d e m a n n  (13). F o r  t he  d i s so lved  h y d r o g e n  
sulf ide,  CHzs is d i f f e ren t  f rom C*H2S. T h e  first  t w o  t e r m s  on  
t he  r i gh t  s ide  of  Eq. [11] r e su l t  f r om t he  d i f fus ion  a n d  mi-  
gra t ion .  T h e  t h i r d  t e r m  is t h e  r e su l t  of  h y d r o g e n  sulf ide  
d i sso lu t ion .  Fo r  t h e  d i s so lved  h y d r o g e n  sulfide,  i t  is ex-  
p r e s s e d  b y  Eq.  [6], for  t h o s e  spec ies  w h i c h  are  n o t  r e l a t ed  
w i t h  t he  d i s so lu t i on  of  h y d r o g e n  sulf ide  in to  t he  so lu t ion ,  
t h i s  t e r m  is zero. T h e  f o u r t h  t e r m  is t h e  n e t  ra te  of  t h e  elec- 
t r o d e  reac t ions ,  a n d  can  be  e x p r e s s e d  b y  t he  e q u a t i o n  

c = a c [12] R he,1 --  s ~ S~Jc~]c 
3c njcF 

w h i c h  is s u m m e d  over  t he  r eac t ion  o c c u r r i n g  in t h e  ca th-  
ode  only. T h e  n e g a t i v e  s ign u s e d  in  Eq. [12] is c o n s i s t e n t  
w i t h  t h e  c o n v e n t i o n s  (12, 13), in  w h i c h  t h e  s t o i ch i ome t r i c  
coeff ic ient  of  a r e a c t a n t  w h i c h  is ox id ized  in  a n  e l ec t rode  
r e a c t i o n  is posi t ive ,  b u t  nega t i ve  o therwise .  T h e  c u r r e n t  

for  a n  o x i d a t i o n  r eac t ion  is a s s igned  a pos i t i ve  value ,  
w h e r e a s  t h a t  for  a r e d u c t i o n  r eac t ion  is a s s i g n e d  a nega t i ve  
value .  E q u a t i o n  [11] r e p r e s e n t s  a set  of  n e q u a t i o n s  w i t h  
n + 1 u n k n o w n s  (C,, i = 1, 2, �9 � 9  n, r The  re la t ive  concen -  
t r a t i o n s  of  all ionic  spec ies  at  any  p o i n t  in  t h e  so lu t ion  
m u s t  sa t i s fy  t he  e l ec t roneu t r a l i t y  cond i t ion .  T h a t  is 

~z~C, = 0 [13] 

E q u a t i o n s  [4], [10], [11]-[13] p rov ide  a c o m p l e t e  se t  of  t h e  
e q u a t i o n s  w h i c h  are  r e q u i r e d  to d e s c r i b e  t he  m a s s  t rans -  
po r t  p roce s s  in  t he  c a t h o d e  region.  The  e x p a n d e d  fo rms  of  
t h e s e  e q u a t i o n s  are  s h o w n  in Tab le  I. 

Separator  region.--A sol id  p h a s e  a n d  l iqu id  p h a s e  a re  
p r e s e n t  in  th i s  region.  T h e  sol id p h a s e  se rves  as a n  insu la-  
to r  s e p a r a t i n g  t h e  a n o d e  f rom t h e  ca thode .  No e l ec t rode  re- 
ac t ion  t akes  p lace  a t  t h e  sol id phase .  The  m a s s  t r a n s p o r t  in  
t h i s  r eg ion  is d u e  to  c o n c e n t r a t i o n  g r ad i en t s  a n d  a po ten-  
t ial  g r a d i e n t  across  t he  separa tor .  The  g o v e r n i n g  e q u a t i o n  
for  t h e  m a s s  b a l a n c e  of  e a c h  spec ies  in  t h i s  r eg ion  c a n  b e  
e x p r e s s e d  as 

�9 s OC, 
- -  = - V  �9 N~  [ 1 4 ]  
Ot 

i = l , 2 , . . . , n  

F u r t h e r  e x p a n s i o n  of  t h i s  e q u a t i o n  l eads  to  Eq. [I-9] in  
T a b l e  I. Again ,  t he  e l ec t roneu t r a l i t y  c o n d i t i o n  is sat isf ied 
a t  p o i n t s  in  th i s  region.  

Anode  region.--Similarly  to  t he  s e p a r a t o r  region,  t h e r e  
a re  two  phases ,  sol id p h a s e  a n d  l iqu id  phase .  E l e c t r o d e  re- 
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act ions take  place  at the  solid phase.  The  genera l  govern-  
ing  equa t ions  for the  mass  balance in this region are g iven 
by 

~a __=c~C' - V  "NI  + R%~,, [15] 
0t 

whe re  

s'J~---e~ [16] 
R%e.z = - a s  a njaF 

wh ich  is s u m m e d  over  the  react ions occurr ing  in the  
anode.  An e x p a n d e d  form of this equa t ion  is p resen ted  in 
Table  I. 

Boundary  condi t ions . - -To solve the  govern ing  equa-  
t ions  for the  three  regions,  appropr ia te  boundary  and ini- 
t ial  condi t ions  mus t  be  specified. Overall,  there  are five in- 
terfaces (see Fig. 1) and the  boundary  condi t ions  are 
specif ied as follows: At  x = 0, it is a s sumed  that  the  part ial  
p re s su re  of  hydrogen  gas is zero. This a s sumpt ion  impl ies  
tha t  hyd rogen  sulfide gas is t ranspor ted  into the  porous  
ca thode  at a m a x i m u m  rate. In  the  l iquid  phase,  the  con- 
cent ra t ion  of  hydrogen  sulfide is a s sumed  to be  in equi l ib-  
r i u m  wi th  its part ial  pressure�9 For  the  o ther  species in the  
solution,  the  flux of  each species is zero. At  x = x,, it is as- 
s u m e d  that  H2S gas diffuses into the  e lect rolyte  in the  
s a m e  way  as at  o ther  posi t ions and that  no hydrogen  is 
p roduced  by the e lec t rode  react ion beyond  this point�9 
Therefore ,  the  boundary  condi t ions  for the  gas phase  at 
this  po in t  are g iven  by  Eq. [I-2] and [I-17] in Table  I. 

The  pr incip le  govern ing  the  boundary  condi t ions  at 
x = xp and x = Xla is the  cont inui ty  of  f lux at these  inter- 
faces. This  leads to the  fol lowing equat ions:  at x = xp 

�9 x=xp x=xp- = N1 + 
- (1  - e c) ~'. s~a~ + N, [17] 

X=Xp 

at x = xla 

l e") Y S~a~J" + 

whe re  N, represen ts  the  f lux of  species i, the  superscr ipts  
on xp, etc., deno te  that  the  flux is eva lua ted  f rom different  
direct ions.  The  first t e rm on the  left  side of  Eq.  [17] and [18] 
is due  to the  e lec t rode  react ion occur r ing  at the  interfaces.  
These  react ions  t ake  p lace  only  on the  solid phase;  conse-  
quent ly ,  the  current  should  be mul t ip l ied  by a fract ion as 
shown  in Eq.  [17] and [18]. The  different  s ign before  the  
summat ions  in Eq.  [17] and [18] comes  f rom the  conven t ion  
tha t  the  flux is posi t ive  in the  x increas ing direct ion.  The  
e x p a n d e d  forms of  these  equa t ions  are l is ted in Table  I. At  
the  back  side of  the  porous  anode  (x = xl), it is a s sumed  
that  no reac t ion  takes  place,  and  the  flux of  each  species  is 
zero. The  equa t ions  for this  boundary  condi t ion  are also 
l is ted in Table  II. 

As a t ime -dependen t  problem,  the  initial condi t ions  
m u s t  be  specified. I t  is a s sumed  that  the  concent ra t ion  dis- 
t r ibu t ion  of  each species  is un i fo rm cross the  cell  before  a 
cur ren t  is passed  th rough  the  electrodes.  That  is, t he  initial 
concen t ra t ion  of  each  species  is the  same  everywhere ,  
equa l  to a g iven  value.  For  the  hydrogen  gas, its initial con- 
cent ra t ion  is zero. 

A But le r -Volmer  express ion  (14) is a s sumed  to descr ibe  
the  re la t ionship  be tween  the  cur ren t  dens i ty  and the  po- 
tent ia ls  for react ions [1] and [2] as shown be low 

/ [ - ,  
[]~ \Ck,~f/ exp  -R~-(E - , -  

The  express ion  for an indiv idual  react ion is l is ted in Table  
I. I f  the  e lect rolyte  is not  ve ry  conduct ive ,  in general,  a 

suppor t ing  e lect rolyte  is added  to the  me l t  to improve  its 
conduc t iv i ty  and, consequent ly ,  to reduce  the  ohmic  drop 
cross the  cell. The  conduc t iv i ty  of  the  mel t  will  affect the  
potent ia l  d is t r ibut ion  cross the  cell  and, therefore,  the  mi- 
grat ion of  sulfide ions th rough  the  separator.  Tn order  to 
take  this factor into account ,  two pseudo  ionic species M + 
and M- are a s sumed  to be  p resen t  in the  melt .  The  relation- 
ship  be tween  the  conduc t iv i ty  of  this  me l t  and the  concen-  
t rat ions o f  ionic species in the  mel t  is g iven  by  Eq. [20] (12) 

K = F 2 ~ u~z,2C, [20] 

In  summary ,  the  equat ions  that  have  been  deve loped  to 
desc r ibe  the  mass  t ranspor t  process  in this e tect rolyzer  are 
l is ted in Table  I. The  u n k n o w n s  are CgH2, CgH2s, CH~S, Cs2-, 
CM+, CM-, and (b. When the  concen t ra t ion  d is t r ibut ion  of  
each  species and potent ia l  d is t r ibut ion  cross the  cell  are 
ob ta ined  by solving these  equat ions ,  the  cur ren t  dens i ty  
for a g iven  cell vol tage  can be  calculated e i ther  by sum- 
ming  up the  flux of  each species at any poin t  in the  separa- 
to r  region (Eq. [21]) or  by  in tegra t ing the  cur ren t  a long the  
e lec t rode  (Eq. [22]) 

n 
I = ~ z,FN~ ~=xp+ [21] 

[22] 

Numerical Solution 
An impl ic i t  finite dif ference m e t h o d  was used  to solve 

the  set  of the  equa t ions  l is ted in Table  I and II, par t icular ly  
the  subrou t ine  (BAND)(J)) deve loped  by N e w m a n  (12) and 
the  t r id iagonal  solver  by Carnahan et al. (15) were  used. 
The  equa t ions  for the  componen t s  in the  gas phase  and 
those  for the  species in the  l iquid  phases  were  so lved  sepa- 
rately each t ime  us ing  the  previous  solut ions as n e w  
guesses,  the  solut ion converged  after a few i terat ions  to 
sat isfy the  des i red  criteria. The  fixed pa ramete r  va lues  
used  in the  p rog ram are l is ted in Table  II. 

Results and Discussion 
Figure  2 shows the  effect  of  e lec t ro lyte  conduc t iv i ty  on 

s teady-state  polarizat ion curves.  The  paramete rs  used  in 
this  calculat ion are typical  for a mo l t en  carbona te  fuel  cell. 
The  effect  of  the  conduct iv i ty  is insignif icant  w h e n  the  
concen t ra t ion  of  the  suppor t ing  e lec t ro lyte  is re lat ively 
high. However ,  w h e n  the  conduc t iv i ty  decreases  further,  

Table II. Fixed input data 

A. Parameters for electrode reactions 
React ion j i~ (A/cm 2) cca Ul,ref (V) 

H2S + 2e- --+ H2 1' + S 2- 1.2 x 10 -a 1.0 0.062 
S 2- - 2e -+ S 1�9 x 10 -3 1.0 0.120 

B. Transport properties and reference concentrations* 
Species i D, (cm2/s) C~,~f (mol/1) z~ 

H2 (g) 0.13 0.1 
H2S (1) 1.2 • 10 -5 0.1 0 

S 2 - 1 . 2  • 10 -2 0.01 - 2  
M + 1.3 x 10 -5 0.12 +1 
M- 1.2 x 10 -~ 0.1 -1  

C. Electrodest~c~reparameters  
C ~ l r ~ i o n  PoromW(~) Tortuosi~(~ Thickness(h) 

c 0.80 1.5 O.O4cm 
s 0.80 1.5 0.02cm 
a 0.65 1.5 0.05cm 

* The mobilities of each species are calculated by ul = D,/RT, the 
effective diffusion coefficmnt for region j is calculated by 
D? = D,~/~a�9 The other parameters are Ks = 0.5 and a~ 1 = 1.0 • 102 
cm2/cm a, ~ = 1.O • 10 -5 cm, la -~'0.035 cm. 
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Fig. 2. The effect of conductivity on the polarization curve. 
h, = 0 . 0 6  cm, C~ = 0 .1M, C~ = 1.0 x 10-2M. 

the limiting current increases appreciably. Evidently, a de- 
crease in conductivity results in a greater potential gradi- 
ent cross the separator; the driving force for migration of 
ionic species cross the separator increases, leading to an 
enhancement  of the limiting current. The capability of 
using the electrolyzer for treating H~S is related to the 
magnitude of the maximum current density through the 
cell. Unfortunately, for the design conditions considered 
here, the limiting current predicted from Fig. 2 is too low 
for any practical design of an electrolyzer for this process. 
The model could be used, however, to investigate other de- 
signs which may be practical. 

The performance of the cell may be improved by chang- 
ing the cell structure. One obvious approach to enhance 
the mass transport rate through the separator would be to 
make it much thinner. Figure 3 demonstrates how much 
the limiting current can be increased by reducing the sepa- 
rator thickness within a realistic range. Although the max- 
imum current density increases significantly when the 
separator thickness is reduced, the current is still far lower 
than that one would want for industrial electrolysis. One of 
other properties of the separator could be modified to im- 
prove the cell is its porosity. As shown in Fig. 4, the limit- 
ing current density varies linearly with the porosity. 
Therefore, the performance of the cell could not be signif- 
icantly improved by changing the separator porosity. 

Figure 5 shows the concentration distribution of sulfide 
ions cross the cell at different times. Initially, concentra- 
tion gradients appear only cross the interfaces between the 
separator and electrodes. However, after some time, there 
is a rapid rise in the concentration of sulfide ions at the 
cathode as a result of reaction [1], and a corresponding 
drop in concentration of S 2- ions at the anode as a conse- 
quence of reaction [2]. As time increases, the concentration 
profile of S 2- ions cross the separator changes accordingly. 
After a long time, a steady-state profile develops across the 

2 . 5  

f "  
2.0 / "  

l.O 

0.0 I ~ t , 
0 .0 0.1 O. ~' 0.8 0.4 0.5 

v..-E~ Iv) 

Fig. 3. The effect of the separator thickness on the polarization 
curve. Cs2-  = 0.01M,  CM~s = 0.1M,  K = 4 .593 • 10-3 cm -1 ~ -1 .  
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Fig. 4. The effect of the separator porosity on the current density. 
Eo - E c = 0.4V, Cs2 = 0 .01M,  CH~s = 0 .1M,  K = 4 .593 • 
10 -3 cm -1 ~Z -1, h, = 0 .02 cm. 

cell, with the profile in the anodic region indicating a 
nearly complete consumption of S 2- ions in the vicinity of 
the anode. These concentration profiles as a function of 
time can be further explained in terms of the potential pro- 
file cross the cell. Figure 6 shows changes in the potential 
profile with time. The reaction rate is controlled initially 
by the ohmic resistance in the separator. Consequently, 
there is a drastic change in potential cross the separator. 
As Fig. 6 shows, the driving force for the electrode reac- 
tions occurring at both the anode and the cathode is higher 
near the interfaces than in the electrodes, resulting in 
higher reaction rates at these places. Consequently, the S 2- 
concentration gradient appears first near the interfaces, as 
shown in Fig. 5. As time elapses, the concentration polar- 
ization for the anodic reaction becomes more and more 
significant because of the limiting transport rate through 
the separator, leading to a corresponding potential shift in 
the solution in the negative direction. After a steady state 
has been established, the potential profile in the solution 
becomes nearly flat and entirely shifts to the cathodic side. 
When this happens, almost the whole cell voltage is used 
to overcome the concentration polarization of the anodic 
reaction, the reactant transferred from the cathode is con- 
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Fig. 5. The S 2- concentration profile cross the cell. Eo - Ec = 0.4V,  
Cs2- --- 0 .01M,  CHzs = 0 .1M,  h, = 0 .02 cm, K = 4 .593 • 
10-3 cm-1 ~2-1. 
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Fig. 6. The potential profile in the solution cross the cell. 
Eo - Er = 0 .4V,  Cs2- = 0 .01M,  CH2S = 0 .1M,  h, = 0 .02  cm, 
K = 4 .593  X 10 -3 cm -1 s 

sumed predominantly near the interface between the sepa- 
rator and the anode, and the concentration of S 2- ions in 
the anodic region becomes almost zero. Figure 7 shows the 
current density distribution along the anode as a function 
of time. The current density changes linearly with the posi- 
tion at t ime t = 0.1 s when the concentration polarization is 
negligible and the potential profile is linear as shown in 
Fig. 5 and 6. With time increasing, the concentration polar- 
ization develops, the current density distribution changes 
accordingly. Finally, the current becomes very small in- 
side of the electrode, and predominates in the front side of 
the electrode. 

An increase in H~S pressure may result in a significant 
increase in the limiting current density as is normally the 
case in fuel cells. If  this is true, one can select an electro- 
lyte which has a high solubility for H~S. Figure 8 shows the 
effect of H2S pressure on the polarization curves. An in- 
crease in H2S pressure causes a shift of the rest potential 
and only a slight increase in the maximum current density. 
It should be realized that transport rate of reactants into 
the electrodes normally controls the overall reaction rate 
in the case of fuel cells, whereas in this electrolyzer, the 
transport of  sulfide ions through the separator limits the 
reaction rate. An increase of H2S pressure only increases 
the activity of dissolved H~S in the melt, not necessarily 
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l:i 9. 7. The current transferred per unit volume as function of position 
alan 9 the anode. Eo-Ec=O.4V, Cs2-=O.OIM, CH2s=O.IM, 
h, = 0 .02  cm, K = 4 .593  • 10 -3 cm - I  ~ t .  
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Fig. 8. The effect of the HzS concentration on the polarization curve. 
K = 4 .593  • 10 -3 cm -1 ~ - 1 .  

the concentration of sulfide ions. The concentration of S 2- 
ions in the cathodic region depends mainly on the charge 
passed through the cell. As stated previously, the current 
is controlled predominantly by the ohmic resistance in the 
separator region in a relatively short t ime after a potential 
is applied. The concentration of S 2- ions in the cathodic re- 
gion could not be built up by one or two orders of magni- 
tude or even many folds within this t ime period. There- 
fore, when the S 2- ions in the anodic region are completely 
consumed, the high resistance to mass transport in the 
separator region keeps the rate of transport of S 2- ions to 
the anode region small. 

Since the overall reaction rate is entirely controlled by 
the transport rate of S 2- ions through the separator, it can 
be expected that changes in electrode structural parame- 
ters such as porosity and specific electrode areas will do 
little to enhance the performance of the electrolyzer. Fig- 
ure 9 and 10 demonstrate the effects of the respective spe- 
cific surface areas of the anode and cathode on the current 
density. The specific area affects only the transient cur- 
rents, but shows practically no effect on the steady-state 
current densities. 

C o n c l u s i o n s  

A mathematical model has been presented to examine 
the concept of using an electrolyzer similar to the molten 
carbonate fuel cell for electrolysis of hydrogen sulfide. 
Under  the conditions assumed in this model, the maxi- 
mum current density with this type of cell is determined 
by the reactant transport rate through the separator. A sig- 
nificant portion of the cell voltage is used to overcome the 
concentration polarization in the anodic region. The con- 
centration of sulfide ions in the cathodic region cannot be 
increased by many orders of magnitude after a current has 
been passed through the cell, on the other hand, the con- 
centration of S 2- ion in the anodic region is limited by t h e  

0.00 

-O.Ot 

- 0 . 0 2  

- 0 . 0 3  

J/ 

a~ = 1.0 • 10 4 ctn2/crn3 

a~ = 1.0 • I0 3 cm2/cm~ 

E a,  ~ = 1.0 • 10 ~ cm2/cm 3 

- - 0 . 0 4  I , I I 
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Fi 9. 9. The effect of cathode specific area on the current-time curve. 
E o - - E c = 0 . 4 V ,  C s 2 - = 0 . 0 1 M ,  C H 2 S = 0 . 1 M ,  K = 4 . 5 9 3  • 10 -3 
cm -1 D, -1, a, ~ = 1.0 • 104 cmZ/cm 3. 
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Fig. 10. The effect of the anode specific area on the current-time 
curve. Eo - E~ = 0.4V, Cs2 = 0 .01M,  C.2s = 0 .1M,  
K = 4 .593 X 10-3 crn - I  ~ -1 ,  a~ = 1.0 • 104 cm2/cm 3. 

resistance to mass transport in the separator region. There- 
fore, under  the most optimistic conditions, the maximum 
current density for this type of electrolyzer cannot be im- 
proved beyond 10 mA/cm 2, a value that is far too small for 
any practical large scale industrial applications. The model 
could be used to study fundamentals (obtain values for ef- 
fective diffusion coefficients, e.g.) of the processes occur- 
ring in a laboratory scale electrolyzer. Such information 
may be useful to development of molten carbonate electro- 
lyre and alkaline electrolyte fuel cells. 

Manuscript submitted Aug. 31, 1989; revised manuscript  
received ca. Jan. 15, 1990. 
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LIST OF SYMBOLS 
as i specific surface area of the region, i, cm2/cm 3 
C~ g concentration of component i in the gas phase, mol/ 

cm 3 
Ci concentration of species i in the liquid phase, mol/ 

a m  3 

Ci,re f reference concentration of species i, mol/cm 3 
C~ initial concentration of species i, mol/cm 3 
Ct total concentration of the gas phase, mol/cm 3 
Di diffusion coefficient of species i, cm2/s 
Di k effective diffusion coefficient of species i in region k, 

cm2/s 
Ea anode potential, V 
Ec cathode potential, V 
F Faraday's constant, 96,487 C/mol 
ha the thickness of the anode, cm 
hc the thickness of the cathode, cm 
h~ the thickness of the separator, cm 
I current density, A/cm 2 
ij current density due to electrode reaction j, A/cm 2 
i~ exchange current density at reference concentra- 

tions for reaction j, A/cm 2 
/limit limiting current density, A/cm 2 
Kn constant (see Eq. [8]) 
nj number  of electrons transferred in reaction j 
Ni flux of species i, mol/cm2-s 
Ni g flux of species i in the gas phase, moYcm2-s 
Pij anodic reaction order of species i in reaction j 
% cathodic reaction order of species i in reaction j 

R universal gas constant, 8.314 J/mol-K 
Rkhe,i heterogeneous reaction rate with respect to species i 

for the reaction k, moYcma-s 
Rd,i change rate of the concentration of species i due to 

the dissolution of hydrogen sulfide, mol/cm3-s 
stoichiometric coefficient of species i in reaction j 
absolute temperature, K 

t time, s 
ui k effective mobility of species i in region k, mol-cm2/J- 

s 
Uj,~f theoretical open-circuit potential evaluated at refer- 

ence concentrations, V 
Xi molar fraction of component  i in the gas phase 
xa thickness of gas, liquid and solid co-existence region 

in the cathode, cm 
xp thickness of the cathode, cm 
xla thickness of the cathode plus the separator, cm 
xl total thickness of the electrolyzer, cm 
zi charge number  of species i 

Greek symbols 
~ transfer coefficient for reaction j 

the thickness of liquid film covering on the solid ag- 
glomerates in the cathode, cm 

e k porosity of region k 
K conductivity of the melt, cm -112-' 

coordinator in the direction normal to the liquid sur- 
face in the cathode, cm 

~k tortuosity of region k 
~) potential in solution, V 

Superscript or subscripts 
a anodic, anodic region 
c cathodic, cathodic region 
g gas phase 
1 liquid phase 
s separator region 

REFERENCES 
1. J. E. Noring and E. A. Fletcher, Energy, 7, 651 (1982). 
2. K. Nygren, W. H. Smyrl, E. A. Fletcher, and R-T, 

Atanasaski, Abstract 549, p. 788, The Electrochemi- 
cal Society Extended Abstracts, Atlanta, GA, M a y  
15-20, 1988. 

3. R.W. Bartlett, D. Cubicciotti, D. L. Hildenbrand, D. D. 
Macdonald, K. Semran, and M. E. D. Raymand, SRI 
Project Final Report, No. 8030, July 1979. 

4. P.W. Bolmer, U.S. Pat., No. 3,409,520, Nov. 1968. 
5. S. I. Zhdanow, in "Encyclopedia of Electrochemistry 

of the Elements," Vol. 6, A. J. Bard, Editor, Marcel 
Dekker, Inc., New York (1982). 

6. H. S. Lim and J. Winnick, This Journal, 131, 562 (1984). 
7. D. Weaver and J. Winnick, ibid., 134, 2451 (1987). 
8. J. Winnick, U.S. Pat., No. 4,772,366, Sept. 1988. 
9. R. B. Bird, W. E. Steward, and E. N. Lightfoot, "Trans- 

port Phenomena," John Wiley & Sons, Inc., New 
York (1960). 

P. V. Danckwerts, "Gas-Liquid Reactions," McGraw- 
Hill, Inc., New York (1970). 

R. P. Iczkowski and M. B. Cutlip, This Journal, 127, 
1433 (1980). 

J. Newman, "Electrochemical Systems," Prentice- 
Hall, Inc., Englewood Cliffs, NJ (1973). 

J. Newman and W. Tiedemann, AIChE J, 21, 25 (1975). 
R. E. White, S. E. Lorimer, and R. Darby, This Journal, 

130, 1123 (1983). 
R. Carnahan, H. A. Luther, and J. O. Wilkes, "Applied 

Numerical Methods," John Wiley & Sons, Inc., New 
York (1969). 

10. 

11. 

12. 

13. 
14. 

15. 

Downloaded 13 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp


	Mathematical Modeling of an H2S Removal Electrolyzer
	Publication Info

	2108.tif

