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ABSTRACT 

The anodic oxidation of H2S was investigated in the solid electrolyte fuel cell H2S, Sx, SO2, Pt/ZrO2(8% Y~O3)/Pt, air op- 
erating at atmospheric pressure and temperatures 650 ~ to 800~ It was found that the fuel cell product selectivity crucially 
depends on the ratio M of the fluxes of oxygen anions 02_ and H2S reaching the porous Pt anode. When M < 0.33, elemental 
sulfur is the major product, and the anode is severely polarized. For higher M values, the product selectivity to SO2 ex- 
ceeds 99% at H2S conversions as high as 99%. The cell appears to be a promising candidate for the cogeneration of electric 
energy and sulfur dioxide. 

The  oxida t ion  of hydrogen  sulfide to sulfur d iox ide  is 
one  of  the  basic steps of  the  Claus process  and, ul t imately,  
o f  the  industr ia l  manufac tu re  of sulfuric acid, which  ranks  
first in v o l u m e  among  all chemicals  p roduced  wi th  an an- 
nual  wor ldwide  p roduc t ion  exceed ing  3 - 108 tons. The  con- 
ve rs ion  of  H2S to SO2 is a h ighly  exo the rmic  react ion wi th  
AG ~ = -103,6 kcal /mole  SO2 at 800~ Due  to the  high exo- 
the rmic i ty  of the  reaction,  large amount s  of the rmal  
energy  are generated.  It  has been  a long-sought  goal to ob- 
tain this energy  as electric rather  than  the rmal  energy  by 
oxid iz ing  H2S to SO2 in a fuel cell (1, 2). 

Low- tempera tu re  fuel cells are severely  polar ized by H2S 
and: sulfur. High- tempera tu re  solid e lectrolyte  cells have  
been  tes ted for years as fuel  cells wi th  H2, CO, or CH4 as the  
fuel  (3-8). The  same: type  of  cells can be used  to s tudy the  
m e c h a n i s m  of catalytic react ions on metals  (9-12) and also 
to inf luence the  act ivi ty  and select ivi ty of  meta l  catalysts  
by e lec t rochemica l ly  p u m p i n g  oxygen  anions  O 2- onto 
catalyst  surfaces (13-17). Progress  in this area has  been  re- 
v i ewed  recent ly  (18). In  some very  recent  s tudies (17, 19-21) 
it has been  found that  the  increase in catalytic react ion rate 
can exceed  the  rate of  02 pumping  to the catalyst  by as 
m u c h  as a factor of l0 s wi th  a concomi tan t  40-fold increase 
in catalyt ic react ion rate over  its open-ci rcui t  va lue  (19-20). 
The  ac ronym N E M C A  (non-faradaic e lec t rochemica l  mod-  
ification of  catalyt ic activity) has been  used  to descr ibe  this 
new p h e n o m e n o n  which  has been  a t t r ibuted  to changes  
induced  to the  average  catalyst  work  funct ion  due  to the  
in terac t ion  of  the  catalyst  surface with  excess  02 (17, 
19-21). 

One of  the  emerg ing  uses of  solid e lect rolyte  cells is 
chemica l  cogenerat ion,  i.e., the  s imul taneous  p roduc t ion  
of  e lectr ical  power  and useful  chemicals .  

This  m o d e  of  operat ion combines  the  concepts  of a fuel  
cell  and of  a chemica l  reactor.  Its feasibil i ty was first dem- 
ons t ra ted  in 1980 w h e n  it was shown that  solid oxide  fuel 
cells wi th  Pt -based  electrodes  can quant i ta t ive ly  conver t  
NH3 to NO wi th  s imul taneous  genera t ion  of  electr ical  
power  (22-24). S u b s e q u e n t  work  has shown that  four  o ther  
exothermic reactions of industrial importance can also be 
carried out successfully in solid oxide fuel cell reactors 
with appropriate electrocatalytic anodes. These are the ox- 
idative dehydrogenation of ethylbenzene to styrene (25, 26) 
and l-butene to butadiene (27), the Adrussov process, i.e., 
the ammoxidation of methane to form HCN (28) and, more 
recently, the partial oxidation of methanol to formalde- 
hyde (18, 29). In all these studies, product selectivity was 
found to depend rather strongly on operating conditions 
and, in particular, on cell current. 

There have been two very recent studies of the anodic 
oxidation of H2S in high-temperature yttria-stabilized zir- 
conia cells (30, 31). In one study the thiospinel CuFe2S4 was 
used as the anode material. Preliminary results showed 
that the current-potential curves of the cell were domi- 
nated by the ohmic resistance of the electrolyte (30). In the 

* Electrochemical Society Active Member. 
i Present address: Department of Chemical Engineering, Prince- 

ton University, New Jersey 08544. 

second s tudy (31) the  effect  of H2S poisoning  on the anodic  
ox ida t ion  of  H2 was inves t iga ted  on Au, Ni, and P t  anodes.  
The  effect  of  current  on anodic overpotent ia l  was s tudied  
both  on regular  and on electrolyt ical ly colored yttr ia  stabi- 
l ized zirconia. The  authors  found ev idence  for electroca-  
talysis  by F-centers  p resen t  on the  zirconia (31). No direct  
in format ion  on the  cell  power  ou tpu t  character is t ics  was 
g iven  but  it was found that  the  use of e lectrolyt ical ly  col= 
ored zirconia reduces  the  anodic  overpotent ia l  by a factor 
of  ten  (31). Unfor tunate ly ,  no p roduc t  analysis was per- 
fo rmed  in these  two recent  studies and therefore  no quali- 
ta t ive  or quant i ta t ive  informat ion  is available about  the  na- 
ture  of  the  anodic  react ions and about  fuel  cell  p roduc t  
distr ibut ion.  

In  this work, H2S was used  as the fuel in a h igh- tempera-  
ture  solid e lect rolyte  fuel cell wi th  porous  P t  e lect rodes  in 
order  to s tudy the  e lec t rochemica l  character is t ics  and 
p roduc t  d is t r ibut ion of  the  cell  and explore  the  possibi l i ty  
of  s imul taneous  genera t ion  of  SO2 and electr ical  power.  

Experimental Apparatus 
A schemat ic  d iagram of the  expe r imen ta l  apparatus,  

wh ich  has been  descr ibed  in previous  communica t ions  
(9-12, 17, 24), is shown in Fig. 1. I t  consists  of  a gas feed sys- 
tem,  the  fuel  cell, and the analyt ical  system. The  fuel  cell  is 
shown in Fig. 2. It  consists  of  an 8 mole  percen t  (m/o) yt tr ia  
stabil ized zirconia tube  closed flat at one end. Porous  P t  
e lect rodes  were  depos i ted  on the  inside and outs ide  bot- 
t om wall  of  the  stabil ized tube  us ing an Enge lhard-Hanno-  
via Al121 P t  paste fol lowed by drying and calcinat ion at 
850~ for 5h. E lec t rode  prepara t ion  and character izat ion 
detai ls  have  appeared  e lsewhere  (12, 17). The  porous  P t  
e lec t rodes  were  approx imate ly  5 p.m th ick  and conta ined  
no measurab le  meta l  impuri t ies  as shown by X P S  (12, 17). 
A three-e lec t rode  sys tem shown in Fig. 2 was used. The 
superficial  surface areas of  the  anodic,  cathodic,  and refer- 
ence  e lect rodes  were  2.0, 1.5, and 0.1 cm2, respect ively.  A 
decade  res is tance box  was used  to vary cell load. Cons tant  

[ 
I 
' I 4P j 

I - - - - _ _ - . - 4  

Reactor 

He H2S 
Feed unit 

1-, f 
- q  

I-I,Vent 

4 
I 

I-~Ven[ 

Analysis uni~ Signals 
Fig. 1. Schematic diagram of the apparatus 
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Fig. 2. Fuel cell geometry and electrode configuration 

currents  or potent ials  could  be appl ied  to the  cell, w h e n  
necessary,  us ing  an A M E L  553 galvanostat -potent iosta t .  
The  vol tage be tween  the anode  and the  reference  e lec t rode  
was measu red  by a F luke  891A differential  vol tmeter .  
Other  vol tages  and currents  were  measu red  by F luke  
8600/k digital  mul t imeters .  

The  open end of  the stabil ized zlrconia tube  was 
c l amped  to an appropr ia te ly  mach ined  water-cooled  stain- 
less-steel  cap which  had provis ions  for in t roduct ion  of  re- 
actants  and remova l  of  products  th rough  quar tz  tubes  and 
also for in t roduc t ion  of  a P t  wire part ly enc losed  in a 
quar tz  t ube  to establ ish contac t  wi th  the  P t  anode. 

Reactants  were  L inde  s tandard  H2S di luted in He which  
could  be  fur ther  di luted in u l t rapure  (99.999%) He. The  ca- 
thod ic  and reference  e lect rodes  were  exposed  to ambien t  
air. 

As shown  in Fig. 1, reactants  and products  were  ana- 
lyzed by three  i n d e p e n d e n t  t echniques :  

L On-line gas ch roma tog raphy  for H2S, SO2, and H20 
us ing  a Pe rk in -E lmer  sigma-2 gas ch romatograph  wi th  a 
TC de tec tor  and a 6 ft Teflon Chromosorb  107 80/100 
column.  

2. On-line mass  spec t roscopy  us ing  a Balzers  QMG311 
quadrapo le  mass  spec t romete r  wi th  a QDP 101 data pro- 
cessor  wh ich  pe rmi t t ed  s imul taneous  moni to r ing  of  the  
exi t  concent ra t ions  of  H2S, SO2, SO3, and H20. 

3. On-line IR  spec t roscopy  us ing  a B e c k m a n  Model  864 
nond i spe r s ive  SO2 analyzer. 

Su l fu r  p roduced  by the  cell at low cur ren t  densi t ies  was 
no t  a l lowed to reach the  analysis sys tem by condens ing  it 
in the  water -cooled  reactor  cap, which  had to be c leaned 
after  long per iods  Of operation.  

Results 
Close ag reemen t  was observed  (_+ 0.5%) be tween  meas-  

u red  and theore t ica l  EMF values  w h e n  02, N2, or He mix-  
tures  of  k n o w n  Po2 were  fed th rough  the  zirconia cell  reac- 
tor. This  ver if ied the pure  anionic  conduc t iv i ty  of  the solid 
electrolyte.  

F igure  3a shows typical  results  of  the  cell  reactor  per- 
fo rmance  at low cur ren t  densit ies,  spon taneous ly  gener-  
a ted by the  cell. The  paramete r  M, which  appears  as a sec- 
ond abscissa in Fig. 3 and in subsequen t  figures plays an 
impor t an t  role in cell per formance .  It  is a s to ichiometr ic  
oxygen- to-fuel  ratio def ined f rom 

I 
M - [1] 

6FG Y~ 

where  I is the  current ,  F is Faraday ' s  constant ,  G is the  
total  gaseous  mola r  flow rate fed to the  anode,  and Y~ is 
the  feed H2S mole  fraction. When M = 1, the  cell current  is 
exact ly  that  r equ i red  to comple te ly  conver t  H2S to SO2 ac- 
cord ing  to the react ion 

H2S + 3 02-  ~ SO~ + H 2 0  + 6e-  [2] 

As shown in Fig. 3, which  is res t r ic ted to low M values,  
the  open-ci rcui t  EMF is near  1V, and the  rate of  H2S con- 
sumpt ion  rH2s does not  vanish  at open-c i rcui t  condit ions.  
This  is due  to the  react ion 

H2S --> H2 + S [3] 
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Fig. 3. (a, top) Effect of current density or rH2S (Q),  r, ( l l ) ,  rs% (O),  
and selectivity (A)  at low M values. G = 3.8 �9 10 -s M/s, Y~ = 0.42 �9 
10 -2, T = 730~ cell-reactor 1. Active electrolyte surface area ~ 2 
cm 2. Dashed curves from model. (b, bottom) Dependence of cell voltage 
Vcw and power density on current density and M. Conditions as in Fig. 
3a. 

which  is catalyzed by the  porous  P t  electrode.  It  should  be 
no ted  that  over  the  t empera tu re  range of  this invest iga-  
tion, S2(g) is the  dominan t  gaseous  sulfur  species.  How- 
ever,  to s impli fy  the  nota t ion  we  have  used  the  symbol  S 
ins tead of  1/2 S2(g) th roughou t  this paper.  As shown in Fig. 
3a, increas ing  current  dens i ty  causes an increase in r s2s  
and also in the  rate of  sulfur format ion  rs. There  appears  to 
exis t  a th reshold  M value  (-0.06) in order  to obtain  a meas-  
urab le  rate of  SO2 format ion  rsor S u b s e q u e n t  increases  in 
cur ren t  dens i ty  and M cause increases  in rso2. The  selectiv- 
ity to SO2 defined f rom 

s = rso2/r~2s [4] 

remains  low, typically,  be low 15%, and the  main  fuel  cell  
p roduc t  is sulfur, which  is p roduced  by the catalyt ic  reac- 
t ion [3] and also by the e lectrocatalyt ic  react ion 

H 2 S + O  2 - - ~ H 2 0 + S + 2 e - .  [5] 

The  observed  m a x i m a  in the ne t  rate of  S p roduc t ion  rs 
wi th  increas ing current  shown in subsequen t  figures 
s t rongly indicate  that  sulfur  which  is p roduced  by the  elec- 
t rocatalyt ic  react ion [5], mus t  also be  consumed  in a con- 
secut ive  e lectrocatalyt ic  step, i.e. 
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S + 2 0 2  - ~ S O 2 + 4 e -  [6] 

The  dashed  curves  on Fig. 3 and in subsequen t  figures 
are obta ined f rom a kinet ic  mode l  d iscussed  be low which  
assumes  that  react ion [6] is the  major  source of  SO2 forma- 
tion. However ,  the  possibi l i ty  that  direct  H2S oxida t ion  to 
SO2, according  to react ion [2], is also taking place to a 
lesser  ex ten t  cannot  be exc luded  on the  basis of  the  pres- 
ent  data. Also, one cannot  exc lude  the possibi l i ty  that  reac- 
t ions [5] and [6] consist  of  several  e lementa ry  steps involv-  
ing chemiso rbed  oxygen  format ion  f rom 02_ and 
c o n s u m p t i o n  by H2S and S. This, however ,  is not  a l ikely 
possibi l i ty  in the  s t rongly reduc ing  anodic  envi ronment .  

As shown in Fig. 3b, the  dependence  of cell  vol tage Vcw 
on cur ren t  densi ty  is rather  complex .  This  is to be ex- 
pected,  since several  compe t ing  react ions take place at the  
anode. Taking  into account  that  the  ca thodic  cell  react ion 
is the reduction of O2(g) to form O ~-, one computes that the 
standard total cell potentials corresponding to the anodic 
reactions [2], [5], and [6] are 0.761, 0.785, and 0.748V, respec- 
tively, at 730~ Inspection of Fig. 3b shows that at low cur- 
rent densities (M < 0.06) the cell potential is considerably 
higher than the above values. This shows that in this re- 
gion the dominant anodic reaction is 

H2 + 02- --* H~O + 2e [7] 

wh ich  cor responds  to a s tandard open-circui t  cell  poten-  
tial of  0.998V at this tempera ture .  

When all H2 present  at the anode is c o n s u m e d  by reac- 
t ion [7], react ions [5] and [6] dominate .  At in te rmedia te  cur- 
ren t  densi t ies  (0.06 < M < 0.12), the  cell  vol tage decreases  
quas i l inear ly  wi th  current ,  and the  s lope is near  the  total  
cell res is tance at this  tempera ture ,  indicat ing ohmic  polar- 
ization. The  nonl inear  Vcw decrease  at h igher  cur ren t  den- 
sities is indica t ive  of  diffusion overpotent ial .  However ,  it 
can be easily shown that  gas phase  mass- t ransfer  limita- 
t ions are total ly absent  at these  relat ively low current  den- 
sities in this reactor  conf igurat ion (9, 21)�9 Consequent ly ,  
the  appearance  of  diffusion overpotent ia l  may  be related 
to the  slow transfer  of  H2S to the  three-phase  boundar ies  
wh ich  may  be b locked  by sulfur forming mul t i layer  struc- 
tures  on the  Pt  surface (32). This is fur ther  suppor ted  by 
the  hysteresis  behavior  shown in Fig. 4, which  shows the  
p rob lems  encoun te red  w h e n  opera t ing  the cell at low M 
values  leading to sulfur format ion  over  long per iods  of  
t ime. Curve  (a) in Fig. 4 is obta ined  w h e n  decreas ing  the 
current from 4 mA to zero by increasing the external resis- 
tive load over a period of 4h. Subsequent decreases in the 
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Fig. 4. Effect of current on cell voltage Vcw and power output for a 
fresh (curves a) and for a sulfur-poisoned (curves b) anode at Low M 
values. G = 3.7 �9 10 -s M/s, Y~ = 0.89 �9 10 -2, T = 653~ reactor- 
cell 2. See text for discussion. 

externa l  resist ive load leads to curve  (b) wh ich  corre- 
sponds  to significantly lower  power  ou tpu t  and indicates  
the appearance of diffusion overpotential. Subsequent 
combustion of the sulfur deposited on the catalyst elec- 
trode by gaseous oxygen does not restore the initial elec- 
trocatalytic activity. This indicates that excessive sulfur 
formation leads to irreversible losses in the exchange cur- 
rent density i0. Postmortem examination of anodes treated 
under such conditions showed extensive sintering or even 
detachment of the electrode from the solid electrolyte. All 
these problems can be overcome by operating the fuel cell 
under high current density, i.e., high M, conditions which 
as shown in subsequent figures eliminates sulfur forma- 
tion and leads to quantitative H2S conversion to SOa. 

Typical current density at maximum power spontane- 
ously generated by the cell is in this study of order 6 
m A / c m  2 at 730~ (Fig. 3b). This  is app rox ima te ly  a factor of 
20 lower  than  that  repor ted  by Pu ja re  et aL at 900~ us ing  a 
CuFe2S4 anode (30). Much  of this di f ference can be ac- 
coun ted  for by the dif ference in e lect rolyte  resis t ivi ty at 
these  two t empera tu res  and also to a lesser  ex ten t  by the  
m u c h  h igher  anodie  H2S concent ra t ion  used  in reference  
(30). The  exis t ing data  do not  pe rmi t  a direct  compar i son  of  
the  electrocatalyt ic  act ivi ty of  P t  and CuFe2S4 based on ex- 
change  current  dens i ty  values�9 Also, the  p roduc t  distr ibu- 
t ion of  CuFe2S4 anodes  is not  yet  known  (30). F r o m  the  
open-ci rcui t  cell potent ia l  va lue  (1.03V) and subsequen t  
l inear  cell  potent ia l  decrease  wi th  current  p resen ted  in 
Ref. (30), it would  appear  that  the  cell was opera ted  under  
condi t ions  where  H2 oxidat ion  was the dominan t  anodic  
reaction.  Theore t ica l  potentials  g iven  in Ref. (30) for reac- 
t ions [5] and [6] are mis leading,  because  apparen t ly  they  
were  c o m p u t e d  as suming  that  S(g) and no t  Sdg) is the  
dominan t  sulfur species present  in the  gas phase.  

F igures  5 and 6 show typical  results  of  the  kinet ic  per- 
fo rmance  of  the reactor  cell  over  a wider  range of  oxygen-  
to-fuel  ratios M, i.e., 0 <- M <- 1.5. In order  to obtain  M values  
near  uni ty  wi th  the  H2S feed molar  flow rates used  ( -10  _7 
moles  H2S/s) it was necessary  to use the  galvanostat .  The 
ma in  difference be tween  Fig. 5 and 6 is in the  feed molar  
flow rate. However ,  the  behavior  is similar  w h e n  examined  
at the  same M values.  As shown in Fig. 5 and 6, w h e n  the  
ratio M exceeds  the s to ichiometr ic  r equ i r emen t  of  react ion 
[2], i.e., M > 0.33, the select ivi ty to SO2 exceeds  90% and ap- 
proaches  100% for M values  near  uni ty  where  H2S conver-  
s ion also approaches  100%. 

For  M va lues  exceed ing  unity,  oxygen  evo lu t ion  was ob- 
se rved  at the  P t  catalyst  e lec t rode  wi th  only trace amount s  
of  SO3 formed.  

At the t ransi t ion be tween  low and h igh  selectivity,  i.e., 
near  M = 0.33, rate and EMF oscil lat ions were  observed.  
This  is a p h e n o m e n o n  f requent ly  encoun te red  in s tudies 
of  Pt-cata lyzed oxidat ions  (9, 12). An e x a m p l e  is shown in 
Fig. 7. The  oscil lat ions wou ld  typical ly  d isappear  after a 
few hours  of  cell operation.  This p h e n o m e n o n  has been  
observed  also dur ing regular  catalytic H2S oxida t ion  on P t  
and deserves  fur ther  invest igat ion,  a l though it affects cell  
pe r fo rmance  over  a rather  narrow range of  condit ions,  i.e., 
0.3 < M <  0.4. 

�9 Discussion 
The  abil i ty of  P t  to catalyze the  ox ida t ion  of  H2S and S to 

SO2 and SO3 at t empera tu res  above  300~ is wel l  estab- 
l i shed in the  catalytic l i terature (32-36). Hydrogen  sulfide is 
k n o w n  to chemisorb  dissociat ively on P t  and to form mul- 
t i layer  adsorbed sulfur " is lands,"  which  can fur ther  cata- 
lyze the chemisorp t ion  and oxidat ion  of  H2S (32, 36). Sul- 
fur oxida t ion  to SO2 and SO3 is reasonably  fast on P t  at 
t empera tu res  above 300~ (32, 36) and appears  to obey 
Langmui r -Hinshe lwood  kinetics (35, 36). 

In  v iew of the  above informat ion  f rom the  catalyt ic liter- 
ature, it is not  surpr is ing that, as found in the  present  in- 
vest igat ion,  P t  is also a good electrocatalyst  for the  oxida- 
t ion of  H2S to sulfur and to SO2. 

In  order  to descr ibe  the observed  fuel cell  kinet ic  behav- 
ior, one  m u s t  take into account  both  the catalyt ic and elec- 
t rocatalyt ic  react ions taking place at the  porous  P t  anode.  
It  should  be noted  that  catalytic steps can take place  over  
the  ent ire  P t  e lect rode surface area A, which  is of  order  300 
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rso2 (A) at low inlet Y~ = 0.47 �9 10 -2 , G = 4.3 �9 10 -s M/s, T = 
700~ reactor-cell 3. Dashed lines from model, e = 0.10. (b, bottom) 
Effect of current density and M on product selectivity to SO2. Condi- 
tions as in Fig. 5a, dashed line from model, c~ = 0.10. 

c m  2 as d e t e r m i n e d  on  s imi la r  e l ec t rodes  u s i n g  sur face  ti- 
t r a t i on  t e c h n i q u e s  (12, 17). E lec t roca ta ly t i c  s teps  can  on ly  
t ake  p lace  at  t he  t h r e e  p h a s e  b o u n d a r i e s  b e t w e e n  t he  zir- 
con ia  e lectrolyte ,  t he  P t  e lec t rode ,  a n d  t he  gas  phase .  The  
la t t e r  does  no t  e x c l u d e  t he  poss ib i l i ty  t h a t  s o m e  of  the  
e lec t roca ta ly t i c  ac t ion  is t a k i n g  p lace  on  F -cen te r s  on  t he  
z i rcon ia  sur face  as p r o p o s e d  by  some  w or ke r s  (31), al- 
t h o u g h  prac t ica l ly  all p r ev ious  c h e m i c a l  c o g e n e r a t i o n  
(22-29) or  02- p u m p i n g  s tud ies  (14, 15, 17-21), w h e r e  quan t i -  
t a t ive  p r o d u c t  ana lys i s  was  p e r f o r m e d ,  h a v e  s h o w n  the  
p r o d u c t  d i s t r i b u t i o n  to be  e l ec t rode  specific.  

Model  f o r m u l a t i o n . - - S e v e r a l  m o d e l s  were  e x a m i n e d  in 
o rde r  to de sc r ibe  t he  k ine t i c  b e h a v i o r  of  t he  cell. T he  o n e  
p r e s e n t e d  b e l o w  has  t he  a d v a n t a g e  t h a t  i t  is t he  s i m p l e s t  
one  w h i c h  can  de sc r ibe  the  o b s e r v e d  e l ec t rok ine t i c  b e h a v -  
ior  in  a s e m i q u a n t i t a t i v e  m a n n e r .  I t  con t a in s  on ly  one  pa- 

999 

r a m e t e r  w h i c h  was  no t  m e a s u r e d  i n d e p e n d e n t l y .  O t h e r  
m o d e l s  e x a m i n e d  c o n t a i n e d  u p  to t h r e e  u n k n o w n  pa rame-  
ters.  T h e y  a s s u m e d  L a n g m u i r - H i n s h e l w o o d  k ine t i c s  for 
t he  ca ta ly t ic  s teps  a n d  also c o n t a i n e d  t he  e lec t roca ta ly t ic  
s tep  [2]. These  m o d e l s  h a d  to be  so lved  numer i ca l ly ,  a n d  al- 
t h o u g h  t hey  c o n t a i n e d  u p  to t h r e e  a d j u s t a b l e  pa rame te r s ,  

a g r e e m e n t  w i th  e x p e r i m e n t  was  0n ly  m a r g i n a l l y  im- 
p r o v e d  over  t he  p r e s e n t  one. The  m o d e l  p r o p o s e d  he re  can  
be  so lved  ana ly t ica l ly  and  p r o v i d e s  a sa t i s fac tory  fit to all 
t h e  e l ec t rok ine t i c  data,  as s h o w n  b y  t he  d a s h e d  l ines  on  
Fig. 3-7. 

The  m o d e l  cons ide r s  t h a t  t he  en t i r e  P t  su r face  cata lyzes  
t he  r eac t ion  

r 
H2S ---> H 2 + S  [3] 

w h i c h  is a s s u m e d  first o rder  in  H2S wi th  a k ine t i c  c o n s t a n t  
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Fig. 6. (a, top) Effect of current density and M on r,2 s (circles), rs 

(squares), and qo2 (triangles) at high inlet Y~ = 0.89 �9 10 -2. Open 
symbols T = 700~ filled symbols T = 750~ G = 4.6 �9 10-s M/s, re- 
actor-cell 3. Dashed lines from model, c~ = 0.10. (b, bottom) Compari- 
son of model predicted (dashed line, c~ = 0.10) and experimental selec- 
tivity to SO2. Conditions and symbols as in Fig. 6a. 
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k, i.e., r = kAyH2s where  A is the  surface area of  the  catalyst  
e lec t rode  and YH2S is the  mole  fract ion of  H2S in the  gas 
phase.  The  fol lowing electrocatalyt ic  react ions are con- 
s idered  to take place at the three-phase  boundar ies  

I1 
H 2 + O  2- > H 2 0 + 2 e -  [7] 

12 
H 2 S + O  2 - - >  S + H 2 0 + 2 e -  [5] 

I3 
S + 2 0 2 -  ---> S Q + 4 e -  [6] 

whe re  I = 11 + I2 + I~ is the  total  cell  current.  It  is also as- 
s u m e d  that  react ion [7] is m u c h  faster than  react ions [5] 
and [6] and tha t  the  ratio I2/I.~ is propor t ional  to the  local  
concent ra t ions  of  H2S and S at the  three  phase  boundar ies ,  

I2/I 3 = aYH2s/Ys [8] 

Equa t ion  [8] is, of  course, an approx ima t ion  of  the  
model .  I t  leads to significant ma themat i ca l  simplif ication,  
s ince the  anodic  act ivat ion overpotent ia l  does  not  en ter  
expl ic i t ly  into the  mass  ba lance  equat ions .  One way  to de- 
r ive Eq.  [8] r igorously is to a s sume  (i) that  react ions [5] and 
[6], wh ich  have  similar  s tandard potentials ,  are e l ementa ry  
react ions  wi th  equal  anodic  t ransfer  coefficients,  (ii) that  
H2S and S chemisorp t ion  can be  descr ibed  by l inear  ad- 
sorpt ion isotherms,  and (iii) that  the  h igh  field approxima-  
t ion of  the  But le r -Volmer  equa t ion  is valid. S o m e  of  these  
assumpt ions  may  no t  be  exact ly  valid, bu t  the  use  of  the  
app rox ima te  Eq.  [8] in the  m o d e l  is just if ied by the  result-  
ing  dramat ic  ma themat i ca l  s implif icat ion and by the  good 
a g r e e m e n t  wi th  exper iment .  

Tak ing  into account  that  the  anodic  c o m p a r t m e n t  of  the  
fuel  cell  reactor  used  in this inves t iga t ion  is wel l -mixed  
(CSTR) over  the  range of  flow rates used,  one can wri te  the  
fo l lowing mass  balances  for the  three  componen t s  H2S, S, 
and SO2. 

G (Y~ -- YH2S) = kAyH2s + (I2/2F) [9] 

Gys  = kAyH2s + (I2/2F) - (IJ4F) [10] 

Gyso2 = (Ij4F) [11] 

where  G is the total  anodic  molar  flow rate, Y~ is the  inlet  
H2S mole  fraction, and YH:S, Ys, and Yso2 are the  out let  H2S, 
S, and SO2 mole  fractions, respect ively.  Accord ing  to the  
m o d e l  assumpt ions  regarding  the  rates of  the  electrocat-  
alytic react ions [5], [6], and [71, it is 

I1 = I, I2 = I3 = 0 [12] 

where  (I/2F) <- kAyH2s, and 

I1 = 2FkAyH2s [13a] 

I2 = [C~yHzS/(Ys + C~YH2s)] (I -- 2FkAyH2S) [13b] 

I3 = [Ys/(Ys + ~Y~2s)] (I - 2FkAyH2s) [13c] 

w h e n  (I/2F) >- kAyH2s. In t roduc ing  the d imens ion less  mole  
fract ions XH2S = YH2s/Y~ XS = Ys/Y~ XSO2 = YSo2/Y~ 
and the  d imens ionless  parameters  N = k A / G  and M = 
I/6FGy~ one can rewri te  the  mode l  equa t ions  [9]-[11] in 
the  form 

1 - XH2S = NXH2S + 3M(I2/I) [14a] 

Xs = NXH2s + 3M {[I2 - (IJ2)]/I} [14b] 

Xso2 = 3M [(Ij2)/I] [14c] 

In  te rms  of  these  d imens ionless  quanti t ies ,  the  selectiv- 
ity to SO2 is def ined f rom 

s = XsoJ(1 - XH~S) [15] 

Model  p red i c t i ons  a n d  c o m p a r i s o n  w i t h  e x p e r i m e n t . -  
Solu t ion  of  Eq.  [14a, b, c] for I/2F <- kAyH~s, i.e., w h e n  Eq. 
[12] is valid, gives 

x}~s = 1/(N + 1) [16a] 

Xs = N / (N  + 1) [16b] 

Xso2 = 0 a n d s = 0  [16c] 

Equa t ion  [161 is val id w h e n  

N 
M < - -  [17a] 

3 (N + 1) 

wh ich  ensures  that  (I/2F) <- kAyH2s. As an e x a m p l e  for the  
condi t ions  of  Fig. 5 is is Xs = 0.18, therefore  N = 0.22. Con- 
sequen t ly  , the  m o d e l  predicts  that  for M < 0.06 the  selec- 
t ivi ty is zero, in reasonably  good ag reemen t  wi th  experi-  
ment .  Unde r  these  condit ions,  oxygen  anions 02- react  
pr imar i ly  wi th  H2 according  to react ion [7]. 

When I/2F > kAyaks,  or, equiva len t ly  

N 
M > - -  [17b] 

3(N + 1) 

the  currents  I1, I2, and I2 are g iven  f rom Eq. [13] and the  
mode l  Eq.  [14a, b, c] g ive  

1 - XH2S = (NxH2SXs + 3MC~XH2S)/(Xs + ~XH2s) [19a] 

Xs = (1/2) [3Nxn2sXs + 3M(2(~xH2s - Xs)]/(Xs + ~xH2s) 

[19b] 

Xso2 = (1/2)Xs (3M - Nxn2s)/(Xs + ~XH2S) [19C] 

These  equat ions  can be r educed  to a quadra t ic  in XH~s 
wi th  only one physical ly  mean ingfu l  root  and can be  
solved expl ic i t ly  for XH2S, XS, and Xso~ in t e rms  of  the  pa- 
rameters  M, N, and ~. Then  one can immed ia t e ly  c o m p u t e  
the  rates of  H2S consumpt ion ,  and sulfur and SO2 forma- 
t ion f rom 

r~2 s = Gy~ (1 - XH2S) [20] 

r s  = Gy~ [21] 

rso2 = Gy~ [22] 

and compare  these  rates wi th  their  expe r imen ta l  values.  
The  N paramete r  va lue  is easily c o m p u t e d  f rom the  open- 
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rates rM2s (1), rs (2), and rso2 (3) and for (b, bottom) selectivity on the 
value of the exchange current-density ratio ~. Conditions as in Fig. 6. 

circuit H2S conversion, i.e., N - (1 - X H 2 s ) / X H 2 s ,  while M is a 
directly measured quantity. The only adjustable parame- 
ter is ~. A least squares fit showed that ~ = 0.10 provides a 
reasonably good fit to all the kinetic data over the range of 
temperatures and gaseous compositions studied. In Fig. 3, 
5, 6, and 7, model predictions shown as dashed curves are 
compared with the experimental  rate and selectivity data. 
It can be seen that agreement is quite satisfactory. The 
model  correctly predicts that for M = 1 the selectivity and 
yield of SOz approach unity. 

The agreement between model and experiment  could be 
further improved by assuming that the parameter ~ is a 
function of overpotentiaI and therefore a function of I and 
of M. This could eliminate the assumptions made to obtain 
Eq. [8]. Figure 8 shows the sensitivity of the model pre- 
dictions to the value of ~. Our kinetic results seem to indi- 
cate that ~ decreases with increasing M. Such a variation in 

with M could also provide a means for explaining and 
modeling the observed rate and voltage oscillations. Fur- 

ther experimental  and modeling work in this direction is 
currently underway. However, the model, even in its pres- 
ent simple form, is capable of describing all the essential 
experimental  observations. 

Conclusions 
Hydrogen sulfide can be oxidized quantitatively to SO2 

in solid electrolyte cells with Pt  electrodes operating in the 
temperature range 650~176 with simultaneous genera- 
tion of electrical power. Product selectivity and power out- 
put performance of the cell depend crucially on the ratio M 
of the fluxes of 02- and H2S. Low M values lead to poor se- 
lectivity to SOs, excessive sulfur formation, and concom- 
itant deterioration of the cell power output characteristics. 
High (>0.33) M values lead to SQ2 formation and stable cell 
performance. A mathematical model has been developed 
which describes the kinetic behavior of the cell in a semi- 
quantitative manner. 
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Mass-Transfer Rate on a Plane Vertical Cathode with Hydrogen 
Gas Evolution 

Y. Fukunaka, K. Suzuki, A. Ueda, and Y. Kondo 
Department of  Metallurgy, Kyoto University, Kyoto 606, Japan 

A B S T R A C T  

Cathodic  mass- t ransfer  rate is enhanced  by gas bubb le  evolut ion.  In  order  to s tudy this phenomena ,  a sec t ioned cath- 
ode, wi th  insulat ion be tween  each section, was used. The var ia t ions  in mass- t ransfer  coefficient,  r is ing ve loc i ty  of  gas bub- 
bles, and th ickness  of  bubble  dispers ion layer in a ver t ical  d i rect ion and due  to current  dens i ty  were  measured .  The  void  
fract ion of  the  bubble  dispers ion layer was also obta ined us ing these  measurements .  The  measu red  ionic mass- t ransfer  co- 
efficient  was analyzed by applying the  addi t ivi ty  rule of  micro-  and m a c r o m i x i n g  p roposed  by Alkire  and Lu. I t  was found 
that  m i c r o m i x i n g  is caused by the c o n v e c t i v e  flow of e lect rolyte  dur ing bubble  growth  on the ca thode  surface, and that  
the  mass- t ransfer  coefficient  is propor t ional  to the  square  root  of  the  evolu t ion  rate of  hydrogen  gas bubbles .  On the  o ther  
hand,  m a c r o m i x i n g  is caused by tu rbu len t  natural  convec t ion  induced  by the  dens i ty  di f ference be tween  the  e lec t ro ly te  
on the  ca thode  surface in which  hydrogen  gas bubbles  are d ispersed  and the  bu lk  electrolyte.  The  measu red  mass- t ransfer  
coeff icient  due  to mac romix ing  expressed  in te rms  of  the  She rwood  n u m b e r  was corre la ted to the  Rayle igh  n u m b e r  us ing  
the  fol lowing express ion  

Shx = 1.72 x 10 .2 Rax lj2 

Elect rolyt ic  processes,  in which  gas bubble  evolu t ion  oc- 
curs, offer many  opportuni t ies  for in teres t ing research.  
Two major  effects of  gas bubb le  evolu t ion  have  been  eluci- 
dated. One is the screening  effect of  g rowing  gas bubbles  
wh ich  cover  part  of  the surface area of  the  electrode.  The  
ohmic  res is tance of e lect rolyte  is also e levated by the  pres- 
ence  of gas bubbles .  Another  effect  is the e n h a n c e m e n t  of  
ionic mass- t ransfer  rate to and f rom the  e lec t rode  surface 
due  to convec t ive  flow of electrolyte.  

Tobias (1) s tudied the  effect  of  gas-bubble  evolu t ion  on 
the dis t r ibut ions  of  ca thodic  current  dens i ty  and the  effect  
of  the  ohmic  resis tance of  electrolyte.  Stokes '  law was ap- 
pl ied to calculate  the r is ing ve loc i ty  of  gas bubbles ,  and 
the  v o l u m e  fract ion of  gas bubbles  in the  e lect rolyte  was 
obtained.  B r u g g e n m a n n ' s  equa t ion  was used  to predic t  
the  var ia t ion of  ohmic  resist ivi ty due  to the v o l u m e  frac- 
t ion of gas bubbles .  A notable  effect  o f  polarizat ion on the 
level ing of  nonun i fo rmi ty  of  current  dens i ty  d is t r ibut ion  
was shown.  

Severa l  improvemen t s  were  subsequen t ly  made,  and the  
predic t ion  of  resist ivi ty of  e lectrolyte  conta in ing  gas bub- 
bles was i m p r o v e d .  Hine  et al. (2) measured  the  ohmic  
drop  in di lute  NaOH solut ion with  a Luggin  p robe  to find 
out  the  empi r ica l  equa t ion  of  resist ivi ty as a funct ion  of  op- 
erat ional  condi t ions  and Barendrech t  et al. (3) in t roduced  
the  concep t  of  a superc rowded  bubble  layer adjacent  to 
the  e lec t rode  surface. Recent ly ,  Ziegler  and Evans  (4) cal- 
cu la ted  the  e lect rolyte  veloci ty  field and bubble  distr ibu- 
t ion along 85 cm high insoluble  lead anode  immersed  in 
CdSO4 aqueous  solut ion under  the condi t ion  of electro- 
winn ing  and compared  them with  measu remen t s  us ing a 
laser -Doppler  velocimeter .  

A n u m b e r  of  e lec t rochemica l  processes  are control led  
by ionic mass transfer.  A typical  examp le  is the  electro- 
lytic p roduc t ion  of  sod ium chlorate  in which  the  rate of  
anodic  d ischarge  of  hypochlor i te  ion is control led  by the  
ionic mass  transfer.  Beck  (5) correlated the mass- t ransfer  
coeff ic ient  for anodic  hypochlor i te  d ischarge  wi th  the  
anodic  evolu t ion  rate of  gas bubbles .  He also not iced  that  
the  mass- t ransfer  coefficients resul t ing f rom gas-bubble  
d i s engagemen t  and f rom convec t ive  diffusion, two paral- 
lel processes ,  are addit ive.  

The  mic romix ing  process  of  e lectrolyte  on the  e lec t rode  
has been  s tudied by m a n y  researchers.  Ibl  and Venczel  (6) 
corre la ted the  mass- t ransfer  coefficient  to the square  root  
of  the  gas-bubble  evolu t ion  rate. Jansgen  (7) s tudied the  ef- 
fect  of  bubble  coalescence  on the  mass- t ransfer  coeffi- 
cient.  A similar i ty to hea t  t ransfer  in nuc lea te  boi l ing was 
po in ted  out  by S tephan  and Vogt  (8), and their  mode l  was 
compared  wi th  expe r imen ta l  data obta ined by several  re- 
searchers.  More  detai led analyses  of  the  m i c r o m i x i n g  pro- 
cess on a micromosa ic  e lec t rode  (9) and the  nuclea t ion  of  
hyd rogen  gas bubbles  on a mercu ry  pool  e lec t rode  (10) 
have  recent ly  been  reported.  

In  contrast ,  the  n u m b e r  of  s tudies on the ionic mass  
t ransfer  due  to macroscop ic  convec t ive  flow on the  elec- 
t rode  is not  so large. Et te l  et al. (11) measu red  the  mass- 
t ransfer  coefficient  of  si lver ion on a l m  high  ver t ical  elec- 
t rode  which  w a s  i m m e r s e d  in a CuSO4-H2SO4 elect rolyte  
for the  purpose  of opt imizat ion of the  des ign of  an electro- 
winn ing  cell. Ionic  mass t ransfer  at a ver t ical  gas-sparged 
e lec t rode  was s tudied by Sigrist  et al. (12), and the  Sher-  
w o o d  n u m b e r  was correlated wi th  the  Rayle igh  n u m b e r  
whose  character is t ic  length  was the bubble  diameter .  A1- 
kire  and Lu  (13) fol lowed Beck ' s  proposal  (5) and analyzed 
the  d e p e n d e n c e  of  mass- t ransfer  coeff ic ient  on gas evolu-  
t ion rate and on the vert ical  d is tance  along the ca thode  
surface w h e n  immersed  in an aqueous  CuSO4 solut ion 
acidified with  sulfuric acid. For  all their  efforts, however ,  
the  characteris t ics  of  the macroscop ic  convec t ive  flow was 
not  thoroughly  clarified. 

In  the  present  paper,  the  t echn ique  p roposed  by Beck  of  
d ividing the  mass- t ransfer  coefficient  into t h a t  due  to 
micro-  and mac romix ing  componen t s  is employed .  In  ad- 
dit ion, the  role of  macroscop ic  convec t ive  flow on the  
mass- t ransfer  rate is pursued.  

Experimental 
Measurement of  mass-transfer coefficient by anodic dis- 

solution method.--The electrolyte  cell  was set up wi th  
acrylic resin plates and is shown in Fig. 1. The  inner  di- 
mens ions  are 230 x 210 x 50 mm.  The work ing  sec t ioned 
e lec t rode  was composed  of  e ight  p la t inum sheets  each of  
wh ich  is 20 x 20 x 0.1 m m  in size. In order  to keep  the  dis- 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 155.69.4.4Downloaded on 2014-11-03 to IP 

http://ecsdl.org/site/terms_use



