
VoL 135, No. 3 S E M I C O N D U C T O R  P H O T O E L E C T R O D E  A R R A Y S  573 

R E F E R E N C E S  

1. E. S. Smotk in ,  A. J. Bard,  A. Campion,  M. A. Fox,  T. 
Mallouk, S . E .  Webber,  and J . M .  White, J. Phys. 
Chem., 90, 4606 (1986). 

2. E. S. Smotk in ,  S. Cervera-March,  A. J. Bard,  A. Cam- 
pion, M. A. Fox,  T. Mallouk,  S. E. Weber, and J. M. 
White, ibid., 91, 6 (1987). 

3. A. Fu j i sh ima  and K. Honda,  Nature (London), 238, 37 
(1972). 

4. A. J. Bard,  Science, 207, 139 (1980). 
5. H. Gerischer ,  in "Pho toe lec t rochemis t ry ,  Photocata ly-  

sis and Photoreactors ,  Fundamen ta l s  and Develop-  
ments , "  M. Schiavel lo,  Editor,  NATO ASI  series, 146, 
107 (1985). 

6. R. Memming ,  in "Pho toe lec t rochemis t ry ,  Photocata ly-  
sis and Photoreactors ,  Fundamen ta l s  and Develop-  
ments , "  M. Schiavello,  Editor,  NATO ASI  series, 146, 

107 (1985). 
7. A. Heller,  in "Energy  Resources  th rough  Pho tochem-  

istry and Catalysis," M. Graetzel,  Editor,  p. 385, Aca- 
demic  Press,  New York  (1983). 

8. F.-R. F. Fan and A. J. Bard,  J. Am. Chem. Sot., 102, 3677 
(1980). 

9. Y. I. Kharkats ,  E. D. German,  V. E. Kazarinov,  A. G. 
Pshen ichn ikov ,  and Y. V. P leskov,  Int. J. Hydrogen 
Energy, 11, 617 (1986). 

10. G. Hodes ,  D. Cahen,  J.  Manasseh,  and M. J.  David,  This 
Journal, 127, 2252 (1980). 

11. G. Hodes,  J. Manassen,  and D. Cahen, ibid., 127, 544 
(1980). 

12. B. V. Tidak, W. T. Lu, and J. E. Coleman,  in "Com-  
p rehens ive  Treat ise of  Elec t rochemis t ry ,"  J. O'M. 
Bockris ,  Editor,  pp. 13-33, P l e n u m  Press,  N e w  York  
( 1 9 8 1 ) .  

13. D .A.  Corrigan,  This Journal, 134, 377 (1987). 

Electrochemical Flue Gas Desulfurization 
Reactions in a Pyrosulfate-Based Electrolyte 

Kevin Scott, 1 Terry Fannon, and Jack Winnick* 

School of Chemical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332 

A B S T R A C T  

A n e w  electrolyte  has been  found suitable for use in an e lec t rochemica l  m e m b r a n e  cell for flue gas desulfur izat ion 
(FGD). The  e lect rolyte  is pr imar i ly  K2SaO7 and K2SO4, wi th  V2Os as oxida t ion  enhancer .  This e lec t ro lyte  has a mel t ing  
poin t  near  300~ which  is compat ib le  wi th  flue gas exi t ing  the  economize r  of  coal-burning power  plants. S tandard  electro- 
chemica l  tests have  revealed  high exchange  current  densit ies,  a round 30 mA/cm 2, in the  free electrolyte.  Sul fur  d ioxide  is 
found to be  r emoved  from s imula ted  flue gas in a mul t ip le-s tep  process,  the  first of wh ich  is e lec t rochemica l  reduc t ion  of  
pyrosulfate.  

E lec t rochemica l  t echnology  for gas separat ion has been  
used  to r e m o v e  trace amoun t s  of  con taminan t  gases and 
concen t ra te  t h e m  into a by-product  s t ream (1-4). An  elec- 
t rochemica l  dr iv ing force causes a net  t ransfer  of mass 
f rom a region of  low concent ra t ion  to a region of  high con- 
eentrat ion.  A test  cell opera t ing  on this pr inc ip le  has been  
found  (5) to successful ly  r e m o v e  and concen t ra te  the sul- 
fur d iox ide  in s imula ted  power  plant  flue gas. This device  
ut i l ized a te rnary  Li-Na-K sulfate euteet ic  (rap = 512~ as 
the  t ranspor t  m e d i u m  for the sulfur species. Sul fur  diox- 
ide is r e m o v e d  at the ca thode  and genera ted  at h igh con- 
cent ra t ion  at the  anode  with  the  ne t  react ions 

SO2 + 02 + 2e- --~ SO42 ca thode  [1] 

SO42- --> SO3 + 1/2 02 + 2e anode  [2] 

The  benefits  of this mol ten  salt e lec t rochemica l  flue gas 
desulfur izat ion cell include:  h igh selectivity,  no waste  
s ludge  product ion,  one-step sulfur d iox ide  remova l  and re- 
covery,  and relat ively easy expans ion  capabi l i ty  by cell  
stacking.  However ,  the high opera t ing  t empera tu re  
(>512~ is incompat ib le  wi th  direct  appl ica t ion to conven-  
t ional  power  plants. The flue gases in a power  plant  leave 
the  economize r  at 250~176 (6), which  is the  ideal operat-  
ing t empera tu re  range for the desulfur izat ion device.  A 
new, lower  mel t ing  e lec t ro lyte  mus t  be identified. Alkali  
bisulfates  have  been s tudied  (7), but  lack suff icient  ther- 
mal  stabil i ty at the  t empera tu res  of  interest .  Here,  we ex- 
amine  po tass ium pyrosulfate  which  is s table as a l iquid in 
the  des i red  t empera tu re  range. It  is also wide ly  avai lable 
and inexpens ive .  

The  commerc i a l  device  would  be conf igured l ike a s tack 
of  fuel  cells, each with  l iquid e lect rolyte  conta ined  in a ce- 
ramic  matr ix.  Ceramic  gas-diffusion e lect rodes  appear  at- 
t rac t ive  as both  ca thode  and anode  [e.g., Ref. (8)]. At  the 
ca thode,  the  sulfur  d ioxide  and oxygen  presen t  in flue gas 2 
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m u s t  be conver ted  into anions t ranspor table  to the anode  
(see Fig. 1). Here  they are oxidized to sulfur t r ioxide  and 
oxygen.  

The  process  is qui te  similar  to that  in a mol ten  carbonate  
fuel cell  where  the  overall  ca thodic  react ion is 

C O 2 + 1 / 2 0 2 + 2 e  =CO32 [3] 

In a sulfate electrolyte,  the  overall  ca thode  reaction,  Eq. [1], 
was found to be l imi ted only by gas-phase diffusion of the  
SO2 (9). P rope r  cell des ign can provide  economic  opera t ion  
even  at 90% SOz remova l  (5). 

At  the  lower  tempera tures ,  wi th  po tass ium pyrosulfa te  
as electrolyte,  the  cathodic  react ions wi th  sulfur  d iox ide  
and oxygen  mus t  be reinvest igated.  In contrast  wi th  the 
sulfate electrolyte,  no prior  s tudy  seems available.  Here  we 
e x a m i n e  the e lec t rochemica l  behavior  of  mol ten  K2S207 in 
contac t  wi th  gases conta in ing low levels  of sulfur d ioxide  
and oxygen.  The  effect  of  V~Os, a sulfur d ioxide  oxidat ion  
catalyst,  is also explored.  We focus on the ca thodic  pro- 
cesses, where  the flue gas will act as oxidant,  as these  are 
expec t ed  to be rate l imit ing (10). 

Experimental 
Pyrex  cell housings  of  var ious designs were  employed  to 

conta in  the  mol ten  electrode.  One type  is shown schemat i -  
cally in Fig. 2. The t empera tu re  was main ta ined  at 340 ~ _+ 
5~ in a cus tom-bui l t  furnace  control led  by a double-pole  
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Fig. 1. Flue gas desulfurization test cell schematic 
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Fig. 2. Gas-tight cell for effluent analysis 

so leno id  relay c o n n e c t e d  to a B a r b e r - C o l e m a n  no. 122-B 
t e m p e r a t u r e  control ler .  P r o v i s i o n s  were  m a d e  for  gas  flow 
to  a n d  f rom the  cells  b y  m e a n s  of  6.35 m m  glass  t ub ing .  
T h e  gases  we re  p r e m i x e d  p r i m a r y - s t a n d a r d  g rades  sup-  
p l ied  b y  Ma theson .  T he  w o r k i n g  e lec t rode  a n d  coun te r -  
e l ec t rode  were  flat gold  foils each  of  8.3 cm 2 area. Mechan i -  
cal s u p p o r t  a n d  e lect r ica l  c o n n e c t i o n  to the  foils were  
p r o v i d e d  by  gold  wi res  go ld-so ldered  to t he  foils. T he  ref- 
e r e n c e  e l ec t rode  was  a s i lver  wi re  d i p p i n g  in to  a A g N O J  
KNO~ m e l t  c o n t a i n e d  in a sea led  P y r e x  capsule .  A P A R  
371 P o t e n t i o s t a t / G a l v a n o s t a t  w i th  a Mode l  178 e lec t rom-  
e t e r  p r o b e  was  u sed  in m o s t  e x p e r i m e n t s  to con t ro l  t he  
overa l l  cell  potent ia l ,  t h e  po t en t i a l  of e i t he r  e l ec t rode  w i t h  
r e s p e c t  to the  r e fe rence  e lec t rode ,  or t he  cell  cur ren t .  Fo r  
s tud ie s  of  t r a n s i e n t  cell  behav io r ,  a H e w l e t t - P a c k a r d  (HP) 
M o d e l  3310B f u n c t i o n  gene ra to r  was  uti l ized.  In  some  ex- 
p e r i m e n t s  a P A R  273 po ten t ios t a t ,  w i t h  a u t o m a t i c  IR com- 
pensa t ion ,  was  employed .  Gas  analys is  was  by  gas  chro-  
m a t o g r a p h  (HP 5840) u s ing  b o t h  t h e r m a l  c o n d u c t i v i t y  a n d  
f lame p h o t o m e t r i c  de tec to r s  for su l fu r  dioxide.  
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Fig. 3. Effluent sulfur dioxide concentration in pure K2Sz07 

F i g u r e  3 also shows  d a s h e d  l ines  c o m p a r i n g  theore t i ca l  
su l fu r  d iox ide  g e n e r a t i o n  at  1 m o l / F a r a d a y  a n d  2 tool /Fara-  
day. The  da ta  at  low c u r r e n t  dens i t y  c o r r e s p o n d  m o s t  
c losely  w i t h  a p r o d u c t i o n  of  1 mol  of su l fu r  d iox ide  pe r  
Fa raday ,  whi l e  at  h i g h e r  c u r r e n t  dens i t y  t h e y  c o r r e s p o n d  
m o r e  closely w i t h  2 tool /Faraday.  S o m e  poss ib l e  r eac t ion  
s c h e m e s  are  p r e s e n t e d  later.  The  effect  of  K2SO4 a n d  V20~ 
a d d i t i o n  is s h o w n  in Fig. 4. The  in le t  gas for t h e s e  r u n s  was  
3000 p p m  su l fu r  d ioxide ,  3% oxygen ,  15% c a r b o n  d ioxide ,  
a n d  t h e  b a l a n c e  n i t rogen .  The  da ta  s h o w  exi t  su l fu r  diox-  
ide c o n c e n t r a t i o n s  re la t ive  to t he  in le t  gas concen t r a t i on .  

Wi th  V205 addi t ion ,  the  m o s t  i n t e r e s t i ng  re su l t s  occu r  in  
me l t s  c o n t a i n i n g  1% V205. Here,  i n c r e a s i n g  t he  c u r r e n t  re- 
d u c e s  t he  c a t h o d e  exi t  su l fu r  ox ide  concen t r a t i on .  F igu re  
4 s h o w s  t h a t  add i t i on  of  SO42- f u r t h e r  e n h a n c e s  su l fu r  
d iox ide  removal .  Wi th  a 1% V2OJ25% K2SO4/74% K2S207 

Results 
Effluent anatysis.--Insight into the reactions taking 

place at the cathode may be gained by analyzing the efflu- 
ent from the gas-tight ceil. Nitrogen containing sulfur 
dioxide and oxygen at levels representative of the flue gas 
flows to the cathode, and the exit sulfur oxide concentra- 
tion is monitored as a function of electrolyte composition 
and applied current. 

Figure 3 shows the cathode-effluent sulfur oxide concen- 
tration (compared to open-circuit values) in a pure potas- 
sium pyrosulfate melt. The inlet gas contains 3000 ppm 
sulfur dioxide, 3% oxygen, and the balance nitrogen. The 
trend is clear; increasing the current leads to increased sul- 
fur dioxide evolution. This is in agreement with work by 
Fang and Rapp (lla) who propose a cathodic reaction 
scheme resulting in sulfur dioxide production. Although 
their study utilized a sulfate melt at 900~ pyrosulfate was 
identified as the active species. They did not analyze their 
reaction products but, based on cyclic voltammetry and 
chronopotentiometry, concluded that the pyrosulfate was 
reduced in a one-electron charge transfer reaction 

S~O72 + e- - SO42 + SO3- [4a] 

w i t h  t he  su l fu r  d iox ide  p r o d u c e d  in  s u b s e q u e n t  reac t ions .  
In  a n  a t m o s p h e r e  of  p u r e  su l fur  d ioxide ,  D u r a n d  et at. 

(1 lb)  s imi la r ly  d e d u c e d  t he  fo l lowing overa l l  r e d u c t i o n  in 
py rosu l f a t e  

2S2072- + 2e ~ SO2 + 3SO42 [4b] 
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Fig. 4. Sulfur dioxide removal in K2S207 melts containing VzO5 and 
K2S04. 
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melt ,  u p  to 42% su l fu r  d i ox i de  r e m o v a l  c o m p a r e d  to o p e n  
c i rcu i t  is obse rved .  

Thin f i lm  experiments.--Polarization data  were  t a k e n  for 
a s y s t e m  c o n s i s t i n g  of  p l a n a r  gold  e l ec t rodes  c o v e r e d  b y  a 
m o l t e n  py rosu l f a t e  fi lm of  va r i ab l e  t h i c k n e s s  (1-3 ram)  ex- 
p o s e d  to an  a t m o s p h e r e  of  va r i ab l e  gas com pos i t i on .  T h e  
l im i t i ng  c u r r e n t  was  d e t e r m i n e d  for e ach  set  of  cond i t ions .  
T h e  re su l t s  s h o w e d  t h a t  t he  l imi t ing  c u r r e n t  dens i ty ,  7.0 
m A / c m  2, was  i n d e p e n d e n t  of  the  gas  e n v i r o n m e n t ,  sug- 
ges t ing  t h a t  t h e  p r e d o m i n a n t  e l ec t rode  r eac t ions  i nvo lve  
d i rec t  o x i d a t i o n  a n d  r e d u c t i o n  of  spec ies  or ig inal ly  in  the  
l iqu id  phase .  

S imi l a r  e x p e r i m e n t s  b y  S h o r e s  a n d  F a n g  (12) w i t h  a 
Na2SO4 m e l t  s h o w e d  a m a r k e d  effect  of  gas c o m p o s i t i o n  
o n  t he  l imi t ing  cu r ren t .  Th i s  led to t he  c o n c l u s i o n  t h a t  t h e  
ac t ive  spec ies  was  supp l i ed  by  t he  gas phase .  S h o r e s  a n d  
F a n g  e l i m i n a t e d  a n u m b e r  of  r e d u c t i o n  r eac t ion  possibi l i -  
t ies  b y  s h o w i n g  t h a t  an  u n r e a s o n a b l e  va lue  of  t he  d i f fus ion  
coeff ic ient ,  D (ca lcu la ted  by  a s s u m i n g  a s t a g n a n t  film: D = 
il 5/nFC), w o u l d  be  r e q u i r e d  for t he  e x p e r i m e n t a l  da ta  to 
be  cons i s t en t .  In  t he  p r e s e n t  work ,  ce r t a in  r e d u c t i o n  reac- 
t ions  c an  also be  e l i m i n a t e d  in  th i s  m a n n e r .  T he  concen t r a -  
t i on  of  any  spec ies  o t h e r  t h a n  py rosu l f a t e  is f o u n d  to be  
too  low to give r e a s o n a b l e  va lues  of  t he  d i f fus ion  coeffi- 
c ient .  

EquiLibrium potent ials . - -The e q u i l i b r i u m  po t en t i a l  was  
m e a s u r e d  for  t h r e e  m e l t s  u n d e r  c o n t i n u o u s  b u b b l i n g  of  a 
gas c o n s i s t i n g  of  0.3% su l fu r  d ioxide ,  3.0% oxygen ,  a n d  t he  
b a l a n c e  n i t rogen .  Our  data,  Tab le  I, s h o w  a s ign i f ican t  de- 
p e n d e n c e  o n  t h e  c o m p o s i t i o n  of  t he  melt .  T he  on ly  reac- 
t i on  t h a t  p r ed i c t s  s imi la r  e q u i l i b r i u m  po ten t i a l s  to our  ex- 
p e r i m e n t a l  da ta  is 

$ 2 0 7 2 - + 2 e  =SO42 +SO32 [5] 

The  overa l l  r e ac t i on  d e t e r m i n i n g  t he  e q u i l i b r i u m  w o r k i n g  
(w) vs. r e f e r ence  (R) po t en t i a l  wou ld  t h e n  b e  

2AgR + K2S2OTw + 2KNO3R = K2SO4w + K2SO3~ + 2AgNO3R 

[6] 

There fo re ,  t h e  po t en t i a l  of  t he  w o r k i n g  w i t h  r e s p e c t  to  t h e  
r e f e r ence  is g iven  by  

a 2 
RT aK2So4waK2so3w AgNO3R 

E~ = E ~ - - -  in  [7] 
2F ~2 'a a 2 IA, Ag R K2S207 KNO3 R 

T h e  s t a n d a r d  po t en t i a l  a n d  N e r n s t  t e r m  m a y  be  ca lcu la ted  
f rom t h e r m o d y n a m i c  da ta  (13), a p p r o x i m a t i n g  t h e  ac t iv i ty  
of  e ach  spec ies  w i t h  i ts concen t r a t i on .  T he  c o n c e n t r a t i o n s  
of  AgNOaR, AgR, K2S207w, a n d  KNO3R are k n o w n .  T h e  con-  
c e n t r a t i o n  of  K2SO4~ in t he  m e l t  w i t h o u t  a d d e d  sul fa te  
m a y  be  d e t e r m i n e d  by  c o n s i d e r i n g  t he  e q u i l i b r i u m  

K2S207 = K2SO4 + SO~ [8] 

and  t h a t  of K2SO3w f r o m  

K2SO4 + SO2 = K2SO3 + SO3 [9] 

However ,  w i t h  o x y g e n  p re sen t ,  some  of  t he  sulf i te  is oxi- 
d i zed  

K2SO3 + 1/2 O2 = K2SO4 [1O] 

As is wel l  k n o w n ,  th i s  ox ida t i on  is qu i te  s lugg i sh  in the  ab- 
s e n c e  of  a p r o m o t e r  s u c h  as V205 (14). E x p e r i m e n t a l  a n d  
ca l cu l a t ed  resul ts ,  s h o w n  in T a b l e  I, i nd i ca t e  t h a t  t h e  oxi- 
d a t i o n  is a b o u t  10% comple te .  The  effect  of i n c r e a s i n g  sul- 
fa te  is, as e x p e c t e d  f rom Eq. [7], to lower  t he  e q u i l i b r i u m  
potent ia l .  No te  t h a t  t he  c o n c e n t r a t i o n  t e r m  a c c o u n t s  for  
a b o u t  1.5V. 

Cyclic  v o l t a m m e t r y  p e r f o r m e d  on t h e s e  me l t s  as well  as 
t h o s e  c o n t a i n i n g  V205, u n d e r  a va r ie ty  of  gas compos i -  
t ions ,  c o r r o b o r a t e d  and  e x t e n d e d  the se  resul ts .  T h e s e  
tests ,  b e i n g  qu i te  ex tens ive ,  are r epo r t ed  e l s e w h e r e  (15). 

Chronoamperometry . - -The c u r r e n t  r e s p o n s e  to a low 
o v e r p o t e n t i a l  s tep  at  a p l ana r  e l ec t rode  can  be  ana lyzed  to 
o b t a i n  b o t h  d i f fus ion  and  k ine t i c  i n f o r m a t i o n  u n d e r  cer- 
t a in  c o n d i t i o n s  (16): t ha t  the  e l e c t rochemica l  reac t ion ,  
e v e n  i f  mul t i - s tep ,  has  on ly  one  r a t e - d e t e r m i n i n g  s tep;  t h a t  
t h e  e lec t ro ly te  is wel l  s u p p o r t e d ;  a n d  t h a t  no  s t rong  spe- 
cific a d s o r p t i o n  is p r e s e n t  on  t he  e lect rode.  

F o r  t h e s e  e x p e r i m e n t s  t he  work ing ,  counte r ,  and  refer-  
e n c e  e l ec t rodes  we re  i m m e r s e d  in m o l t e n  K2S207 at  340~ 
T h e  w o r k i n g  e l ec t rode  was  sub j ec t ed  to ca thod ic  p o t e n t i a l  
s t eps  of  va r ious  m a g n i t u d e s .  The  r e su l t i ng  c u r r e n t  vs. t i m e  
da ta  we re  r e c o r d e d  on  a s torage  osci l loscope.  

The  m a t h e m a t i c a l  de sc r i p t i on  of  the  r e l axa t ion  of  the  
c u r r e n t  fo l lowing  a po t en t i a l  pu lse  has  b e e n  p r e s e n t e d  by  
Nagy  (16). I f  t he  to ta l  c u r r e n t  is t a k e n  to be  equa l  to t he  
fa rada ic  c u r r e n t  a f te r  t he  in i t ia l  r ise of  t he  po ten t i a l  (i.e., if  
t h e  f ini te  capac i t ive  c u r r e n t  f lowing t h r o u g h  the  e l ec t rode  
at  all t i m e s  is ignored)  t h e  c u r r e n t  can  b e  g iven  b y  

i = (W/t2X 2) {exp(X2t) erfc (xt v2) + 2X(t/~r) 1/2 

- exp  [X2(t - t2)] erfc [k(t - t f f  ~2] 

- 2/t[(t - t2)/~] v2} (for t > t2) 

w h e r e  

[11] 

V 
W = - - - -  [12] 

R~ + Rr 

V is t he  app l i ed  po ten t i a l  s tep  a n d  Rs is t he  so lu t ion  resis-  
t a n c e  a n d  

ruRT 
Rr - [13] 

nFio 

r is t h e  n u m b e r  of  w o r k i n g  e lec t rodes ,  v is t he  s to i ch iomet -  
ric n u m b e r  of  t he  r eac t ion  m e c h a n i s m ,  a n d  io is the  ex- 
c h a n g e  c u r r e n t  densi ty .  

io R s ( 1  ) m . + 1 

- , n F  R~ + Rr 19o1/2Co 
[14] 

in  t h e  overal l  r eac t ion  

O + n e = R  

The  r e s i s t ance  b e t w e e n  the  w o r k i n g  a n d  r e f e r ence  elec- 
t rodes  a n d  t he  capac i t ance  of  t he  s y s t e m  were  d e t e r m i n e d  

T a b l e  I. Equi l ibr ium potent ia ls ,  ~ T - 3 4 0 ~  

Initial electrolyte 
(mole percent) 

Ee, ~.~. 
Ag/Ag + (V) Eq. [9] b 

[K2SOa] e calc. 

Eq. [10] ~ Eq. [7] d 

100%K2S207 
75%K2S207, 

25%K2SO4 
60%K2S207, 

40%K2SO4 

0.700 
0.550 

0.520 

1.7 x 10 -20 
7.0 x 10 10 

2.2 x 10 15 

1.4 x 10 -23 
2.4 x 10 -21 

3.9 x 10 -21 

2.0 x 10 -2~ 

2.4 x 10 -2~ 

3.8 x 10 -2~ 

a Gas phase: 0.3% SOz, 3.0% Ox, bal. N2. 
b K g _ 5 . 6 x  10  - i s .  
c K l o  = 1 .7  • 10  -2' .  
d E o = -0.915V. 
e K s = 2 . 8 x  10 -6 . 
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to be  about  1.5 gt-cm 2 and 200 ~F, respect ively.  The  resis- 
tance  was measured  with  an ac br idge  whi le  the  capaci- 
tance  was es t imated  f rom current-s tep exper iments .  The  
character is t ic  t imes  of the  e lec t rode  sys tem were  evalu- 
a ted as detai led by Nagy (16), a l lowing calculat ion of  the  
t ime,  t> after  which  the  errors in t roduced  by us ing  Eq. [11] 
will  be less than  1%. For  the  present  system, t2 is less than  
10 msec,  and this figure was used  as a conven ien t  delay 
t i m e  before  c o m m e n c i n g  current  measurement s .  

The  parameters  W and ~ were  de te rmined  (by nonl inear  
c o m p u t e r  regression) for cathodic  potent ia l  steps of 25, 50, 
75, 100, 150, 200, 250, and 300 inV. An example  of a calcu- 
lated curve  and expe r imen ta l  data for a 50 mV step is 
shown in Fig. 5. 

The  exchange  current  density,  io, may  be calculated by 
rear ranging  Eq. [12]. Table  II summar izes  the  values  of  W 
and ~ obta ined  f rom each cathodic  potent ia l  step. It  also 
shows  the  va lue  of  io and (l/DoU2Co + I/D~2C~) calcula ted 
f rom Eq. [12] and [14]. The results  f rom these  expe r imen t s  
were  s t r ikingly consis tent  over  the  wide  range of  over- 
potent ia ls  studied. They also are well  wi th in  the  applica- 
bi l i ty enve lope  i l lustrated by Nagy  (16) for use of  Eq.  (11). 

The  average  va lue  of  the  ca thodic  exchange  current  den- 
sity is about  0.030 A/cm 2. This va lue  is qui te  high, w h e n  
compared  with  exchange  currents  found in mol t en  car- 
bona te  [e.g., Ref. (17)], imply ing  that  the e lec t rode  react ion 
will  not  be l imi t ing in a commerc ia l  device  opera t ing  at 
0.050 A. /cm 2 with  porous  electrodes.  

The  average  va lue  of  the  diffusion paramete r  is 2.4 x 107 
+- 0.8 x 107 s u2 cm2/mol. F r o m  the  thin-fi lm results  pres- 
en ted  earlier, the  species being reduced  is po tass ium pyro- 
sulfate  which  is p resent  at Co = 0.01 mol /cm 3. By substi- 
tu t ing  reasonable  values  for the  diffusivit ies (2 x 10 -5 
cm2/s), CR can be  es t imated  to be 0.9 x 10 -5 mol /cm 3. The  
concen t ra t ion  of  sulfate ion in the  bulk mel t  is calculated 
by cons ider ing  react ion [8]. The equ i l ib r ium cons tant  at 
340~ is calculated f rom t h e r m o d y n a m i c  data  to be  2.8 x 
10 -5 . I f  zero to 10% of  the  en te r ing  sulfur  d iox ide  is oxi- 
dized to sulfur t r ioxide  (as indica ted  f rom the  resul ts  
shown  in Table  I), the  equ i l ib r ium concent ra t ion  of  K2SO4 
is (1.0-3.0) x 10 -5 mol / cm 3. This va lue  is the same order  of  
m a g n i t u d e  as that  de te rmined  for CR and indicates  that  py- 
rosulfate  is be ing  reduced  to form sulfate in the  overal l  re- 
action. 

Discussion 
In  a me l t  of  pure  K2S207, ca thodic  current  causes  evolu- 

t ion o f  sulfur d ioxide  in the range of  1-2 tool/Faraday. 
However ,  w h e n  K2SO4 is added to the  melt,  the  equi l ib-  
r ium potent ia l  is affected, as shown in Table  I. Added  V205 
br ings  about  sulfur  d ioxide  absorp t ion  under  all ca thodic  
currents .  Sulfate  addi t ion fur ther  improves  the sulfur 
d iox ide  removal .  

Thin-f i lm expe r imen t s  showed  conclus ive ly  that  the  gas 
phase  was not  di rect ly  involved  in the  e lec t rochemica l  re- 
action, which  is apparent ly  a di rect  reduc t ion  of pyrosul-  

3O 
r 

E 20 

lO 

I o EXPERIMENTAL 
-, COMPUTER MODEL 

I I I 
0.0 0.5 1.0 1.5 

TIME (S) 
Fig. 5. CQthodic current decay offer 50 mV potential step 

I 
2.0 

Table II. Parameters obtained by fitting 
cathodic potential step data at 340~ 

( 1 + ) 
Do~aCo Da l'a 

Potential W X io 
step (V) (A/cm 2 ) (s -J/2) (A/cm 2) (s'%mZmo1-1 ) 

0.025 0.0099 1.718 0.0264 3.09 x l 0  T 
0.050 0.0209 1.240 0.0300 2.23 • 107 
0.075 0.0290 1.092 0.0249 1.96 x 107 
0.100 0.0392 2.365 0.0262 4.25 • l 0  T 
0.150 0.0567 1.120 0.0236 2.01 • l 0  T 
0.200 0.081 1.093 0.0279 1.97 • 107 
0.250 0.110 1.172 0.0849 2.11 • l0 T 
0.300 0.139 1.074 0.0391 1.92 • l 0  T 

fate. Equ i l ib r ium potent ia l  measu remen t s  conf i rm the  py- 
rosulfate-sulfate  e lec t rochemis t ry  Eq. [5]. Fu r the r  con- 
f i rmat ion is seen in the  cons is tency  of  the  potent ia l -s tep re- 
sults. Thus,  the  evolu t ion  and/or SO2 absorp t ion  takes  
p lace  in subsequen t  (or preceding)  chemica l  reaction.  

The  only s cheme  which  c~in expla in  all these  observa-  
t ions is one in wh ich  pyrosulfa te  is r educed  e lec t rochem-  
ically to in te rmedia tes  which  then  d e c o m p o s e  to evo lve  
sulfur  dioxide,  bu t  wi th  added  VeO5 and/or  K2SO4 act  to 
cause ne t  absorp t ion  of sulfur dioxide.  

The  rate of  sulfur  d iox ide  evolu t ion  in pure  K2S~O7, as 
shown in Fig. 3, can only be exp la ined  by the  one or two 
e lec t ron  paths  shown in Table  III  (Eq. [3-1a] and [3-1b]). 
The  par t ic ipat ion of superox ide  ( 0 2 )  and pe rox ide  (022-) 
has been  observed  in carbonate  e lectrolytes  (17) and in sul- 
fates (18). Where diffusion allows, some  sulfur  d iox ide  ei- 
ther  in the  inlet  or that  generated,  will  react  wi th  these  
oxyanions ,  as in Eq. [3-2a] and [3-2b]. E i ther  pathway,  [3-1a] 
plus [3-2a] or [3-1b] plus [3-2b], yields the  reduc t ion  react ion 
p r e s u m e d  by Durand  et al. (11b), Eq.  [4b]. S ince  their  mel t  
was sa turated wi th  1 a tm of sulfur d ioxide  at all t imes,  no 
effect  of changing  sulfite concent ra t ion  was seen. 

As cathodic  overpotent ia l  is applied,  there  is apparen t ly  
a s low shift  in m e c h a n i s m  f rom Eq. [5] toward  those  which  
favor  sulfur d ioxide  evolut ion,  Eq. [3-1a] and [3-1b]. Added  
sulfate reduces  the acidi ty of  the  mel t  and helps  neutral ize  
the  sulfur  dioxide,  poss ibly  th rough  format ion  of  di- 
th ionate  

SO2 + SO42- = $2062- [15] 

which  can d ispropor t iona te  to 

$2062 = SOa 2 + SOa [16] 

wi th  the  sulfur t r ioxide  quick ly  neutra l ized by any availa- 
ble sulfate 

SOa + SO4 > = $2072- [17] 

and the  SOa 2- part ly oxidized by dissolved oxygen  (in the  
form of  superox ide  or  peroxide)  

SOa 2- + 1/2 02 = SO42- [18] 

The  addi t ion  of  V205 promotes  the  oxidat ion,  wi th  the  par- 
t ic ipa t ion  of  the  oxygen  present  in large excess,  of sulfur 
d iox ide  to sulfur t r ioxide,  a l though probably  as dissolved,  
c o m p l e x  anions (e.g., Eq. [19]) 

S Q  + 1/2 O2-~ SOa [19] 

Table III. Reaction schemes 

[3-1a] 

[3-2a] 

[3-15] 

[3-25] 

[3-3] 

[3-4] 

Net: 

/ 
2S2072- + e --+ 2SO2 + 2SO42- + 02- ( 

! SO2 + 02- + e - - ~  SO42 

2SZO72- + 2e- -~ 2SO2 + 2SO42- + 022- / 

/ SO2 + O22- --~ SO42- 

2SQ + 02 ~ 2SO3 V20fi 
2SOa + 2S042 --> 2S20~ ~- 

SO2 + 02 + 2e- --, S042- 
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The sulfur trioxide is again quickly neutralized by any 
available sulfate. 

The net cathodic reaction, with V~O5 and excess sulfate 
in the melt is then given by Eq. [1] as seen in the higher 
temperature sulfate melt (5). 

Reaction [1] indicates a sulfur dioxide removal rate de- 
pendence on current equivalent to 1 tool of sulfur dioxide 
per 2 Faradays of electrons. This theoretical slope is shown 
as the dashed line in Fig. 4. The experimental data show 
lower removal rates due to significant mass-transfer limita- 
tions. The liquid-phase mass-transfer coefficient, k~, for the 
free-rise of a bubble of diameter dp can be estimated by (20) 

D~ [ P-I \1/2/alp3 plhpg\l/3 
kl= 0 �9 4 ~ \ p - ~ l  ] ' ~  \ ~l 2 / 2 | ! [20] 

Along with the integrated expression for total removal (21) 

(-6k,t~ 
Nfinal = Nmit exp \ ~ - p  / [21] 

Using these equations with values of D1 = 2.0 • 10 -~ 
cm2/s (22), ~1 = 0.1g cm/s (23), along with experimental val- 
ues of t = 0.5-1.0s and dp = 0.3-0.6 cm, the mass-transfer 
limitation ranges from 16 to 51%, consistent with the ex- 
perimental results. As shown in Fig. 4, the removal data 
parallel the reaction scheme prediction only at current 
densities well below the mass-transfer limit. Thus, at 
higher currents, the sulfate produced in the electrochem- 
ical step has insufficient opportunity to react with the gas. 
In a device with immobilized electrolyte in contact with 
gas-diffusion electrodes (Fig. 1) this limitation can be 
avoided. 

At higher concentrations of sulfate ion at these tempera- 
tures, the generation of sulfur dioxide with current is sub- 
stantially reduced. This is not unexpected because in pure 
sulfate melts at high temperature (600~ the cathodic ef- 
fluent has been shown (5) to contain significantly less sul- 
fur dioxide than the inlet. The maximum concentration of 
sulfate that can be tested at 340~ is limited by its solu- 
bility. 

Conclusions 
The electrochemical reactions of sulfur dioxide and oxy- 

gen in a pyrosulfate-based melt have been studied. The ex- 
perimental work focused on testing possible electrolytes 
for use in a flue gas desulfurization cell operating at a 
lower temperature than was previously possible (5). 

In a two-compartment gas-tight cell, the analysis of the 
cathode effluent stream provided the most valuable infor- 
mation. In pure potassium pyrosulfate, sulfur dioxide was 
produced, eliminating pure K2S207 as a candidate electro- 
lyte. However, in 1% V20~-99% K2S20~, sulfur dioxide re- 
moval was seen, which increased with cathodic current. 
Addition of sulfate further enhanced the sulfur dioxide re- 
moval rate to a point suggesting possible commerciali- 
zation for the process. A cathodic reaction scheme is pre- 
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sented; although tentative, it is consistent with our results 
and those of other workers. 
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