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SEPARATION SCIENCE AND TECHNOLOGY, 25(13-15), p p .  1817-1828 ( 1 9 9 0 )  

DESLJLFURIZATION OVER METAL ZEOLITES 

Clyde S .  Brooks 
Recyc le  Metals 
G l a s t o n b u r y ,  C o n n e c t i c u t  06033 

ABSTRACT 

Metal o x i d e s  s u p p o r t e d  on z e o l i t e s  have  been  demonstra-  
t e d  t o  b e  e f f e c t i v e  r e g e n e r a b l e  d e s u l f u r i z a t i o n  a g e n t s  
f o r  h igh  t e m p e r a t u r e  removal o f  hydrogen s u l f i d e  from 
f o s s i l  f u e l s .  M e t a l s  o f  i n t e r e s t  are i r o n  and z i n c .  
Z e o l i t e s  of p a r t i c u l a r  i n t e r e s t  are commercial ly  a v a i l -  
a b l e  z e o l i t e s  w i t h  h i g h  hydro the rma l  s t a b i l i t y  such  as  
s y n t h e t i c  m o r d e n i t e  and r a r e  e a r t h  s t a b i l i z e d  f a u j a s i t e  
Y .  The m e t a l s  used as d e s u l f u r i z a t i o n  a g e n t s  are i n -  
t roduced  by c a t i o n  exchange.  Z i n c  f a u j a s i t e  Y is of 
p a r t i c u l a r  i n t e r e s t  b e c a u s e  of t h e  demons t r a t ed  a b i l i t y  
t o  r educe  t h e  hydrogen s u l f i d e  t o  s e v e r a l  PPM concen t r a -  
t i o n  r a n g e  i n  t h e  d e s u l f u r i z e d  f u e l  i n  t h e  t e m p e r a t u r e  
r ange  of 500 t o  650 C .  

INTRODUCTION 

The p o t e n t i a l  f o r  i n c r e a s e d  e f f i c i e n c y  o f  g a s  c l e a n u p  and i m -  
proved economics p r o v i d e s  t h e  i n c e c t i v e  f o r  development  of h i g h  
t e m p e r a t u r e  d e s u l f u r i z a t i o n  of f o s s i l  f u e l  ( c o a l  g a s  o r  s y n  g a s ) .  
Numerous p r o c e s s e s  are a v a i l a b l e  f o r  low t e m p e r a t u r e  d e s u l f u r i z a -  
t i o n .  However, a d v a n t a g e s  i n  p r o c e s s i n g ,  n o t a b l y  ene rgy  conse rva -  
t i o n  and c a p i t a l  s a v i n g s ,  make h i g h  t e m p e r a t u r e  d e s u l f u r i z a t i o n  
a t t r a c t i v e .  

A t t e n t i o n  i s  g i v e n  h e r e  t o  t h e  u s e  of m e t a l  z e o l i t e s  as  r e -  
g e n e r a b l e  d e s u l f u r i z a t i o n  a g e n t s .  c o n s i d e r a t i o n  i s  g i v e n  t o  t h e  
merits o f  h i g h  t e m p e r a t u r e  d e s u l f u r i z a t i o n ,  the r a t i o n a l e  of a g e n t  
s e l e c t i o n  and bench s c a l e  e v a l u a t i o n s  have  been conducted of t h e  
desulfurization-regeneration performance of i r o n  and z i n c  z e o l i t e s .  

THE MERITS OF HOT DESULFURIZATION 

Two a s s e s s m e n t s  t h a t  show t h e  ene rgy  and c a p i t a l  c o s t  advan- 
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1818 BROOKS 

t a g e s  of h i g h  t e m p e r a t u r e  d e s u l f u r i z a t i o n  o f  s e v e r a l  a v a i l a b l e  c o a l  
g a s i f i c a t i o n  a l t e r n a t i v e s  a r e  summarized h e r e :  
One comparison (1) h a s  been  made f o r  low and h i g h  t e m p e r a t u r e  g a s  
c l e a n u p  o f  a 1000 MW c o d  g a s i f i c a t i o n  combined c y c l e  power p l a n t  
f o r  two p o s s i b l e  g a s  t u r b i n e  i n l e t  t e m p e r a t u r e s  (1070O C and 132OOC) 
f o r  4 g a s i f i c a t i o n  o p t i o n s :  1) a i r  blown L u r g i  ( f i x e d  b e d ) ,  2)  oxy- 
gen blown L u r g i  ( f i x e d  b e d ) ,  3)  oxygen blown b i tuminous  g a s i f i e r  
c l e a n e r  ( s l a g g i n g  f i x e d  bed)  and 4) a n  a i r  blown F o s t e r  Wheeler 
( e n t r a i n e d  b e d ) .  The h i g h  t e m p e r a t u r e  h o t  g a s  c l e a n u p  (HGC) used  
w a s  t h e  Morgantown Energy Technology C e n t e r  (MJZTC) i r o n  o x i d e  f i x e d  
bed d e s u l f u r i z a t i o n  p r o c e s s  ( 2 ) .  The low t e m p e r a t u r e  g a s  c l e a n u p  
(LGC) used  was t h e  B e n e f i e l d  p r o c e s s  ( 3 ) .  The HGC a l t e r n a t i v e  pro- 
v i d e d  advan tages  i n  t h e r m a l  e f f i c i e n c y ,  c a p i t a l  c o s t ,  e l e c t r i c i t y  
c o s t  and p u r i f i c a t i o n  sys t em component c o s t s .  S a v i n g s  of 34% i n  
c a p i t a l  r e q u i r e m e n t s  and 30% i n  c o s t  of e l e c t r i c i t y  were  o b t a i n e d  
wi th  HGC. 

I n  a second a s ses smen t  (4 )  4 g a s i f i e r  c o n f i g u r a t i o n s  were e v a l -  
u a t e d ,  3 employing e n t r a i n e d  f l o w ,  by Texaco,  Shel l -Koppers  and by 
F o s t e r  Wheeler /Bi tuminous Coa l  Resea rch  (FW/BCR) and a n  I n s t i t u t e  
of Gas Technology (IGT) f l u i d  bed u s i n g  24 v a r i a t i o n s  o f  a i r  and 
g a s  blown g a s i f i c a t i o n  w i t h  3 t e m p e r a t u r e s  f o r  d e s u l f u r i z a t i o n .  
Low t e m p e r a t u r e  (150" C )  d e s u l f u r i z a t i o n  w a s  w i t h  a S e l e x o l  l i q u i d  
s c r u b b e r .  I n t e r m e d i a t e  t e m p e r a t u r e  (540°C) d e s u l f u r i z a t i o n  w a s  
w i t h  t h e  METC i r o n  o x i d e  f i x e d  bed.  High t e m p e r a t u r e  (820 'C)de -  
s u l f u r i z a t i o n  used a Conoco h a l f - c a l c i n e d  d o l o m i t e  i n  a f l u i d i z e d  
bed .  A l l  p r o c e s s e s  m e t  EPA emiss ion  s t a n d a r d s .  The medium and 
h igh  t e m p e r a t u r e  p r o c e s s e s  p rov ided  a n  improvement o f  6.5% i n  p l a n t  
c a p i t a l  c o s t  and 6.1% i n  e l e c t r i c i t y  c o s t .  The g r e a t e s t  a d v a n t a g e  
p rov ided  was reduced c a p i t a l  c o s t .  

SELECTION OF DESLTLFURIZATION AGENTS-PRIOR WORK 

The e l e m e n t s  t h a t  have been cons ide red  f o r  d e s u l f u r i z a t i o n  
a g e n t s  have  been s e l e c t e d  l a r g e l y  on a n  e m p i r i c a l  b a s i s  from essen -  
t i a l l y  e v e r y  group of t h e  p e r i o d i c  t a b l e .  Westmoreland and Harri- 
s o n  (5)  made a s y s t e m a t i c  examina t ion  o f  c a n d i d a t e s  f o r  t h e  h o t  
d e s u l f u r i z a t i o n  of low BTU f u e l  g a s e s .  I n  t h e i r  approach ,  t h e y  
made u s e  of t h e  f r e e  ene rgy  m i n i m i z a t i o n  method of Van Zeggeren 
and S t o r y  (6)  and s e l e c t e d  o f  11 o u t  of 28 e l e m e n t s  c o n s i d e r e d .  
The p o t e n t i a l  c a n d i d a t e s  f o r  f u e l  g a s  d e s u l f u r i z a t i o n  w i t h i n  t h e  
t e m p e r a t u r e  r a n g e  of 400-1200°C were Fe ,  Zn, Mo, Mn, V ,  C a ,  S r ,  
B a ,  Co, Cu and W.  Based on thermodynamic c o n s i d e r a t i o n s ,  t hey  
s e l e c t e d  MnO, CuO, V 0 and ZnO f o r  k i n e t i c  s t u d i e s  and found MnO 
t o  have  t h e  most f a v o r a b l e  k i n e t i c s  ( 7 ) .  The i n i t i a l  s e l e c t i o n  
c r i te r ia  o f  t h e  p a r t i c u l a r  s u l f u r  removal a g e n t s  e v a l u a t e d  i n  more 
r e c e n t  s t u d i e s  (8-10) were based  on thermodynamic and p h y s i c a l  pro- 
p e r t y  c o n s l d e r a t i o n s .  
f o r  t y p i c a l  c o a l  g a s  compos i t ions  a t  app rox ima te ly  650" C ,  
of h o t  i r o n  o x i d e  s o r b e n t  bed e f f l u e n t s ,  were c o n s i d e r e d  as w a s  
r e g e n e r a b i l i t y  of t h e  s u l f i d e d  a d s o r b e n t s .  Of t h e  42 m e t a l s  and 

2 3 '  

A t t a i n a b l e  e q u i l i b r i u m  H2S c o n c e n t r a t i o n s  
t y p i c a l  
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DESULFURIZATION OVER METAL ZEOLITES 1819 

o x i d e s  i n i t i a l l y  examined, 12 c a n d i d a t e s  (Fe,  Co, Pb, Mo, Cd, W ,  Zn, 
V ,  Mn, S r ,  B a ,  and Cu) were e v a l u a t e d  i n  d e t a i l ,  and f o u r  c a n d i d a t e s  
(ZnO, Cu, WO , and V 0 ) m e r i t e d  expe r imen ta l  e v a l u a t i o n  of t h e i r  
d e s u l f u r i z a t Z o n  and r e g e n e r a t i o n  performance.  2 3  

A comprehensive r ev iew of h o t  g a s  (430°C) c l e a n u p  p r o c e s s e s  
a p p l i c a b l e  t o  s u l f u r  removal ,  as H S from c o a l  g a s e s  w a s  p repa red  2 by O n u r s a l  (11) i n  1979. Comment on d e s u l f u r i z a t i o n  work w i t h  a n  
u p d a t i n g  s i n c e  1979 is a p p r o p r i a t e .  I n i t i a l  comments w i l l  b e  made 
on r e s u l t s  o b t a i n e d  w i t h  t h e  s i n g l e  component sys t ems  Fe ,  Cu and Zn: 

E a r l y  work w i t h  i r o n  o x i d e s  on t h e  Appleby-Frodingham p r o c e s s  
(12,13)  demonstrated e x c e s s i v e  s o r b e n t  d e g r a d a t i o n  and was abandoned. 
The MERC i r o n  o x i d e / s i l i c a  ( f l y  a s h )  s o r b e n t  (2 ,14 )  ach ieved  200-800 
ppm H S i n  c o a l  g a s e s  i n  t h e  t e m p e r a t u r e  r ange  400-750°C w i t h  re- 
g e n e r a t i o n  a t  950°C 2 i n  a i r  o r  s team. 

Z inc  o x i d e  h a s  been  w i d e l y  used commercial ly  f o r  removal of 

Supported ZnO h a s  been e v a l u a t e d  a t  
low c o n c e n t r a t i o n s  of H S a t  low t o  modera t e  t e m p e r a t u r e s  b u t  o n l y  
as a nonregene rab le  sysgem. 
Gine r  Inc. (15,16)  and by I n s t i t u t e  F r a n c a i s  du P e t r o l e  (11 page 70) 
and H S l e v e l s  down t o  1 ppm w e r e  o b t a i n e d  a t  bench scale. Evalua- 
t i o n s  of t h e  IFP ZnO a t  METC (17) confirmed t h e  low H2S concen t r a -  
t i o n s  b u t  i n d i c a t e d  low s u l f u r  l o a d i n g s  r e l a t i v e  t o  unsuppor t ed  
ZnO. More r e c e n t  work (18) a t  METC w i t h  suppor t ed  ZnO on z e o l i t e s  
p repa red  by s o l u t i o n  impregna t ion  h a s  been i n i t i a t e d  t o  p r e p a r e  
h i g h  t e m p e r a t u r e  s u l f u r  removal s o r b e n t s .  

2 

S e v e r a l  s t u d i e s  have invo lved  coppe r  s o r b e n t s  (19-23). Copper 
suppor t ed  on s i l i c a  (22) h a s  been used  t o  d e s u l f u r i z e  H S/H2 mix- 2 t u r e s  o v e r  t h e  t e m p e r a t u r e  r ange  300-1000°C w i t h  u l t i m a t e  a p p l i c a -  
t i o n  i n t e n d e d  f o r  coke oven,  p roduce r ,  and water g a s e s  and hydroca r -  
bon v a p o r s .  S t u d i e s  have  been conducted by Kennecot t  Copper Co. 
( 1 9 , 2 3 ) f o r  L u r g i  f u e l  g a s e s  c o n t a i n i n g  H 2 ,  CO and 1-1.5% H S i n  t h e  
t e m p e r a t u r e  r a n g e  480-510°C.  
( t o  1500 ppm H2S) were o b t a i n e d .  S o r b e n t s  were r e g e n e r a t e d  a t  816" 
C u s i n g  s o l i d - s o l i d  r e a c t i o n  w i t h  CuO bu t  w i t h  l i m i t e d  s u c c e s s .  

2 S u l f u r  removal e f f i c i e n c i e s  o f  80% 

Most d e s u l f u r i z a t i o n  s t u d i e s  have  been conducted w i t h  mixed 
m e t a l  o x i d e s .  About t h e  e a r l i e s t  s i g n i f i c a n t  s t u d y  w a s  made a t  
Johns Hopkins U n i v e r s i t y  ( 2 0 ) f o r  mixed o x i d e s  of  Cu, F e ,  U ,  C r ,  Sn,  
Mn, V ,  Mo, Sb, B i  as b i n a r y  and t e r n a r y  combinat ions w i t h  v a r i o u s  
b i n d e r s  such  as c l a y ,  pumice, alundum and l i m e .  Regene ra t ion  of  t h e  
s u l f i d e d  s o r b e n t s  was by a i r  o x i d a t i o n ,  b u t  s u s t a i n e d  performance 
w a s  n o t  o b t a i n e d .  Nachod (21) used mixed o x i d e s  of  Cu, Zn and Pb 
suppor t ed  on  a l u m i n o s i l i c a t e s  t o  remove s u l f u r  from pe t ro l eum d i s -  
t i l l a t e s  and g a s e s  w i t h  H S and o r g a n i c  s u l f u r  compounds i n  t h e  
t e m p e r a t u r e  r ange  90-550"$ . 
370-540°C,  b u t  the s u p p o r t s  were l a c k i n g  i n  s t a b i l i t y .  

I n v e s t i g a t i o n s  a t  METC e x t e n d i n g  ear l ier  work w i t h  Fe o x i d e s  

Regene ra t ion  w a s  w i t h  air/steam a t  
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( 2 ,  12-14) i n d i c a t e d  t h a t  s u l f u r  l e v e l s  o f  2-10 ppm i n  t h e  tempera- 
t u r e  r ange  550-750°C can b e  ach ieved  f o r  a z i n c  f e r r i t e  s o r b e n t  (17)  
w i t h  s i m u l a t e d  L u r g i  f i xed -bed  g a s i f i e r  o f f - g a s .  To d a t e  t h i s  z i n c  
f e r r i t e  s o r b e n t  of METC h a s  been  advanced t o  t h e  h i g h e s t  s t a g e  of 
development ,  p i l o t  p l a n t .  

However, i n v e s t i g a t i o n s  by Battelle,  I G T ,  MIT ,  G i n e r ,  Resea rch  
T r i a n g l e  and E lec t rochem,  and a t  METC under  DOE f u n d i n g ,  c o n t i n u e  
t o  e v a l u t a t e  p romis ing  a l t e r n a t i v e s  f o r  h i g h  t e m p e r a t u r e  r e g e n e r a b l e  
d e s u l f u r i z a t i o n  of c o a l  g a s e s  i n  view o f  t h e  uppe r  l i m i t  of  a b o u t  
700°C f o r  t he rma l  s t a b i l i t y  and s u l f u r  c a p t u r e  e f f i c i e n c y  e x p e r i -  
enced w i t h  z i n c  f e r r i t e  (18). Work a t  B a t t e l l e  (24) h a s  been  con- 
d u c t e d  w i t h  mol t en  c a r b o n a t e s  suppor t ed  on Ca-Li a l u m i n a t e .  Dual 
a d s o r b e n t  beds  w i t h  mixed o x i d e s  of ZnO, Fe  0 CuO i n  one  bed and 
CoTiO i n  a second bed have  been  e v a l u a t e d  a t  I G T  (25 ) .  Work w i t h  
o x i d e s  of Cu and Zn h a s  been conducted a t  G i n e r  (26) and work w i t h  
o x i d e s  of Cu and Mn pursued a t  E lec t rochem (27) .  A number of mixed 
o x i d e s  of ZnO, CuO, T i 0  and MOO , n o t a b l y  c o - p r e c i p i t a t e d  w i t h  
alumina have  been i n v e s g i g a t e d  a2 MIT ( 2 8 ) .  A d d i t i o n a l  s t u d i e s  
w i t h  mixed o x i d e s  of ZnO/CuO/Fe20 ; ZnO/Ti02; CuO/Fe 0 3 / A l  0 
CuO/Al 0 
( 2 9 ) .  2M?xed o x i d e  sys t ems  have proven s u p e r i o r  t o  s i n g l e  component 
m e t a l  o x i d e s  i n  ma in tenance  o f  h i g h  t e m p e r a t u r e  d e s u l f u r i z a t i o n  
c a p a c i t y  w i t h  r e p e t i t i v e  s u l f i d a t i o n / o x i d a t i o n  d u t y  c y c l e s  due  t o  
b e t t e r  t he rma l  s t a b i l i t y .  

2 3' 
3 

and 
have been conducted by 2he Resea rch  T r i a n g l e  I n s g i z u t e  

SELECTION OF ADSORBENT COMPONENTS 

I r o n  and z i n c  were s e l e c t e d  a s  t h e  d e s u l f u r i z a t i o n  a g e n t s  f o r  
e v a l u a t i o n  based on c o n s i d e r a t i o n  o f  t h e  r e s u l t s  of p r i o r  work and 
t h e  p r o s p e c t s  f o r  f a v o r a b l e  s u l f  i d a t i o n  k i n e t i c s ,  l o w  e q u i l i b r i u m  
s u l f u r  c o n c e n t r a t i o n  a t  h i g h  t e m p e r a t u r e  and good o x i d a t i o n  regen- 
e r a t i o n  k i n e t i c s .  Most p r i o r  d e s u l f u r i z a t i o n  work h a s  been conduct-  
ed and c o n t i n u e s  w i t h  c o - p r e c i p i t a t e d  m e t a l  o x i d e s .  I n  t h i s  s t u d y  
a z e o l i t e  s u p p o r t  w a s  chosen  t o  p r o v i d e  a h y d r o t h e r m a l l y  s t a b l e  
s u b s t r a t e  f a v o r a b l e  f o r  ma in tenance  of a h i g h l y  d i s p e r s e d  d e s u l f u r -  
i z a t i o n  a g e n t  f o r  many s u i f i d a t i o n / o x i d a t i o n  d u t y  c y c l e s .  A syn- 
t h e t i c  morden i t e  (Zeolon 900) was i n i t i a l l y  e v a l u a t e d  b u t  t h e  
a v a i l a b i l i t y  of r a r e - e a r t h  s t a b i l i z e d  z e o l i t e  f a u j a s i t e  Y (L inde  SK 
500) l e d  t o  making i t  t h e  s u p p o r t  o f  c h o i c e .  

EXPERIMENTAL PROCEDURES 

The m e t a l s  of i n t e r e s t  Fe and Zn were i o n  exchanged w i t h  t h e  
z e o l i t e  p e l l e t s  by e q u i l i b r a t i o n  a t  25-60" C w i t h  3 Molar a q .  so lu-  
t i o n s  of n i t r a t e  s a l t s  of t h e  metals. Ion exchanged z e o l i t e s  w e r e  
s e p a r a t e d  from t h e  exchange s o l u t i o n s ,  d r i e d  a t  150°C and a i r  c a l -  
c i n e d  a t  5 0 0 ° C .  The p r o p e r t i e s  o f  t h e  s o r b e n t s  a r e  g iven  i n  T a b l e  
1. 

The d e s u l f u r i z a t i o n  performance tests w e r e  conducted i n  a 
s t a i n l e s s  s tee l  bed r e a c t o r  w i t h  2-12 g r .  of a d s o r b e n t  (20-40 mesh).  
T h i s  bench s c a l e  r e a c t o r  h a s  t h e  c a p a b i l i t y  of h a n d l i n g  l i q u i d  f u e l s  
and g a s  m i x t u r e s  f o r  e v a l u a t i o n  of h i g h  t e m p e r a t u r e  g a s l s o l i d  r eac -  
t i o n s .  C o r r o s i o n  r e s i s t a n t  a l l o y s  must b e  used  t o  avo id  w a l l  e f f e c t s ,  
b u t  a q u a r t z  l i n e r  i s  p r e f e r r e d  t o  e l i m i n a t e  t h i s  s o u r c e  o f  e r r o r .  
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DESULFURIZATION OVER METAL ZEOLITES 1821 

The r e a c t o r  h a s  been d e s c r i b e d  e l s e w h e r e  ( 3 0 ) .  Gas compos i t ions  
c o n s i s t e d  of d r y  and w e t  (10-20 Mol% H 0 )  H w i t h  200-8009 ppm H S. 
R e a c t i o n  c o n d i t i o n s  c o n s i s t e d  o f  1-2 agms. ;as p r e s s u r e ,  a 450- 
650' C t e m p e r a t u r e  r a n g e  and a s p a c e  v e l o c i t y  r a n g e  of 500-10000 h r - I '  
Tests w e r e  conducted t o  b reak th rough  c o n c e n t r a t i o n s  of 20 ppm H S. 
S u l f u r  c o n c e n t r a t i o n  i n  t h e  e x i t  g a s  was de t e rmined  w i t h  Kitagawa 
t u b e s  and a t  i n t e r v a l s  of 30-60 min. by a b s o r p t i o n  i n  CdS04 aq .  
s o l u t i o n  and t h i o s u l f a t e  t i t r a t i o n  ( 3 1 ) .  

2 

2 

TABLE 1 
S u l f u r  Removal C a p a c i t y  f o r  Z inc  Z e o l i t e s  

Z e o l i t e  Cat i o n  Metal T h e o r e t i c a l  High 
Exchange Loading S u l f u r  Temp. 
C a p a c i t y  E q u i v . t o  Loading a s  S t a b i l i t y  
CEC MEQ/Gr. CEC W t . %  ZnS W t . %  Deg. C .  

Syn.Mordenite 2 .5  8 . 2  4 . 0  650 
F a u j a s i t e  Y 4.0 13.2 6.4 650- 980 

The s u l f i d e d  a d s o r b e n t s  were r e g e n e r a t e d  w i t h  a i r  o r  s i m u l a t e d  
f u e l  c e l l  e x h a u s t  g a s  (11 Mol % 02) a t  450-650'C w i t h  p e r i o d i c  
measurement of SO i n  t h e  e x i t  g a s  by Kitagawa t u b e  and a b s o r p t i o n  
i n  a q .  NaOH.  

2 

P o s t  tes t  a d s o r b e n t s  were c h a r a c t e r i z e d  by s u l f u r  a n a l y s i s  and 
f o r  s e l e c t e d  sys t ems  m e t a l  a n a l y s i s ,  X-Ray d i f f r a c t i o n  a n a l y s i s  and 
BET s u r f a c e  a r e a  d e t e r m i n a t i o n s .  

REACTION MECHANISMS 

The s u l f i d a t i o n  r e a c t i o n s  p o s t u l a t e d  f o r  t h e  s u p p o r t e d  m e t a l s  
a s  s e p a r a t e  i n t e r s t i t i a l  e n t i t i e s  w i t h  H S a t  t e m p e r a t u r e  i n  t h e  
r ange  450-650" C 

2 
i n  a r e d u c i n g  atmosphere a r e  assumed t o  be :  

FeO+ H S = F e S +  H20 

ZnO+ H S = ZnS+ H20 

(1) 

(2 )  

2 

2 

The mechanism proposed f o r  t h e  exchanged c a t i o n s  i s  t h a t  t h e y  are  
p r e s e n t  p redomina te ly  a s  i n t e g r a l  components of t h e  z e o l i t e  l a t t i c e  
s u r f a c e  so t h a t  t h e  s u l f i d a t i o n  r e a c t i o n  c a n  b e  v i s u a l i z e d :  

2- [ Z e o l i t e  + Zn2f+  H ~ S  = [ Z e o l i t e 2 - +  2 8  + Z ~ S I  ( 3 )  

Limi ted  t h e r m a l  s t a b i l i t y  p r e c l u d e s  s u l f i d e  s t o i c h i o m e t r i e s  w i t h  
s u l f u r  t o  m e t a l  r a t i o n s  h i g h e r  t h a n  i n d i c a t e d  i n  r e a c t i o n s  (1 ) - (3 ) .  

R e a c t i o n s  ( 1 ) - ( 2 )  would l e a d  t o  s i g n i f i c a n t  i n h i b i t i o n  o f  sul- 
f i d a t i o n  by a n  a p p r e c i a b l e  water p a r t i a l  p r e s s u r e .  
w i l l  c o n t a i n  10-20 Mole % H 0 depend ing  upon whe the r  t h e  g a s  i s  a i r  2 o r  O2 blown t h i s  i s  a n  i m p o r t a n t  c o n s i d e r a t i o n .  
p a r t i a l  p r e s s u r e  o f  10 Mole % might  r a i s e  t h e  H S e q u i l i b r i u m  con- 
c e n t r a t i o n  from 1-2 t o  10 ppm a t  65OoC t h e r e  would b e  a n  a d v a n t a g e  
i n  min imiz ing  t h e  v o l a t i l i t y  of Zn. 

S i n c e  c o a l  g a s e s  

While  t h e  water 

2 
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1822 BROOKS 

The o x i d a t i o n  r e g e n e r a t i o n  r e a c t i o n s  f o r  t h e  s u l f i d e d  m e t a l s  
a r e  cons ide red  t o  be:  

FeS+  1 . 5  O2  = FeO+S02 

ZnS+ 1 . 5  O2 = ZnO+S02 

(4 )  

(5 )  

(6 )  [Zeol i te2-+ 2$+ Z n S l . t l . 5  02= [ Z e o l i t e 2 + Z n B  :+H20+S0 

The e x p e c t a t i o n  is t h a t  a t  t h e  e l e v a t e d  t e m p e r a t u r e  o f  o x i d a t i o n  
most of t h e  s u l f u r  w i l l  b e  evo lved  as S02/S0 
fo rma t ion  i f  extended exposure  t o  e x c e s s  oxygen i s  avo ided .  The 
decompos i t ion  t e m p e r a t u r e s  of t h e  s u l f a t e s ,  i f  formed, a r e  r e l a t i v e -  
l y  h i g h  b e i n g  500-630°C f o r  FeS04 and 600-840 O C  f o r  ZnS04 (32 ) .  

w i t h  minimal  s u l f a t e  3 

DESULFURIZATION PERFORMANCE 

I n  T a b l e  2 a comparison i s  made f o r  4 a d s o r b e n t s ,  Fe and Zn 
m o r d e n i t e ,  a Zn impregnated alumina and a r a r e  e a r t h  loaded  Zn fau-  
j a s i t e  Y .  A f t e r  5 sulfidation/regeneration d u t y  c y c l e s  a t  5 4 O o C  
t h e  Zn f a u j a s i t e  Y demons t r a t ed  a dec ided  advan tage  i n  s u l f u r  load-  
i n g  a t  b r e a k t h r o u g h  a t  2 0  ppm w i t h  H S c o n c e n t r a t i o n  less t h a n  10 
ppm p r i o r  t o  g r e a k t h r o u g h  combined w i t h  ma in tenance  o f  a h i g h  BET 
a r e a  o f  360 m /g .  T y p i c a l  r e s u l t s  w i t h  w e t  (15 Mole X )  H w i t h  1000 
ppm H S a t  500 
formance f o r  4 d u t y  c y c l e s  w i t h  less t h a n  10 ppm H2S. 

C o v e r  Zn f a u j a s i t e  Y (F ig .  1) show s u s t a g n e d  per-  2 

TABLE '2 
A Comparison o f  D e s u l f u r i z a t i o n  Adsorben t s  

Adsorbent  Metal W t . %  S u l f u r  P e r c e n t . o f  R e s i d u a l  BET 
Loading T h e o r e t i c a l  S u l f u r  Area 
W t . %  S u l f u r  W t . %  Sq.M.1 

F a u j a s i t e  Y Zn 13.2 4 . 8  75 1.41 360 
(L inde  SK 500) 
ZnO on Alumina Zn 11.7 2.4 - 0.71 119 
(Harshaw A14104T) 
Syn.Mordeni te  Zn 10.9 2.4 60  0.51 129 
(Norton Zeolon 900) 

(Nor tonZeo lon  900) 

Notes:  1) F i v e  tests were conducted w i t h  10.3 cu. cm. o f  a d s o r b e n t  
bed w i t h  1000 ppm H S i n  H 2  a t  540 O C  and a t  2 Atmos. i n  
t h e  s p a c e  v e l o c i t y  tGHSV) r a n g e  4000-9000 h r - 1  t o  a break-  
th rough  of 20 ppm H s. 

2)  O x i d a t i o n  r e g e n e r a t i o n s  were conducted w i t h  s i m u l a t e d  
f u e l  c e l l  c a t h o d e  e x h a u s t  g a s  w i t h  11% 02, 7% C02 and 
72% N2.  

3) Water p a r t i a l  p r e s s u r e  w a s  15 Mole % f o r  d e s u l f u r i z a t i o n  
and r e g e n e r a t i o n .  

4)  ZnO w a s  mounted on alumina by s o l u t i o n  impregna t ion .  

Syn.Mordeni te  Fe 14.0 3.7 - 0 .33  - 
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DESULFURIZATION OVER METAL ZEOLITES 

0 Virgin Catalyst 

o After 4 regeneration cycles 
t '  

1823 

8 0 7  with combustion gas at 5OOOC 

ldeol Plug Flow I --- 1 
I 

FIG. 1 SULFUR REMOVAL FROM WET (15 MOLE 
PERCENT H 0) HYDROGEN WITH 1000 
PPM H,S OJER SUPPORTED ZINC 

~~ ~ 

FAUJA~ITF Y AT 5000 c - AND 2000- 
3500 HR- 

I f  t h e  o b j e c t i v e  is t o  o b t a i n  a low s u l f u r  c o n c e n t r a t i o n  p r i o r  
t o  b reak th rough  Zn z e o l i t e  is  d e c i d e d l y  s u p e r i o r  t o  Fe z e o l i t e  (F ig .  
2 ) .  For  t h i s  t es t  w i t h  a s u l f u r  c o n c e n t r a t i o n  o f  7900 ppm, t y p i c a l  
of c o a l  g a s ,  f o r  w e t  (10 Mole %) H2 r e s i d u a l  s u l f u r  c o n c e n t r a t i o n s  
b e f o r e  b r e a k t h r o u g h  a p p r e c i a b l y  less t h a n  e q u i l i b r i u m  H2S v a l u e s  
a r e  o b t a i n e d  f o r  e i t h e r  Fe o r  Zn. 

The r o l e  o f  t h e  rare earths p r e s e n t  on t h e  SK 500 f a u j a s i t e  Y 
u sed  a s  s u p p o r t  f o r  t h e  Fe and Zn i n  t h e  d e s u l f u r i z a t i o n  p r o c e s s  
h a s  n o t  been  de te rmined  b u t  p u b l i s h e d  r e s u l t s  ( 3 3 , 3 4 )  i n d i c a t e  

s t u d y  i n d i c a t e s  t h e  rare e a r t h s  p l a y  a minor  r o l e  i n  s u l f i d a t i o n  
b u t  a ma jo r  r o l e  i n  c o n t r i b u t i n g  t o  t h e r m a l  s t a b i l i t y .  Z inc  h a s  
been  proposed (35)  f o r  improving t h e  the rma l  s t a b i l i t y  o f  z e o l i t e s .  

Lanthanun h a s  p o t e n t i a l  a s  a s u l f i d a t i o n  a d s o r b e n t .  The p r e s e n t  
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METAL WT.% TEST 
Equi!. FeS ISJ 2 ? D  _ - -  

2 

I 
v) 
r 
I 

a 
a 

Fe 12.3 0 o 
- Zn 10.8 A A 

0 I 

BROOKS 

UAO A 
I I I I I I  

I 

i o  40 60 
1 Id0 120 I40 160 leo 200 

GAS FLOW - SCF/ I b 
FIG. 2 SULFUR REMOVAL FROM WET (10 MOLE 

PERCENT H 0) HYDGROGEN WITH H2S 
(7990 PPMf AT 650' C 1500 
HR- SPACE VELOCITY 

(MIPATI O?; REGENERATION 

Oxidation regeneration at 650'C of sulfided Fe and Zn fauja- 
site Y adsorbents with simulated fuel cell exhaust gas (11 Mole % 
0 ) is essentially complete within 60 minutes (Fig. 3). 
o$ residual sulfur retention after regeneration is shown in Table 2. 

The extent 
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DESULFURIZATION OVER METAL ZEOLITES 1825 

100 200 xx) 

T'---rl lo 
-- 
1 I SPACE VELOUTY 

1200 t 200 HR'I 
I 

I 
i 1.0 

0.0 I 

I 
I 
I 

I 
1 O. 

I 

L Z n  (10.8 WT.%) 
ZEOLITE 

I I I I I '0.001 
0 70 40 60 80 100 120 

REGENERATION TIME- MIN 

FIG. 3 AIR REGENERATION AT 650' C OF 
SULFIDED IRON AND ZINC FAUJASITE Y 

To comple t e  the rma l  decompos i t ion  o f  r e s i d u a l  ZnSO a temper- 4 a t u r e  approach ing  8 0 0 ° C  is  n e c e s s a r y  f o r  a g a s  w i t h  less t h a n  a b o u t  
15  Mole Z 02. 
t i o n - r e g e n e r a t i o n  c y c l e  and t h e  n e x t  f u e l  g a s  d e s u l f u r i z a t i o n  c y c l e  
combined w i t h  u t i l i z a t i o n  of t h e  exo the rmic  h e a t  from t h e  o x i d a t i o n  
r e a c t i o n  p e r m i t s  comple t ion  of r e g e n e r a t i o n  o f  t h e  a d s o r b e n t  a t  a 
t e m p e r a t u r e  between 800 ' C and 6 5 0 ' C  t h e  t e m p e r a t u r e  d e s i r e d  i n  
t h e  bed f o r  t h e  n e x t  d e s u l f u r i z a t i o n  c y c l e .  

Use of a N purge  between comple t ion  o f  t h e  ox ida -  2 

The t h e r m a l  s t a b i l i t y  o f  t h e  Zn f a u j a s i t e  Y i s  p romis ing  i n  
v i ew o f  t h e  h i g h  BET s u r f a c e  a r e a  obse rved  f o r  t h e  r e g e n e r a t e d  ad- 
s o r b e n t  (Tab le  2 . )  An i m p o r t a n t  c o n s i d e r a t i o n  i s  t h a t  t h e  Zn zeo- 
l i t e  shou ld  n o t  e x p e r i e n c e  t e m p e r a t u r e s  much above 650 ' C  i n  a r e -  
duc ing  a tmosphe re  t o  minimize l o s s e s  by v o l a t i l i z a t i o n .  
i n t e r v a l  between o x i d a t i o n - r e g e n e r a t i o n  and t h e  n e x t  d e s u l f u r i z a -  
t i o n  c y c l e  t h e  a d s o r b e n t  exposed t o  t e m p e r a t u r e s  above 650 ' C is  
i n  a n  o x i d i z e d  s ta te  minimizing v o l a t i l i z a t i o n .  The s u l f u r  l o a d i n g  
c a p a c i t y  of  a z i n c  z e o l i t e  s o r b e n t  f a l l s  s h o r t  of t h e  v a l u e s  pro- 
v i d e d  by t h e  more s u c c e s s f u l  c o p r e c i p i t a t e d  m e t a l  o x i d e s  b u t  by 
a c c e p t i n g  s h o r t e r  d u t y  c y c l e s  the s u p e r i o r  t h e r m a l  s t a b i l i t y  and 
r e g e n e r a b i l i t y  o f  t h i s  s o r b e n t  o f f e r s  good p r o s p e c t s  f o r  an  ex- 
tended u s e f u l  l i f e .  

In t h e  
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1826 BROOKS 

CONCLUSIONS 

Bench s c a l e  e v a l u a t i o n s  have  demons t r a t ed  t h e  performance o f  
m e t a l  z e o l i t e s  f o r  h i g h  t e m p e r a t u r e  r e g e n e r a b l e  d e s u l f u r i z a t i o n  of 
f o s s i l  f u e l s  c o n t a i n i n g  H S. Metal  z e o l i t e s ,  n o t a b l y  w i t h  z i n c ,  
p r o v i d e  r e g e n e r a b l e  s u l f u r  removal c a p a b i l i t y  and a c h i e v e  low re- 
s i d u a l  s u l f u r  c o n c e n t r a t i o n s  and a good p o t e n t i a l  f o r  r e p e t i t i v e  
s u l f i d a t i o n / o x i d a t i o n  d u t y  c y c l e s .  Z i n c  f a u j a s i t e  Y ,  i n  p a r t i c u l a r ,  
p r o v i d e s  a s u p e r i o r  d e s u l f u r i z a t i o n  a g e n t  w i t h  t h e  a c t i v e  m e t a l  i n  
a h i g h  s ta te  of d i s p e r s i o n  on a h y d r o t h e r m a l l y  s t a b l e  s u p p o r t .  A l -  
t e r n a t i o n  o f  s u l f i d a t i o n  and o x i d a t i o n  t y p i c a l  of d e s u l f u r i z a t i o n -  
r e g e n e r a t i o n  d u t y  c y c l e s  f a v o r s  ma in tenance  o f  t h e  i n i t i a l  h i g h  
s t a t e  of d i s p e r s i o n  f o r  t h e  a c t i v e  d e s u l f u r i z a t i o n  a g e n t ,  Fe  o r  Zn. 

P o t e n t i a l  a p p l i c a t i o n s  f o r  t h e s e  m e t a l  z e o l i t e  d e s u l f u r i z a t i o n  

1 )  P r o v i d i n g  s u l f u r  removal  f o r  low t o  i n t e r m e d i a t e  BTU c o a l  

2 

a g e n t s  c o n s i s t s  o f :  

g a s e s  f o r  combined c y c l e  power p l a n t s  t o  minimize s u l f u r  e m i s s i o n s  
and t h e  p r o t e c t i o n  o f  g a s  t u r b i n e  o r  f u e l  c e l l  power p l a n t s .  

2)  P r o t e c t i n g  s u l f u r  s e n s i t i v e  c a t a l y s t s  u sed  f o r  p r o c e s s i n g  
f o s s i l  f u e l s ,  n o t a b l y  c o a l  syn  g a s .  
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