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ABSTRACT 

Several mixed-metal oxides (ZnFezO4, CuFe204, CuA1204, Cu-Fe-Al-0) Mere i n v e s t i -  
gated as regenerable sorbents f o r  t'he high-temperature removal o f  H2S. A special 
technique was used t o  prepare the  sorbents i n  a h i g h l y  porous form. The sorbents 
were subjected t o  successive s u l f i d a t i o n / r e g e n e r a t i o n  cyc les  i n  a packed bed 
microreactor.  S u l f i d a t i o n  was c a r r i e d  out a t  538-650°C with H ~ S - H ~ O - H Z - N ~  mixtures,  
regenerat ion w i t h  02-N2-H20 mixtures.  The fresh, s u l f i d e d  and regenerated sorbents 
were analyzed by XRO. Sol i d  conversion and pre-breakthrough e x i t  H2S concentrat ion 
are  discussed i n  terms o f  physical  s t r u c t u r e  and thermodynamic proper t ies  o f  the 
sorbents. I n  the  case o f  CuFe204, C~A1204 ??d CuFeAIOx, sorbent performance i s  
discussed i n  terms o f  changes i n  the  o x i d a t i o n  s t a t e s  o f  copper and i r o n  dur ing 
s u l f i d a t i o n .  

INTRODUCTION 

High temperature d e s u l f u r i z a t i o n  o f  coa l -der ived  f u e l  gas o f f e r s  p o t e n t i a l  
improvements on t h e  thermal e f f i c i e n c y  o f  systems using coal g a s i f i c a t i o n  such as 
power p lan ts  (h igh  temperature fuel c e l l s ,  combined c y c l e )  and synthesis gas 
conversion p lan ts  (amnonia, methanol). Over the  l a s t  ten  years, several sorbents 
have been proposed and i n v e s t i g a t e d  f o r  t h e  regenera t ive  removal o f  the  main s u l f u r  
compound, i.e. hydrogen s u l f i d e ,  from f u e l  gas a t  h igh  temperatures. The l e v e l  of 
H2S removal needed depends on the  end use o f  the  fue l  gas. For power p lan t  
combustion purposes, removal down t o  about 100 ppm i s  adequate, b u t  f o r  molten 
carbonate fue l  c e l l  a p p l i c a t i o n s  removal down t o  a l e v e l  o f  1 ppm may be required. \ 

The thermodynamics o f  var ious sorbents have been analyzed i n  (1 )  and ( 2 )  among 
o ther  reports.  Comprehensive surveys o f  experimental work encompassing var ious h igh I 

The o v e r a l l  performance of a sorbent depends on a v a r i e t y  o f  propert ies.  \r 

Thermodynamics and k i n e t i c s  o f  s u l f i d a t i o n  are  obvious fac to rs ,  f o r  they  determine 
t h e  overa l l  s u l f u r  c a p a c i t y  be fore  breakthrough o f  some predetermined leve l  o f  H2S. 
K i n e t i c s  encompasses t h e  r a t e s  of pure ly  chemical steps as we l l  as the r a t e  o f  pore 
d i f f u s i o n  and, more c r u c i a l l y ,  d i f f u s i o n  i n  t h e  s u l f i d e  product layer .  Surface area 
and pore s i z e  d i s t r i b u t i o n  are  very impor tan t  sorbent p roper t ies  as they determine 
t h e  r a t e  of these d i f f u s i o n a l  processes. Zinc oxide, one o f  the most promising and 
w ide ly  s tud ied  sorbents,  has very h igh  e q u i l i b r i u m  constant f o r  s u l f i d a t i o n  but  i n  
i t s  unsupported form s u f f e r s  from slow k i n e t i c s  l i m i t i n g  i t s  s u l f i d a t i o n  capaci ty.  
I r o n  oxide, on t h e  o t h e r  hand, has r a p i d  k i n e t i c s  but  i t s  e q u i l i b r i u m  constant f o r  
s u l f i d a t i o n  i s  n o t  adequate f o r  the  degree o f  H2S removal requ i red  i n  t h e  molten 
carbonate fuel c e l l  a p p l i c a t i o n .  

The o ther  impor tan t  sorbent o roper t ies  r e f e r  t o  s t a b i l i t y  o r  r e g e n e r a b i l i t y  i n  
extended use, the  opera t ing  cond i t ions  requ i red  f o r  regeneration, and t h e  composition 
of  t h e  regenerat ion o f f -gas ,  which l a r g e l y  determines the  choice o f  a downstream 
s u l f u r  recovery process. Using z inc  ox ide  as an example again, i t  i s  we l l  known t h a t  
evaporat ive l o s s  of m e t a l l i c  z inc places an upper l i m i t  on t h e  s u l f i d a t i o n  
temperature. Loss of surface area dur ing  regenerat ion places an upper l i m i t  on the 
temperature o r  necess i ta tes  a more compl icated regenera t ive  t reatment.  The 
regenerat ion off-gas i n c l u d i n g  s u l f u r  d iox ide ,  hydrogen s u l f i d e  and elemental su l fu r  
requ i res  f u r t h e r  t reatment f o r  s u l f u r  recovery. When the  y i e l d  o f  elemental su l fu r  

temperature sorbents have a l s o  been publ ished (1-7).  Y 
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i s  s u f f i c i e n t l y  high, s u l f u r  recovery can be s i m p l i f i e d  w i t h  s i g n i f i c a n t  o v e r a l l  cost  
b e n e f i t s  (6). 

With several o f  t he  thermodynamical ly favorable Hzs sorbents repor ted t o  date, 
slow ra tes  of  reac t i on  and pore d i f f u s i o n ,  s in te r i ng ,  and pore p lugging l i m i t  sorbent 
capaci ty  and degree o f  p u r i f i c a t i o n  under p r a c t i c a l  condi t ions.  Such i s  the case 
w i t h  some comnercial ZnO sorbents where repor ted conversions a t  breakthrough were 
l e s s  than 20 percent. 

Recent research has s h i f t e d  from pure t o  mixed metal oxides w i t h  t h e  goal of 
improving sorbent performance. For example, z inc f e r r i t e  has been found t o  possess 
b e t t e r  capaci ty  and r e g e n e r a b i l i t y  than pure z inc oxide (5) .  Mixed ZnO-CuO has been 
s tud ied  f o r  i t s  b e t t e r  res i s tance  t o  sur face area l o s s  (8) and var ious o the r  mix tures 
i n c l u d i n g  ZnO-Cr203 and ZnO-A1 03 have been s tud ied  w i t h  the o b j e c t i v e  o f  in -  
creas ing the  y i e l d  o f  elementa? s u l f u r  du r ing  regenerat ion (6). Mixed oxides form 
var ious d i s t i n c t  c r y s t a l l i n e  phases o r  s o l i d  compounds, and should genera l l y  possess 
d i f f e r e n t  thermodynamic p r o p e r t i e s  and r e a c t i v i t y  with respect t o  reduct ion,  s u l f i d a -  
t i o n ,  and regenerat ion react ions.  This  has so f a r  received l i m i t e d  a t ten t i on .  

The preceding d iscuss ion emphasizes the  v a r i e t y  o f  p roper t i es  impact ing sorbent 
performance and p o i n t s  ou t  t he  need f o r  synthes is  o f  sorbents combining several 
des i rab le  proper t ies.  On-going research a t  the J e t  Propuls ion Laboratory  aims at  
developing improved sorbents f o r  d e s u l f u r i z a t i o n  o f  ho t  coal -der ived gas streams. 
Two classes o r  sorbents have been developed (9,lO) both character ized by rap id  
k i n e t i c s  o f  absorpt ion and good sorbent r e g e n e r a b i l i t y  du r ing  operat ion a t  500-700OC. 
D e t a i l e d  desc r ip t i on  o f  t h e  f i r s t  c lass o f  sorbents, which cons is t  o f  supported mixed 
oxides t h a t  form e u t e c t i c  mel ts  coa t ing  the pores o f  h igh  sur face area supports a t  
t h e  operat ing temperatures, can be found i n  recent repor ts  (9.10). I n  t h i s  paper, we 
l i m i t  our d iscuss ion t o  t h e  second c lass  o f  sorbents i nves t i ga ted  i n  our work. This 
cons is t s  o f  unsupported mixed oxides forming h i g h l y  dispersed s o l i d  s o l u t i o n s  or 
s o l i d  compounds character ized by small c r y s t a l l i t e  size, h igh p o r o s i t y  and r e l a t i v e l y  
h i g h  sur face areas. The sorbent i s  a m ix tu re  o f  Cu or Zn oxides with one o r  both o f  
A1 and Fe oxides prepared i n  a specia l  manner which provides the sorbent i n  a h i g h l y  
porous form w i t h  a range o f  pore sizes. This  prevents f o u l i n g  o f  t he  sorbent dur ing 
absorpt ion and/or regenerat ion cycles. 

EXPERIMENTAL 

a] Sorbent Preparat ion 
Several methods are descr ibed i n  the  l i t e r a t u r e  (11-14) f o r  synthes iz ing h i g h l y  

d ispersed mixed oxides. E a r l y  attempts t o  form h i g h  sur face area metal oxide 
sorbents by p r e c i p i t a t i n g  mixed carbonates from homogenous s a l t  so lu t i ons  f o  lowed by 

bu lk  sorbents e i t h e r  i n  s i n g l e  or  mixed form were then prepared by a technique tha t  
r e s u l t e d  i n  h igh  pore volume and sur face area. Fol lowing a general procedure 
suggested i n  the  l i t e r a t u r e  (14). an aqueous s o l u t i o n  o f  thermal ly  decomposable metal 
s a l t s  i n  the  des i red  p ropor t i on  and an organic po l y func t i ona l  ac id  con ta in ing  at  
l e a s t  one hydroxy - and a t  l e a s t  one ca rboxy l i c  f u n c t i o n  i s  r a p i d l y  dehydrated under 
vacuum a t  a temperature o f  7OOC. An amorphous s o l i d  foam forms which i s  ca lc ined at 
an e levated temperature above 300OC. usua l l y  5OOOC t o  6OO0C, t o  form a mixed oxide 
phase. The c r y s t a l l i z e d  mixed oxides thus formed are homogenous and h i g h l y  porous. 

Th is  method was used t o  prepare the  bu lk  sorbens CF (CuFez04) ZF (ZnFe204). CA 
(CuA1204), C.FA ( X u 0  Fez03 AlzO3). and others. A l l  these ma te r ia l s  were prepared as 
d ispersed m i c r o c r y s t a l l i n e  s o l i d s  w i t h  h igh  po ros i t y .  To i l l u s t r a t e  the  porous 
s t r u c t u r e  o f  these so l  i ds ,  scanning e l e c t r o n  micrographs (SEM) o f  copper f e r r i t e  
(CuFeZO4), before and a f t e r  s u l f i d a t i o n ,  are depic ted i n  F igure 1. The micrographs 
show very l a r g e  (2 10,m) as we l l  as submicron s i z e  pores. The gross porous s t ruc tu re  
be fo re  and a f t e r  s u l f i d a t i o n ,  appears very s i m i l a r .  X-ray d i f f r a c t i o n  ana lys i s  (XRD) 
us ing  Cu Kn source on a Siemens A l l i s  D 500 inst rument  showed t h a t  t he  mixed oxides 
ZnO-FezOj and CuO-Fe 03 had the  f e r r i t e - s p i n e l  s t ruc tu re ,  ZnFez04 and CuFe204, re- 
spec t i ve l y ,  wh i l e  Cu6-AlzO3 formed the  aluminate sp ine l  CuA1204. The CFA sorbent had 

d r y i n g  and c a l c i n i n g  resu l ted  i n  ma te r ia l s  o f  low sur face area, about 5-8m 4 /g. The 
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F i g u r e  1. Scann ing  E l e c t r o n  M ic rog raphs  o f  F resh  and S u l f i d e d  Copper F e r r i t e .  
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I 

a surface area of 26 m2/g and consis ted o f  c r y s t a l l i n e  CuO, FeA1204, CuFe204, and 
amorphous A1203 phases. Low angle XRD ana lys i s  ofe ZnFe20q revealed a m ic roc rys ta l -  
l i n e  s t r u c t u r e  w i t h  average c r y s t a l l i t e  s i z e  of 890A. 

b) 
The expJriments wer: performed i n  a qua r t z  microreactor ,  1 cm 1.0. x 4 1  cm 

length, mounted v e r t i c a l l y  i n s i d e  an e l e c t r i c  furnace and instrumented w i t h  a K-type 
thermocouple moving i n s i d e  a quar tz  thermowell  (0.3 cm I.D.) concen t r i c  t o  t h e  
reactor .  The sorbents were loaded i n  t h e  microreactor  as -20+40 mesh p a r t i c l e s .  
The unsupported sorbents were mixed w i t h  low sur face area z i r c o n i a  or alumina 
p a r t i c l e s ,  which served as an i n e r t  f i l l e r .  The use o f  the i n e r t  p a r t i c l e s  a l lows t o  
compress the experimental run t ime  by decreasing the  bed capacity, wh i l e  ma in ta in ing  
t h e  same space ve loc i t y .  D i f f e r e n t  gases from c y l i n d e r s  passed through p u r i f i e r s  and 
then  throL. ' i  c a l i b r a t e d  f lowmeters i n t o  a comnon gas l i n e .  The gas m ix tu re  then 
passed through the reac to r  i n  the  upward o r  downward d i r e c t i o n .  The l i n e s  l ead ing  t o  
the  reac to r  were heated and insulated.  Ni t rooen bubbl ing through water maintained at 
constant  temperature i n  a 3-neck f l a s k  assembly was used t o  in t roduce known amounts 
o f  water vapor i n t o  the feed gas stream. Temperatures a t  var ious l o c a t i o n s  i n  t h e  
reac to r  system were monitored by K-type thermocouples connected t o  a multi -channel 
d i g i t a l  readout. The reac to r  pressure i n  a l l  cases was s l i g h t l y  above atmospheric. 

The experiments consis ted o f  consecutive s u l f i d a t i o n  and regenerat ion runs. I n  
a s u l f i d a t i o n  run the  s u l f u r - f r e e  sorbent was exposed t o  a feed gas con ta in ing  
H2(15-30%), H 0(7-!5%), H2S(0.2-1%) and N2 (ba lance) .  The temperature was i n  the  
range o f  50O$0ODC and was he ld  f i x e d  f o r  t h e  du ra t i on  o f  s u l f i d a t i o n .  Sul f ided 
sorbents were regenerated us ing  a n i t r o g e n - a i r  o r  steam-air m ix tu re  a t  temperatures 
o f  600-750OC. The product gas was passed through i c e  t raps  t o  condense any elemental 
s u l f u r  formed and was analyzed f o r  H2S and SO2 by a gas chromatograph HP-5830A 
equipped w i t h  a flame photometric detector .  An absorber loop con ta in ing  i od ine  
so lu t i on ,  i n s t a l l e d  i n  the  e x i t  l i n e  from t h e  gas-sampling valve, was used f o r  t he  
ana lys i s  o f  t he  t o t a l  s u l f u r  gases (HzS, SO21 produced dur ing regeneration. The 
amount o f  s u l f u r  gases absorbed was determined by t i t r a t i n g  the  excess i od ine  with a 
sodium t h i o s u l f a t e  so lu t i on .  Elemental s u l f u r  c o l l e c t e d  i n  the t r a p s  was d isso lved 
i n  a sodium s u l f i t e  s o l u t i o n  and analyzed by a standard iodometr ic  t i t r a t i o n  method. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Reactor S stem and Ex er imenta l  Procedures 

The r e s u l t s  presented i n  t h i s  sec t i on  concern the concentrat ion o f  hydrogen 
s u l f i d e  i n  the product gas du r ing  sorbent s u l f i d a t i o n .  I n  a t y p i c a l  experiment t h i s  
concentrat ion r i s e s  very s low ly  a t  f i r s t  u n t i l  a c e r t a i n  t ime  a f t e r  which it r i s e s  
r a p i d l y  t o  the i n l e t  value. The t ime o f  t h i s  abrupt change of  s lope i s  c a l l e d  the 
breakthrough time, and the  whole concen t ra t i on  vs. t ime curve i s  sometimes c a l l e d  a 
breakthrough curve. I n  the  absence o f  t ranspor t  and k i n e t i c  l i m i t a t i o n s  the 
breakthrough curve would be the  s tep func t i on ,  y=ye a t  t<t*, y=yo a t  t> t * ,  where 
ye, yo are the e q u i l i b r i u m  and i n l e t  mole f r a c t i o n s  o f  hydrogen su l f i de ,  and t* i s  
t h e  t h e o r e t i c a l  breakthrough t ime, i.e., the t ime  requi red f o r  complete s u l f i d a t i o n  
of t he  sorbent. F i n i t e  r e a c t i o n  and d i f f u s i o n  rates,  a x i a l  d i spe rs ion  and channeling 
produce experimental breakthrough curves t h a t  are smoothly sloping. The f r a c t i o n a l  
conversion a t  the actual  breakthrough t ime  prov ides a measure of  sorbent u t i l i z a t i o n  
e f f i c i ency ,  wh i l e  t h e  l e v e l  o f  HzS before breakthrough i s  a l so  an impor tant  measure 
o f  sorbent performance. 

The r e s u l t s  below are presented and discussed i n  terms o f  t h e  mole f r a c t i o n  o f  
H2S i n  the product gas versus the  normalized t ime  t/t* (sorbent  conversion). 

ZnFe204 Sorbents 

Zinc f e r r i t e  i s  one o f  t he  most e f f i c i e n t  H2S sorbents. Extens ive lab-and/ 
bench-scale t e s t s  w i t h  ZnFeZ04 have been performed a t  DOE/METC (5). The ma te r ia l  
used i n  t h a t  work was prepared by Uni ted Cata lysts ,  Inc., by the  conventional 
technique o f  high-temperature (>800"C) hea t ing  o f  mix tures o f  the pure ox ide powders. 
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The surface area of t h i s  z inc  f e r r i t e ,  designated METC-ZF, i s  -5  m2/g and i t s  pore 
volume -0.3 cc/g. 

The performance of porous z inc  f e r r i t e  (ZF) synthesized i n  t h i s  work w i t h  high 
su r face  area and l a r g e  pore s i z e  was tes ted  i n  the  quar tz  microreactor  and compared 
t o  t h e  METC-ZF sorbent a t  t he  same operat ing cond i t i ons .  Both sorbents were used as 
-20 +40 mesh p a r t i c l e s  mixed w i t h  low sur face area alumina p a r t i c l e s .  

A t  538OC (lOOO°F) su l  f i d a t i o n  temperature, the s t a b l e  pre-breakthrough 
conversion o f  ZF sorbent  was >0.75, wh i l e  t h a t  o f  METC-ZF was 0.35-0.40. Both 
sorbents were capable o f  removing H2S from -2500 ppm t o  l ess  than 1 ppm l e v e l  w i t h  
a feed gas c o n t a i n i n g  20 v o l %  H2 and 6.5 vo l% H20. The h ighe r  conversion o f  ZF 
must be a t t r i b u t e d  t o  i t s  d i f f e r e n t  phys ica l  p roper t i es .  SEM micrographs o f  the 
s u l f i d e d  ZF and METC-ZF sorbents show t h a t  t he  pore s t r u c t u r e  o f  the two i s  very 
d i f f e r e n t ,  w i t h  METC-ZF l a c k i n g  the  l a r g e  pores of  ZF. The gross morphological 
f ea tu res  o f  t h e  l a t t e r  were t h e  same before and a f t e r  s u l f i d a t i o n  which i s  i n d i c a t i v e  
o f  h igh  a c c e s s i b i l i t y  t o  H2S and l i m i t e d  or no pore mouth b lock ing.  

S i m i l a r l y  h igh  convers ion (>0.75) was obtained w i t h  ZF a t  a l l  temperatures 
538-65OOC and w i t h  a s u l f i d a t i o n  gas con ta in ing  15-208 He,  7,-25% H20, 0.21% H2S, 
balance N2 by volume. F igure 2 shows H2S breakthrough curves w i t h  the  ZF sorbent a t  
6OOOC sulfidation/regeneration. Very sharp e l u t i o n  p r o f i l e s ,  i n d i c a t i v e  o f  f a s t  
r e a c t i o n  and d i f f u s i o n  rates,  are observed i n  t h i s  f igure.  A l i m i t a t i o n  o f  a l l  z inc 
f e r r i t e  sorbents, however, i s  t h a t  a t  s u l f i d a t i o n  temperatures I p O O O C ,  z i nc  metal 
l o s s  takes p lace ( v i a  reduc t i on  of ZnO). I n  deposi ts  c o l l e c t e d  from the  coo le r  pa r t  
o f  t he  reac to r  tube, z inc  has been i d e n t i f i e d  by Atomic Absorption (AA) analys is .  
Loss o f  z inc could no t  be prevented even w i t h  h igh  H20 and low H2 concentrat ions i n  
t h e  feed gas. A t  6OO0C, a t  t h e  cond i t i ons  of F igure 2, the r a t e  o f  evaporative Zn 
l o s s  was 8 and 26 weight  percent per  1000 hours at  space v e l o c i t i e s  o f  2100 and 6900 
h r - l , r espec t i ve l y .  The corresponding content o f  Zn vapor i n  the gas phase was -1.3 
ppm, c lose t o  the e q u i l i b r i u m  value f o r  the ZnO reduct ion.  Therefore, under t y p i c a l  
s u l f i d a t i o n  cond i t i ons ,  ZnO reduc t i on  w i l l  r a p i d l y  reach equ i l i b r i um.  A slow 
d e c l i n e  i n  conversion, observed between the  f i r s t  and f o u r t h  cyc les o f  s u l f i d a t i o n  / 
regenerat ion i n  F igu re  2, may be a t t r i b u t e d  t o  z inc metal loss. 

CuFe204 Sorbents 

Bulk porous copper f e r r i t e  was inves t i ga ted  w i t h  the hope o f  avoid ing two 
d i f f i c u l t i e s  t h a t  a r i s e  w i t h  zinc-based sorbents, namely the l oss  o f  m e t a l l i c  zinc at  
temperatures ~600OC and t h e  h igh  (270OOC) regenerat ion temperatures requi red for 
decomposition o f  z inc  s u l f a t e .  

Copper ox ide by i t s e l f  i s  known t o  reduce t o  the metal under the  condi t ions of 
temperature and feed composit ion employed. M e t a l l i c  copper, i n  turn,  i s  s u l f i d e d  
accord ing t o  t h e  r e a c t i o n  

> 

2 C U  + H2S = C U ~ S  + H2 1)  

For a feed gas w i t h  20 mol% H2, the e q u i l i b r i u m  HzS l e v e l  i s  44.5 ppm a t  538OC 
and 89 ppm a t  650OC. Although these l e v e l s  are q u i t e  h igh  i t  was thought t h a t  the 
e q u i l i b r i u m  w i t h  copper f e r r i t e  could be lower because o f  i t s  d i f f e r e n t  c rys ta l  
s t ruc tu re .  

The copper f e r r i t e  (CF) sorbent was prepared by t h e  technique described e a r l i e r .  
H2S breakthrough curves i n  several s u l f i d a t i o n  cyc les at  538OC showed t h a t  the pre- 
b r e a k t h w j h  sorbent convers ion was h igh  (-0.80) and s tab le  (over 6 cyc les) ,  Figure 
3. I n  a l l  cases the  pre-breakthrough H2S l e v e l  was below the value o f  44.5 ppm 
c a l c u l a t e d  f o r  t he  e q u i l i b r i u m  o f  reac t i on  1. I n  fac t ,  t he  H2S l e v e l  remained 
below 2 ppm u n t i l  0.5 conversion and then g radua l l y  increased t o  4 0  ppm when the 
conversion reached 0.78. 

I n  two su l f ida t ion / regenera t ion  cyc les c a r r i e d  out  a t  6OO0C, sub-equi l ibr ium 
H2S l e v e l s  were again measured t i l l  breakthrough, which occurred a t  -0.80 sorbent 
conversion. A t  65OOC s u l f i d a t i o n  temperature, however, w h i l e  a s i m i l a r l y  h igh and 
s t a b l e  sorbent convers ion took place, t he  pre-breakthrough HzS l e v e l  a t  0.80 
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sorbent conversion was 85-90 ppm, c lose  t o  t h e  e q u i l i b r i u m  f o r  reac t ion  1. Up 
t o  0.20 sorbent conversion, sub-equ i l ib r ium H2S l e v e l s  were measured, perhaps 
i n d i c a t i v e  o f  chemisorpt ion e f fec ts .  

Charac ter iza t ion  o f  f resh, s u l f i d e d  and regenerated samples o f  CF-sorbents was 
performed by SEM and XRD analyses. As shown i n  F igure  1, t h e  gross porous s t ruc tu re  
o f  t h e  sorbent before and a f t e r  s u l f i d a t i o n  appeared very s i m i l a r  i n  SEM (as i n  the  
case of z inc  f e r r i t e ) .  XRD ana lys i s  o f  the sorbent s u l f i d e d  a t  538OC i d e n t i f i e d  the  
mixed s u l f i d e  compound CuFeS2 (cha lcopy r i t e )  a long w i t h  Fei-xS, Fe304~ unconverted 
CuFe?Oq and some amorphous mater ia l .  I n  t h e  sample s u l f i d e d  a t  650°C, the  phase 
CuFeS2 was absent, w h i l e  the re  was i n d i c a t i o n  o f  a poo r l y  c r y s t a l l i n e  Cu2s phase. 

These r e s u l t s  suggest t h a t  a t  538-600°C s u l f i d a t i o n  temperatures, CuO i s  s t a b i l -  
i z e d  towards reduc t ion  i n  the  f e r r i t e - s p i n e l .  The presence o f  CuFeS2 i n  the  sample 
s u l f i d e d  a t  538OC along w i t h  the  observed pre-breakthrough H2S l e v e l s  correspond t o  
t h e  su l  f i  d a t i  on reac t ion :  

CuFe02 + H2S = CuFeS2 + H20 2) 

The in te rmed ia te  compound CuFe02 ind i ca tes  a step-wise reduc t ion  o f  CuFezOq . 
The e q u i l i b r i u m  H2S l e v e l s  f o r  reac t i on  2 were c a l c u l a t e d  by us ing  thermodynamic 
values f o r  t he  compound Cu20.Fe 0 (15). These are  i n  agreement w i th  the  
experimental H2S l e v e l s ,  and much f e j o w  the  values f o r  m e t a l l i c  copper s u l f i d a t i o n ,  
reac t i on  1. A t  t h e  h i g h e r  s u l f i d a t i o n  temperature o f  65OOC. reduc t ion  t o  m e t a l l i c  
copper i s  very  f a s t ,  and c o n t r o l s  t h e  pre-breakthrough l e v e l s  o f  H2S a f t e r  an 
i n i t i a l  sorbent conversion o f  0.15-0.20 a t  sub-equ i l ib r ium H2S e x i t  leve ls .  

C u A l p o ~  Sorbents 

The s t a b i l i t y  o f  porous copper aluminate (CA)  o f  the sp ine l  c rys ta l  s t ruc tu re  
was inves t i ga ted  i n  a ser ies  o f  sulf idat ion/regenerat ion t e s t s  a t  538-650OC. The 
r e s u l t s  were very s i m i l a r  t o  copper f e r r i t e .  Thus, a t  538-600°C, the  H S 
pre-breakthrough l e v e l s  were below the  e q u i l i b r i u m  f o r  reac t ion  1, and h igh  (>0.7g, 
based on Cu2S) and s t a b l e  (over 5-6 cyc les)  sorbent conversion was observed. 
Copper i n  t h e  +2 o r  +1 o x i d a t i o n  s t a t e  was apparent ly  s t a b i l i z e d  i n  t h e  alumina 
m a t r i x  and c o n t r o l l e d  t h e  e x i t  l e v e l  o f  H2S t i l l  breakthrough. A t  65OoC, the  HzS 
e x i t  l eve l s  a f t e r  -0.20 sorbent conversion corresponded t o  s u l f i d a t i o n  o f  m e t a l l i c  
copper. With copper aluminate, however, s t r u c t u r a l  changes t h a t  occurred a t  65OOC 
were reversed when t h e  temperature was lowered t o  538OC. This was not t r u e  w i th  
copper f e r r i t e  sorbents. 

M i  xed Cu-Fe-Al-0 (CFA) Sorbents 
I n  view o f  t h e  enhanced s t a b i l i z a t i o n  o f  copper oxide i n  copper aluminate sor-  

bents, a mixed copper f e r r i t e - c o p p e r  aluminate m a t e r i a l ,  CFA w i t h  ZCuO:Fe~03:A1203 
molar r a t i o  was prepared i n  porous bu lk  form ( w i t h  26 m2/g surface area) as a 
p o t e n t i a l  sorbent f o r  h igher  (>6OO0C) temperature H2S removal. Under s i m i l a r  
opera t ing  cond i t ions ,  t h i s  sorbent was super io r  t o  e i t h e r  copper f e r r i t e  or  copper 
aluminate i n  regard t o  pre-breakthrough H2S l eve l s ,  which were lower than t h e  
e q u i l i b r i u m  o f  r e a c t i o n  1 a t  a l l  temperatures, 538-650OC. An example i s  shown i n  
F i g u r e  4 f o r  650°C s u l f i d a t i o n  temperature w i t h  a gas conta in ing  20 ~ 0 1 %  H2, 25 ~ 0 1 %  
i i20 ,  i v o i %  ti2$.,  aaiance NE. The performance was s tab le  over f i v e  cycles of 
sulfidation/regeneration w i t h  a h igh  pre-breakthrough sorbent conversion of 0.75. I n  
add i t ion ,  remarkably h igh  H2S removal e f f i c i e n c y  was achieved by t h i s  sorbent, w i th  
pre-breakthrough H S l e v e l s  i n  t h e  range o f  0-10 ppm up t o  0.50 sorbent conversion 
and less  t h a n  35-40 ppm a t  breakthrough. These l e v e l s  a re  we l l  below the  
corresponding e q u i l i b r i u m  (89 ppm) f o r  m e t a l l i c  copper s u l f i d a t i o n  a t  650°C. 

X R D  ana lys i s  o f  t h e  f resh  and s u l f i d e d  ( a f t e r  cyc le  4) CFA sorbent was per- 
formed t o  i d e n t i f y  s t a b l e  c r y s t a l l i n e  phases t h a t  may be responsible f o r  t he  improved 
Performance of t h i s  sorbent. The f resh  CFA cons is ted  of  CuFe204, CUO, FeA1204 and 
some amorphous ma te r ia l  (probably A1203), w i t h  FeA1204 ( i r o n  aluminate) i n  h igh ly -  

\ 
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m i c r o c r y s t a l l i n e  form. The s u l f i d e d  sample conta ined CuS, FeS and CuFe2S3 along 
w i t h  amorphous ( t o  XRD) alumina. These r e s u l t s  are very important, i n d i c a t i v e  o f  
s t a b i l i z a t i o n  o f  both Cu2+ and Fez+ i n  the  sorbent m a t r i x  and associated improved 
absorpt ion e q u i l i b r i a .  

Addi t ional  t e s t i n g  o f  t h e  s t a b i l i t y  and performance o f  t he  CFA sorbent was 
conducted w i t h  a coal g a s i f i e r  gas s imulant  con ta in ing  17% H2, 12% CO, l O % C O ~ ,  
24% H20, 0.5-1% H2S, balance N2 by volume. S i m i l a r  r e s u l t s  t o  those shown i n  
F igu re  4 were obtained. D i f f e r e n t  cond i t i ons  used i n  regenerat ion d i d  not  a f f e c t  the 
performance o f  t he  sorbent. Other parametr ic  s tud ies  w i t h  CFA inc luded t e s t i n g  a t  a 
lower  (-1000 h r -1 )  space v e l o c i t y ,  and d i f f e r e n t  H S concentrat ions i n  t h e  su l f i da -  
t i o n  gas. No s i g n i f i c a n t  e f f e c t  on the sorbent performance was observed. A t o t a l  o f  
fourteen cyc les o f  su l f i da t i on / regenera t i on  were run w i t h  CFA a t  650OC. The surface 
area o f  t h e  s u l f i d e d  sorbent a t  t he  end o f  t he  fou r teen th  cyc le  was -8m*/g, s t i l l  
a moderately h igh  value, e s p e c i a l l y  a f t e r  the f requent  and extended use o f  CFA at  
7OOOC (du r ing  regenerat ion) .  

Another se r ies  o f  t e s t s  w i t h  a d i f f e r e n t  batch o f  CFA sorbent were conducted at  
t h e  h igher  temperature o f  830°C w i t h  a reactant  m ix tu re  con ta in ing  30 mol% H2, 17 
mol% H20, 1 mol% H2S. balance Np, s imu la t i ng  the  Texaco g a s i f i e r - f u e l  gas. I n  three 
cyc les,  breakthrough o f  H S took p lace a t  complete (100%) sorbent conversion, whi le  
t h e  pre-breakthrough H2S f e v e l  was zero up t o  -0.20 sorbent conversion and 250-270 
ppm u n t i l  f i n a l  breakthrough. These r e s u l t s  i n d i c a t e  t h a t  t he  CFA sorbent 
formulat ion has p o t e n t i a l  f o r  h ighe r  temperature (up t o  -8OO'C) app l i ca t i ons ,  such as 
mol ten carbonate f u e l  c e l l s  and combined-cycle power p l a n t s  employing gas turb ines.  

CONCLUSIONS 

Sorbents prepared i n  t h i s  work w i t h  l a r g e  pore s i z e  (0.5-10pm) and r e l a t i v e l y  
h igh  surface area (10-25mZ/g) have been found t o  e x h i b i t  improved performance f o r  hot 
gas cleanup a p p l i c a t i o n s  over conventional s in te red  mater ia ls .  Th i s  i s  d isp layed by 
sharp H2S e l u t i o n  p r o f i l e s  i n d i c a t i n g  r a p i d  reac t i on  and d i f f u s i o n  rates,  and minimal 
pore plugging, which a l l  r e s u l t  i n  h i g h  absorpt ion capaci ty ,  s t a b i l i t y  and good 
r e g e n e r a b i l i t y  o f  sorbents. 

Novel mixed ox ide porous sorbents have been synthesized i n  t h i s  work which 
e x h i b i t  improved thermodynamic p roper t i es  i n  a d d i t i o n  t o  t h e i r  phys ica l  a t t r i b u t e s .  
For  example, t h e  mixed Cu-Fe-Al-0 (CFA) sorbent shows much h igher  H S removal 
e f f i c i e n c y  than each o f  the pure cons t i t uen ts  alone. ZnO-containing so r ien ts  have 
been found t o  l o s e  z i n c  du r ing  s u l f i d a t i o n  ( v i a  reduc t i on  o f  ZnO) a t  temperatures - >600°C. For h igher  temperature app l i ca t i ons  the Cu-based sorbents appear t o  be more 
a t t r a c t i v e .  I n  p a r t i c u l a r ,  t h e  CFA sorbent has shown s t a b l e  and h igh  performance 
over a v a r i e t y  o f  s u l f i d a t i o n  cond i t i ons  a t  650OC. The HpS removal e f f i c i e n c y  o f  
t h i s  sorbent and suppor t i ng  XRD ana lys i s  data c o r r e l a t e  we l l  w i t h  complex react ion 
in termediates r e t a i n i n g  copper a t  a h igher  o x i d a t i o n  s t a t e  (+2 o r  +1) w i t h  associated 
b e t t e r  sul f i  d a t i  on e q u i l  i b r i  a. 

Addi t ional ,  more d e t a i l e d  t e s t i n g  and cha rac te r i za t i on  o f  these types o f  
sorbents are planned i n  f u t u r e  work t o  e l u c i d a t e  t h e  mechanism o f  high-temperature 
Sol id-phase t rans fo rma t ions  and reac t i ons  responsib le  f o r  t h e  observed sorbent 
performance and s t a b i l i t y .  
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