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In t roduc t ion  

The Conoco hot  d e s u l f u r i z a t i o n  process  makes use of the r e a c t i o n  of ha l f -  
ca l c ined  dolomite with H2S, 

CaCO, .IgO + H,S = Cas *MgO + CO, t €1 2 0  (1) 

t o  remove H,S from a f u e l  gas  and a l s o  t o  r egene ra t e  sorbent  dolomite .  
g a s i f i c a t i o n  process  y i e l d s  a g a s  f a i r l y  high in H 0, about 13%. 
a h igh  d e s u l f u r i z a t i o n  temperature  i f  a goa l  of 953 d e s u l f u r i z a t i o n  is t o  be m e t .  
The condi t ions c a l l e d  f o r  i n  t h e  cu r ren t  design a r e  a s  fol lows:  

Desulfurizrttiorr_: 914°C; lS$ Ha@, 85 CO, i n l e t ;  0.02$ H,S e x i t  
Regeneration: 704'C; 35% H ~ O ,  64% CO, i n l e t ;  3.6% H,S e x i t  

The Conoco 
This  n e c e s s i t a t e s  

The e n t i r e  process  runs a t  1 5  atmospheres .  Desu l fu r i za t ion  ope ra t e s  a t  t he  e q u i l i -  
brium H,S concentrat ion,  and r e g e n e r a t i o n  is assumed t o  ope ra t e  a t  about 90$ approach 
t o  equ i l ib r ium.  The above cond i t ions  provided t h e  base case p o i n t  about which 
experimental  work w a s  conducted. However, equipment l i m i t a t i o n s  r equ i r ed  t h e  
d e s u l f u r i z a t i o n  temperature t o  be reduced t o  871OC f o r  most of our work. 

Continuous Cvclixx Runs 

two-inch diameter  r egene ra to r .  Both v e s s e l s  contained f l u i d i z e d  beds and were con- 
t i nuous ly  f e d  with both g a s  and s o l i d s .  D e t a i l s  of t he  experimental  technique have 
been g iven  elsewhere .(',') Dolomite was cycled through the  v e s s e l s  f o r  numerous 
c y c l e s  $0 t h a t  t h e  na tu re  of t h e  dec l ine  i n  a c t i v i t y  could b e  s tud ied .  De ta i l ed  
d a t a  on t h e  cond i t ions  of t hese  c y c l i c  runs a r e  presented i n  Tab le s  1 and 2 .  

It was found t h a t  t h e  d e s u l f u r i z a t i o n  r e a c t i o n  proceeded r a p i d l y ,  and t h a t  a low 

Experiments were c a r r i e d  o u t  i n  a three- inch diameter gas  d e s u l f u r i z e r  and a 

concen t r a t ion  of H,S was maintained u n t i l  t h e  supply of CaCO, was e s s e n t i a l l y  
exhausted.  However, t he  r egene ra t ion  r e a c t i o n  was incomplete,  t y p i c a l l y  y i e l d i n g  
b u t  a f r a c t i o n  of  t h e  o r i g i n a l  CaCO, i n  a n  hour ' s  res idence t i m e .  

The r egene ra t ion  a c t i v i t y ,  def ined a s  mols CaCO, produced/lOO mols CaS fed ,  
dec l ined  a s  t h e  s t o n e  was cycled.  The a c t i v i t y  dec l ine  is p i c t u r e d  i n  F igu re  1. It 
can be  seen t h a t  t h e  dec l ine  is loga r i thmic  i n  c h a r a c t e r .  Thus, a l though a seve re  
d e c l i n e  occurs  i n  c y c l e s  1 t o  10, t h e  s t o n e  c o n t a i n s  modest r e s i d u a l  a c t i v i t y  even 
o u t  t o  100 e y c l c s .  This Tnems t k n t  n r cgens rab le  process  is I e a s i b l e .  Tie d a t a  
p re sen ted  i n  F igu re  1 a r e  for Canaan dolomite,  our base case s t o n e .  S imi l a r  da t a  were 
obtained f o r  o t h e r  dolomites .  

F igu re  2 p r e s e n t s  d e a c t i v a t i o n  d a t a  f o r  t h r e e  r egene ra t ion  temperatures .  The 
d a t a  l i n e s  a r e  roughly p a r a l l e l ,  but  t h i s  is be l i eved  t o  be f o r t u i t o u s  and un l ike ly  
t o  hold f o r  a l l  cond i t ions .  
r egene ra t ion  is q u i t e  l o w ,  amounting t o  less t h a n  10% wi th jn  only 7 c y c l e s .  Only 
a t  l o w  r egene ra t ion  temperatures  i s  t h e  equ i l ib r ium H,S concen t r a t ion  h i g h  enough 
f o r  processing by a convent ional  Claus p rocess .  
a l iquid-phase C l a w  r e a c t i o n  which i s  uniquely s u i t e d  t o  handl ing low H,S con- 
c e n t r a t i o n s .  O u t  i n t e r e s t  t h e r e f o r e  cen te red  around t h e  704OC temperature  where 
s tone  u t i l i z a t i o n  is h ighe r .  

The d a t a  i n d i c a t e  t h a t  a t  593"C, t h e  f r a c t i o n a l  

The Conoco p rocess ,  however, u ses  
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FIGURE 1 

DEACTIVATION OF Cas IN CANAAN DOLOhlITE 
AT 704°C (1300'F) 
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Xumber of C y c l c s  
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Batch Regenerat ioll 

A s  a l inl i t ing s t e p  appeared t o  be r egene ra t ion ,  a batch r egene ra t ion  program 
was Set U P  t o  Eurther explore  t h e  v a r i a b l e s  a f f e c t i n g  t h e  system. Resu l t s  of t h e s e  
runs a r e  given i n  Table  3. A s t a t i s t i c a l  a n a l y s i s  of t h e  da t a  showed pe rcen t  
r egene ra t ion  t o  inc rease  with inc reas ing  temperature and decreasing age of s tone .  
The e f f e c t  of i nc reas ing  temperature causing an inc rease  i n  conversion was more 
pronounced f o r  cycled s tone than  f o r  f r e s h  s t o n e .  

The e f f e c t  of bed depth was unusual .  I t  was expected t h a t  s ince  t h e  deeper bed 
r a n  a t  an H 2 S  o u t l e t  concen t r a t ion  c l o s e r  t o  equ i l ib r ium,  t h e r e  would be l e s s  d r i v i n g  
f o r c e  for r eac t ion  and the  r egene ra t ion  conversion would be lower. I n  a l l  s i x  t e s t  
P a i r s  exac t ly  t h e  oppos i t e  was found. 
HzS o u t l e t  concentrat ion,  gave h ighe r  conversions.  This i s  cons i s t en t  with e a r l i e r  
conclusions t h a t  i nc reas ing  t h e  H,S concen t r a t ion  doos not adversely a f f e c t  con- 
ve r s ion  i n  the r egene ra to r .  

The runs with the  deeper beds, i . e . ,  higher  

I n  t h e  course of running c y c l i c  ope ra t ions ,  t h e  H,S concen t r a t ion  i n  t h e  o u t l e t  
gas  of t h e  regenerator  ranged from about l O $  t o  100% of t h e  equi l ibr ium value,  and 
t h e r e  was no de tec t ab le  change i n  t h e  r a t e  of r egene ra t ion  as  t he  H,S con ten t  
approached equi l ibr ium. I t  had been concluded t h a t  t he re  would be no d i f f i c u l t y  i n  
running t h e  regenerator  c l o s e  t o  t h e  equ i l ib r ium H,S concen t r a t ion  i n  t h e  o u t l e t  g a s .  

Repenerat i on  Kine t i c s  

Regeneration k i n e t i c s  were examined by recording t h e  H,S concen t r a t ion  i n  t h e  
e x i t  gas  a s  a func t ion  of t ime a s  the  ba t ch  runs p rogres sed .  The t o t a l  mols of H,S 
produced were normalized t o  match t h e  t o t a l  mols of Cas r e a c t e d ,  and conversion a s  
a func t ion  of time was then  p l o t t e d .  These r e s u l t s  a r e  p re sen ted  i n  F igu res  3 t o  5 
i n  the  form of (1 - X )  versus  t ime, where X is  t h e  f r a c t i o n a l  conversion of t h e  CaS 
feed .  

In  a l l  cases ,  t h e  r a t e  cont inuously decreased.  I t  appeared t h a t  t h e  r e a c t i o n  
would eventual ly  cease  while t h e r e  was s t i l l  considerable  CaS l e f t .  Th i s  i s  con- 
s i s t e n t  with t h e  no t ion  t h a t  much of t h e  CaS is simply un reac t ive .  The i n i t i a l  
r e a c t i o n  r a t e  was f a s t e r  f o r  f r e s h  s tone t h a n  f o r  cycled s tone  a t  a l l  temperature 
l e v e l s .  Add i t iona l ly ,  t h e  r a t e  seemed t o  slow sooner f o r  t h e  cycled s tone .  The 
cu rves  a l s o  show t h a t  t h e  e f f e c t  of bed depth i s  present  even a t  t h e  e a r l y  s t a g e s  
of a l l  r eac t ions ;  t h e  deeper beds had a h ighe r  r e a c t i o n  r a t e  a t  a l l  t i m e s .  

While t he  r e a c t i o n  k i n e t i c s  a r e  complicated,  they may be approximated by a 
simple f i r s t  order  r a t e  constant  f o r  t he  sho r t  t imes  (about  an hour)  of i n t e r e s t  t o  
t h e  p rocess .  The r e a c t i o n  model would then  be: 

K t  = - In  (1 - X )  

where K = r a t e  cons t an t ,  hr- i ,  whose f u n c t i o n  of gas concentrat ion 

t = time, hours 
i s  yet  t o  be determined. 

and X = f r a c t i o n a l  conversion of t h e  Cas f e d .  

The value of K was taken from t h e  s lope  of t h e  da t a  from 5 t o  50 minutes i n  
F igu res  3 t o  5, and i s  t abu la t ed  i n  Table 4 .  The da ta  of Table 1 a r e  p l o t t e d  i n  
F igu re  6 .  The a c t i v a t i o n  e n e r g i e s  f o r  cycled and f r e s h  s t o n e  a r e  shown t o  be t h e  
samc, about 19 k i l o c a l o r i e s .  

The b i n c t i c  mechanism proposcrl here  al.loiirs one t o  c x l c u l a t e  t h e  e f f e c t  of 
changing condi t ions of tenipcrature o r  res idence t i n e  up011 f r a c t i o n a l  conversion of 
Cas (pe rcen t  r egenc ra t ion ) .  
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TABLE 4 

I n i t i a l  Rate Cons tants  for Regeneration K i n e t i c s  

System Pressure :  15 a t m  
Feed: 35$ HZO, 60$ C 0 2 ,  5‘s H, 

Temperature, 
‘C ( O F )  

649 (1200) 

704 (1300) 

760 (1400) 

1 2 4  

k. hr-’ 
C y c l e d  ELEiL 

.063 .247 

.098 .468 

.170 .747 





Cycling with Varying Residence Times 

Four batcli cyc l ing  r u n s  were made employing t h e  poss ib l e  combinations of 20 
or 60 minutes r e s idence  time f o r  s u l f u r  abso rp t ion  and r egene ra t ion .  Resu l t s  arc 
presented  i n  F igure  7 .  Tymochtee 11 doloinite was t h e  feeds tock ,  and each run 
l a s t e d  f o r  11 c y c l e s .  

The e f i e c t  of reducing r e s idence  t i m e  i n  the gas  d e s u l f u r i z e r  was s t r i k i n g .  
A t  10 cyc le s ,  going from GO t o  20 minutes i n  t h e  g a s  d e s u l f u r i z e r  i nc reased  
r egene ra t ion  a c t i v i t y  from 15 t o  40% a t  60 minutes regenera tor  time and Prom 15 t o  
23$ a t  20 minutes r e g e n e r a t o r  time. Conversely,  go i lx  f r o 3  60 t o  20 minutes 
r egene ra to r  t i m e  had  no e f f e c t  a t  t h e  60 minute d e s u l f u r i z e r  l e v e l .  Another 
e f f e c t  observed was t h a t  a t t r i t i o n  r a t e s  were h i g h e s t  a t  t h e  s h o r t  gas  desu l fu r i ze r  
res idence  t ime, 2.3% average  f o r  20 minutes versus  0 . 8 5  f o r  60 minutes .  

It is be l i eved  t h a t  d e a c t i v a t i o n  o f  s tone  t a k e s  p lace  p r imar i ly  i n  the gas  
d e s u l f u r i z e r  due t o  c r y s t a l  growth and p a r t i c l e  s i n t e r i n g .  This  would exp la in  the 
dramat ic  e f f e c t  of t i m e  on a c t i v i t y .  The r e s u l t s  of t h e  above r u n s  a r e  h igh ly  
s i g n i f i c a n t  s ince  t h e y  i n d i c a t e  t h e  p o t e n t i a l  f o r  g r e a t l y  inc reas ing  t h e  s t o n e ' s  
capac i ty  f o r  s u l f u r  ab sor p -t i on. 

Scannina E lec t ron  hlicroscope Data 

Se lec t ed  samples of cyc led  s t o n e  were examined under an  e l .ec t ron  microscope 
equipped f o r  energy d i s p e r s i v e  X-ray a n a l y s i s .  I t  was found t h a t  cyc led  s tone  con- 
t a i n e d  very l a r g e  g r a i n s  of Cas.  The CaCO, which was p re sen t  tended t o  be  concen- 
t r a t e d  i n  smal le r  s i z e s .  Both of t h e  calcium s p e c i e s  were l a r g e r  t h a n  t h e  MgO 
c r y s t a l s  or g r a i n s .  It  i s  be l i eved  t h a t  t h e  l a r g e r  Cas g ra ins  a r e  un reac t ive  i n  
the  regenera t ion  s t e p  of t h e  p r o c e s s .  

Model f o r  t h e  Deac t iva t ion  Process  

The r egene ra t ion  r e a c t i o n  s u f f e r s  from d e a c t i v a t i o n  of t he  Cas even from cycle 
1. The model pos tu l a t ed  below f i t s  t h e  behavior of t h e  system so f a r .  The p a r t  
dea l ing  wi th  regenera tor  v a r i a b l e s  was developed j o i n t l y  s i t h  A.  M .  Squ i r e s  of The 
C i t y  College Clean Fue l s  I n s t i t u t e .  

Deac t iva t ion  of t h e  dolomi te  occur s  mainly i n  t h e  gas  d e s u l f u r i z e r  due t o  the 
e l eva ted  tempera ture .  Two mechanisms are ope ra t ing .  C r y s t a l  growth of CaCO, and 
Cas seg rega te s  t h e  calcium c r y s t a l s  from t h e  NgO and produces a m a t e r i a l  t ending  
toward a l imes tone  r a t h e r  t h a n  a dolomi te .  Simple s i n t e r i n g  and d e n s i f i c a t i o n  
t a k e  p lace  a s  w e l l ,  and t h i s  bo th  hardens  t h e  s tone  and t ends  t o  reduce  po ros i ty .  

I n  t h e  r egene ra to r ,  d e n s i f i c a t i o n  does not occur .  lionever, t h e  r e a c t i o n  s t a r t s  
r a p i d l y  and then  t a i l s  of f  t o  an i n s i g n i f i c a n t  r a t e .  Using t h e  same feed ,  it can be 
shown t h a t  t h e  convers ion  a t  whicli r e a c t i o n  e s s e n t i a l l ) .  c e ~ s e s  i s  a s t r o n g  func t ion  
of temperature,  i h e  iower wnipera ture  producing t h e  io?.ier convers ion .  I t  has  
f u r t h e r  been observed t h a t  i n t roduc ing  product H,S docs not r e t a r d  t h e  r a t e  of 
r eac t ion ,  b u t  converse ly  i n c r e a s e s  t h e  u l t ima te  l e v e l  of convers ion  a t t a i n a b l e .  

The phenomenon o f  t h e  products  of r eac t ion  inc reas ing  ihe  convers ion  of 
calcium in  t h c  su l fur -ca lc ium system is not nev. P e l l ~  found t h a t  H,O incrcasctl  
the  convcrsion OE C a O  t o  CaS i n  t h c  r e a c t i o n  oP 11,s with ca l c ined  dolomite,  and 
Ruth(") showed t h a t  e i t h e r  CO, or II,O c o u l d  i nc rease  the convers ion  0.l CnCO, t o  Cas 
i n  t h e  r e a c t i o n  of H2S wi th  ha l f - ca l c ined  clolorni'ic . Furthermore,  bo th  s t u d i e s  
demonstrated the e l f e c t  01 t h e  r e a c t i o n  f laggin:; a t  loi-er and lower convcrsiun 
l e v e l s  as  tlie r e a c t i o n  temperature dcc reased .  
anism a f t e r  exanlination of e l e c t r o n  microscupc r e s u l t s  0:: var ious  salnpics . 
l e v e l s  ot CO, . . . . niay pi'onmte t h e  formiltio:: 01 l a r g e  r.~:..;bers of f illc 

Rutl:('; proposcd t h e  Pollowiu:: nlecIi- 
"iiigh 
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FIGURE 7 

Huns A129 to A 1 3 2  - Deactivation of 
CaS a t  704OC ( 1 3 0 0 ' F )  
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c r y s t a l l i t e s  of Cas t h a t  do not  p r o t e c t  t he  underlying CaCO, . . . . On t h e  other  
hand, a t  low l e v e l s  of CO, a sma l l e r  number of l a r g e  CaS c r y s t a l s  formed and grow 
toge the r  .to c l o s e  o f f  t h o  s u r f a c e ,  t he reby  p r o t e c t i n g  t h e  remaining CaCO, from 
f u r t h e r  r e a c t i o n  ." 

Ruth 's  c a r e f u l  a n a l y s i s  of h i s  d a t a  showed t h a t  i n  the  presence of r e a c t i o n  
products ,  t h e  r e a c t i o n  was indeed s lower i n i t i a l l y .  Hov:ever, w i th in  a sho r t  time 
t h e  conversion a s s o c i a t e d  with t h e  product-r ich environmenr soon surpassed t h a t  i n  
t h e  product-poor environment.  

It  i s  p o s t u l a t e d  t h a t  a s i m i l a r  model f i t s  t h e  r egene ra t ion  r e a c t i o n .  A t  low 
l e v e l s  of HzS, t h e  CaCO, formed grows i n  l a r g e  c r y s t a l s  s h u t t i n g  off  t h e  i n t e r i o r  
of t h e  g r a i n  from f u r t h e r  r e a c t i o n .  A t  h igh l e v e l s  of H,S, t h e  r e a c t i o n  nucleates  
a t  many sites t o  produce many small  c r y s t a l s  which leave the i n t e r i o r  of t h e  g ra in  
open t o  f u r t h e r  r e a c t i o n .  Via such a mechanism, t h e  presence of H,S would enhance 
conversion i n  t h e  r e g e n e r a t o r .  This  is i n  f u l l  concordance with our experimental  
r e s u l t s .  
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