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A REACTION WHICH PERMITS THE CYCLIC USE OF CALCINED DOLOMITE 
T O  DESULFURIZE FUELS UNDERGOING GASIFICATION 

Ar thur  M. Squ i re s  i 

I P r o c e s s  Consul tan t ,  245 West 104 St ree t ,  New York, New York  10025. 

Raw fluid f u e l s ,  de r ived  f o r  i n s t ance  f r o m  coal and heavy r e s idua l  oi ls  by  
a va r i e ty  of p r o c e s s e s  such  as gasif icat ion,  carbonization, or cracking ,  m a y  be 
substantially d e s u l f u r i z e d  by r eac t ion  at high t e m p e r a t u r e  with calcined dolomite.  
This  sol id  c a n  a l s o  r e m o v e  CO2 f r o m  a g a s  s t r e a m ;  i t  has  the power to convert  
CO and s t e a m  t o  H2; and it m a y  pa r t i c ipa t e  in  the gasif icat ion of ca rbon  by s t e a m  
under  a condition of t h e r m a l  neutrali ty.  

( 

1 

I 

The cycl ic  u s e  of ca lc ined  dolomi te  f o r  t hese  pu rposes  has prev ious ly  been  
hampered  by l a c k  of m e a n s  to r e c o v e r  e l emen ta l  sulfur  f r o m  su l fur ized  calcined 
dolomi te ,  containing Cas ,  while a t  the s a m e  t ime  recover ing  sol id  in a f o r m  
sui table  for r e u s e .  
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I 
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The r eac t ion  of s t e a m  and CO2 at high p r e s s u r e  with su l fur ized  calcined 
dolomi te ,  

[CaS tMgO]  t H 2 0  t CO2 = [CaCOj tMgO]  t HzS, (1) 

can  be  used to g e n e r a t e  a g a s  s t r e a m  containing HzS a t  a concent ra t ion  well above 
the min imum concent ra t ion  which can  b e  used  by  a Claus sulfur  r e c o v e r y  sys tem.  
L a t e r ,  the so l id  p roduc t  can  be ca lc ined  a t  high t e m p e r a t u r e  to  provide a solid 
containing CaO: 

I 

[ C a C 0 3 t M g O ]  = [CaOtMgO]  t COz. ( 2 )  

The l a t t e r  sol id  can  be used  to r emove  HzS f r o m  a fuel g a s :  

[CaOtMgO]  t HzS = [CaStMgO] t H20. (3) : 
React ions  ( l ) ,  ( Z ) ,  a n d  (3) can be  combined i n  a cycl ic  p r o c e s s  to desu l fur ize  a 
fuel undergoing gasif icat ion.  
f o r  ra is ing or supe rhea t ing  h i g h - p r e s s u r e  s t e a m .  

Heat developed by reac t ion  (1) is a t  a level  suitable 
c 

\ 

Alterna t ive ly ,  the solid product  of r eac t ion  (1) can  be  used  direct ly  to r e -  

f '  

11 

move  HzS from a fuel  gas  a t  high t e m p e r a t u r e  by the r e v e r s e  of reac t ion  ( I ) .  The  
t e m p e r a t u r e  should p re fe rab ly  be  j u s t  a l i t t le  below the equi l ibr ium decomposition 
t e m p e r a t u r e  o f ' C a C 0 3  a t  t h e  prevail ing p a r t i a l  p r e s s u r e  of COz. 

, 

The sol id  p roduc t  of reac t ion  ( 2 )  can  be  used  t o  p romote  CO-shift: 

[CaOtMgO]  t H 2 O . t  CO = [ C a C O j t M g O ]  t H2. 

This  reac t ion  is the basis of the CO-shift  p r o c e s s  developed by Gesellschaft  fu r  
Kohlentechnik dur ing  the 1920 's  ( E ) .  
had poor  thermal e f f i c i ency ,  and never  caught on. 
p r o c e s s  which uses fluidized beds  m a y  find m o d e r n  applications.  

, 
The p r o c e s s  was  conducted in  fixed beds,  

An improved  verlsion of the 
In this  vers ion ,  
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reac t ion  (4) m a y  be combined with r eac t ions  ( l ) ,  (Z), and ( 3 )  i n  a cycl ic  p r o c e s s  
in which elemental  sulfur is  r ecove red .  

The solid product of reac t ion  (2) can  a l s o  par t ic ipate  in  the gasification of 
carbon by s t e a m :  

[CaOtMgO] t 2 H 2 0  t C = [CaCOj tMgO]  t 2H2. (5) 

This reac t ion  is the b a s i s  of Consolidation Coal Company's Carbon Dioxide 
Acceptor Gasification P r o c e s s  (E, 
provide heat to the s t eam-ca rbon  react ion.  
r ecove ry  of e lementa l  sulfur by incorpora t ing  a s t ep  using r eac t ion  (1). 

18, x), which e l imina tes  need f o r  oxygen to 
The p r o c e s s  could be modified fo r  

Residual oils  m a y  be  gasified o r  c r acked  over  calcined dolomite with 
r ecove ry  of e lementa l  sulfur in a cycl ic  p r o c e s s  incorpora t ing  r eac t ion  (1)s  A 
vers ion  of this p r o c e s s  m a y  find a u s e  i n  providing su l fu r - f r ee  fuel to existing 
power-s ta t ion  bo i l e r s  in communi t ies  which impose  r e s t r i c t ions  on  SO2 content of 
flue gases .  

These  new fue l -desul fur iza t ion  p r o c e s s e s  r e j e c t  ve ry  l i t t le  hea t  a t  low 
t empera tu res .  1f.a fuel g a s  i s  to be  used  i n  a combustion, o r  if  the  gas  i s  to  be  
subjected to f u r t h e r  p rocess ing  a t  high t e m p e r a t u r e  - -  GO-shift, for  example  - -  
the new desul fur iza t ion  p r o c e s s e s  have the advantage that t he  hea t  exchange r e -  
quired to cool the gases  to  a low- tempera tu re  su l fu r - r emova l  s t ep  is e l imina ted .  
The p r o c e s s e s  a r e  well  suited f o r  u s e  in  s c h e m e s  to produce a c lean  fuel g a s  to 
be burned a t  high p r e s s u r e  i n  a n  advanced power cycle .  Indeed, the conception 
of the new p r o c e s s e s  was a r e s u l t  of a s e a r c h  f o r  a combination incorpora t ing  
fuel-gasification a t  high p r e s s u r e ,  fue l -gas  cleanup, and a n  advanced power  cycle 
which could provide electr ic i ty  a t  lower  cost .  Such a combination would b e  adopt- 
ed by the power indus t ry  a s  much fo r  r e a s o n s  of economy a s  fo r  t he  advantage 
that the combination would provide  dus t - f r ee  and  su l fu r - f r ee  effluent. 
cycles which offer the p rospec t  of significant improvement  i n  efficiency are the 
supercharged-boi le r  cycle ,  a cyc le  incorpora t ing  a magnetohydrodynamic device 
which "tops" the s t e a m  cyc le ,  and a top hea t  power cycle,  i n  which the t e m p e r a -  
t u re  of s t e a m  i s  r a i s e d  by  d i r e c t  addition of the products  of combustion of a clean 
fuel with oxygen or air (63, 64). 

Power  

Dolomite i s  cheap and widely avai lable ,  and the sol ids  produced by 
reac t ions  ( l ) ,  ( 2 ) ,  and ( 3 )  a r e  rugged and  suitable for u s e  i n  fluidized beds .  

This paper  d i s c u s s e s  the thermodynamic  equi l ibr ia  which govern  the p r o -  
posed new desulfurization p r o c e s s e s ;  
s tudies;  
the potential  applications.  

g ives  r e s u l t s  of explora tory  bench-sca le  
rev iews  the re levant  dolomite c h e m i s t r y ;  and br ief ly  indicates  s o m e  of 

-2 
4 .  

1. 0 Discuss ion  of P r o c e s s  Thermodynamlcs  

1. 01 Review of Thermodynamic  Equi l ibr ia  

F igu re  1 g ives  the equi l ibr ium constant for  the reac t ion  

CaO t HzS = C a s  t H 2 0 .  
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CaO i s  seen  to be a n  effective desu l fur iza t ion  agent a t  t e m p e r a t u r e s  as high a s  
2000" F. 

F igu re  2,  showing the equi l ibr ium cons tan t  f o r  t he  r eac t ion  

C a s  t H2O t COz = C a C 0 3  t HzS, ( la)  

i l l u s t r a t e s  the  basis f o r  the  proposed  new desul fur iza t ion  p r o c e s s e s .  
t u r e s  below about 1 1 0 0 ° F  and at p r e s s u r e s  above about 4 a tmosphe res ,  say ,  
reac t ion  (1)  can b e  u s e d  to  d e r i v e  a g a s  containing HzS at a concentration which 
p e r m i t s  the r ecove ry  of e l emen ta l  su l fur  i n  a Claus s y s t e m .  

At  tempera-  

The c u r v e  of F i g u r e  2 is so s t eep  that the r e v e r s e  o f  reac t ion  ( 1 )  can be 
used  to desu l fur ize  a g a s  a t  t e m p e r a t u r e s  above about 1600°F.  

F igu re  3 g ives  the  equi l ibr ium constant fo r  the r eac t ion  

CaO t H 2 0  t CO = C a C 0 3  t Hz, (4a) 

which m u s t  often be  cons ide red  i n  finding the  composition of g a s  desu l fur ized  by 
the new p r o c e s s .  

The upp-er c u r v e  of F igu re  4 g ives  a n  e s t ima te  of the equilibrium constant 
for  the reac t ion  

C a s 0 4  C a s  
t H 2 = -  t H2O. 

A key to the s u c c e s s  of Consolidation's C 0 2  Acceptor  P r o c e s s  i s  control of condi- 
tions fo r  the ca lc ina t ion  of [ C a C O j t M g O ]  s o  that sulfur is expelled as SOz. By 
using fue l - r ich  combust ion  which provides  a ca l c ine r  offgas containing H2 in an 
amount g r e a t e r  than  ca l l ed  f o r  by the uppe r  cu rve  of F i g u r e  4, one can  prevent 
the oxidation of C a s  t o  C a s 0 4  and the  "fixing" of sulfur i n  the l a t t e r  fo rm.  
i s  then re jec ted  as SO2 by  reac t ion  between C a s  and  C a s 0 4  (19, 2). 

Sulfur 

In con t r a s t  to Consolidation's p rocedure ,  one wishes  to p r e s e r v e  Cas un- 
changed during a ca lc ina t ion  s t e p  in  the new desul fur iza t ion  p rocess .  The lower  
cu rve  of F igure  4 g ives  a n  ex t r eme ly  rough e s t ima te  of the  equilibrium constant 
for  the reac t ion  

C a s 0 3  C a s  
3 3 

t H 2 = -  t Hz0 .  

Since C a s 0 3  d i sp ropor t iona te s  to  C a s  and C a s 0 4  a t  t e m p e r a t u r e s  above about 
930" F (5, c), 
a n  amount g r e a t e r  than  ca l led  f o r  by the lower  c u r v e  of F igu re  4 i f  one wishes to 
avoid rejecting any su l fu r  as S 0 2 .  
new desul fur iza t ion  p r o c e s s .  If the r eac t ion  re jec t ing  SO2 i s  s low by compar ison  
with the r a t e  of reduct ion  of Cas04 by H2, l e s s  hydrogen may  be r equ i r ed  to  p r e -  
vent significant loss of su l fur  as S 0 2 .  

i t  would a p p e a r  that  ca l c ine r  offgas should contain hydrogen i n  

This  h a s  been a r r a n g e d  for  in s tud ies  of the 

Since C a s 0 4  is  readi ly  reduced  by H2 to C a s  a t  9 3 0 ° F  (z), i t  would ap -  
Pea r  des i r ab le  tha t  H2 b e  p r e s e n t  dur ing  r eac t ion  ( 1 )  to avoid oxidation of Cas  by 
s t e a m .  P r e s e n c e  of H2 in  e x c e s s  of the amount ca l led  f o r  by the l o h e r  curve  of 
F igu re  4 has  been  a s s u m e d  i n  s tud ies  of the new desul fur iza t ion  p rocess .  Because 
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of the  tendency of C a s 0 3  to  d ispropor t iona te ,  l e s s  H2 may  i n  fact  be  needed to 
p reven t  a significant d e g r e e  of r eac t ion  between s t e a m  and Cas.  

If CaO is p r e s e n t ,  the s t e a m  p a r t i a l  p r e s s u r e  should not exceed  the  equili- 
b r i u m  decomposition p r e s s u r e  of Ca(0H)Z. 
pointed out, the s t e a m  p a r t i a l  p r e s s u r e  should not exceed  13  a t m o s p h e r e s  i f  both 
CaO a n d  CaC03  are  p r e s e n t  at a t e m p e r a t u r e  a round 1650°F;  
p r e s s u r e s ,  a me l t  is fo rmed .  

A s  Cur ran ,  Rice ,  and  Gorin (2) ( , 
' at higher s t e a m  

Equi l ibr ium is a g a i n s t  t h e  format ion  of MgS under all conditions encoun- 
t e r e d  i n  the new desu l fu r i za t ion  p r o c e s s .  \ I  

1 . 0 2  Sources  of The rmodynamic  Data 

The cu rve  of F i g u r e  1 is based  upon the equation: l o g [ H 2 0 ]  / [HzS] = 1 
(3421. 5 / T )  - 0. 190, w h e r e  [ .  . . ] signif ies  mole  fract ion and T = "K. The 
equation i s  de r ived  f r o m  Rosenqvis t  (z), who studied the equi l ibr ium o v e r  the 

I 
1652" and 2012"F ,  which a g r e e s  well  with Rosenqvist  over  the r ange  of Uno's \ 

da ta ,  but which ex t r apo la t e s  t o  lower  va lues  at lower  t empera tu res .  Data by 
C u r r a n  et a1 (2) between 1310" and 1660°F  fall above the curve  i n  F igu re  1. 
Additional m e a s u r e m e n t s  would b e  d e s i r a b l e  i n  the low- tempera tu re  range ,  and 
equi l ibr ia  for reac t ion  (3a)  might  well be  de r ived  f r o m  ca re fu l  m e a s u r e m e n t s  of 
equi l ibr ia  for r eac t ion  ( la).  

r ange  1396" to  2597°F.  Uno (5) gave  a n  equation, based upon d a t a  between 

1 
11 

( 
Determina t ion  of equi l ibr ium decomposi t ion  p r e s s u r e s  of calci te  h a s  

proved  a durable  p r o b l e m ,  and dubious va lues  have appea red  recent ly  (33, 45).  
Following Hill  and Winter  (2). Kubaschewski and Evans ( E )  adopted the 
equation: log P C O ~  = - (8799. 7 / T )  t 7. 521, where  PCQ = equi l ibr ium d e -  
composi t ion  p r e s s u r e  in a t m o s p h e r e s ;  
Win te r ' s  data w e r e  be tween 840" and 1659°F ;  
m e a s u r e m e n t s  at s u c h  low t empera tu res .  T h e i r  da t a  a g r e e  well with Southard 
and Roys ter  (E) between 1427" and 1652"F,  and with Smyth and Adams (61) 
between 1567" and 1664°F.  
obtained by Consolidation Coal Company between 1472" and 1895°F  a g r e e  well with ' 
Smyth and Adams '  da t a  a t  h igher  t e m p e r a t u r e s  (E) .  Consolidation's m e a s u r e -  
m e n t s  were  conducted o n  a dolomite having a Ca/Mg a tomic  r a t io  of about 1.03. 
An ingenious new technique  was used:  a bed of the solid was  fluidized with N2 and 
COZ, and the t e m p e r a t u r e  of the bed was  cycled a few d e g r e e s  above and a few 
d e g r e e s  below the equ i l ib r ium decomposi t ion  t empera tu re ,  which was identified by 
a t h e r m a l  conductivity c e l l  capable of p r e c i s e l y  de te rmining  the instant  a t  which 

this  equation is used  h e r e .  Hill and 
no one e l s e  has  m a d e  such  careful 

l 

Smyth and  Adams '  da t a  extended to  2266"F,  and data 

< 
the ex i t  gas showed z e r o  change in  composition. I 

In obtaining the c u r v e s  of F i g u r e  4 ,  t he  f r e e  energy  of CaS was  deduced 
f r o m  Uno's da ta  (2) i n  o r d e r  to  provide  e s t i m a t e s  which a r e  probably on the l o w  
s ide .  F r e e  e n e r g i e s  of CaO, CaS04, H2, and  H 2 0  were  de r ived  f r o m  hea t s  of 
fo rma t ion  and  en t rop ie s  at 298°K found in Kubaschewski and Evans  ( E )  and f r o m  
inc remen t s  in these  functions a t  h igher  t e m p e r a t u r e s  found in  Kelley (E). The 
hea t  of format ion  of C a s 0 3  was e s t ima ted  roughly to  be 298, 100 c a l o r i e s  at 18°C 
from the heat of f o r m a t i o n  of CaS03 .  2 H 2 0  given i n  International Cri t ical  Tables. 
~ 0 1 .  v, p. 196. The  en t ropy  of C a s 0 3  was given by Kelley and  Moore  (3) to be 
24. 2 entropy uni ts  a t  298°K. The  hea t  capac i t ies  of C a s 0 3  and C a d 0 3  a r e  within 
0 .  570 of each  o the r  a t  298"K, and so  Kel ley ' s  i nc remen t s  (38)  f o r  the hea t  

,~ 
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content and en t ropy  of C a C 0 3  w e r e  used  to obtain a rough e s t i m a t e  of the f r e e  
ene rgy  of C a s 0 3  at h ighe r  t empera tu res .  

The equ i l ib r ium decomposi t ion  p r e s s u r e  of Ca(0H)Z may  be e s t ima ted  
f r o m  a n  equation b a s e d  upon d a t a  by T a m a r u  and  Siomi  (66): 
- (5464. 5 / T )  t 6. 949. These  au tho r s  m e a s u r e d  decomposi t ion  p r e s s u r e s  over 
the r ange  760" to 930°F. T h e i r  equation a g r e e s  well  with da t a  by Hals tead  and 
Moore  ( 3 2 )  - a t  950"F, and with da ta  by Drkfgert between 570" and 8 3 0 ° F  ( 3 6 ) .  
Berg  and Rassonskaya ' s  d a t a  (1) a r e  probably  faulty.  

log P H ~ O  = 

2. 0 Expe r imen ta l  Studies 

Explora tory  bench- sca l e  exper imenta l  s tudies  were  undertaken by Walter 
C. McCrone A s s o c i a t e s  of Chicago, I l l inois ,  p r i m a r i l y  to demons t r a t e  (a) that 
reac t ion  (1) i s  capable  of producing a g a s  containing HzS a t  a concentration suf- 
f ic ient  fo r  the Claus  p r o c e s s ,  and  (b) that  the solid does  not undergo chemically- 
induced decrepi ta t ion  du r ing  a n  opera t ion  which inc ludes  reac t ions  ( l ) ,  ( Z ) ,  and 
(3). Th i s  was to b e  done at  the  m i n i m u m  poss ib le  cos t ,  and no effor t  was to be 
made  to d e t e r m i n e  r e a c t i o n  kinet ics  o r  to conf i rm chemica l  equilibria.  

2. 01 Summary  of Exper imen ta l  Resul t s  

Dolomite w a s  suppl ied  by Dolese & Shepard  Co. of LaGrange ,  Illinois. 

Reactions w e r e  conducted in  a fixed bed  of p a r t i c l e s  of 16 t o  30 m e s h  
This  i s  a typical do lomi te  of t he  Chicago a r e a ,  and h a s  a Ca/Mg a tomic  r a t io  of 
1. 10. 
(NBS s i eves ) .  

Reaction (4)  w a s  conducted ove r  ca lc ined  dolomi te  a t  about 1250" F and 

T h e  gas  m i x t u r e s  w e r e  humidified 
Effluent con- 

between about 140 and  315 psia .  
H2 /CO i n  r a t io s  1 .  0 and  1. 6 respec t ive ly .  
with s t e a m  t o  a f ford  HzO/CO ra t io s  between about 1. 2 and 1. 8. 
tained no CO o r  CO2 de tec t ab le  by gas -ch romatograph ic  ana lys i s  sensi t ive to l e s s  
than 0 . 0 1 %  of e i t h e r  consti tuent.  

Two ini t ia l  g a s  m i x t u r e s  w e r e  used ,  containing 

No hydroca rbon  syn thes i s  occur red .  

Reactions (3) and  (4)  w e r e  conducted s imul taneous ly  over  ca lc ined  dolo- 
mi t e  a t  about 1200°F and between about 140 and  215 ps i a .  The ini t ia l  g a s  mix ture  
contained about 1% HzS, t he  ba lance  cons is t ing  of equal quantit ies of H2 and CO. 
Concentrations of HzS in  effluent ranged f r o m  -2 to 140 ppm,  and depended upon 
the quantity of steam i n  effluent. 

Reaction (3) w a s  conducted ove r  calcined dolomi te  a t  about 1100°F and 
a tmosphe r i c  p r e s s u r e  unt i l  the  m a t e r i a l  was substant ia l ly  all converted to 
[CaS+MgO] . 
During this opera t ion ,  effluent contained about  10 ppm of HzS. 

Reaction (1) w a s  conducted ove r  the r e su l t i ng  solid [CaS+MgO] at about 
The ini t ia l  g a s  mix tu re  contained about 

The  in l e t  g a s  mix tu re  contained about 8570 N2 ,  10% HzS, and 5% H2. 

1000" to 1100°F and  at about 220 psia .  
82% C 0 2  and about 9% each  of H2 and CO. 
s t e a m  to afford a COz/HzO r a t i o  of about 1. 75. D r y  effluent contained 20 to 24% 
HzS, levels which are  sa t i s f ac to ry  fo r  feed g a s  t o  a Claus sys t em.  I t  is reason-  
ably ce r t a in  that a m u c h  h igher  concent ra t ion  of HzS could have  been obtained by 
using a lower COz/HzO ra t io ,  s ince  effluent appea red  to be  substanlially a t  
chemica l  equi l ibr ium f o r  r eac t ion  (1). 

The  gas  m i x t u r e  was humidified with 
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None of the foregoing chemica l  manipulations of ca lc ined  dolomite  p r o -  

duced a decrepi ta t ion  of the solid,  o r  any  evident change in  the shape of pa r t i c l e s  
viewed under  a mic roscope ;  s h a r p  edges and points w e r e  s t i l l  to  be  seen .  

2 . 0 2  Exper imen ta l  P r o c e d u r e s  

The reac t ion  s y s t e m  used components supplied by Autoclave Eng inee r s ,  
Inc. of E r i e ,  Pennsylvania.  The  r e a c t o r  was 1" I. D. x 36" ins ide  depth ,  and  
was  f i t t ed  with a 5/ 16" thermowell  containing 5 c h r o m e l - P - a l u m e l  thermocouples .  
An ac t ive  dolomite  bed between 8" and 12" i n  depth  was  used ,  the  r e m a i n d e r  of 
the  r e a c t o r  being packed with a lumina  chips.  The  r e a c t o r  was s i tua ted  within two 
Hoskins fu rnaces ,  each  affording a heating length of 12". 
va r ious  m i x t u r e s  of g a s e s  a t  high p r e s s u r e  w e r e  obtained f r o m  Matheson Company 
of Joliet. 
pool of wa te r  in  a s a t u r a t o r  i m m e r s e d  in  a hea ted  oi l  bath. 
t o r  pas sed  upward through the r e a c t o r ,  f r o m  the  r e a c t o r  through a f i l t e r ,  thence 
through a cooling coil, and into a c h a m b e r  collecting water .  
down in  p r e s s u r e  a c r o s s  a needle valve,  and sen t  to ana lys i s .  Most consti tuents 
w e r e  analyzed by a g a s  chromatograph (-Perkin-Elmer Model 154) having a column 
of 1 / 4 "  0. D. copper  tubing, 5 '  long, packed with 28-200 m e s h  s i l ica  gel ,  held a t  
125°C and swept  with helium. Known g a s  m i x t u r e s ,  analyzed by  Matheson,  w e r e  
used  t o  ca l ib ra t e  the  ch romatograph  fo r  C02 ,  CO, and H2. Kitagawa HzS-Low- 
Range Detector  Tubes, w e r e  used  to analyze for H2S at low concent ra t ions .  The 
Kitagawa "pump" was not u sed ;  a tube was  placed in  the gas - sampl ing  l ine ,  and 
by t r i a l  and  e r r o r  the flow through the tube was  ad jus ted  to  about 100 ml i n  3 
minutes .  
high concent ra t ions  (E) .  The method was ca l ibra ted  aga ins t  a g a s  m i x t u r e  
analyzed by Matheson and s ta ted  by Matheson to contain 10. 9% HZS. 

Tanks containing 

Gases  w e r e  m e t e r e d  through a r o t a m e t e r ,  and w e r e  p a s s e d  through a 
G a s  from the  s a t u r a -  

D r y  g a s  was let 

A modification of the Tutwiler  method was  u s e d  to  d e t e r m i n e  HzS at 

Calcinations w e r e  conducted a t  a t m o s p h e r i c  p r e s s u r e  with e i t h e r  N2 o r  
9 0 /  10 N2/H2 flowing through the  r eac to r .  

2. 03 Selected Resul t s  

F i g u r e  5 i l l u s t r a t e s  the breakthrough of CO and CO2 a t  the conclusior. of 
a run  using a n  ini t ia l  g a s  m i x t u r e  containing H z / C O  i n  the r a t i o  1. 62. 
ini t ia l  g a s  a t  breakthrough was about 250 ml (70"F ,  1 a t m ) / m i n ;  
315 ps i a ;  
gas  was humidified to  a H2O/CO ra t io  of 1. 83. 
de tec ted  in  effluent p r i o r  t o  breakthrough.  
e a r l i e r  than  the rise in  C O 2 .  
l y  the s a m e  as the t i m e  in te rva l  during which CO and CO2 rose to t h e i r  f inal  
s teady  va lues .  
reac t ion  f ront  to p a s s  any  given point i n  the ac t ive  bed. 
MgO fo r  the CO-shift r eac t ion  is indicated by p r e s e n c e  of CO2 in t h e  g a s  following 
breakthrough,  for  the ini t ia l  g a s  mix tu re  contained no C O z .  

Flow o i  the 
p r e s s u r e  was 

and t e m p e r a t u r e  in  the  ac t ive  bed ranged f r o m  1217" to  1290°F. The 
Nei ther  CO n o r  C 0 2  could b e  

The rise i n  CO o c c u r r e d  a l i t t l e  
The width of the  t e m p e r a t u r e  peak  w a s  approx ima te -  

This  t i m e  in t e rva l  can  be  in t e rp re t ed  as the . t ime  r equ i r ed  f o r  the 
The ca ta ly t ic  effect  of 

Data  l ike  those  in  F i g u r e  5 w e r e  p re sen ted  by Gluud e t  a1 (24) for o p e r a -  
tions a t  a tmosphe r i c  p r e s s u r e  and about 930°F .  

Reaction (3) was conducted a t  a t m o s p h e r i c  p r e s s u r e  with g a s  containing 
8 5 1  N2,  10% HzS, and 5% H2, humidified a t  7 9 ° F .  T e m p e r a t u r e s  i n  the ac t ive  
bed ranged f r o m  976" to 1138"F ,  t he  t e m p e r a t u r e  sha rp ly  dropping toward the  

I 
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outlet  end. 
was  approximate ly  14 ,000 ,  a value in  c lose  a g r e e m e n t  with F igu re  1 f o r  the 
t e m p e r a t u r e  a t  the outlet  of the bed. 

The r a t io  of HzO/HZS leaving the bed p r i o r  to breakthrough of HzS 

After reac t ion  (3),  reac t ion  ( 1 )  was  conducted a t  a tmosphe r i c  p r e s s u r e  
with gas  humidified a t  75°F.  
H2, and 9 . 0 %  CO. Dry  g a s  effluent contained 1. 1% HzS. The  ac t ive  bed t e m p e r a -  
t u r e  ranged f r o m  976" to 1138"F,  the  t e m p e r a t u r e  sha rp ly  dropping toward the 
outlet  end. 
which co r re sponds  to 9 9 0 ° F  a t  equi l ibr ium,  accord ing  to  F igu re  2 .  T h e  purpose  
of this a t m o s p h e r i c - p r e s s u r e ,  low-humidity s t ep  was to a s s u r e  that no CaO r e -  
mained  in the ac t ive  bed. 
f o r m e d  a t  s t e a m  p a r t i a l  p r e s s u r e s  to which the solid was l a t e r  subjected.  

The  init ial  g a s  mix tu re  contained 81. 7% COz, 9. 370 

The value of [HzS]  / [HzO]  [COz]  P in r eac to r  effluent was  0 .21 ,  

If th i s  s t ep  had been omitted,  Ca(OH)2 might  have  

\ 
L a t e r ,  the p r e s s u r e  was r a i sed  to 220 ps i a ,  and the sa tu ra to r  t e m p e r a t u r e  

was  r a i sed  to 302"F,  providing a CO2/HzO ra t io  of 1. 79. 
p e r a t u r e  r ema ined  as before .  
sponded to equilibrium fo r  reac t ion  (1) a t  about 1040°F. 
bed was  lowered to the range  891" to 1040"F,  and the p r e s s u r e  fell to 215 psia,  
reducing the CO2/HzO r a t i o  to  1. 7 3 .  
24. 070, which cor responded to equi l ibr ium a t  about 1010°F. 
was a t  about 1000"F,  and C a s  m a y  have been  gone f r o m  solid n e a r  the ex i t  of the 
bed by th i s  t ime,  fo r  conditions had favored  production of H2S nea r  the exit  
throughout the exper iment .  ] 

The  ac t ive  bed t em-  
Dry  gas  effluent contained 20. 2% HzS, and  c o r r e -  

The  t e m p e r a t u r e  of the 

The  HzS content of d r y  g a s  i n c r e a s e d  to 
[ M o s t  of the bed 

These  r e s u l t s  demonst ra ted  the abil i ty of r eac t ion  (1) to provide  a d r y  gas  
containing HzS in a concentration adequate  f o r  the Claus p rocess .  
p rovide  a n  indication tha t  H2S concentrations approaching thermodynamic  equilib- 
r i u m  m a y  be  achieved, and i t  i s  p rac t ica l ly  c e r t a i n  that much  higher concent ra -  
tions of H2S could have been  r eached  by working at lower  COz/HzO ra t io .  

The r e su l t s  

3. 0 Review of Relevant Dolomite Chemis t ry  

P r i m a r y  s o u r c e s  of in format ion  a r e :  (a) the s e r i e s  of p a p e r s  f r o m  the 
Gese l l schaf t  fu r  Kohlentechnik ( E ) ,  repor t ing  in  1930 on s tudies  of a p r o c e s s  to 
manufac ture  H2 by re forming  coke-oven gas  with s t e a m  and the rea f t e r  shifting the 
r e fo rmed  gas  with s t e a m  over  calcined dolomi te ;  
f r o m  Consolidation Coal Company on the  C 0 2  Acceptor P r o c e s s  (16, E, E) .  
The l a t t e r  r epor t s  are pa r t i cu la r ly  valuable for  the evidence that the  so l ids  
[CaOtMgO]  , [CaCOj tMgO]  , and [CaS+MgO] a r e  rugged m a t e r i a l s  which stand 
up under  fluidization, and do not dec rep i t a t e  under var ious  chemica l  reac t ions  
which conver t  the so l ids  f r o m  one to  another .  

and (b) the  s e r i e s  of r e p o r t s  

Dolomite i s  the mixed  carbonate  of Ca  and Mg, "normal" dolomite being 
wr i t ten  C a C 0 3 .  MgC03. 
and often occur s  in a s t a t e  of high purity.  Analyses  of typical do lomi tes  w e r e  
given, fo r  example,  in Sikabonyi (2) and Willman (71). 
of a l a r g e  c l a s s  of rhombohedra l  carbonates ,  which includes ca lc i te  and m a g -  
nes i te .  These  carbonates  a r e  built of a l te rna t ing  l a y e r s  of carbonate  ions and 
cations.  
with p lanes  populated en t i re ly  by Cat+ (13). Natura l  do lomi te  often d ive rges  
f r o m  the ideal of one a t o m  of Mg for  each  Ca ,  t he  l a t t e r  usually bein& p r e s e n t  in 
excess .  T r u e  dolomi tes  r i c h e r  in  Mg a r e  se ldom encountered ( 2 4 ,  2 6 ) .  

It i s  a common rock ,  of wide geographical distribution, 

Dolomite is a m e m b e r  

In dolomite,  ideally,  cation planes populated en t i re ly  by Mg" a l t e rna te  
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3. 0 1 Forma t ion  of. [ CaO+MgO ] 

If dolomite is hea ted  in a vacuum, i t  decomposes  in  one s t ep ,  with evolu- 
tion of C 0 2  and fo rma t ion  of a solid compris'ing an  in t imate  intermingling of tiny 
c r y s t a l l i t e s  of CaO and  .MgO. Br i t ton  e t  a1 ( E )  studied this  p r o c e s s  between 
640" and  720°C, and be l ieved  the decomposi t ion  to occur  with format ion  of a 
t r a n s i e n t  spec ie s  (Ca ,  Mg)O, which quickly b r e a k s  up  into c r y s t a l l i t e s  of CaO and 
MgO. The  product m a y  b e  wr i t ten  [CaO+MgO] as a r e m i n d e r  that i t  is not a t rue 
chemica l  spec.ie's. Decomposition p roceeds  from the outs ide  s u r f a c e  inward. 

In a n  a t m o s p h e r e  of COz, do lomi te  decomposes  i n  two s t eps  (5, 22, 3 4 ) .  
Wilsdorf and Haul (c) followed the f i r s t  s t ep  with X - r a y  diffraction Lcchniques. 
Decomposition p roceeds  f r o m  the s u r f a c e  inward ,  and the s t a t e  of o r d e r  in the 
ke rne l  of undecomposed dolomi te  r e m a i n s  perfect .  At  a round 600°C and 100 m m  
Hg of COz, predominant ly  s ing le -c rys t a l  pa t t e rns  fo r  ca l c i t e  a r e  found, the 
CaC03  c rys t a l l i t e s ' appa ren t ly  being or ien ted  as in  the o r ig ina l  la t t ice .  At 8 0 0 ° C  
and 650 m m  Hg .of COz, powder calci te  pa t t e rns  a r e  obtained, randomization of 
the C a C 0 3  c rys t a l l i t e s  having occur red .  
COz p r e s s u r e s ,  as in  a ca lc ina t ion  p r o c e s s ,  the ca l c i t e  produced. is essent ia l ly  
p u r e  C a C 0 3  (g), and the product  m a y  be wr i t t en  [CaCOj tMgO]  . 
high CO2 p r e s s u r e s ,  the product  is a m i x t u r e  of c rys t a l l i t e s  of MgO and of a 
magnes i an  calcite,,  i . , e . ,  a calci te  containing MgC03  in solid solution (2, 3 3 ) .  

If dolomi te  i s  decomposed  a t  modera te  

At ex t remely  

Bischoff (E )  and MacInt i re  and  Stanse l  (43) found that both s t ages  in the 
Schwob (56) and Graf (z) decomposition of do lomi te  a r e  ca ta lyzed  by s t e a m .  

r epor t ed  a catalyt ic  effect  of a lkal i .  
[CaC03+MgO] is f a s t e r  than that of CaC03  (2). 

T h e r e  is evidence that the decomposition of 

F r o m  the foregoing ,  i t  will be  recognized  that the in t imate  mix tu re  of CaO 
and MgO c rys t a l l i t e s  which r e su l t  f r o m  the total  calcinat ion of do lomi te  re ta in  no 
"memory"  of the o r ig ina l  do lomi te  s t r u c t u r e .  Goldsmith (26)  believed that this 
solid would be ind is t inguishable  f r o m  one which could b e  p r e p a r e d  by  calcining a 
mixed  precipi ta te  of C a C 0 3  and  MgC03.  Such a p rec ip i t a t e  never  shows s igns of 
do lomi t ic  o r d e r  i f  p r e p a r e d  i n  the l abora to ry  f r o m  solutions a t  r o o m  t empera tu re  
(27) .  
and the extensive l i t e r a t u r e  o n  the p rob lem of the format ion  of dolomi te  in na ture  
a r e  not pa r t i cu la r ly  r e l evan t  to the new desul fur iza t ion  p r o c e s s ,  s ince  [CaOtMgO] 
c a n  be p repa red  a r t i f i c i a l ly  f o r  u s e  in the p r o c e s s  without the m a t e r i a l ' s  having 
p a s s e d  through the dolomi t ic  s t a t e .  

Ar t i f ic ia l ly-made  dolomi tes  a r e  known (9, 2, 33) but t hese  ma te r i a l s  

, 

Cla rk  e t  a1 (E) studied the s in t e r ing  of MgO a t  high t empera tu res .  They 
found a sudden i n c r e a s e  in  s t r eng th  to occur  a t  a t e m p e r a t u r e  well below that at 
which s inter ing p r o p e r  with densification s e t s  in ,  and they in t e rp re t ed  this i n -  
c r e a s e  i n  s t r eng th  to b e  a r e s u l t  of des t ruc t ion  of adso rbed  m o i s t u r e  films on the 
s u r f a c e s  of the p a r t i c l e s ,  i. e . ,  the r ep lacemen t  of hydrogen o r  hydroxyl bonding 
between pa r t i c l e s  by p r i m a r y  ionic bonds. 

3 . 0 2  Recarbonation of [CaOtMgOl  to  F o r m  ( C a C 0 3 t M g 0 1  

Gluud e t  a1 (24)  studied the recarbonat ion ,  at about 1050"F,  of samples  of 
[CaOtMgO]  p r e p a r e d  f r o m  a wide var ie ty  of do lomi t ic  rocks .  Uniformly, the 
in i t i a l  reac t ion  with C 0 2  was ex t r eme ly  rapid.  
r eac t ion  was found to depend upon the Ca/Mg a tomic  r a t io  of t he  s t a r t i ng  ma te r i a l .  

The c o u r s e  of la ter '  s tages  of the 
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' c lose  to unity as could be  found. 
1 f r o m  a s tone  having a high C a / M g  ra t io  w e r e  slow, and the r eac t ion  c e a s e d  f o r  all 
' More-  
! over ,  s tones  having a high Ca/Mg r a t i o  displayed poor r e s i s t ance  to deac t iva t ion  ' when calcined. 
' Gluud et a1 w e r e  ab le  to  achieve  90% recarbonat ion of CaO a t  good r a t e s ,  provided 

If a dolomite  
' was ca lc ined  a t  Z190°F, i t s  reac t iv i ty  was d ra s t i ca l ly  reduced .  1 (9 ,  14, 9) confirmed that recarbonation i s  rap id  and nea r ly  complete  if a Ca/Mg 

Gluud e t  al recommended tha t  a dolomite be se lec ted  having a Ca/Mg r a t i o  as 
The  l a t e r  s t ages  of recarbonat ion of [CaOtMgO] 

pr.acticable pu rposes  f a r  s h o r t  of complete  conversion of CaO to  CaC03 .  

Working with dolomites  having Ca/Mg ra t io s  below about  1. 2,  

: 
the solid had not been exposed to  a t e m p e r a t u r e  above about 1920°F.  

Other  w o r k e r s  

r a t io  below about 1. 1 is used. 

\ , ' ing C a C 0 3  and  MgCO3 i n  the  m o l a r  ra t io  40:60 upon f r e sh ly  m a d e  silica gel. 
Asboth ( 2 )  recommended a n  "artif icial  dolomite", p repa red .by  p rec ip i t a t -  

I 

I C u r r a n  e t  a1 ( E )  subjected a number of dolomites  to t e s t s  of t he i r  su i tab i l -  
' i ty  f o r  the  C 0 2  Acceptor P r o c e s s ,  which inherent ly  r e q u i r e s  u s e  of a high ca l c ina -  

Stone f r o m  the Greenfield formation of 
I Weste rn  Ohio was  se lec ted  as the  bes t  available.  This  s tone  h a s  the unusually low 

' high t e m p e r a t u r e  and a recarbonat ion a t  1650°F.  T h e r e  was no significant loss  of 
'\ reac t iv i ty .  Calcination t e m p e r a t u r e s  of 1900",  1950" and 2000°F  w e r e  used  in  

Pra,ctically no degradat ion i n  pa r t i c l e  s i z e  o c c u r r e d ,  although the  

, 

tion t empera tu re .  (of the o r d e r  of 1950°F).  

Ca/Mg r a t i o  of 0. 987. The s tone  was cycled m a n y  t i m e s  between a calcination a t  

' t hese  t e s t s .  
t e s t s  w e r e  conducted i n  fluidized beds .  In a similar series of t e s t s ,  t he  Greenfield 
stone was  converted to [ C a S t M g O ] ,  f r o m  which [CaOtMgO] was r egene ra t ed  a t  
1 9 5 0 ° F  by  a fue l - r i ch  calcination expelling SOz. The l a t t e r  solid d isp layed  good 

1 reac t iv i ty  a f t e r  a number of the  sulfur cycles'. 

I 
1 evidence bear ing upon the  probable  feasibil i ty of the  proposed new desul fur iza t ion  

C u r r a n  e t  al's experience with the Greenfield s tone  provides  impor t an t  

p r o c e s s e s .  
i n  gas  -production and gas-pur i f ica t ion  s teps  a t  p r e s s u r e s  ranging upward from 100 
a tmosphe res .  

With u s e  of the  Greenfield stone,  the new p r o c e s s e s  should .be operable  

Gluud e t  a1 (E) r epor t ed  that CO2 was taken  up by [CaOtMgO] a t  570°F.  
I 

D r y  CaO a b s o r b s  only a n  insignificant amount of COz a t  this  t e m p e r a t u r e ;  i t  
r e a c t s  marked ly  a t  6 6 0 " ,  and rapidly a t  7 9 0 ° F  (46 ) ;  but t he  r eac t ion  p roceeds  
readi ly  only to a n  extent such that about one-half  of the  CaO i s  r eca rbona ted  (2, 

The solid [ C a C O j t C a O ]  decomposes a t  a r a t e  some 4 to  6 
t imes  f a s t e r  than ca lc i te  (E) .  
kinetics of CaO t C02.  

' - 14, 3, 3, 2, E). 
Shushunov and Fedyakova ( E )  s tudied  the  

\> As Gluud e t  a1 recognized ,  calcination of a Mg-poor dolomite  probably puts 
s o m e  CaO i n  a s t a t e  such  tha t  only about one-half  of i t  c a n  a b s o r b  C 0 2 ,  i n  
acco rdance  with the  behavior of l ime. 

1 of dolomites  having high Ca/Mg ra t ios .  
dolomite  having ca lc i te  s t r a t a .  

This  accounts for the  poor p e r f o r m a n c e  
Gluud e t  a1 warned aga ins t  se lec t ing  a 

I 
Although MgO takes  up C 0 2  readily a t  a tmosphe r i c  t e m p e r a t u r e  in  p r e s e n c e  

of wa te r  vapor ( g ) ,  i t s  reac t ion  with C 0 2  a t  high t e m p e r a t u r e  i s  e x t r e m e l y  slow 

equi l ibr ium decomposition p r e s s u r e  of MgC03 when r eac t ion  (1) is cad r i ed  out. 
~ (2, 14, 12). Litt le recarbonat ion of MgO will occu r  even if CO2 exceeds  the 
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3 . 0 3  Use of [CaO-kMgO] to P r o m o t e  CO-Shift a n d  the HzO-C Reaction 

DuMotay (21) first p roposed  u s e  of l i m e  to promote  CO-shift  in 1880, and 
t h i s  i dea  rece'ived p e r s i s t e n t  attention without i t s  eve r  coming into commerc ia l  
u s e  (r).  Greenwood ( 3 l )  and Tay lo r  ( 6 8 )  reviewed the s t a t e  of the a r t  in 1920 
and  1921 r e spec t ive ly ,  and Schmidt (5) reviewed the subject  in  1935. The mos t  
highly developed i d e a s  w e r e  advanced by Gese l l schaf t  fffr Kohlentechnik (24 )  and ' 

Btlssner  and M a r i s c h k a  (z). 
The Gese l l schaf t  fiir Kohlentechnik recognized  that MgO c rys t a l l i t e s  in  

[ CaOtMgO] are catalyt ic  f o r  CO-shift.  Magnes ia  can be  p r e p a r e d  in  far m o r e  
ac t ive  f o r m s  than c a n  any  of the o ther  a lkal ine e a r t h  oxides;  ac t ive  magnes ias  a r e  
produced  f o r  u s e  as indus t r i a l  adso rben t s  having su r face  a r e a s  of t he  o r d e r  of 
200 m Z / g r a m  (e). Gluud et a1 demons t r a t ed  tha t  [CaOtMgO]  is catalytic fo r  
CO-shi f t  a t  t e m p e r a t u r e s  above  about 750°F.  while CaO showed no catalytic 
act ivi ty  at any t e m p e r a t u r e .  The  catalyt ic  wor th  of MgO was  not a l t e r e d  as the 
sol id  was  conver ted  t o  [CaCOj+MgO] .  
with which CaO i n  [CaOtMgO]  may be  recarbonated ,  it m a y  be  i n f e r r e d  that 
[ C a C 0 3 t M g O ]  h a s  an  open, porous  s t r u c t u r e .  

1 
1 

F r o m  this  fact ,  as well  as f r o m  the e a s e  

I 

The Gese l l s cha f t  fur Kohlentechnik's  CO-shift p r o c e s s  was  conducted a t  
The opera t ion  was cyclic,  a tmosphe r i c  p r e s s u r e  in  a fixed bed of [CaOtMgO] . 

a pe r iod  of H2 manufac tu re  being followed by a per iod  in  which [CaCOjtMgO] was j 
calcined,  t he  bed of sol id  remain ing  i n  place i n  a r e a c t o r .  i 

I t r a t ions ,  gene ra l ly  below 0. 170, w e r e  achieved  i n  opera t ions  at 930°F .  Break- 
through of CO o c c u r r e d  a t  a s p a c e  velocity of about 130 V / h r - V  based  upon CO 1 
content of gas  and  upon the [CaOtMgO] remain ing  in the bed. In opera t ions  of a 
pilot  plant on the s c a l e  of 200, 000 SCF p e r  day, no decrepi ta t ion  o r  loss of 
abso rp t ive  capac i ty  w a s  found af ter  many  cyc les  of operation, and i t  was  repor ted  
that the l ife of a dolomi te  cha rge  should be  th ree  months at the very  l ea s t .  

Low final C O  concen- 

A s e r i o u s  de fec t  in  the Gese l l schaf t  ftir Kohlentechnik's p r o c e s s  thinking 
was  exposed when ope ra t ions  were  conducted on a l a r g e  scale .  So much  heat was 
gene ra t ed  dur ing  the shift s t ep  that the t e m p e r a t u r e  became  too high for good CO2 
remova l  un less  un t r ea t ed  g a s e s  w e r e  introduced cold, but this proved infeasible 
s ince  Ca(0H)z  f o r m e d  and  the solid quickly decrepi ta ted .  The difficulty was got 
a round,  a f t e r  a fashion,  by introducing a cooling phase  i n  the cycle ,  in  which the 
reac t ion  bed was  cooled by circulat ing air a t  7 5 0 ° F  a f t e r  the bed had been  par t ly  
used  up. 

react ivi ty  would suffer .  

consequence  was  that both fuel  g a s  and the CO-containing g a s  t o  be t r ea t ed  had to 
be low in sulfur t o  avoid  convers ion  of l a r g e  amounts  of CaO to C a s 0 4  which not 
only would d e s t r o y  i t s  u se fu lness  but would probably a l s o  lead to  l o s s e s  of H2 
through reduct ion  of C a s 0 4  to C a s  in  the shift  step.  

1 
Another de fec t  was  that s e v e r a l  hundred p e r  cent excess  air had to be 

One consequence of the l a r g e  amount of excess  a i r  was 
used  in  o r d e r  to keep t h e  calcination t e m p e r a t u r e  below a l e v e l  at which solid 

that t h e r m a l  eff ic iency of the ove ra l l  p r o c e s s  was ex t r eme ly  poor .  

I 

Another I 

I1 

DuMotay and Marecha l  (22)  f i r s t  p roposed  use  of l ime  to aid the gasif ica-  
I tion of ca rbon  by s t e a m  in 1867, and a l a r g e  patent l i t e r a t u r e  has  ensued (2-1. 

Taylor  (68) and Schmidt  (S) reviewed the a r t .  
"trouble o c c u r r e d  due to  the caking of the charge"  dur ing  a t e s t  of th,e idea  a t  
28 a tmosphe res .  
Company, and w a s  c i r cumven ted  i n  the C02 Acceptor P r o c e s s  by keeping the 

Dent ( E )  r epor t ed  that 

The na tu re  of this t rouble  was identified by Consolidation Coal 
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par t i a l  p r e s s u r e  of s t e a m  below 13 a tmosphe res .  

A patent l i t e r a t u r e  has  developed around the idea  of us ing  heat f r o m  CaO 

Mar i s i c  (e) visualized us ing  hea t  f r o m  this reac t ion  to sus t a in  
+ c o 2  to supply endothermic  hea t  needed f o r  the re forming  of hydrocarbons  by 
s t e a m  ( 3 ) .  
catalytic c racking .  

3. 04 Use of L ime  and [CaOtMgO] fo r  Desulfurization 

1 

An h i s to r i ca l  method of desu l fur iz ing  towns gas  was  t r ea tmen t  with 

Genera l  information m a y  b e  found i n  Sei1 (E).  
Ca(0H)z  a t  a tmosphe r i c  t empera tu re .  
and until 1905 i-n England. 

The p r o c e s s  was used  until 1870 in  Europe  

Mellor ( 4 6 )  r epor t ed  that d r y  HzS does  not r e a c t  with d r y  CaO in the cold, 
$' but when heated, water  is evolved, and the mass becomes  yellow owing to s e p a r a -  

tion of some elemental  sulfur.  Wickert  ( E )  showed that the speed  of reac t ion  of 
HZSwith CaO r i s e s  sha rp ly  between 750" and 1100"F,  and s ta ted that C a s  i s  much 

1020°F  catalytically conver t s  CSz in  p re sence  of s t e a m  to CO2 and HzS, both of 

using l i m e  fo r  fuel desu l fur iza t ion  (4).  

' h a r d e r  and tougher than CaO. 

I which a r e  fixed by the l ime .  A patent l i t e r a t u r e  h a s  grown up about the idea  of 

Taylor  (e) stated that CaO at around 930" to 

Schenck and Hammerschmid t  ( E )  r epor t ed  that C a s  p r e p a r e d  by contac t -  
I 

ing CaC03  with H2S and C 0 2  a t  1450" to 1 8 3 0 ° F  was uns in te red  and showed no 
s 

i 
1 loss  of chemica l  react ivi ty .  
' by McCrone Assoc ia tes .  

It had a pinkish c a s t ,  as did the [CaStMgO] p repa red  

A Bri t ish,patent  (E) r epor t ed  that CSz, thiophene, and o ther  o rgan ic  sulfur 
I 

compounds a r e  dissociated,  with format ion  of HzS, i f  contacted with hot MgO. 
Carbon i s  deposited,  and m a y  be burned off. 

i 
-5 
\ 
>' with format ion  of HzS, when towns gas  is contacted with calcined dolomite above ' about 1100" F. Kiril lov and Budanov (41) showed that the decomposition of CSz 
I over  do lomi te  was a max imum a t  1200"F,  independent of s t e a m  concentration. ' Kakabadze (E) patented the use  of hot calcined dolomite to purify g a s e s  of 

organic  sulfur compounds. Zahn (73) repor t ed  the calcined anke r i t e  i n  the 
BBssner -Mar ischka  p r o c e s s  (12) was highly effective i n  removing  organic  sulfur ,  
and he c la imed that i t s  catalyt ic  worth fo r  CO-shift was not impa i red  a f t e r  p r o -  

1 Gluud and Klempt (25 )  s t a t ed  that organic  sulfur compounds a r e  sp l i t ,  

1 

i longed u s e  to  r emove  such sulfur .  

Dolomite i s  used  i n  a moving bed to r emove- su l fu r  f r o m  hot "ca rbure t to r  
g a s ' '  of the Wiberg p r o c e s s  used in Sweden f o r  production of sponge i ron (2). 

\, The quantity of dolomite charged  is the t e m p e r a t u r e  control  on reducing g a s e s  to ,' the Wiberg furnace ,  and dolomite is d ischarged  typically containing only about 5% 
to 10% su l fu r .  

3. 05  

No decrepi ta t ion  of the dolomite lumps  i s  experienced. (g) 

Converting [CaStMgO] to [ C a C O j t M g O ]  and HzS 
I 
I 

', 
Riesenfeld ( E )  studied the reac t ion  of s t e a m  and GO2 with C a s  a t  a t m o s -  

He did not intend to m e a s u r e  equi l ibr ia  f o r  the react ion,  a n q  he  did not 
pher ic  p r e s s u r e ,  conducting four explora tory  expe r imen t s  between 896" and 
1526°F.  
e s t ima te  equi l ibr ia  f r o m  his  data .  The m e a s u r e m e n t  a t  1526°F  was  m o r e  
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carefully made  than the other th ree ,  and one can der ive  a reasonably good esti-  
m a t e  of the equilibrium f r o m  Riesenfe ld ' s  resu l t s  a t  this t empera tu re :  the 
es t imate  falls only a t o u t  10% above the cu rve  of Figure 2. Crude es t imates  of 
equilibria f r o m  Riesenfeld's  o ther  t h ree  points lie 20% below, 5070 below, and 
12.0% above the cu rve  of Figure 2. Riesenfeld did not r epor t  H2S concentrations 
in product gas ,  but one can  deduce (very  roughly) that about 2'70 H2S was present 
in  a run at 941"F,  and l e s s e r  amounts a t  other temperatures .  
cluded that the conversion of C a s  to CaC03 by  i t s  reaction with s t e a m  and C 0 2  i s  
not. a practicable proposit ion,  although h is  resu l t s  may now be regarded as con- 
f i rmatory  evidence i n  support  of the conclusions which have been drawn f rom the 
t e s t s  conducted by McCrone Associates  a t  higher p r e s s u r e .  

Riesenfeld con- 

The reaction of liquid water  and C 0 2  with C a s  has been recognized since 
181 7 :  when the towns gas  indus t ry  adopted d r y  purification with slaked l ime. 
Used-up l ime was decomposed by action of water  and C 0 2  when le f t  in the open 
a i r ,  a p rocess  which contributed to the poisoning of a i r  around old-time gas works (s, 60).  (z), which ,recovered HzS f r o m  C a s  waste  f r o m  the Leblanc soda process .  

The reac t ion  was put to  commerc ia l  u se  in  the Claus-Chance process  

Wickert  (70)  incorpora ted  the reaction in a proposed p r o c e s s  to eliminate 
sulfur f rom flue g a s e s  der ived  f r o m  heavy res idua l  fuel oil.  
employ par t ia l  oxidation of the oil with a i r ;  
fuel gas  with C a C 0 3  a t  around 1460" to 1830°F; 
to a tmospheric  t empera tu re ,  s lu r ry  this solid with water ,  and r eac t  the s lu r ry  
with C02-bearing flue gases .  
e s s e s  proposed he re ,  Wicker t ' s  s cheme  has  disadvantages including: (1)  much 
hea t  would be d i scha rged  a t  low t empera tu re  and could not be put to  use ;  and 
(2)  CaC03 would probably be recovered in  such finely divided f o r m  that i t s  
separation from desulfurized fuel g a s e s  might be difficult. 

Wickert  would 
would desulfurize the resulting lean 

and would cool the resulting C a s  

By comparison with the new desulfurization proc- 

( I  
4. 0 P r o c e s s  Applications 

A cataloging and evaluation of potential applications of the new desulfuriza- 
tion p rocesses  would fa 1 outside the scope of this paper ,  which can  only indicate 
briefly some  of the possibil i t ies.  'r. . . : 

Figure 6 i l l u s t r a t e s  a scheme for making a r ich  fuel gas  f r o m  heavy res id-  
ual oi l ,  suitable for  use  i n  a top heat power cycle (63, e) in which the tempera-  
t u r e  of s team i s  r a i sed  by d i rec t  addition of the products of combustion of the rich 
fuel gas with oxygen. 
fluidized bed in which oil i s  gasified by oxygen and s team.  
should preferably be a l i t t le  below the equilibrium-decomposition temperature  of 
CaC03 ,  s o  that CaO is  not produced in the fluidized bed. 
clesulfurized by the r e v e r s e  of reaction (1).  
catalytic for the s t eam-ca rbon  reaction, and one may be ab le  to opera te  the 
gasification s tep  in F igu re  b \vith only a s m a l l  excess  of s t e a m  beyond the amourit 
called for  by s t eam-ca rbon  equilibrium.,  Solid is conveyed f rom the gasifier to a n  
elevated cyclone, which de l ivers  solid via a standpipe to the sulfur deso rbe r .  
H e r e  reaction ( 1 )  i s  conducted in a fluidized bed with use of C02  supplied from the 
heat exchange in which s t e a m  is condensed f r o m  top heat cycle fluid. 
reaction ( 1 )  is used to  r a i s e  o r  superheat high-pressure s t eam.  
cycle using Kuwait heavy res idue  (4. 73% sulfur),  this heat amounts typically to 
about 1 .  5% of the  total  water-heating, s t eam- ra i s ing ,  and s team-superheat ing 

A solid comprising mainly [CaC03tMgO] i s  fed to a 
The temperature  

Gaseous products a r e  
Wickert  (2) repor ted  that C a s  i s  

Heat f rom 
In a top heat 
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I gas  r i c h  i n  H2S is  s e n t  t o  a su l fu r  plant. Rich fuel g a s  fo r  use in a top hea t  cyc le  
duty. 

m u s t  b e  absolutely f r e e  of dus t .  
the g a s  m a y  be considered (E), but s c h e m e s  which work  a t  high t e m p e r a t u r e  a r e  
p r e f e r r e d .  
s c r u b b e r  working a t  about 600"F ,  s a y ,  which r e m o v e s  at l e a s t  a m a j o r  p a r t  of the 

Offgas  from the  su l fur  d e s o r b e r  is cooled to condense e x c e s s  s t e a m ,  a'nd 

Various a r r a n g e m e n t s  for  removing d u s t  f r o m  

An in te res t ing  poss ib i l i ty  is t o  u s e  oil to be  fed to the  gas i f i e r  in  a 

1 dust.  
1) 

I F igu re  7 shows equipment  for ,  su l fu r  r e c o v e r y  when 'desu l fur iza t ion  is a c  - 

, s o r b e r  contains CaO. The su l fu r  d e s o r b e r  in  F i g u r e  7 houses  two fluidized beds :  
' a lower  bed for. conducting r eac t ion  ( l ) ,  .and an upper  bed i n  which r eac t ive  values 
s of CaO in the  solid a re  converted to  CaG03 in the absence  of s t e a m .  P rov i s ion  of 
> t h e  upper  bed allows one to u s e  a h igher  s t e a m  pa r t i a l  p r e s s u r e  i n  r eac t ion  (1) 

for one does not have to w o r r y  about  the f o r m a -  

I 
complished by m e a n s  of r eac t ion  (3) ,  so  tha t  t he  so l id  charged to  the su l fu r  d e -  

than would otherwise be poss ib le ,  
tion of Ca(0H)Z.  

, In the  context of the  top  hea t  power cyc le ,  t h e r e  is advantage in  opera t ing  
the C l a m  s y s t e m  under  p r e s s u r e ,  s i n c e  equipment ex i s t s  both to  provide high- 
p r e s s u r e  a i r  and t o  r e c o v e r  power  f r o m  Claus - sys t em offgases.  

F igu re  8 i l l u s t r a t e s  a n  application i n  which GO-shift is conducted by  m e a n s  
Shift is c a r r i e d  out in  r e a c t o r  A, which houses  two fluidized beds ,  

Spent solid is ca lc ined  i n  
, of r eac t ion  (4). 

1 r e a c t o r  B. 
the upper bed being held a t  a lower  t e m p e r a t u r e .  

By conducting 
the g r e a t e r  por t ion  of the  sh i f t  r eac t ion  i n  the lower  bed, at h igher  t e m p e r a t u r e ,  
the calcining duty i n  r e a c t o r  B is reduced.  ' A l s o ,  the upper  bed of r e a c t o r  A c a n  
be operated a t  a much lower t e m p e r a t u r e  than tha t  needed in  a single-bed r e a c t o r  
i n  o r d e r  t o  avoid Ca(0H)z. 

Flow of gas  and so l id  in  r e a c t o r  A is coun te rcu r ren t .  

I 

.% 
\ 

I 
The s c h e m e  of F i g u r e  8 is obviously m o r e  a t t r ac t ive  if one h a s  need fo r  

? high-level heat,  ava i lab le  to  the  hea t - t r ans fe r  s u r f a c e s  shown in  r e a c t o r  A, as 
well as need for  H2.  1 t r e m e l y  cheap byproduct hydrogen i n  fu tu re  power s ta t ions  which employ s o m e  
combination incorpora t ing  p r e s s u r i z e d  fuel gasification, fue l -gas  cleanup, and 

i a n  advanced power cyc le .  

A. 
The s c h e m e  of F i g u r e  8 would p e r m i t  the  product ion of ex-  

F igu re  9 i l l u s t r a t e s  r ep resen ta t ive  s c h e m e s  in  which o i l -c racking  is 
, prac t iced  together with desu l fur iza t ion .  In genera l ,  r e a c t o r  A of F i g u r e  9 would 
' 

opera t e  a t  a lower t e m p e r a t u r e  than the  gas i f i e r  of F i g u r e  6. If less s t e a m  i s  
' used than the amount  called f o r  by  s t e a m - c a r b o n  equi l ibr ium,  coke gene ra t ed  by 
) cracking reac t ions  in  r e a c t o r  A could s e r v e  a s  a t  l e a s t  p a r t  of the fue l  u sed  t o  
-Ii ca lc ine  the solid in  r e a c t o r  B. ,' r i ch  in  hydrogen and the  o the r  lean ,  i s  advantageous in  the context of the  top hea t  

cycle.  
T h e r e  i s  a n  advantage i n  putting as much of the fue l ' s  Hz content as  poss ib le  into 
the r i ch - fue l -gas  pa th ,  in o r d e r  to  keep  the  wa te r -vapor  content of f lue g a s  
generated by combustion of t he  l ean  fuel g a s  f r o m  r e a c t o r  B as s m a l l  as poss ib le .  

The a i r  o r  oxygen r e q u i r e m e n t s  fo r  r eac to r  A can  be  considerably reduced 

Such 

The  spli t t ing of the oil into two fue l  f r ac t ions ,  one 

H2 i n  r i ch  fuel g a s  is u l t imate ly  d i scha rged  f r o m  the  cyc le  as liquid wa te r .  1' 
) 

1 

by drawing upon hea t  of recarbonat ion of CaO, as well  as  hea t  f r o m  reac t ion  (4). 
A fue l  g a s  of high ca lor i f ic  content can  be produced even with the u s e  of air. 
a g a s  is well  suited for  u s e  in  a top hea t  cycle using a i r  ins tead  of ox$gen. 

'I 

I 
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RICH FUELGAS TO OUST SCRUBBER. + 
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SULFUR 
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I 4  STEAM 
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F i g u r e  6. SCHEME FOR MAKING RICH F U E L  GAS 
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c 

GAS TO 
POWER 
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SULFUR 

Figure  7. SULFUR DESORBER AND SULFUR RECOVERY 
I 
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Figure 8. CONDUCTING CO-SHIFT I N  A POWER-STATION CONTEXT 

\ 

RICH FUEL 
4 
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Figure  9. REPRESENTATIVE SCHEMES INVOLVING OIL CRACKING 
I 
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An in t e re s t ing  possibi l i ty  is to u s e  air i n  r e a c t o r  A to  produce clean fuel 

of high calor i f ic  value for ex i s t ing  power-s ta t ion  bo i l e r s  in  communities which 
place r e s t r i c t ions  upon SO2 i n  flue gas .  
supply air to  r e a c t o r  B and to r ecove r  power  f r o m  the lean  fuel gas .  
genera ted  in  this gas - tu rb ine  plant would r e p r e s e n t  a sma l l  f ract ion of the capacity 
of the existing power  s ta t ion to  which c l ean  fuel is supplied. 

A gas - tu rb ine  plant would be  requi red  to 
Power  

Al te rna te  r e a c t o r  A in F igu re  9 provides  for  gasification of oil in two s teps:  
oil is  c racked  in  a n  upper  bed in an  a tmosphe re  containing H2, the H2 being 
genera ted  f rom coke in a lower  bed. 

The foregoing examples  by no m e a n s  exhaust the possibi l i t ies .  Modifying 

~ 

Hydrocracking o r  hydrogasifying oil ,  by using H2 a s  
Consolidation’s CO2 Acceptor P r o c e s s  to inco rpora t e  the r ecove ry  of elemental  
sulfur has  been  mentioned. 
the fluidizing gas  to r e a c t o r  A of F igu re  9 ,  i s  a n  interest ing possibil i ty.  

Acknowledgment: Marvin  A. Sa lzens te in  d i r ec t ed  the exper imenta l  studies per  - 
f o r m e d  by Walter C. McCrone Assoc ia tes .  He was a s s i s t ed  

1 by J a n  Markussen ,  now of Copenhagen, Denmark. 
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