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DECOMPOSITION OF CALCIUM SULFATE: 
A REVIEW OF THE LITERATURE 

W. M. Swi f t ,  A. F. Panek, G. W .  Smith, 
G .  J. Vogel, and A .  A. Jonke 

ABSTRACT 

One of t h e  important  i s s u e s  r e l a t e d  t o  f l u i d i z e d  bed combustion 
of f o s s i l  f u e l s  is  t h e  subsequent handl ing and/or  t rea tment  of t h e  
p a r t i a l l y  s u l f a t e d  l i m e  m a t e r i a l  removed from t h e  combustor. One. 
a l t e r n a t i v e  would be  t o  r egene ra t e  t h e  s u l f a t e d  a d d i t i v e  t o  recover  
. t h e  s u l f u r ,  which would be  s t o r e d  f o r  use ,  and l ime t h a t  would be 
recyc led  f o r  r e u s e  i n  t h e  combustor. It is t h e  purpose of t h i s  
r e p o r t  t o  review t h e  development of r egene ra t i on  technology which 
has  progressed r a t h e r  slowly a s  compared wi th  t h e  technology r e l a t i v e  
t o  t h e  f l u i d i z e d  bed combustion process .  The review covers  r e sea rch  
e f f o r t s  s p e c i f i c a l l y  d i r e c t e d  toward t h e  r egene ra t i on  of s u l f a t e d  lime- 
s t o n e s  p l u s  t hose  s t u d i e s  which have been made t o  i n v e s t i g a t e  t h e  
decomposition of n a t u r a l l y  occur r ing  mine ra l s  of calcium s u l f a t e .  
The r e p o r t  reviews b a s i c  thermodynamic and k i n e t i c  s t u d i e s  a s  w e l l  
a s  l a b o r a t o r y ,  bench, and p i l o t  s c a l e  process  development s t u d i e s .  
No at tempt  has  been made i n  t h e  review t o  e v a l u a t e  t h e  engineer ing ,  
environmental ,  o r  economic m e r i t s  of r egene ra t i on  o r  t h e  v a r i o u s  
r egene ra t i on  schemes. 

INTRODUCTION 

The United S t a t e s  Environmental P r o t e c t i o n  Agency, i n  keeping wi th  t h e  
i n t e n t  of t h e  Clean A i r  Act t o  keep a i r  p o l l u t i o n  w i t h i n  accep tab l e  l i m i t s ,  
h a s  e s t a b l i s h e d  i n  i t s  Standards of Performance f o r  New S t a t i o n a r y  Sources 
t h e  maximum a l lowable  emiss ions  of s u l f u r  ox ides  and n i t rogen  oxides  and 
p a r t i c u l a t e  s o l i d s  from new coal-burning power p l a n t s .  

Emissions of NOx can g e n e r a l l y  b e  c o n t r o l l e d  by mod i f i ca t i ons  of t h e  
combustion process  i n  e x i s t i n g  power p l a n t s .  Cont ro l  of p a r t i c u l a t e  s o l i d s  
emiss ions  i s  a f u n c t i o n  of t h e  type  of s o l i d s  removal equipment s e l e c t e d .  
To meet . the  l i m i t  of 0.6 l b  of s u l f u r  per  m i l l i o n  Btu of hea t  energy,  however, 
e x i s t i n g  p l a n t s  have r e s o r t e d  t o  t h e  fo l lowing  a l t e r n a t i v e s :  t h e  u se  of 
low-sulfur f u e l ,  t h e  u se  of h igh-su l fur  f u e l  from which some of t h e  s u l f ~ ~ r  
i s  removed p r i o r  t o  combustion, o r  t h e  u s e  of sc rubbing  dev ices  f o r  removal 
of SO2 from t h e  f l u e  gas .  These and o t h e r  techniques  f o r  reducing t h e  a i r  
p o l l u t i o n  problem a r e  being developed f o r  new coal-burning power p l a n t s .  

A concept t h a t  i s  r a p i d l y  ga in ing  r e c o g n i t i o n  a s  a p o t e n t i a l l y  e f f i c i e n t  
and economically a t t r a c t i v e  process  f o r  r a i s i n g  steam f o r  e l e c t r i c  power 
gene ra t i on  o r  p rocess  u se  is t h e  f l u i d i z e d  bed combustion of f o s s i l  f u e l s .  
I n  t h e  a p p l i c a t i o n  of t h e  f l u i d i z e d  bed p r i n c i p l e  t o  f o s s i l - f u e l  combustion, 



p a r t i c l e s  of p a r t i a l l y  s u l f a t e d  l imes tone  o r  dolomite  a r e  he ld  i n  suspension 
by t h e  combustion a i r ,  which e n t e r s  through a g r i d  a t  t h e  bottom of t h e  
combustor. Coal,  o r  any o t h e r  combust ible  f u e l ,  i s  i n j e c t e d  and burns i n  
t h e  f l u i d i z e d  bed, which i s  c o n t r o l l e d  a t  a temperature  of 800 t o  950°C. 
The s u l f u r  d iox ide  r e l e a s e d  du r ing  combustion r e a c t s  w i t h  l ime i n  t h e  f l u i d -  
i z ed  bed and, i n  t h e  presence  of excess  oxygen, forms calcium su1.fate.  Fresh ,  
crushed l imes tone  is  i n j e c t e d  cont inuous ly  i n t o  t h e  bed and t h e  s u l f a t e d  l i m e  
i s  removed cont inuous ly  t o  ma in t a in  a cons t an t  bed l e v e l  i n  t h e  combustor. 
The process  r e s u l t s  i n  g r e a t l y  reduced emissions t o  t h e  atmosphere of bo th  
s u l f u r  oxide and n i t r o g e n  oxide  p o l l u t a n t s .  

An important  i s s u e  r e l a t e d  t o  f l u i d i z e d  bed combustion concerns t h e  
subsequent  handl ing  and /o r  t rea tment  of t h e  p a r t i a l l y  s u l f a t e d  l ime m a t e r i a l  
removed from t h e  combustor. Seemingly, t h e  s imp le s t  a lL-eraat ive would be  
t o  d i spose  of the s u l f a t e d  l imes tone  i n  l a ~ l d f i l l s  or  a t  t h e  s i t e  from which 
t h e  s t o n e  was o r i g i n a l l y  milled. This  poses  p o t e n r i a l  e~ lv i runment , a l ,  problems 
due t o  p o s s i b l e  l each ing  of t r a c e  contaminants from t h e  s u l f a t e d  l imes tone ,  
which a l s o  contair is  sma l l  q u a n t i t i e s  of r e s i d u a l  a s h  from t h e  combustible 
f u e l .  A second a l t e r n a t i v e  would be t o  develop u s e f u l  and envi rorm~el~L;~l ly  
s a f e  a p p l i c a t i o n s  f o r  t h e  s u l f a t e d  by-pr,oduct. This  a l t e r n a t i v e ,  a s  does 
t h e  f i r s t ,  r e q u i r e s  t h a t  l a r g e  q u a n t i t i e s  of f r e s h  l imes tone  be  used i n  t h e  
combustion p roces s .  A third a l r e r a a ~ l v e ,  a l J  Llle s u b j e c t  of t h i c  revier.7, 
would be  t o  r e g e n e r a t e  t h e  s u l f a t e d  a d d i t i v e  t o  recover  s u l f u r ,  which would 
be  s t o r e d  f o r  u s e ,  and l ime t h a t  would be  r ecyc l ed  f o r  r e u s e  i n  t h e  combustor. 

Seve ra l  r e g e n e r a t i o n  schemes have been cons idered .  They can g e n e r a l l y  
b e  c l a s s i f i e d  a s  one-step and two-step r egene ra t i on  processes .  

One-Step Regenerat ion 

The most promising one-step r egene ra t i on  process  i nvo lves  t h e  r educ t ive  
decomposition of CaS04 a t  1050 t o  1150°C t o  form CaO and SO2 

CaS04 + CO 2 CaO + SO2 + C02 (1-a) 

CaS04 + Hp 2 [-:an + SO2 + H20 (1-b) 

4CaS04 + CHL, 4Ca0 + 4S02 + 2H20 + C02 (1-C) 

The process  could be  c a r r i e d  ou t  i n  a f l u i d i z e d  bed r e a c t o r ,  w i th  p a r r i a l  
combustion of a f o s s i l  f u e l  gene ra t i ng  t h e  necessary  reduc ing  gases .  

An a l t e r n a t i v e  one-step r egene ra t i on  p roces s  which has  been given some 
c o n s i d e r a t i o n  i s  t h e  s t r a i g h t  thermal  decomposition o f  CaSOl, a t  e l eva t ed  
tempera tures  (>1200°C) t o  form CaO and SO2 

CaSOi, + CaO + SO2 + 112 02 (2) 



Thi s  is  t h e  r e v e r s e  of t h e  r e a c t i o n  which occurs  i n  t h e  f l u i d i z e d  bed combus- 
, , 

t o r .  

Two-Ste~ Regenerat ion 

The f i r s t  s t e p  i n  t h e  v a r i o u s  two-step r egene ra t i on  schemes proposed i s  
t h e  r e d u c t i v e  decomposition of CaS04 t o  CaS a t  850 t o  950°C 

CaSO, + 4C0 CaS + 4C02 

CaS04 + CHG CaS + C02 + 2H20 

Gas04 + 2C I: CaS + 2C02 

The .second step which has  been most favorab ly  cons idered  i s  t h e  r e a c t i o n  of 
t h e  CaS from t h e  f i r s t  s t e p ' w i t h  C02 and H20 a t  550 t o  700°C t o  CaC03 and 
r 2  S 

CaS +.C02 + H20 + CaC03 + H2S (4)  

V a r i a t i o n s  i n  t h e  second s t e p  would be: (1) t o  s u b j e c t  t h e  CaS from t h e  
f i r s t  s t e p  t o  an ox id i z ing  r o a s t  a t  950 t o  1100°C t o  r e l e a s e  SO2 

CaS + 312 02 + CaO + SO2 (5)  

o r  (2)  t o  r e a c t  t h e  CaS w i t h  excess  unreduced CaS04 t o  form CaO and SO2 

~ C ~ S O I . +  + CaS 2 4Ca0 + 4S02 (6) 

The n e t  e f f e c t  of t h e  second v a r i a t i o n  of t h e  two-step process  would be  t h e  
same as t h e  one-step r e d u c t i v e  decomposition. . 

While technology r e l a t i v e  t o  f l u i d i z e d  bed combustion has  been advancing 
a t  an  e v e r - i n c r e a ~ i n g  pacc toward c .nmn~ercial izat lon,  technology r e l a t e d  t o  
r egene ra t i on  has  progressed r a t h e r  s lowly.  It i s  t h e  purpose of t h i s  r e p o r t  
t o  review t h e  development of r egene ra t i on  technology. Th i s  review covers  
r e sea rch  e f f o r t s  - s p e c i f i c a l l y  d i r e c t e d  toward t h c  r e g e n e r a t i o n  of s u l f a t e d  
, l imestones p l u s  b a s i c  and app l i ed  s t u d i e s  t ha t .may  i n d i r e c t l y  a s s i s t  i n  
f u r t h e r i n g  r egene ra t i on  technology. Many of t h e  l a t t e r  s t u d i e s  a r e  t hose  



which have been made t o  i n v e s t i g a t e  t h e  decomposition and/or  r educ t  i on  of 
gypsum o r  anhydr i t e ,  n a t u r a l l y  occurr ing  mine ra l s  of calcium s u l f a t e .  

The r e p o r t ,  i n s o f a r  as p o s s i b l e ,  i s  d iv ided  i n t o  reviews of t h e  one-step 
and t h e  two-step r egene ra t ion  schemes. The d i scuss ions  of t h e  two types  of 
p roces ses  a r e  n o t  sha rp ly  def ined  and t h e r e  is  a degree of over lap  i n  t h e  
d i scuss ions .  It should be emphasized t h a t  t h e  r e p o r t  does no t  a t tempt  t o  
e v a l u a t e  t h e  engineer ing ,  environmental ,  o r  economic m e r i t s  of t h e  v a r i o u s  
r egene ra t ion  methods. 

ONE-STEP REGENERATION 

Thermal Decompusition 

The term, one-step r egene ra t ion ,  is  g e n e r a l l y  used in r e f e rence  r o  c11e 
r e d u c t i v e  decomposition of calcium s u l f a t e  t o  calcium oxide and s u l f u r  
d iox ide .  The thermal  decomposition of calcium s u l f a t e  i s ,  however, a  l o g i c a l  
i'nti-oduction t o  t h e  reductjive decomposiflon pLocesscs, both t e c h n i c a l l y  and 
h i s t o r i c a l l y  speaking.  As e a r l y  a s  1903, i n v e s t i g a t o r s  began t o  s tudy  t h e  
thermal  decomposition of calcium s u l f a t e  a l o n e  and wi th  a d d i t i v e s  t o  produce 
s u l f u r  d iox ide  and a  cement c l i n k e r .  By 1916 , . an  experimental  p l a n t  was 
b u i l t ' i n  Leverkusen, Germany t o  produce a  s u f f i c i e n t l y  concentrated s u l f u r  
d iox ide  gas  and a  good cement c l i n k e r  by t h e  decomposition of calcium s u l f a t e  
u s ing  a carbon r e d ~ c t a n t . ~  The p l a n t  operated s u c c e s s f u l l y  from 1918 t o  1931, 
when it was c losed  f o r  economic reasons .  The process ,  known a s  t h e  Mueller- 
Kuhne process ,  is t h e  b a s i s  f o r  s e v e r a l  l a r g e  p l a n t s  ope ra t ing  i n  England and 
Western Eurupe. 

Thermodvnamics 

The thermal  decomposition of calcium sl.l.l.fate fs expressed Ly t h e  follow- 
ing  r e a c t  ion  : 

CaS04 3 CaO + SO2 + 112 02; 

A t  equi l ibr ium,  s u l f u r  t r i o x i d e  would a l s o  be p r e s e n t  and can be  accounted 
f ~ r  by t h e  r e a c t i o n  

The t h e o r e t i c a l  decomposition p re s su re  f o r  r e a c t i o n  (2)  has  been c a l c u l a t e d  
as a func t ion  of temperature from thermodynamic d a t a  by s e v e r a l  au tho r s .  3 9 

A comparison of t h e  c a l c u l a t e d  decomposition p re s su res  is  g raph ica l ly  shorn 
i n  F ig .  1. The c a l c u l a t e d  va lues  of Taschappat and p i k e 2  and those  of 
Vogel e t  aZ. ag ree  very we l l ;  the.  va lues  r epo r t ed  by wheelock3 a r e  consider-  
a b l y  h igher .  



TEMPERATURE, OK 

Fig. 1. . Decomposition Pressure of Fig. 2. Experimental Decomposition 
Calcium Sulfate as a Function Pressure of Calcium Sulfate 
of Temperature as Calculated as a Function of Temperature 
from Thermodynamic Data by as Measured by Various 
Various Investigators Investigators 

. . 

The equilibrium decomposition pressure of calcium sulfate has also been 
determined experimentally. 3 ,6 These results are shown in Fig. 2 along 
with the theoretical decomposition curve of Vogel et a l .  "rchal5 determined 
the equilibrium decomposition pressure for dehydrated chemically pure gypsum 
between 1273 and 1503OK. The results, included in Fig. 2, are from one to 
two orders of magnitude higher than theoretical. 

zawadzki6 also measured the equilibrium decomposition pressure of 
7 calcium sulfate. His values for dehydrated gypsum agreed closely with those 

of Marchal. Zawadzki observed, however, that when the calcium sulfate was 



heated  f o r  an  extended per iod  o f . t i m e . a t  a temperature near  1200°C, t h e  . 

equ i l i b r ium f e l l  t o  a much lower v a l u e  which corresponded t o  t h a t  
of n a t u r a l  anhydr i t e  and the equ i l i b r ium p res su re  of s u l f u r  t r iox ide .  over 
calcium oxide .  Zawadzki t hus  obtained a second s e t  of va lue  ( see  F ig .  2) f o r  
t h e  "transformed" gypsum which ag rees  w e l l  w i th  t h e  p red ic t ed  va lues  of 
Vogel e t  aZ.4 Zawadzki's r e s u l t s  a r e  i n  keeping wi th  t h e  f a c t  t h a t  a l l  forms 
of calcium s u l f a t e ,  when heated f o r  one hour a t  t empera tures  i n  excess  of 
900°C, w i l l  produce t h e , i n s o l u b l e  anhydr i t e  form. 

The eqi l i l ibr ium decomposition p res su re  of calcium s u l f a t e  was a l s o .  
measured by Taschappat and ~ i & e  f o r  samples of n a t u r a l l y  occu r r ing  gypsum, 
anhydr i t e ,  and chemical ly pure  gypsum, wi th  s i m i l a r  r e s u l t s .  The v a h e s  
agreed w e l l  w i th  t h e  va lues  of Zawadzki f o r  "transformed" gypsum and the  
t h e o r e t i c a l  v a l u e s  of Vogel e t  aZ. ( s ee  Fig.  2) .  

Based on t h e  t h e o r e t i c a l  decomposition p re s su re  of calcium s u l f a t e ,  
Vogel e t  u Z . ~  determined t h e  p re s su res  of bo th  s u l f u r  d iox ide  and s u l f u r  
t r i o x i d e  as a func t ion  of temperature,  assuming no oxygen was p re sen t  o t h e r  
than  t h a t  from t h e  decomposition. Their  r e s u l t s  a r e  g iven  i n  Table 1 along 
wi th  t h e  c a l c u l a t e d  mole' f r a c t i o n s  of S q 2  which would i e e i i l t  f rom ca r ry ing  
o u t  t h e  decomposition a t  d i f f e r e n t  t o t a l  pressl.lres. Very h igh  temperatures  
(>1260°C) and v e r y  low p res su res  ( 4 . 0  atm) would be  r equ i r ed  t o  produce . 

apprec i ab le  l e v e l s  of SO2 (>7X) - by thermal decomposition on the basis  nf: 
t h e s e  c a l c u l a t i o n s .  

TABLE 1. Pres su res  of SO3 and SO2 t n  Equil ibr ium wi th  
CaSOt, and Resul t ing  Mole Percent  o f  SO2 a t  
Various T o t a l  P re s su res  i' 

..-- 

Equil ibr ium Mole Percent  SO2 a t  
P i - e s ~ u r e , ~  min Hg Pndica ter l  'I'ota:l, Pressure 111 ALui - 

. - Temperature, 
P' -' " - ~ "  - '-' C / '.' F '56 3 302 0.5 1;. o s.n 10.0 

n Assuming no oxygen p r e s e n t  utl~trr than t h a t  from decomposition. 

Kine t i c s  

The k i n e t i c s '  of thermal  decomposition of calcium s u l f a t e  have no t  
been i n v e s t i g a t e d  ex tens ive ly .  Ear ly  work by Hofman and ~ o s t o w i t s c h ~  indi -  



cated that thermal decomposition began around 1200°C, with slagging of 
the sulfate-oxide mixture at 41360~~. After heating for ten minutes at 
1200°C, desulfurization was only 0.35% complete. At 1300°C, heating for 
ten minutes resulted in only 4.4% desulfurization. Budnikof f and syrkin8 
performed a similar study in which samples of gypsum were heated for three 
hours at fixed temperatures between 800 and 1375°C. Their results are sum- 
marized in Table 2. Even at a temperature of 1300°C, decomposition was only 
7% complete after heating for 3 hr. At 1375"C, the sample melted and rapid 
decomposition of the sample occurred. 

. TABLE 2. Data of Budnikoff .and Syrkin for the 
Thermal Decomposition of Calcium Sulfate. 

Weight Time of Product Composition 
' Heating Temperature Loss Decomposition CaS04 CaO 

(hr) ("0 (2)  (%I (wt %) (wt %) 

3 800 . 0.14. 0.33 99.9 0 .'09 

The above investigations of thermal decomposition were carried out in 
an oxidizing (air) atmosphere. The effect of atmosphere on the rate of 
thermal decomposition was first investigated by ~ischof f. Samples of gypsum 

. . (99.99% pure) were'-heated for 4 hr At 1150 and 1200°C in a continuously purged 
(2 literslhr) gas flow of either air or water vapor. Decomposition of 
the calcium sulfate in the water vapor atmosphere was approximately a factor 
of ten greater than was decomposition in the air environment. Briner and 
~nodellO subsequently compared the decomposition rates in air and in water 
vapor environments by heating samples of anhydrite (97.6% pure) for 4 hr at ,. 

t 1300°C. Decomposition with the water vapor purge was %5 times as great as 
with the air purge (84% us. 17%, respectively). 

Briner and ~nodellO also investiga'ted the decomposition of anhydrite 
in a continuously purged water vapor environment as a function of temperature 
and reaction time; Heating for five hours resulted in 95% decomposition at 
1388°C, as compared with only 0.4% at 1050°C. Heating for only 1 hr at 130o0c 
resulted.in decomposition of 42%'of the anhydrite. 

. . . . . . . . . . . 
1 Wheelock3 investigated the tllemai decomposition of gypsum samp.1es 

heated.to temperatures in the range of 1150 to 1315OC in experiments in 
which pure nitrogen or pure carbon dioxide or products of the decomposition 

,. , 
1 .  (culfur dioxide and oxygen) w e r e  p a s s e d  over the samples. In a nitrogen 

. - . . 



atmosphere a t  1225"C, t h e  gypsum sample was 100%. desu l fu r i zed  i n  100 min of 
r e a c t i o n  t ime . .  A t  h ighe r  tempera tures ,  .complete d e s u l f u r i z a t i o n  was obta ined  
i n  l e s s  . t han  1 h r .  When a gas  mixture con ta in ing  only  1.8% s u l f u r  d ioxide  
and 0.9% oxygen i n . n i t r o g e n  was.passed over  gypsum p a r t i c l e s  heated t o  1150 , 

t o  1315OC, t h e  gypsum was only  %15% d e s u l f u r i z e d  a f t e r  %90 min. Wheelock's 
r e s u l t s  i n d i c a t e  t he  adve r se  k i n e t i c  e f f e c t s  of q u i t e  low p a r t i a l  p re s su re s  
of t h e  r e a c t i o n  products ,  which e i t h e r  prevented thermal decomposition of 
gypsum o r  a t  l e a s t  reduced t h e  r a t e  of decomposition t o  an i m p r a c t i c a l l y  
low l e v e l .  

Addi t ive  E f f e c t s  
, . . .  

The e f f e c t s  of v a r i o u s  a d d i t i v e s  on t h e  thermal decomposition of calcium 
s u l f a t e  have been determined. In  t h e  very  e a r l y  work by Hofman and ~ o s t o w i t s c h :  
t h e  e f f e c t s  of s i l i c a ,  l e a d  oxide,  and f e r r i c  oxide on t h e  thermal decomposi- 
t i o n  of chemical ly pure  calcium s u l f a t e  were examined. S i l i c a  a d d i t i v e  was 
r epo r t ed  t o  lower t h e  i n i t i a l  decomposition temperature t o  %IOUO°C from %1200°~ 
f o r  t h e  pure s u l f a t e .  The r a t e  of decomposition of t h e  s u l f a t e  was propor- 
t i o n a l  t o  t h e  amount of s i l i c a  added. F e r r i c  ox ide  r epo r t ed ly  began t o  
decompose calcium s u l f a t e  a t  a  s l i g h t l y  h igher  temperature than  s i l i c a  
(%llOO°C), bu t  t h e  decomposition proceeded a t  a  more rap id  r a t e .  

R e s u l t s  s i m i l a r  t o  t hose  of Hofman and Mostowitsch7 were repor ted  by 
cobb. l l  The i n i t i a l  decomposition of calcium s u l f a t e  i n  e flow of dry  o r  
moist  air  (7.2 mole % H20 i n  a i r )  wi th  no a d d i t i v e  p re sen t  was observed t o  
occur  a t  %1230°C, w i t h  t h e  r a t e  i n c r e a s i n g  g radua l ly  up t o  a  temperature of 
1380°C (where "rapid" d i s s o c i a t i o n  began). The a d d i t i o n  of s i l i c a  reduced 
t h e  observed i n i t i a l  decomposition temperature of t h e  calcium s u l f a t e  t o  
%lOIO°C, t h e  i n i t i a l  decomposition temperature being independent of t h e  r a t i o  
of s u l f a t e  t o  s i l i c a .  The t a re  of decomposition was repur led  L U  be pi-upol-- 
t i o n a l  t o  t h e  amount of s i l i c a  added. 

A much later 4tiiCIy hy West and ~ u t t o n l ~  takes e x c e v t i o ~ ~  t o  t h e  observa- 
t i o n s  of Hofman and ~ o s t o w i t s c h ~  and cobbl ' regard ing  a d d i t i v e s  lowering 
t h e  i n i t i a l  temperature a t  which thermal  decomposition t a k e s  p lace .  The 
s tudy  was made us ing  t h e  d i f f e r e n t i a l  thermal  a n a l y s i s  technique.  Gypsum 
and mixtures  of gypsum w i t h  s i l i c a ,  alumina, i r o n  oxide ,  d ia lyzed  k a o l i n ,  o r  
carbon were analyzed i n  furnace  atmospheres of a i r ,  n i r rogen ,  carbon d iux ide ,  
and carbon monoxide, The r e s u l t s  i nd ica t ed  t h a t  thermal  decomposition of 
calcium s u l f a t e  begins  a t  1225OC, t h e  temperature a t  which b e t a  calcium s u l -  
f a t e  changes t o  a lpha  calcium ~ u l f a r e .  I d e n r i c a l  resu lLs  w e r e  ubLdillrd Tor 
gypsum i n  a i r ,  n i t r o g e n ,  and carbon d iox ide  and for Llie a d d i t i o n s  of t h e  
above a d d i t i v e s .  X-ray a n a l y s i s  of t h e  sample r e s i d u e s  a f t e r  hea t ing  t o  
1250°C (above t h e  B- t o  a -anhydr i te  conversion)  i d e n t i f i e d  2CaOSSi02 a f t e r  
t h e  a d d i t i o n  of s i l i c a ,  and CaOSFe2Og a f t e r  t h e  a d d i t i o n  of i r o n  oxide. No 
r e a c t i o n  of s u l f a t e  w i th  a d d i t i v e  was confirmed f o r  alumina o r  k a o l i n i t e .  

The e f f e c t  of a d d i t i v e s  on t h e  equ i l i b r ium decomposition p re s su re  of 
calcium s u l f a t e  was determined i n  s e v e r a l  e a r l y  i n v e s t i g a t i o n s .  Marcha15 
measured t h e  e f f e c t s  of s i l i c a ,  alumina, k a o l i n ,  and i r o n  oxide on the: equi- 
l i b r i u m  decomposition p re s su re  of calcium s u l f a t e .  She repor ted  t h a t  alumina 



had a negligible effect and that iron oxide, silica, and kaolin, in that 
order, were increasingly effective in ratsing the decomposition pressure of 
calcium sulfate. Somewhat conflicting results were later reported by ~ e r r e s , ~ ~  
who also measured the decomposition pressures of mixtures of iron oxide, 
alumina, and silica with calcium sulfate. The decomposition pressure in- 
creased with the amount of additive in the mixture; iron oxide, alumina, and 
silica (in that order) were reported as having an increasing effect in raising 
the decomposition pressure of the calcium sulfate.. The results reported by 
~erres' are shown. in Fig. 3. 

The effect of silica on the rate of thermal decomposition was investigated 
by ~ischoff~ in the following gaseous environments: ai.r, oxygen, nitrogen, 
argon, sulfur dioxide, moist air, and water vapor. 'After heating samples of 
anhydrite mixed with silica for 4 hr at llOO°C, decomposition was <5% in the 
sulfur dioxide, ~ 2 0 %  in both the air and oxygen, ~ 3 0 %  in both the argon and 
nitrogen, and ~ 9 5 %  in the water vapor environment. In the absence of the 
silica,  decomposition of the calcium sulfate was only 4.3% complete after 
heating for 4 hr at 1200°C while passing water vapor over the sample. 

Briner e t  aZ. l4 passed a 65% H20 - 35% N2 gas mixture over heated samples 
of calcium sulfate containing additions of silica or kaolin or one of three 
,types of bauxite: Measurable decomposition (~1%) of the pure calcium sulfate 
was reported in the water-nitrogen gas mixture after heating for 1 hr at a 
temperature of only 600°C. The additives increased the rate of decomposition 
significantly at all temperatures studied between 600 and 900°C. Decomposi- 
tion was complete after heating a mixture of calcium sulfate and kaolin [CaS04 
+ 1/3(2Si02, A1203)] at 900°C for a4 hr. 

Hedvall et aZ. l6 also investigated the effect of additives on the 
thermal decomposition of calcium sulfate at low temperatures. They found 
that the decomposition of calcium sulfate at 1000°C in the presence of quartz, 
kaolin, feldspar, and coke ash was increased by the addition of 3% sodium 
chloride, as well as by the use of a stream of moist air to remove the 
generated gases. Oxides of manganese, chromium, iron, and zinc were also 
found to be beneficial in the decomposition. Decomposition of 99% was reported 
as a result of heating mixtures of calcium sulfate and sodium chloride with 
either quartz or kaolin at 1000°C for 24 hr in moist air. 

The thermal decomposition of by-product calcium sulfate from the wet 
process for the production of phosphoric acid was studied by Stinson and 
Mumma l 7  In the investigation, the by-product calcium sulfate was pelletized 
with silica. The rate of decomposition was measured as a function of Si02:S 
mole ratio, temperature, retention time, pellet size, iron-aluminum oxide 
content, and particle size of silica. When the pellets were heated for 2 hr 
ac 1250°C, the extent of desulfurization increased from 73% to 95% as the 
Si02:S mole ratio was increased from 0.7 to 1.1 The rate of desulfurization 
iucreased with an increase in temperature and a decrease in the size of the 
pellets. At 1250°C and with a Si02:S ratio of 1.0, all sizes of pellets 
(114 in. to 1 in.) were ~ 9 0 %  desulfurized within 60 min. The addition of 
iron-aluminum oxide strongly increased the rate of decomposition. As the 
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Fig .  3 .  Decomposition P res su re  of Calcium s u l f a t e  a s  a Function of 
Tempcrature and Addit ive.  Addit ive w t  % Ind ica t ed  on Curves. 
(Based on Fig .  6 of Ztschr .  angew. Chem. *.(20), 359 (1931). 
Reproduced by kind permission of Verlag Chemie I n t e r n a t i o n a l  
I n c . ,  pub l i she r )  



iron-aluminum ,oxide content-was increased from 0.7 to 4.1%, the proportion 
of sulfur volatilized in 15 min from pellets with a Si02:S mole ratio of 1.0 
at 12'50"~ increased from 57% to 100%. 

Bench-Scale Investigations 

In 1951, Bollen attempted to thermally decompbse gypsum in a bench-scale 
shaft furnace in which natural gas was burned with an excess of air in the 
bed of particlee. Under the oxidizing conditions in the furnace, it was found 
that the thermal decomposition 'of calcium sulfate was extremely slow, even at 

. temperatures as high as 2450°F. At those temperatures, fusion of particles 
occurred in the bed, preventing the flow of solids through the furnace. 
~ollenl* subsequently attempted to thermally decompose gypsum in a fluidized 
bed reactor operated at temperatures below fusion. The bed was fluidized with 
the combustion products of natural gas and air. By changing the natural gas 
to air ratio, conditions were varied from oxidizing to neutral to reducing. 
As in..the shaft furnace, oxidizing conditions resulted in unacceptably low 
desulfurization rates. 

Reductive Decomposition 

The one-step reductive decon~position of calcium sulfate is complicated 
by the large number of reactions which occur and the variety.of end products 
which can be produced. Depending upon the reductant, the desired decomposi- 
tion can be considered to proceed according to the reactions 

CaS04 i- CO -+ CaO + SO2 + C02 (1-4 

CaS04 + H2 + CaO + SO2 +.H20 (1-b) 

In the same system, however, several other reactions can occur which lead 
to the formation of undesirable products (for the purposes of the one-step 
regeneration) such as calcium sulfide, hydrogen sulfide, carbonyl sulfide, 
and elemental sulfur. For reduction by carbon monoxi.de and/or hydrogen, 
these products can be accounted for by the following postulated reactions 



In terms of the one-step regeneration of calcium sulfate, calcium sulfide 
formation is the most serious because its formation reduces the quantity of 
calcium available for sulfation upon recycle of the sorbent to the combustor 
(i.e., the recycle mass flow rate is increased). Its formation also reduces 
the level of sulfur dioxide obtainable in the off-gas from the regeneration 
unit. The principal objectives of the one-step regeneration process are, 
therefore, to minimize calcium sulfide formation in the regenerated solids 
and to maximize the sulfur dioxide concentration in the off-gas from the 
regenerator. 

Process Thermodynamics 

The thermodynamics of the reductive~decomposition have been studied by 
several investigators . 3 9 Equilibrium constants for the one-step 
reductive decomposition reactions are plotted in Fig. 4 as a function of 
tenlperatl~re. IIeats of rcncti'on for the decomposition reac.ti.nns are given 
in Table 3. The desired reduction reactions are seen to be endothermic and 
exhibit increasingly favorable equilibrium constants with increasing tempera- 
ture. 

Several attempts have been made to quantify the' effects of temperature 
and ratio of calcium sulfate to reductant on the equilibrium compositions 
for both the solid and gas phases. .Wheelock3 observed that the equilibrium 
expression for the solid-solid reaction of calcium sulfate with calcium 
sulfide 

3CaS04 + CaS -t 4Ca0 + 4S02 ( 6 )  

is simply: 

Thus, the partial pressure of sulfur dioxide in equilibrium with a mixture 
of calcium sulfate and calcium sulfide is a function of temperature only. 
From the equilibrium curve in Fig. 4 for this reaction, the equilibrium 
partial pressure of sulfur dioxide reaches 1 atm at 2120°F (wheelock3 reported 
a temperature of 1990°F). He concluded that a mixture of the reactants heated 
above this temperature in a closed system at atmospheric pressure would pro- 
ceed to react (with a corresponding increase in the system volume) until one 
or the other or both of the reactallts was used up. 

Wheelock3 further concluded that if calcium sulfate and a reducing gas 
such as carbon monoxide were reacted at atmospheric pressure in a closed 
system at a temperature above 1990°F 

(1) for a CO:CaS04 mole ratio of one, the sulfate would be almost 
entirely converted to calcium oxide with no sulfide formation, 

(2) for a CO:CaS04 mole ratio.between 1 and 4, the reaction product 
would contain both calcium oxide and calcium sulfide, and 

.(3') for a C O : C ~ S O ~ . ' ~ O ~ ~  ratio of 4 or greater, the sulfate should 
be entirely converted to sulfide. 



Fig. 4. Equ,ilibrium Constants for One-step Reductive Decomposition Reactions 



TABLE 3. Heats of Reaction for the One-Step Reductive 
Decomposition of Calcium Sulfatea 

Heat of Reaction (kcal/mole Ca~04) 

React ion , 1200°'K 1400°K. 1600°K 

CaS04 + CO = CaO + SO2 + C02 42.6 39.8 36.4 

CaS04 + H2 = CaO + SO2 + H20 50.5' 47.3 43.4 

4CaS04 + CH4 = 4Ca0 + 4S02 + C02 + 2H20 62.1 59.0 55.2 

2CaS04 + C = 2Ca0 + 2S02 + C02 62.8 59.8 56.0 

a Table prepared from data given in References 4 and 20. 

Wheelock and goylan21 then calculated equilibrium conversions at one- 
atmosphere pressure in a clused system for diffcrent ratios of either carbon 
monoxide or hydrogen to calcium sulfate at two temperature levels (1125 and 
1325~~) -and at two levels of carbon dioxide or steam to calcium sulfate 
(1.0 and 4.0). The results of their calculations are shown in Figs. 5a and 
5b. The upper halves of the figures represeiie che convrrsluil L u  calcium 
oxide and calcium sulfide, while the lower halves represent the region in 
which calcium oxide and calcium sulfate are present. The results are 
'interesting in that at atmospheric pressure and within an appropriate range 
of reducing conditions (as limited by temperature and C02:CaS04 mole ratio), 
it should be possible to completely convert calcium sulfate to calcium oxide 
with no calcium sulfide being formed. + 

Vogel et aZ. performed a somewhat similar analysis for the reduction 
of calcium sulfate by carbon monoxide at 10-atm pressure. Their calculations 
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Fig. 5a. Equilibrium Conversion of 
Calcium Sulfate to Calcium 
Oxide, Using Hydrogen 
(Based on Fig. 2, Reference 
21. Reprinted by kind 
permission of Processing.) 
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Fig. 5b. Equilibrium Conversion of 
Calcium Sulfate to Calcium 
Oxide, Using Carbon Mon- 
oxide (Based on Fig. 3, 
Reference 21. Reprinted 
by kind permission of 
Processing.) 



resulted in the phase diagram reproduced in Fig. 6 The line extending from 
the lower left to the upper right of Fig. 6 represents the coexistence line 
of calcium sulfate and calcium sulfide. To the left of the line, the gas 
mixture is so rich in carbon dioxide that calcium sulfide would be completely 
oxidized to calcium sulfate. In the area to the right of this line, the 
gas is so rich in carbon monoxide that calcium sulfate is completely reduced 
to calcium sulfide. The diagram assumes, of course, that the equilibrium is 
not reactant-limited in the solid phase. 

Fig. 6. Solid and. Gas Pliase Equilibrium Diagram at a 
Total Pressure of 10 Atm. (Reproduced from 
Ref. 4). 

The following interesting observation was also made concerning the 
isobars of constant. pressure in the ,pha~e diagram. In area A, the isobars 
slant down to the right; in area B, they slant down to the left, meeting 



those of area A at the calcium sulfate-calcium sulfide coexistence.line. At 
any temperature, therefore, the sulfur dioxide pressure is at a maximum at 
this junction. Maximizing sulfur dioxide and minimizing calcium sulfide , 

formation at any given temperature would seem to require, therefore, operating 
just' to the left of the coexistence line,. 

f 

Skopp et at. i9 in order to quantify these effects of temperature and 
gas composition, determined equilibrium compositions for both the solid and 
gas phases for a series of hypothetical regeneration systems. The calculations 
were made by use of a computer program which minimizes the free energy of a 
system sub'ect to material balance restraints. Table 4 presents the results 
reported. 121 

TABLE 4. Equilibrium Compositions for the Reduction of Calcium sulfatea 
. .* .. . . -__ 

Inlet Gas Composi-tion Outlet Gas Composition % 6f Reacted CaS04 
(mole %) (mole %): Converted to 

Temp. OF CO H2 C02 H20 N2 SO2 C02 H20 N2 CaO CaS 

2240 5 0 10 0 85 3.9 14.4 0 81.7 94 6 
2240 0 5 0 10 85 3.9 0 14.4 81.7 9 4 6 
2240 0 10 0 20 70 7.5 0 27.7 64.8 9 4 6 
2240 15 0 30 0 55 10.7 40.2 0 49.1 94 6 
2240 10 15 0 30 55 10.8 fl 40.2 49.0 3 4 6 
22.40 ----- 100% CHb ------- 0 33.3 66.7 0 0 100 

- - . -, .-. - . 
a Data from rsfer~nre 1 9 .  

At 1880°F, conversion of the sulfate was entirely to calcium sulfide. 
At 2060°F and 224U0J!, the equilibriuw pruduct compositions wcre uesurrtially 
identical in those cases in which the inlet gas composition was the same. 
There is no indication in the report, however, to explain whether the remain- 
ing calcium sulfide at 2060 and 2240°F (particularly for the case of 100% 
methane in the inlet gas at 2240°F) could have been eliminated by increasing 
the calcium sulfate to reducing gas ratio as the material balance constraint 
in the equilibrium calculation. The results did indicate that sulfur dioxide 
concentrations as high as 11% could be obtained at equilibrium conditions. 



The investigations of Vogel et aZ. and Skopp et. aZ. l9 both tended to dis- 
count the presence of significant amounts of elemental~s~ulfur, carbonyl sulfide, 
and hydrogen sulfide. Vogel et aZ. did demonstrate that at the temperatures 
considered for the reduction of calcium sulfate, calcium sulfite could not 
exist at equilibriuin in the presence of carbon monoxide-carbon dioxide mixtures. 

Process Kinetics 

Under nonequilibrium conditions, calcium sulfide may be produced during 
the reductive decomposition, regardless of theoretical considerations. Efforts 
have been made, therefore, to determine the effects of operating conditions 
on conversion rates and sulfide formation. Of primary interest is the rate 
of desulfurization since it is related to the production of the desired 
products, sulfur dioxide and calcium oxide. 

A very thorough investigation of the effect of operating conditions on 
desulfurization rates of calcium sulfate was carried out by Wheelock. The 
results of this work have also been summarized in two publications by Wheelock 
and Boylan. 21 9 22 In the study, a sample of coarse gypsum (-7+8 Tyler mesh) 
suspended from a triple beam balance was placed inside a small reaction tube, 
which in turn was inside a gas-fired muffle furnace. The sample was brought 
to the desired experimental temperature in an atmosphere containing sulfur 
dioxide and air to prevent the gypsum from thermally decomposing. When the 
desired temperature was reached, a selected reducing gas mixture was passed 
over the sample and the loss in weight of the sample was recorded as a 
function of time. Using the total desulfurization calculated from the 
composition of the sample residue at the conclusion of a run and assuming 
that the instantaneous desulfurization was proportional to the weight lost 
by the gypsum charge, desulfurization was determined as a function of time. 

Wheelock3 9 9 22 observed essentially two types of desulfurization curves. 
When the feed gas contained mixtures of carbon monoxide and nitrogen, the 
curves were characterized by a single constant rate period which prevailed 
for practically the entire run. When sulfur dioxide was present in the feed 
gas, the curves were characterized by two'relativeIy constant-rate periods, 
the'initial and the maximum. The initial rate was relatively slow and very 
little desulfurization occurred during this period, After the initial 
induction period, the rate rapidly increased to its maximum value, and the 
greater part of the desulfurization occurred. It was possible to correlate 
both the initial and the maximum desulfurization rates with operating con- 
dit ions. The result s obtained by Wheelock and subsequent investigators 
are summarized below. 

Temperature Effects. Wheelock observed that the effect of temperature 
on desulfurization rate varied with the feed gas composition. With a gas 
composition of 3% COY 20% C02, and 5% SO2 in nitrogen and'a reaction tempera- 
ture of %2100°F, the gypsum passed through an initial induction period when 
little or no decomposition occurred. The reaction rate then increased to a 
relatively constant and rapid desulfurization rate of %6%/min. After 50 min, 
the reaction ended with approximately 87% desulfurization and 11% calcium 
sulfide in the sample residue. At 2200°F, the initial reaction rate was 
much higher but the maximum reaction rate remained relatively unaffected 
(%6X/min). After 45 min, the sample was completely desulfurized. 



With a gas composition of 4% CO, 10% C02 and 5% SO2 in nitrogen, both 
the initial and maximum reaction rates increased with temperature. At 2100°F 
the maximum desulfurization rate was Q7%/min, and at 2200°F it was ~14%. 

Particle Size Effects. Wheelock and ~ o ~ l a n ~ ~  reported that with a gas 
q 

composition of 3% CO, 20% C02, and 5% SO2 in nitrogen and at temperatures 
of 2160°F to 2220°F, the magimum desulfurization rate decreased from ~9.5%/min 
for ~0.05-in. particles to Q3.5%/min £or %0.20-in. particles. The initial 
desulfurization rate (Ql%/min) was unaffected by particle size, indicating 
that similarly to the effect of temperature on the initial and maximum 
desulfurization rates, the mechanism controlling the maximum desulfurization 
rate is independent of the mechanism controlling the initial desulfurization 
rate. 

~ e h r a ~ ~  also studied the desulfurization of calcium sulfate by passing 
reducing gases over solid particles in a combustion boat placed in a horizontal 
electrically heated furnace. He observed that when reacted under the same 
conditions for the same length of time, the coarser particles reacted less 
and had less tendency to form suifide than did finer particles. 

Gas Composition Effects. Wheelock and ~ o ~ l a n d ~ ~  observed that both 
the initial and maximum desulfurization rates varied linearly with carbon 
monoxide concentration in the feed gas. In the temperature range of 2140 to 
2220°F and with 20% C02 and 5% SO2 in the reactant gas, increasing the 
carbon monoxide concentration from 2% to 5% increased the maximum desulfuri- 
zation rate from %l%/min to ~14%/min. With more than 5% CO in the reducing 
gas, the desulfurization rate began to level off with increasing CO concen- 
tration due to increasing calcium sulfide formation. 

At carbon monoxide levels below 4%, eliminating sulfur dioxide from 
the reactant gas resulted in increased desulfurization rates. When 4% or 
more carbon monoxide was presenr, rhe desulfurizatlo~~ r a k  was v~lly very 
slightly affected by sulfur dioxfde concentrat-tons up to 7% in the reactant 
gas. The desulfurization rate was also influenced co only a very small degree 
by the presence of carbon dioxide in the reactant gas. Wheelock did report, 
however, that in decomposition experiments at 2140-2210°F and with 5% SO2 in 
the reactant gas, a CO~/CO mole ratio between 5 and 6 was required to prevent 
the formation of calcium sulfide. 22 

Wheelockalsoreported that when hydrogen was used as a reductant the 
desulfurization rate was two to three times that obtained when carbon monoxide 
was used, but that the level of calcium sulfide formation was about equal for 
both reductants. 

. Skopp e t  a2. l9 investigated the decomposition of anhydrite in a small 
(2-in. ID) batch fluidized bed reactor. The effluent sulfur dioxide concen- 
trations obtained at 10 and 15% reducing gas concentrations and various tem- 
peratures were compared with equilibrium predictions. For all reductants 
tested (hydrogen, carbon monoxide, and methane), the sulfur dioxide was found 
to have a first order dependence on the concentration of the reductant at the I 

inlet. For carbon monoxide and hydrogen, the reduction was equilibrium-limited. 

Mass Velocity Effects. An interesting effect of gas velocity on desul- 
furization rate was observed by W h e e l ~ c k . ~ ~  Although an increase in the 



maximum desulfurization rate was noticed as expected, when the gas mass 
velocity was increased, the initial desulfurization rate decreased signifi- 
cantly with increased gas mass velocity. Since.initia1 desulfurization 
rates were observed only when sulfur dioxide was present in the feed gas, it 
.would appear that the initial' rate of desulfurization observed by Wheel~ck*~ 
is controlled by the effective concentration of sulfur dioxide in the bulk 
gas phase surrounding the reacting gypsum particles. 

Reduction by Carbon. As previously indicated, the decomposition of 
calcium sulfate using a carbon reductant in the presence of additives is a 
process used by several large plants operating in England and Western Europe 
to produce sulfur dioxide and a cement clinker.' The results of an excellent 
recent investigation by Turkdogan and  inters^^ help outline the basic prim- 
ciples that govern the preferential reduction of calcium sulfate to either 
sulfur dioxide and calcium oxide or to calcium sulfide. 

Experiments were made using a reagent-grade calcium sulfate or powdered 
natural gypsum. Graphite, charcoal, char, coke and coal were the five-types 
of carbon used in the investigation. Mixtures of sulfate and carbon in 
various proportions (contained in a platinum crucible) were suspended from 
an automatic recording balance in a vertical furnace. Oxygen-free dry 
helium was passed through the reaction tube during the experiments. 

Principal conclusions of the work were: (1) complete conversion to 
sulfur dioxide is achieved by adjusting the molar CIS ratio in the charge to". 
0.5; for conversion to calcium sulfide with less than 1% loss as sulfur 
dioxide, the molar CIS ratio should be slightly greater than the stoichio- 
metric value of 2.0, (2) for the minimum CIS stoichiometric ratio of 0.5, 
approximately one-fourth of the sulfate is converted to sulfide, which 
subsequently reacts with unconverted sulfate to form the oxide and sulfur 
dioxide, (3) the rate of conversion of calcium sulfate to calcium sulfide is' 
controlled by the rate of oxidation of carbon by carbon dioxide (from the 
direct reaction of carbon'with calcium sulfate) to carbon monoxide, and 
(4) coal, char, and charcoal were suitable sources of carbon for the reduction; 
reduction by graphite was unacceptably slow. 

For coal, which was the most reactive of the types of carbon tested, 
cor~version of gypsum to calcium sulfide was $95% complete after only 8 rrin 
at 1000°C and with a C/S ratio somewhat greater than 2.0. At the same 
temperature and with a CIS ratio of $0.5, conversion of the gypsum to 
calcium oxide was $90% complete after 90 min and was 95% complete after 120 
min. At llOO°C and with a C/S ratio of 0.5, reduction of gypsum to calcium 
oxide was $90% complete in $35 min. 

Reaction Mechanism 

Reactions of gases with solids are very complex and involve several 
steps which.occur successively. Depending on.the particular system and the 
set of conditions, any one of the steps can control the overall rate of the 
reaction. A mechanism for the reductive decomposition of calcium sulfate was 
proposed by ~ o b b i n s . ~ ~  The mechanism is based on gas adsorption studies which 
he made and on Wheelock's3 desulfurization rate data. The general stbps in 
Robbin.' s reaction. mechanism are as Lollows : 



1. Diffus ion of gaseous r e a c t a n r s  t o  s o l i d  r eac tan t  su r face ,  
2.  Adsorption of gaseous r e a c t a n t s  on s o l i d  r eac tan t  surface ,  
3 .  Surface reac t ion  a t  s o l i d  r eac tan t  su r face ,  
4. . Desorption of gaseous products d i r e c t l y  t o  gas phase, 
5. Adsorption of gaseous r e a c t a n t s  on s o l i d  reactant-product i n t e r f a c e ,  5 

6 .  . Surface r e a c t i o n  a t  s o l i d  reactant-product i n t e r f a c e ,  
7.  Desorption of gaseous products  from s o l i d  product surface .  

Steps 1 through 4 represent  a nuclea t ion  process with the  formation of 
s o l i d  product n u c l e i  wi th in  t h e  r e a c t i n g  p a r t i c l e .  Steps 1 and 5 through 7 
r ep resen t  t h e  growth of s o l i d  product nuc le i .  The impl ica t ion  he re  is t h a t  ' 

i f  t h e  nuc lea t ion  r a t e  i s  markedly lower than t h e  growth r a t e ,  t h e  decomposi- 
t i o n  r e a c t i o n  could be charac ter ized  by an induct ion  o r  i n i t i a l  r a t e  per iod ,  
followed by a more rapid  o r  maximum r a t e  per iod ,  as observed by W h e e l ~ c k . ~  
D e t a i l s  of Robbins ' proposed mechanism a r e  presented i n  t h e  following 
parsgraphs.  

Calcium oxide formation. Since carbon monoxide does not  adsorb appre- 
c i a b l y  on calcium s u l f a t e ,  t h e  carbon monoxide r e a c t s  d i r e c t l y  a t  the  calcium 
s u l f a t e  surface .  The product,  according t o  ~ o b b i n s ~ ~  theory,-  is a compound 
of . s u l f u r  d ioxide  and carbon dioxide  adsorbed on calcium oxide a s  follows: 

Robbins f u r t h e r  contended t h a t  s ince  t h e  presence of carbon dioxide  does not  
appreciably a f f e c t  t h e  i n i t i a l  r e a c t i o n  r a t e  a s  determined by Wheelock, 
it  probably desorbs r ap id ly  according t o  t h e  r e a c t i o n  

The f i n a l  s t e p  i n  t h e  formation of calcium oxide nuc le i  then involves the  
d i r e c t  desorpt ion  of s u l f u r  d ioxide  a s  express-ed by t h e  r eac t ion  

Ca0.So2 = CaO + so2 (13) 

A s i m i l a r  mechanism has been proposed by Pechkovskii and ~ e t o v , ' ~  who 
suggest  t h a t  the  formation of calcium oxide occurs i n  two s t e p s  a s  follows: 

The calcium s u l f i t e  in termedia te  i n  r eac t ions  (14) and (15) has a l s o  been 
qbserved by Marier and ~ n ~ r a h a m ~ ~  and Low e t  a2. 28 during inves t iga t ions  of 
t h e  r eve r se  r eac t ions .  However, t h e s e  observations were made a t  r e l a t i v e l y  



.low temperatures (up t o  600°C). Vogel et aZ. ,4 i n  t h e i r  thermodynamic 
inves t iga t ion ,  proved t h a t  calcium s u l f i t e  can not  e x i s t  a t  equil ibrium 
a t  e levated  temperatures. 

~ o b b i n s ~ ~  cor re la t ed  t h e  i n i t i a l  d e s u l f u r i z a t i o n  r a t e s  determined by 
Wheelock3 aga ins t  t h e  degree of supersa tura t ion  of the  s u l f u r  dioxide 
adsorbed on calcium oxide. Supersaturat ion was determined t o  be t h e  d i f -  
ference  between t h e  equil ibrium pressure  of s u l f u r  dioxide above calcium 
oxide and t h e  p a r t i a l  pressure  of s u l f u r  dioxide i n  t h e  bulk gas stream 
surrounding t h e  r eac t ing  calcium s u l f a t e  p a r t i c l e .  The da ta  co r re la t ed  
very w e l l ,  i n d i c a t i n g  t h a t  the  nuclea t ion  r a t e  is  considerably more depen- 
dent on supersa tura t ion  a t  t h e  lower concentra t ions  of carbon monoxide. I n  
f a c t ,  a t  carbon monoxide l e v e l s  of 4 percent  o r  g r e a t e r ,  t h e  i n i t i a l  desul- 
f u r i z a t i o n  r a t e  i s  independent of t h e  degree of supersa tura t ion .  This does 
not  negate t h e  p o s s i b i l i t y  t h a t  t h e  r a t e  of desorpt ion  o r  d i f f u s i o n  of s u l f u r  
d ioxide  i s  s t i l l  t h e  r a t e -con t ro l l ing  s t e p  i n  t h e  r educ t ive  decomposition 
reac t ion .  

Robbins2' f u r t h e r  contended t h a t  once s u f f i c i e n t  n u c l e i  a r e  formed, the  
r a t e  of decomposition inc reases  t o  i t s  maximum r a t e ,  presumably because t h e  
su r face  of t h e  nuc le i  provides a more rapid  r o u t e  f o r  t h e  desorption of 
s u l f u r  dioxide than does d i r e c t  desorption.  Evidence t h a t  t h e  r a t e  is  s t i l l  
desorption-control led is  provided by Skopp et aZ. l9 They observed t h a t  i f  
reductant  flow t o  t h e i r  r eac to r  was stopped, s u l f u r  d ioxide  was observed i n  
the  off-gas a t  i t s , p e a k  s teady-s ta te  va lue  f o r  a period of t i m e  approximately 
seven times t h a t  of the  gas holdup t i m e  i n  t h e  system (from t h e  point  of feed 
gas . in t rodu- . t ion  t o  t h e  point  of off-gas ana lys i s ) .  

The f a c t  t h a t  increased mass flow. r a t e  decreased t h e  i n i t i a l  desu l fu r i -  
za t ion  r a t e  i s  cons i s t en t  i n  t h a t  t h e  increased concentra t ion  of s u l f u r  d ioxide  
a t  the  p a r t i c l e  su r face  f u r t h e r  hindered t h e  desorpt ion  of s u l f u r  dioxide 
during t h e  formation of calcium oxide nuc le i .  

Calcium s u l f i d e  formation. ~ o b b i n s ~ ~  proposed t h a t  calcium s u l f i d e  for -  
mat.ion occurs i n  two s t e p s .  F i r s t ,  s u l f u r  d ioxide  adsorbed on calcium oxide 
i s  reduced t o  elemental s u l f u r  by t h e  r eac t ion  

The s u l f u r  can then be f u r t h e r  reduced t o  calcium s u l f i d e  a s  follows: 

CaO-S + CO = CaS + Co2 (17) 

Pechkovskii and ~ e t o v ~ ~  have a l s o  proposed a two-step mechanism f o r .  calcium 
s u l f i d e . c o n s i s t i n g  of f e a c t i o n s  (8) and (18) a s  fol lows:  



RobbinsV25 mechanism seems more p l a u s i b l e ,  however, s i n c e  r e a c t i o n  (17) would 
n o t  r e q u i r e  t h e  complicated and improbable molecular  interaction expressed . i n  
r e a c t i o n  (18) .  , 

Laboratory and Bench-Scale I n v e s t i g a t i o n s  

Seve ra l  res 'earch and development s t u d i e s  have been made of t h e  one-step 
r e d u c t i v e  decomposition process .  Inasmuch as p o s s i b l e ,  t h e s e  i n v e s t i g a t i o n s  
w i l l  b e  reviewed i n  t h e  fo l lowing  paragraphs i n  ch rono log ica l  o rde r  and under 
t h e  % n v e s t i g a t o r s V  a f f i l i a t i o n  a t  t h e  t ime each s tudy  was made. 

'Early Work a t  Iowa S t a t e  Univers i ty .  Mention. has  a l r eady  been made of 
t h e  e a r l y  bench-scale investigations by Bollenl  and Wheelock. Bollenl  
f i r s t  a t tempted t o  decompose n a t u r a l  gypsum thermal ly  i n  a bench-scale s h a f t  
f i l m a r e  in which n a t u r a l  gas  was burned wi th  an  excess  of a i r  d i r e c t l y  i n  t h e  
bed of gypsum p a r r i c l e s .  H e  subsequent ly u t i l i o c d  a f l u i d i z e d  bed r e a t t n r  
i n  which s m a l l  amounts of gypsum o r  anhydr i t e  were f l u i d i z e d  by t h c  high- 
temperature combllstion products  of n a t u r a l  gas .  When combustion was s t o i c h i -  
ome t r i c ,  d e s u l f u r i z a t i o n  was f a i r l y  rap id  and  complete^ when excess  a i r  was 
used f o r  t h e  combustion, t h e  r a t e  of d e s u l f u r i z a t i o n  was cons ide rab le  lower; 
when excess  n a t u r a l  gas  was used i n  t h e  coulbustion, cons ide rab le  calcium 
s u l f i d e  was found i n  t h e  decomposition products .  

wheelock3 i n  1958 r epor t ed  a t t empt s  t o  aga in  decompose calcium s u l f a t e  
i n  a s h a f t  furnace.  Although he  was somewhat more s u c c e s s f u l  t han  Bollen 
(89% d e s u l f u r i z a t i o n ,  2.8% s u l f u r o u s  gases ,  and a by-product calcium oxide 
con ta in ing  3.1% calcium s u l f i d e ) ,  t he  r e s u l t s  were less than  encouraging. 

Bureau of Mines. The decou~pos i t ion  of gypsum i n  a f l u i d i z e d  bed r e a c t o r  
w a s  l a t e r  i n v e s t i g a t e d  by Mart in  e t  Objec t ives  of t h e  i n v e s t i g a t i o n  
were to decompose gypsum i n  a f l u i d i z e d  bed t o  produce a gas r i c h  i n  s u l f u r  
rlinxide and a lime or p o r t l a n d  cement r e s idue .  

A f t e r  pre l iminary  sc reen ing  tests were performed i n  a 4-in.-ID f lu id i zed -  
bed r e a c t o r ,  a 10-in.-ID r e a c t o r  w a s  cons t ruc t ed  and operated.  The l a r g e r  
v e s s e l  cons i s t ed  of a s i l i c o n  ca rb ide  tube  6 f t  long. Feed w a s  in t roduced  
by means of a screw feede r  j u s t  above t h e  bottom of t h e  bed, and t h e  product 
was withdrawn at  t h e  oppos i t e  s i d e  of the v e s s e l  through a s i l i c o n  c a r b i d e  
overf low tube. The bed depth could b e  maintained between 2 and 3 f t .  
F l u i d i z i n g  gas w a s  in t roduced  i n t o  a cone-shaped bottom s e c t i o n  which served  
as t h e  gas d i s t r i b u t o r  and combustion chamber when n a t u r a l  gas was used 
as t h e  r educ tan t .  Ex te rna l  h e a t  was supp l i ed  by n a t u r a l  gas  bu rne r s  i n  t h e  
annu la r  space between t h e  r e a c t i o n  v e s s e l  and a f i r e b r i c k - l i n e d  s h e l l .  

A h igh-pur i ty  gypsum w a s  used i n  t h e  i n v e s t i g a t i o n .  Reductants included 
t h r e e  types  of coke, a l i g n i t e  cha r ,  coa l ,  and n a t u r a l  gas .  Addi t ives  
inc luded  q u a r t z ,  p y r i t e ,  and kaol in .  

The r e s u l t s  ob ta ined  were q u i t e  favorable .  With cement mixtures  (gypsum 
p l u s  a d d i t i v e s )  con ta in ing  0.6 mole of f i x e d  carbon per  mole of s u l f a t e ,  an  
average  of 98% d e s u l f u r i z a t i o n  w a s  ob ta ined  a t  1200°C. Su l fu r  dfoxide con- 
c e n t r a t i o n s  i n  excess  of 7% (dry b a s i s )  were a l s o  r epo r t ed .  The gas v e l o c i t y  
w a s  q u i t e  low, %2 f t / s e c ,  and t h e  s o l i d s  r e s idence  t i m e  q u i t e  high,  1 ~ 1 . 5  h r ,  
f o r  t h e  t e s t s .  



All of the solid carbon reductants gave results comparable to those 
presented above; a single test using natural gas resulted in only 85% desul- 
furization. 

Exxon. In the late 19601s, several reports related to the one-step 
reductive decomposition of calcium sulfate began to appear in the literature. 
Many of these investigations were specifically related to the regeneration 
of calcium oxide which had been sulfated at high temperatures in either 
simulated flue gas streams containing sulfur dioxide or in experimental 
fluidized bed combustors. 

Reference has already been made to the work of-Skopp et aZ. l 9  relative to 
the thermodynamics of the one-step reductive decomposition process. The 
report also presented the results of experimental regeneration studies which 
were made in a small fluidized bed reactor. The reactor consisted of a 
2-in.-ID alumina tube, the inlet section of which was packed with alumina 
cylinders to serve as a gas distributor. The reactor was situated in a 
small vertical muffle furnace that permitted operation of the reactor at 
temperatures in excess of 2150°F. Connections to the reactor were made 
through the gasketed ends of the reactor tube, which extended outside the 
muffle furnace. 

Initial batch experiments with anhydrite were' performed at atmospheric 
pressure, using a reducing gas (carbon monoxide plus hydrogen) concentration 
of 10 or 15%, a 1:2 ratio of reductant to its oxidized state (carbon.dioxide 
or water) in the reactant gas, a fluidizing'gas velocity of 0.8 to 1.6 ftlsec, 
and a bed temperature of %1850°F to %2150°F. Conversion appeared to be equili- 
brium-limited, and sulfur dioxide concentrations in the reactor effluent were 
5 to 10%. 

Regeneration studies were performed by first sulfating batch samples of 
limestone or dolomite by reaction with simulated flue gas. During investi- 
gations of the cyclic capacities of sorbents, a batch of the material was 
subjected to repeated cycles of sulfation and regeneration in the regenerator 
unit. The following observations were reported. 

1. -The rate of sulfur dioxide removal from simulated flue gas was 
greater for once-regenerated particles than for freshly calcined 
particles. 

2. Addition of as little as 3 to 5% fly ash to a batch of material 
prior to regeneration was sufficient to cause agglomeration 
problems at 2000°F. 

3. Self-agglomeration of sorbent particles could occur at temperatures 
between 2000 and 2100°F. 

4. . Samples.of limestone and dolomite were found to retain their 
reactivity for sorption of sulfur dioxide over eight full cycles. 
It was theorized that the cyclic capacity of a sorbent is limited 
by its exposure time to the high regeneration temperatures (%2000°F) 
rather than the number of cycles. 



'5. Regenerability of the sorbents remained essentially constant over 
the eight,cycles. Sulfur dioxide concentrations in the effluent 
gis were ~ 9 %  and the calcium sulfide level in the regenerated 
sorbent remained low (1-2%) . 

6. The amount of attrition was. a function of the particular sorbent 
tested and was not considered representative of what would happen 
in larger systems. 

A later report by Hammons and skopp30 presented the results of a series 
of cyclic experiments in which limestone was alternately sulfated in a 3-in.- 
dia batch fluidized bed coal combustor and regenerated in the 2-in.-dia batch 
fluidized bed regenerator described above. These units were operated inter- 
mittently, and solids were manually transferred becween rhe reactors. Bed tern- 
peratures in the combustor and regenerator were lGOO°F and 2000°P, respectively. 
Superficial gas velocities in the combustor and regenerator were 3 and 2 ft/sec, 
respectively. The reductant gas for regeneration contained 10 mol % carbon 
monoxide and 20 mol % carbon dioxide. 

The sulfur dioxide concentration. in the effluent from the regenerator 
was relatively constant over a single regeneration cycle, decreasing slightly 
with time. The maximum sulfur dioxide concentration during each cycle was 
constant during the seven combustion/regeneration cycles and was essentially 
the thermodynamic equilibrium value ( ' ~ 7 . 5 % ) .  

In 1974, Hoke et aZ. 3 1  repqrted the results of additional studies at 
Exxon which were directed toward the development of the one-step regeneration 
process. A small 1-in.-dia ceramic reactor was used to study the reductive 
decomposition of: calcium sulfate in fixed beds at teuperacur,es up t o  2000°P 
aid pressures up to 9.5 atm. A larger, 3-  25-in.-ID batch fluidized bed regen- 
erator was also constructed for Investigating one-stvp regeneration at elevated 
pressures. 'L'he fluidized bed unic consisted of a 12-111. carboll steel pipe, 
refract~ry lined to accept an inner lining of a 3.25-in.-ID alumina tube. The 
height of the unit above the fluidizing grid was ~ 1 6  ft. A burner section was 
located under the grid. Air and fuel required for regeneration entered the 
regenerator at the bottom of the burner. For some experiments, secondary air 
and part of the fuel were injected directly into the bed above the fluidizing 
grid. 

A few regeneration runs were made in the ceramic tube fixed-bed regen- 
eration unit at pressures between 1 and 9.5 atm. Temperatures were held at 
1900 and 2000°F. Either anhydrous calcium sulfate or sulfated limestone was 
used as bed material. Carbon monoxide and carbon dioxide concentrations in 
the feed gas were varied from 10 to 30% and 10 to 20%, respectively. Gas 
velocity through the bed was varied from 0.16.to 1.45 ft/sec. When the 
anhydrous calcium sulfate was used at 1 and 3 atm pressure, sulfur dioxide 
concentrations in the effluent reached ~ 7 % ,  cor~esponding to 35 and 50X, 
respectively, of the theoretical equilibrium concentrations. At 9.5 atm, 
the sulfur dioxide concentration dropped to 1.6% cr 34% of the equilibrium 
concentration. When the sulfated limestone was used, the measured sulfur 
dioxide concentration at 9.5 atm was only 0.5%, or 10% of equilibrium, and 
agglomeration problems were experienced at the 200Q°F reaction temperature. , 



I n  a s e r i e s  of tests i n  t h e  3.25-in.-ID f l u i d i z e d  bed r egene ra to r ,  t h e  
fol lowing observa t ions  were made: 

1. Over t h e  p re s su re  range of 3-10 atm, no s i g n i f i c a n t  e f f e c t  of 
p r e s s u r e  on s u l f u r  d iox ide  concen t r a t ion  was r epo r t ed .  However, 
s i n c e  t h e  equ i l i b r ium p a r t i a l  p re s su re  of s u l f u r  d iox ide  decreases  
wi th  inc reas ing  p re s su re ,  t h e  s u l f u r  d iox ide  concen t r a t ion  increas-  
i n g l y  approached equ i l i b r ium a s  t h e  p re s su re  was increased .  Sul'fur 
d iox ide  l e v e l s  were gene ra l ly  between 1 and 3% (o r  ~ ~ 5 0  of e q u i l i -  
brium) a t  10-atm p res su re .  

2. Over t h e  temperature range of 1800 t o  2080°F, both t h e  s u l f u r  
d iox ide  concen t r a t ion  and t h e  approach . to  equi l ibr ium inc reased  
wi th  inc reas ing  temperature.  

3. Reducing t h e  space  v e l o c i t y  i nc reased  t h e  e x t e n t  of r egene ra t ion ,  
i.e., t h e  s u l f u r  ,dioxide concen t r a t ion  i n  t h e  e f f l u e n t  gas  approached 
equ i l i b r ium more 'c lose ly .  

4 .  No s i g n i f i c a n t  e f f e c t  of t h e  concen t r a t ion  of reducing gases  on 
t h e  concen t r a t ion  of s u l f u r  d iox ide  w a s  apparent .  The d a t a  were 
i n s u f f i c i e n t  t o  i n d i c a t e  whether i nc reased  r a t i o s  of r educ tan t s  
t o  oxid ized  spec i e s  caused increased  formation of calcium s u l f i d e .  

5. Adding p a r t  of t h e  f u e l  above t h e  f l u i d i z i n g  g r i d  d i r e c t l y  i n t o  
t h e  bed of s o l i d s  ( so  t h a t  t h e r e  would be  an  ox id i z ing  flame a t  
t h e  g r i d )  r e s u l t e d  i n  more uniform bed temperature p r o f i l e s ,  
reduced bed agglomeration, and h ighe r  pe rmis s ib l e  bed temperatures  
a t  a given f u e l  consumption. 

6. The i n j e c t i o n  of a u x i l i a r y  a i r  i n t o  t h e  bed a t  a p o i n t  12 i n .  above 
. t h e  f l u i d i z i n g  g r i d  d r a s t i c a l l y  reduced t h e  calcium s u l f i d e  content  

of regenera ted  solids--from t y p i c a l  v a l u e s  of 40 t o  70 mole % t o  
l e s s  than  1 mole %. 

Kent Feeds, Inc .  The des ign  and ope ra t ion  of an  atmospheric  p i l o t  p l a n t  
f o r  demonstrat ing t h e  r e d u c t i v e  decomposition of anhydr i t e  w a s  r epo r t ed  by 
Hansen et aZ. 32 The r e a c t o r  was pa t t e rned  af  ter t h e  Bureau of Mines combustor 
d i scussed  above. The u n i t  cons i s t ed  ' of a 10-in. - I D  s i l i c o n  ca rb ide  tube  
surrounded by a gas- f i red  hea t ing  chamber t o  provide  ope ra t ing  f l e x i b i l i t y  
and reduce h e a t  l o s s e s .  The s o l i d s  were f e d  t o  t h e  r e a c t o r  by a r o t a t i n g  
va lve  and screw feede r  and were cont inuous ly  removed through a s i l i c o n  car -  
b i d e  overflow tube.  A f l a t  p l a t e  d i s t r i b u t o r  of c a s t a b l e  r e f r a c t o r y  was 
used,  as 'compared wi th  t h e  Bureau of Mines cone-shaped d i s t r i b u t o r .  A i r  and 
n a t u r a l  gas were nlixed and en te red  t h e  bed through t h e  gas  d i s t r i b u t o r  where 
p a r t i a l  combustion of t h e  f u e l  and r e d u c t i v e  decomposition of t h e  anhydr i t e  
occurrcd.  

The u n i t  w a s  t e s t e d  over t h e  fo l lowing  ranges of ope ra t ing  cond i t i ons :  
anhydr i t e  p a r t i c l e  s i z e ,  118 i n .  o r  sma l l e r ;  s o l i d s  r e s idence  t ime,  between 
.1 and 10 h r ;  temperature,  2000 t o  2300°F; and unspec i f i ed  ranges of gas  and 
a ir  feed  r a t e s .  It was claimed t h a t  ope ra t ing  cond i t i ons  were i d e n t i f i e d  



which provided up t o  90% d e s u l f u r i z a t i o n  and a product  gas  con ta in ing  between 
5 and 10% s u l f u r  d ioxide .  It was claimed t h a t  t h e  e f f l u e n t  gas  contained over  
14% s u l f u r  'd ioxide i n t e r m i t t e n t l y .  Calcium s u l f i d e  i n  . t h e  r e a c t e d  s o l i d s  was 
r e p o r t e d  t o  vary from "not de t ec t ab le"  t o  "appreciable"  concen t r a t ions  and was 
c l o s e l y  r e l a t e d  t o  t h e  reducing  c h a r a c t e r i s t i c s  of t h e  system ( r a t i o  of reducing 
agen t s  t o  calcium s u l f a t e ) .  

Consol. Z ie lke  et a2. 3 3  i n v e s t i g a t e d  t h e  combustion of c o a l  o r  low- 
tempera ture  c o a l  char  i n  a cont inuous 'bench-sca le  u n i t ,  us ing  excess  a i r  
i n  a f l u i d i z e d  bed of dolomite .  Continuous r egene ra t ion  of t h e  s u l f a t e d  
dolomi te  u s ing  p a r t i a l  combustion of carbon monoxide gas  w a s  a l s o  demonstrated. 

The experimental  u n i t  cons i s t ed  of a cont inuous,  f l u i d i z e d  bed r e a c t o r  
w i th  a n  i n s i d e  d iameter  of 4 i n .  The bed, 36-in. deep, was supported on a 
p e r f o r a t e d  p l a t e  above a plenum chamber through which t h e  f l u i d i z i n g  gases  
w e r e  in t roduced .  During combustlurl s l u d i e s ,  dolomite  and' either c o a l  o r  
cha r  could be pneumatical ly  f e d  t o  t h e  r e a c t o r .  For t h e  c y c l i c  s r u d f e s  (6.5 
c y c l e s  of a l t e r n a t e  s u l f u r  d iox ide  abso rp t ion  and r e g e n e r a t i o n ) , t h e  r euse  of 
do lomi te  w a s  explored.  During t h e  t e s t s ,  s u l f u r  d iox lde  gas was added with 
t h e  f l u i d i z i n g  a i r  a s  a major source  of s u l f u r  dur ing  t h e  abso rp t ion  cyc le s ;  
c o a l  w a s  burned t o  supply h e a t  and a minor amount of s u l f u r .  The r egene ra t ion  
p o r t i o n  of each c y c l e  was conducte3 a t  1950°C w i t h  carbon monoxide t h e  reducing 
gas.  Excess carbon monoxide w a s  burned w i t h  a i r  t o  supply t h e  h e a t .  A t  a 
gas  v e l o c i t y  of 1 .5  f t l s e c ,  a s o l i d s  r e s idence  t ime of %1.8 h r ,  and a carbon 
-monoxide ; to  s u l f a t e  r a t i o  o f '%l .O ,  d e s u l f u r i z a t i o n  was a s  h igh  a s  932 wi th  

-. l e s s  t han  0.5 w t  % S u l f i d e  i n  t h e  regenera ted  so rben t .  Su l fu r  d ioxide  con- 
c e n t r a t i o n s  i n  t h e  off-gas ranged from ~3 t o  7% a s  compared wi th  a ca l cu la t ed  
equ i l i b r ium va lue  of '12%. The optimum r a t i o  of carbon d ioxide  t o  car'bon 
monoxide i n  t h e  e f f l u e n t -  gas  was r epo r t ed  t o  b e . 2 3  t o  30,  a s  compared wi th  
t h e  equ i l i b r ium r a t i o  of %46. 

Pope, Evans, and Robbins. Researchers  a t  Pope, Evans, and Robbins have 
long been involved I n  r e sea rch  and development on f l u i d i z e d  bed b o i l e r s .  I n  
a r e p o r t  by Gordon et they a l s o  repbrt t h e  r e s u l t s  of l i m i t e d  i n v e s t i -  
g a t i o n s  i n t o  t h e  r egene ra t ion  of s u l f a t e d  so rben t .  

The equipment cons i s t ed  of a combustor, a carbon burnup c e l l ,  and a 
r e g e n e r a t i o n  u n i t .  The combustor cons i s t ed  of a 18-in. by 72-in. combustion 
space  over  an a i r  d i s t r i b u t o r .  A i r  en t e red  through a plenum chamber below 
t h e  d i s t r i b u t o r  and up through a g r i d  of bubble caps  i n t o  t h e  combustion 
chamber. Coal (o r  o t h e r  f u e l )  and 1imestone.were pneumatical ly  i n j e c t e d  i n t o  
t h e  bed. The f l u i d i z e d  bed was conta ined  i n  a r ec t angu la r  enc losu re  i n  which 
each w a l l  was a row of v e r t i c a l  b o i l e r  tubes  seal-welded t o  form a gas - t i gh t  
enc losu re .  

Appended t o  t h e  combustor was a f l u i d i z e d  bed carbon burnup c e l l .  It 
opera ted  i n  p a r a l l e l  w i t h  t h e  combustion chamber , .a t  a h ighe r  temperature bu t  
w i t h  a common bed (i. e .  , bed m a t e r i a l  was f r e e  t o  c i r c u l a t e  between t h e  two 
chambers through s l o t s  i n  t h e  d i v i d i n g  water-tube w a l l ) .  Fuel  f o r  t h e  carbon r 

burnup c e l l  was f l y  a s h  generated by t h e  combustor, p l u s  i t s  own f l y  ash and '  
a d d i t i o n a l  c o a l  i f  r equ i r ed .  

A second appendage t o  t h e  combustor was a r egene ra t ion  u n i t  which, 
s i m i l a r l y  t o  t h e  carbon burnup c e l l ,  opera ted  i n  p a r a l l e l  w i th  t h e  combustor 



b u t  a t  a h ighe r  temperature.  . The r egene ra to r  g r i d  a r e a  was 10-in. by 10-in. 
Coal was t h e  f u e l  used i n  t h e  r egene ra to r .  

I n i t i a l  r egene ra t ion  t e s t s  were made us ing  f i r s t  t h e  f l u i d i z e d  bed 
combustor and carbon burnup c e l l  i n  tandem. The ' t heo ry  of ope ra t ion  was t o  
o p e r a t e  t h e  combustor s e c t i o n  under cond i t i ons  f avo rab le  t o  s u l f u r  acceptance 
by l ime (bed temperature <1550°F, excess  oxygen >2%) wh i l e  ope ra t ing  t h e  
carbon burnup c e l l  a t  cond i t i ons  f avo rab le  t o  s u l f u r  r e j e c t i o n  (bed tempera- 
t u r e  >1800°F, excess  oxygen <4X). I n  a t e s t  w i th  t h e  combustor a t  a 1600eF 
bed temperature and 5% oxygen i n  t h e  f l u e  gas and wi th  t h e  carbon burnup c e l l  
a t  1850°F, t h e  l e v e l  of s u l f u r  d iox ide  i n  t h e  f l u e  gas from t h e  burnup. c e l l  
v a r i e d  from 1.6% t o  2.4% a s  t h e  oxygen l e v e l  decreased from 1.3% t o  0.5%. 
A subsequent t e s t  a f t e r  modi f ica t ions  of t h e  burnup c e l l  r e s u l t e d  i n  s i m i l a r  
r egene ra t ion  r e s u l t s .  

Tes t s  were then  made wi th  t h e  three-module system: combustor, burnup 
c e l l ,  and r egene ra to r .  During a 156-hr t e s t  over an  8-day pe r iod ,  s u l f u r  
d iox ide  l e v e l s  of 4 t o  8% were obta ined  i n  t h e  e f f l u e n t  from t h e  r egene ra to r  
module. The combustor temperature was %15006F; t h e  burnup c e l l  temperature 
was %2000eF; and t h e  r egene ra to r  bed temperature w a s  %2000eF wi th  <1% oxygen 
i n  t h e  f l u e  gas.  

A subsequent t e s t  was made i n  which only t h e  combustor and regenera tor ,  
modules were used. A s u l f u r  d iox ide  content  of 10% i n  t h e  r egene ra to r  f l u e .  
gas is  r epor t ed ;  no d e t a i l s  of t h e  t e s t  a r e  provided. 

Argonne Nat iona l  Laboratory. Argonne Nat iona l  Laboratory,  l i k e  Exxon 
and Pope, Evans, and Robbins, h a s  had a n  ex tens ive  r e sea rch  program d i r e c t e d  
toward t h e  development of f l u i d i z e d  bed combustion. I n i t i a l  r e s u l t s  of 
i n v e s t i g a t i o n s  i n t o  t h e  one-step r egene ra t ion  process  were r epo r t ed  by Vogel 
et a2. 3 5  Experiments were i n  1-in. ,  2-in., and 3-in.-dia u n i t s .  

The 3-in.-dia f l u i d i z e d  bed r egene ra to r ,  r a t e d  f o r  o p e r a t i o n  a t  10 a t m  
and 2000°F, cons i s t ed  of a r e f r ac to ry - l i ned  8-in.-dia p ipe  enclosed by a 
12-in.-dia p r e s s u r e  s h e l l .  F l u i d i z i n g  gas en tered  through a plenum and 
bubble-cap type  d i s t r i b u t o r .  The s o l i d s  i n l e t  l i n e  en t e red  through t h e  top  
f l a n g e  of t h e  u n i t  and te rmina ted  above t h e  bed. A s o l i d s  overflow l i n e  
paoacd through t h e  gas d l s L r i b u t o r  and t h e  bottom f l a n g e  of t h e  p re s su re  
s h e l l .  . The f l u i d i z i n g  gas  cons i s t ed  of oxygen and n i t rogen ,  metered s e p a r a t e l y  
and then  mixed. Carbon monoxide and kerosene en t r a ined  i n  carbon d iox ide  
were i n j e c t e d  i n t o  t h e  bed as t h e  f u e l s  and r educ tan t s  f o r  r egene ra t ion .  

Both ba t ch  and cont inuous experiments w e r e  performed a t  bed temperatures  
ranging from 1300 t o  1900°F, a p r e s s u r e  of $2 a t m ,  and gas v e l o c i t i e s  of 
2.3 t o  %6 f t l s e c .  A l l  t e s t s  b u t  one, which was made wi th  s u l f a t e d  dolomite ,  
were made wi th  pure calcium s u l f a t e .  Although h igh  s u l f u r  removal r a t e s  
wcrc r epo r t ed  (as 11igl1 a s  85% dur ing  cont inuous ope ra t ion  wi th  pure  calcium 
s u l f a t e ) ,  s u l f u r  d iox ide  l e v e l s  i n  t h e  f l u e  gas  were q u i t e  low, ranging  
between 1 and 4%. Regeneration a t  t h e  h ighe r  temperatures  i n v e s t i g a t e d  
r e s i i l t ed  i n  l e s s  r e s i d u a l  calcium s u l f i d e  i n  t h e  r e a c t e d  s u l f a t e .  

I n  a d d i t i o n  t o  t h e  bench-scale experiments ,  t h e  one-step r e d u c t i v e  
decnmpnsi t i o n  w a s  i n v e ~ t i g a t c d  a t  l a w  tempera tu ies  (1200-1 630°F) i n  small 



1-in. .and 2-in.-dia, batch fluidized bed. reactors. A bed of calcium 
sulfate was reacted with a gas mixture of two or more of the following gases: 
carbon monoGide, carbon dioxide, water, oxygen and nitrogen. Conclusive 
results were not obtained, but some observations made were: 

1. Regeneration appeared to be most effective when conditions of 
temperature and carbon dioxide concentration favored calcium 
carbonate formation over calcium oxide formation. 

2. A stated observation was that the sulfur dioxide concentration 
increased with oxygen concentrations. Checking tabulated and 
graphical presentations of experimental data (Appendix C, Ref. 35) 
suggests that the observation should have read that the sulfur 
d i n x i d e  concentration increased with increasing carbon dioxide con- 
centration and decreasing oxygen concentration in the regeneraror 
effluent gas. 

3. The maximum concentration of sulfur dioxfde obtained was approxi- 
mately equal to the theoretical equilibrium concentration. 

4 .  .Small quantities of elemental sulfur were produced. 

5. Small concentrations of carbonyf sulfide were derecred. 

The results of more recent regeneration studies performed at Ar onne 
are available in reports by Vogel e t  a2. 36737 and Montagna e t  aZ. 38,853 
experiments with the Argonne 3-in.-dia regenerator described above, sulfated 
dolomite (cnntaining %10.2 wt % sulfur as calcium sulfate) from the fluidized 
bed combustion process was regenerated to CaO-MgO by reductive decompositiu~l 
at llOO°C. 36 38  Methane was combusted in the fluidized bed to generate the 
heat and the reducing gases required. The effects of temperature, fluidizing- 
gas ve:locity, fltlidized-bed I~eight,  solid^ residence t - i m ~ ,  and total reducing- 
gas concentration in Lhe effluent on the regeneration of calcium oxide and the 
formation of calcium sulfide were evaluated. 

For the study, nitrogen and oxygen were mixed in the desired proportion 
and introduced through the gas distributor to establish a highly oxidizing 
zone in the bottom of the fluidized bed. Methane was introduced through 
multiple injection points rather than one injection point (to reduce hot 
spots). ranging from 15 to 25 cm above the gas distributor; thus, a reducing 
zone was established in the top portion of the f l u i d l z r d  bed and all oxidioing 
zone was established in the bottom portion of the bed. (This concept is 
similar to the addition of auxiliary air as used by Hoke e t  aZ. 3 1  and swift20 
TO create separate oxidieing and reducing xnnpR during regeneration. The 
work of the former investigator has been discussed above, and a discussion of 
the latter's work follows.) 

The results of the study can be summarized as follows: 

1. Increasing the fluidized-bed height at a constant additive feed 
rate was not beneficial to regeneration.. The bed height was 
increased from 1.5 ft to 2.5 ft with a drop in regeneration from 
62% to 54% and a drop in the sulfur dioxide concentration from 
5.7% to 4.4%. Poorer fluidizing and mixing in the deeper bed 
were the suggested causes for the decreased regeneration. 



2. Increasing the fluidized-bed height at a constant residence time 
also resulted in poorer regeneration. Comparable experiments at 
1.5 ft and 2.5 ft resulted in regenerations of 57 and 40%, respec- 
t ively . 

3. Increasing the gas velocity from 2.2 to 3.0 ft/sec while the other 
variables were fixed resulted in a decrease in sulfur regeneration 
from 65% to 38%. The proportion of gas bypassing in the bubble 
phase with increasing velocity is a suggested cause for the observed 
effect. 

4. 1ncreasing.the temperature from 1010°C to llOO°C increased regenera- 
tion-from ~ 2 0 %  to ~ 9 0 %  in experiments performed under similar con- 
ditions. The suLfur dioxide level increased from 0.8% to 7.3% on 
a dry basis. 

5. Very small amounts of sulfide were found in the. steady-s tate 
.regenerated products of all experiments. With Q J ~ %  total reducing 
gas in the effluent, 20.1% sulfide was formed. With ~ 1 5 %  reducing 
gas in the effluent, t,he sulfide only increased to 0.3 and 0.7% in 
two experiments. The use of separate oxidizing and.reducing 
regions was offered as the explanation for the low calcium sulfide 
formation. 

6 .  Approximately 5 to 15%,of the sulfated dolomite feed was decrepitated 
in the regenerator. . . 

7. Agglomeration of the bed was experienced at temperatures of 1100°C 
under highly reducing conditions (i,e., 15% reducing gas in the 
effluent). 

In the .more recent reports by Vogel et aZ. 37 and Montagna et az.; 39 the 
results of regeneration experiments in which the necessary heat and reducing 
gases were provided by coal combustion in the bed were reported. For these 
experiments. the inside diameter of the regenerator was increased to 4.25 in. 

The effects of solids residence time (7-35 min), regeneration temperature 
(1000-1100°~), a d  pressure (1.1-1.5 atiii) on the extent of regeneration and 
the sulfur dioxide concentration in the off-gas were investigated. Significant 
results were 

1. The extent of regeneration improved with increasing bed temperature 
and increasing solids residence time. 

2. The sulfur dioxide concentration in the flue gas increased with 
increasing temperature, decreasing solids residence time, and 
decreasing pressure. 

3. A maximum sulfur dioxide concentration of ~ 8 %  was obtained at ~ 7 0 %  
regeneration. 

4. The presence of reducing and oxidizing zones in the fluidized bed 
resulted in negligible (10.1 wt %) 'calcium sulfide in the regenerated 
sorbent , 



5. A mass and energy ba lance  cons t ra ined  model w a s  developed us ing  
t h e  exper imenta l  r e s u l t s  f o r  pre l iminary  process  eva lua t ion .  

6 .  Favorable pre l iminary  r e s u l t s  were a l s o  presented  of a c y c l i c  
s tudy  ( f i r s t  t h r e e  u t i l i z a t i o n  cyc le s )  t o  eva lua t e  t h e  r e a c t i v i t y  
of t h e  sorbent  over  s e v e r a l  cyc l e s .  

La te r  Work a t  Iowa S t a t e  Un ive r s i t y .  Reports by ~ w i f  t 2 0  i n  1973 and 
Swif t  and W l ~ e e l o c k ~ ~  i n  1975 p re sen t  t h e  r e s u l t s  of experiments i n v e s t i g a t i n g  
t h e  two-zone r e a c t o r  f o r  t h e  decomposition of calcium s u l f a t e .  A smal l  4 .75-  
in.-ID r e a c t o r  made by i n s t a l l i n g  a r e f r a c t o r y  l i n i n g  i n  an 18-in.  pipe was 
used i n  t h e  i n v e s t i g a t i o n .  A f i x e d  s o l i d s  overflow l i n e  was 16  i n .  above the  
ceramic bed-support p l a t e .  Bed he igh t  was va r i ed  by p l ac ing  l a y e r s  of alumina 
h a l l s  on t h e  s u r f a c e  of t h e  d i s t r i b u t o r .  So l id s  were introduced pneumatical ly  
through a d ip- leg  p e n e t r a t i n g  t h e  top  of t h e  r e a c t o r  and extending below t h e  
s i l r face  of t h e  bed. 

Two r e a c t i o n  zones were achieved by l i m i t i n g  t h e  r a t i o  of a i r  t o  n a t u r a l  
gas  which en te red  through t h e  gas d i s t r i b u t o r .  Secondary a i r  w a s  in t roduccd  
as t h e  t r a n s p o r t  gas  conveying t h e  s o l i d s  feed  i n t o  t h e  combustor. A reducing 
zone w a s  e s t a b l i s h e d  i n  t h e  lower p o r t i o n  of t h e  f l u i d i z e d  bed and an  oxidiz-  
i n g  xnne i n  t h e  upper p o r t i o n  of t h e  bed,  a s  v e r i f i e d  by measured concentra- 
t i o n  p r o f i l e s .  

Both gypsum and anhydr i t e  were t e s t e d  i n  t h e  r e a c t o r .  I n  a number of 
tests made a t  temperatures  from ~ 1 9 0 0  t o  %2200°F, t h e  e f f e c t  of t h e  two-zone 
r e a c t o r  w a s  demonstrated. I n  most i n s t a n c e s ,  t h e  overflow s o l i d s  were w e l l  
d e s u l f u r i z e d  (95-99%) wi th  very  l i t t l e  calcium sulfi 'de formed (<0.5W). 

TWO-STEP REGENERATION 

Two-step r egene ra t ion  of s u l f a t e d  a d d i t i v e s  (dolomite o r  l imestone)  
depends upon f i r s t  r e d u c i ~ l g  Clle calcium s u l f a t e  t o  calcium s u l t i d e  and 
subsequent ly recover ing  t h e  su l Iuz  Irom t h e  s u l f i d e  by an acid-base r e a c t i o n ,  
by r o a s t i n g ,  o r  by a s o l i d - s o l i d  r e a c t i o n  between the  calcium s u l f i d e  and 
excess  calcium s u l f a t e  from t h e  f i r s t  s t e p .  

For t h e  r educ t ion  s t e p ,  s e v e r a l  reducing agen t s  may be involved a s  
i n d i c a t e d  by t h e  r e a c t f o n s  

CaS04 + 4C0 CaS + 4Co2 

CaS04 + 4H2 CaS + 4H20 

CaS04 + CH, i! CaS + C02 + 2H20 

CaS04 + 2C 2 CaS + 2C02 



. Once calcium sulfide has been formed, calcium carbonate can later be regen- 
.crated by the acid-base reaction: . . 

CaS + H20 + C02 CaC03 + H2S (4) 

Alternative regeneration reactions include roasting of the sulfide to yield 
calcium oxide and sulfur dioxide, 

CaS + 312 02' CaO + SO2 (5) 

or the solid-solid reaction of calcium sulfide with calcium sulfate, 

Reduction of Calcium Sulfate to Calcium Sulfide 

Thermodynamics 

The free. energy changes and heats of reaction for the reduction reactions 
of calcium sulfate to calcium sulfide as calculated by Zadick et aZ. I, are 
presented in Table 5. It can be seen that the free energy change favors ail. 
the reduction reactions at temperatures of ~ ~ 2 0 0 ~ C  and higher, with reduction . 

by hydrogen and CO favored at temperatures below 25°C. Reduction by carbon 
monoxide and hydrogen is highly exothermic and'reduction by carbon and 
methane is highly endothermic. 

Equilibrium constants for the reduction reactions have 'been compiled 
from a number of sources (references 3,' 20, 35, 41, 42, and 43), and repre- 
sentative values are plotted in Fig. 7. The relatively large values of the 
equilibrium constants indicate that high equilibrium conversions of sulfate 
to sulfide should be achievable with all the reductants af. stoichiometric 
conditions. 

It should be emphasized, however, that mixtures of calcium sulfide and 
calcium sulfate have an equilibrium partial pressure of sulfur dioxide as 
indicated by the regeneration reaction: 

3CaS04 + CaS = 4Ca0 + 4S02 (6) 

As indicated in the discussion of the one-step reductive decomposition 
kinetics, reductive decomposition of calcium sulfate results in either a 
mixture of calcium sulfate and calcium oxide or a mixture of calcium oxide 
and calcium sulfide, depending on the temperature and reducing gas concentra- 
tions (see Fig. 5a, 5b, and 6) .4921 Calcium sulfide formation is favored 
uvar calcium oxide at low temperatures (1600-1800°F) and high reducing gas 
concentrations. 9 l 



TABLE 5. Calculated Free Energy Changes and Heats of Reaction 
for the Reduction of Calcium Sulfate to Calcium 
Sulfide by Various Reducing .Agentsa 

Heat of Reaction, 
Free Energy Change, kcallmole CaS04 kcallmole CaS04 
8 

Reaction 298°K 500°K 1000°K 1500°K 500°K 1000°K 

CaS04 + 4C0 -t 
CaS + 4C02 

CaS04 + 4H2 + 

CaS + 4H20 

-- --....*.=- 
a Data of Zadick et n1.41 

I REFERENCE N0.(41) I 

c a s  + 

/' 

TEMPERATURE, OF 

Fig. 7. Equilibrium Constants for the Reduction of Calcium 
Sulfate to Calcium Sulfide 



~inet ics 

A very early work by Hofman and ~ostowitsch~~ investigated the reductive 
decomposition of pure calcium sulfate by carbon and carbon monoxide. Reduc- 
tion by carbon was carried out in a nitrogen-purged environment, and reduction 
by carbon monoxide in a pure carbon monoxide purged environment. The results 
of. the work are summarized, in Table ,6. The results indicate' an expected 
higher rate of reaction with carbon monoxide. Even at 900°C, however, 
approximately 1 hr was required to reduce the sulfate to su1fide;in a pure 
carbon monoxide reactant stream. 

a 
TABLE 6. Reduction of Calcium Sulfate by Carbon Monoxide and Carbon 

Temperature 
Time of 
Reduction 

(hr) 

'~eduction of Calcium sulfate (%) 

Carbon Monoxide Carbon 

850 1 92.0 67.0 

900 1 100.0 90.0 

1000 1 - , 96.0 

a Data of Hofman and ~ostowitsch.~~ 
b 

0'~eil e t  a2. '46 performed thernogravimetric ' analysis experiments in 
which sulfated dolomites were .reduced to calcium sulfide. The experiments 
were performed in the temperature range of 750 to 850°C with 80 to 90% con- 
version. At 10 atm and 820°C, 85% conversion of the sulfate to sulfide was . 

achieved in %65 min using a reactant gas containing 20% carbon monoxide, 
40% carbon dioxide, and 40% nitrogen. The sulfidation reaction was indicated 
to be fir~t order in oulfatc concentration. 45 

A thermogravimetric anal sis' of the sulfidation reaction with hydrogen 
was performed by Vogel e t  ~ 2 . ~ ~  Results reported were that temperatures of 
900°C were required for complete reaction and that the presence of water 
vapor had no effedt on the rate of reaction. No details of the tests are 
given. . 

The catalytic reduction of calcium sulfate to calcium sulfide was . 
investigated in a small fluidized bed reactor by Zadick et a2. Of the 
catalysts tested, ferric oxide, stannous sulfate and vanadium pentoxide were 

' 

.found to have the greatest effect. When the bed was fluidized at 4 ftlmin - with pure carbon monoxide at 700°C and with no catalyst present, conversion 
of calcium sulfate to sulfide was ~ 5 %  after %50 min. With the addition of 
12.5% ferric oxide, conversion was '~97% after only 45 min. In addition, 

. c.a.lcium sulfide was found to autocatalytically favor its own rate of formation. 



Regeneration by Acid-Base Reaction 

Thermodynamics 

For regeneration by the acid-base reaction, 

CaS + C02 + H20 * CaC03 + H ~ S  

thermodynamic data has been 'used to calculate values for equilibrium con- 
stants. 4942 , 43 The equilibrium constants reported by different investigators 
agree well with each other, as evidenced in Table 7. The equilibrium constants 
indicate that increases in temperature have an adverse effect on equilibrium 
conversion. This effect can be seen in Table 8, in which calculated theoretical 
concentrations of hydrogen sultide are presented as a fiiilistiafi of remperarure." 
Calculations by indicate that at temperatures below ~1100°F and 
pressures above $4 atm, the acid-base regeneration reaction sho,uld yield 
a product gas containing hydrogen sulfide at concentrations which permit 
recovery of elemental sulfur in a Claus system; 

TABLE 7. Equilibrium Constants for the Acid-Base Regeneration Reaction 

Temperature 
(OF) 

Equilibrium Constant Kr, (atm-l) 

Vogel e t  aZ. squires4' Curran e t  aZ. 43 

TABLE 8. Hydrogen Sulfide Concentrations at Equilibrium in Dried and 
Undried Prod11r.t Gas Stream as a F~inction of Temperature for 
the Acid-Base Regeneration ~eaction~ 

Hydrogen Sulfide concentrationb at  Equilibrium 
Temperature 

(OF) Undried Dried 

a Data of Vogel e t  az. 
b Assumes 10-atm total pressure, 50% H20 and 50% C02 inlet gas. 



K i n e t i c s  

Experimental work r epor t ed  by v e r i f i e d  t h e  h igh  equ i l i b r ium 
y i e l d  of hydrogen s u l f i d e  p red ic t ed  by thermodynamics. Fu l ly  ca l c ined  
dolomite  was f i r s t  converted t o  calcium s u l f i d e  a t  atmospheric p r e s s u r e  and 
%llOO°F, us ing  a gas  mixture of 85% N 2 ,  10% H2S, and 5% H2. The s u l f i d e d  
dolomite  was then  regenera ted  a t  %220 p s i a  and 1000-1100°F t o  o b t a i n  a dry  
e f f l u e n t  gas  containin.? 20-24% hydrogen s u l f i d e .  Th i s  i s  ve ry  c l o s e  t o  t h e  
p red ic t ed  equ i l i b r ium concen t r a t ion  f o r  hydrogen s u l f i d e  (20 t o  37%) given i n  
Table 8 f o r  temperatures  between 1000 and 1100°F. 

Experimental work by o t h e r  i n v e s t i g a t o r s ,  however, seems t o  i n d i c a t e  
t h a t  such h igh  y i e l d s  of hydrogen s u l f i d e  may no t  b e  ob ta inab le  i n  a c t u a l  
opera t ion .  The r e s u l t s  of c y c l i c  sulfidation-regeneration experiments.  per- 
formed i n  a smal l ,  2-in.-dia f l u i d i z e d  bed r e a c t o r  have been r epor t ed  by 
Vogel et a2. 3 5  A sample of dolomite  was s u l f a t e d ,  reduced t o  calcium 
s u l f i d e  a t  10  atm and 1600°F (us ing  pu re  hydrogen o r  carbon monoxide), and 
then  regenera ted  a t  10 a t m  and 1000°F wi th  a C 0 2 / ~ 2 0  mixture.  The peak 
concen t r a t ion  of hydrogen s u l f i d e  i n  t h e  e f f l u e n t  gas dur ing  t h e  r egene ra t ion  
s t e p  decreased from 13% f o r  cyc l e  1 t o  0.5% f o r  c y c l e s  5 and 6. The percent  
s u l f i d e  regenera ted  decreased from 9.7% t o  a very low indeterminant  va lue .  

Experiments were a l s o  performed i n  which calcium carbonate  was r eac t ed  
d i r e c t l y  w i th  hydrogen s u l f i d e  and then  r eac t ed  wi th  C02/H20 a t  1000-1200°F. 
Again t h e  s u l f u r  removal was poor ,  g e n e r a l l y  50% o r  less. I n  c y c l i c  s t u d i e s ,  
t h e  peak hydrogen s u l f i d e  concen t r a t ion  i n  t h e . e f f l u e n t  gas  s t ream s t e a d i l y  
decreased wi th  each regenera t ion .  

The dec rease  i n  t h e  a b i l i t y  t o  r egene ra t e  calcium s u l f i d e  du r ing  c y c l i c  
ope ra t ion  has  a l s o  been r epor t ed  by Curran et aZ. 48 I n  t h e  cyc l ing  of dolomite 
between a hydrogen s u l f i d e  abso rp t ion  u n i t  and a r egene ra to r ,  t h e  l e v e l  of 
calcium s u l f i d e  i n  t h e  so rben t  g radua l ly  i nc reased  due t o  poor conversion i n  
t h e  r egene ra to r .  

An a d d i t i o n a l  i n t e r e s t i n g  observa t ion  w a s  made i n  a r e p o r t  by O 'Nei l l  
et aZ. 45 Regenerat ion of calcium carbonate  from ,calcium s u l f i d e  produced by 
t h e  r educ t ion  of s u l f a t e d  dolomite  was q u i t e  r a p i d  i n i t i a l l y .  Af t e r  %25% 
c u r ~ v r r s i o n  ( i n  10 min),  however, t h e  rate became extremely low. I n  c o n t r a s t ,  
y i e l d s  g r e a t e r  than  70% (%18 min) were achieved when t h e  calcium s u l f i d e  
w a s  formed by t h e  d i r e c t  s u l f i d a t i o n  of t h e  dolomite  wi th  hydrogen s u l f i d e .  

Labora tory .and  Bench-Scale . --- Stud ie s  

Very l i t t l e  development work has  been done t h a t  i s  d i r e c t l y  r e l a t e d  t o  
t h e  two-step r egene ra t ion  of calcium oxide from calcium s u l f a t e  m a t e r i a l s  
produced i n  f l u i d i z e d  bed combustors. The process  s t u d i e s  c i t e d  ahove4 9 48 
f o r . t h e  r egene ra t ion  of calcium s u l f i d e  formed d i r e c t l y  from t h e  r e a c t i o n  
between calcium oxide and hydrogen s u l f i d e  dur ing  c o a l  g a s i f i c a t i o n  i n d i c a t e  
t h a t  poor k i n e t i c s  limits t h e  hydrogen s u l f i d e  concen t r a t ion  i n  t h e  off-gas,  
as w e l l  a s  t h e  e x t e n t  of regenera t ion .  The r e s u l t s  of O 'Nei l l  et aZ.45 (TGA 
experiments) c i t e d  above i n d i c a t e  t h a t  calcium s u l f i d e  produced by t h e  reduc- 
t i o n  of calcium s u l f a t e  is  even l e s s  r e a c t i v e .  



Vogel e t  aZ. 35 have r epor t ed  t h e  r e s u l t s  of a  pre l iminary  i n v e s t i g a t i o n  
of t h e  two-step r egene ra t ion  process  i n  which t h e  acid-base r egene ra t ion  
method w a s  used. ' T h e  experiments were performed i n  t h e  3-in.-dia,  bench- 
s c a l e  r egene ra to r  desc r ibed  p rev ious ly  i n  t h i s  r e p o r t .  I n  t h e  experiments ,  a  
b a t c h  of pu re  calcium s u l f a t e  w a s  reduced a t  %1700°F wi th  carbon monoxide, 
which served  a s  bo th  the  f u e l  and t h e  r educ tan t .  Following r educ t ion ,  t h e  
bed w a s  cooled t o  %lOOO°F and then  a  mixture  of carbon d iox ide  and steam was 
passed through t h e  bed. The p re s su re  of t h e  system was v a r i e d  between %2 
and 10  atm. The f i n a l  samples contained l a r g e  amounts (54 t o  77%) of calcium 
s u l f a t e ,  i n d i c a t i n g  poor r educ t ion  dur ing  t h e  f i r s t  s t e p .  The f i n a l  samples,  
w i t h  t h e  except ion  of t h e  experiment a t  10 atm, a l s o  contained r e s i d u a l  s u l -  
f i d e  (17 and 26%), i n d i c a t i n g  t h a t  r egene ra t ion  w a s  incomplete  i n  t h e  second 
s t e p .  No hydrogen s u l f i d e  was d e t e c t e d  i n  t h e  r e a c t o r  e f f l u e n t .  

Tha r ~ ~ u l t s  O F  C 1 . i ~  1imi.tad k ine t ic  and bench-scale e f f o r t s  i n v e s t i g a t i n g  
two-step r egene ra t ion  by t h e  acid-base r e g e n e r a t i u a  s t e p  have n o t  becn 
encouraging. It has  been suggested t h a t  more f avo rab le  k i n e t i c s  a t  h ighe r  
tempera tures  may make t h e  p roces s  accep tab le  i f  s p e c i a l  t echniques  a r e  used 
t o  recover  t h e  low hydrogen s u l f i d e  con ten t  t h a t  would be present: i n  t h e  
r e a c t o r  e f f l u e n t .  

Regenerat ion by A i r  OxIdation 

Regenerat ion of calcium oxide from calcium s u l f i d e  by ox ida t ion  i s  
expressed  by t h e  r e a c t i o n .  

CaS + 312 02 2 CaO + SO2 (5 

A cnmp~.t ing and undes i r ab le  r e a c t i o n  i s  t h e  ox ida t ion  of t h e  s u l f i d e  t o  
s u l f a t e ,  as expressed by t h e  r e a c t i o n .  

CaS + 202 2 C ~ S O L ,  

Hofman and ~ o s t o w i t s c h ,  4 4  c i t e d  e a r l i e r  t o r  t h e i r  i n v e s t i g a t i o n  ol: Clle reduc- 
t i o n  of calcium s u l f a t e  wi th  carbon monoxide and carbon, a l s o  i a v e s ~ i g a t e d  
the a i r  ox ida t ion  of calcium s u l f i d e .  Air was passed over  samples of cal.cium 
s u l f i d e  hea ted  t o  temperatures  between 350 and 9 5 0 ' ~ .  Decomposition became 
n o t i c e a b l e  a t  %500°C and a c t i v e  a t  %800°C. The calcium s u l f i d e  was completely 
oxid ized  t o  a mixture  of calcium oxide  and calcium s u l f a t e ,  wi th  t h e  ind ica-  
t i o n  t h a t  evo lu t ion  of s u l f u r  d iox ide  inc reased  wi th  i n c r e a s i n g  temperature.  

Equil ibr ium c o n s t a n t s  and heat.s o f . r e a c t i o n  f o r  t h e  calcium s u l f i d e  . 
o x i d a t i o n  r e a c t i o n s  r epo r t ed  by swif t20  are presented  i n  Table 9. The va lues  
a g r e e  w e l l  wi th  t h o s e  a l s o  r epo r t ed  by ~ o e b a c h .  49 The r e a c t i o n s  are h igh ly  
exothermic and e x h i b i t  h i g h l y  f avo rab le  equ i l i b r ium cons t an t s ,  which decrease  . 

I s l i g h t l y  wi th  i n c r e a s i n g  temperature.  



TABLE.9. Equilibrium Constants and Heats of Reaction. for 
Oxidation Reactions of Calcium Sulfide with oxygena 

Heat of Reaction 
Log 1 OKp (kcallg mole CaS04 

React ion 1200°K 1400°K 1600°K 1200°K 1400°K 1600°K 

CaS + 312 02 2 CaO + SO2 15.7 13.0 10.9 -109.1 -109.4 -109.8 

CaS + 202 % CaS04 23.0 17.3 13.2 -219.1 -216.4 -213.1 

a Data of swift2' c 

An interesting analysis of the roasting of calcium sulfide was made in 
a .report by Vogel e t  aZ. The equilibrium constant for reaction (5) which 
is expressed as 

indicates that at any given temperature, the partial pressure of sulfur 
dioxide increases with the partial pressure of oxygen. It also follows from 
the equilibrium constant for reaction (19) 

that above some definite oxygen partial pressure given by equation (21) for 
any given temperature, calcium sulfide is no longer stable and is converted 
to calcium sulfate. Thus, the maximum. sulfur dioxide partial pressure 
obtainable is along the coexistence line of calcium. sulfide and calcium 
sulfate. 

Kinetics 

Very little kinetic information has been found relative to the reaction 
of calcium sulfide and oxygen. ~ o e b a c h ~ ~  carried out some experiments in a 
small 2-in.-dia fluidized bed reactor in which a solid product (from the 
reductive decomposition of anhydrite) containing high percentages of calcium 
sulfide and calcium oxide and a small percentage of calcium sulfate was 
oxidized. Oxidation was carried out at temperatures ranging from 1700 to 
2000°F, using mixtures of oxygen with either nitrogen or carbon dioxide. He 
reported that the oxidation reaction was extremely rapid, with calcium oxide 
and sulfur dioxide the favored products. Oxidation to calcium sulfate was 
found to increase, however, with decreasing temperatures and with increasing 
oxygen levels in the oxidizing gas stream. The rate of reaction increased * with the level of oxidizing agent in the reactant gas. Conversion in the 
reactor was reported to be equilibrium-controlled. 



swi f t20  performed similar experiments except  t h a t  t h e  r e a c t o r  was operated 
a t  s t eady  s t a t e  by t h e  cont inuous feeding  and removal of s o l i d s .  These 
experiments  were a l s o  performed i n  a 2-in.-dia r e a c t o r .  Conversion of calcium 
s u l f i d e  w a s  q u i t e  h igh ,  ranging from 52 t o  99%, b u t  d e s u l f u r i z a t i o n  ( r e j e c t i o n  
of s u l f u r  a s  s u l f u r  d iox ide )  ranged from 15  to ,86%.  Conversion of t h e  s u l f i d e  
t o  s u l f a t e  was enhanced a t  low temperatures  and h igh  02/Cas molar feed  r a t i o s .  
A t  a 1 .5  02/CaS mole r a t i o ,  i nc reas ing  t h e  temperature from %2000°F t o  % 2 1 0 0 ° ~  
inc reased  t h e  conversion from 52 t o  80% and t h e  d e s u l f u r i z a t i o n  from 39 t o  
76%. Inc reas ing  t h e  O ~ / C ~ S  mole r a t i o  t o  3 a t  %2000°F increased  t h e  conversion 
t o  84% b u t  t he  d e s u l f u r i z a t i o n  decreased t o  only 15%. The mean s o l i d s  r e s i -  
dence t i m e  f o r  t h e  s o l i d s  i n  t h e  r e a c t o r  ranged from 7 t o  32 min. 

Keairns  e t  aZ. have r epor t ed  t h e  r e s u l t s  of thermogravimetric 
experiments  i n  which s u l f i d e d  l imestones and dolomites  were oxidized a t  low 
tempera tures  w i th  t h e  i n t e n t i o n  of forming calcium s u l f a t e .  Resu l t s  repor ted  
were : 

1. Oxidat ion became percept5.hl.e a t  %750nF when a i r  was used. 
2.   so thermal runs  made w i t t i  s u l t i d e d  l imes tone  ae 1b930nF, 1 c 1 2 9 0 n ~ ,  

and %1650°F, y i e lded  conversions t o  t h e  su.l.fate of 3.5% i n  750 min, 
8% i n  35 min, and <I%, r e s p e c t i v e l y .  I n  t h e  experiment a t  %1290°F, 
8.u50X 1 ~ 1  L l ~ r  s u l f i d e  was axid iecd  i n  only 150 coo and ~165% was 
oxidized a f t e r  50 min. 

3. Oxidat ion of s u l f i d e d  dolomite  a t  %1290°F was 70% complete i n  
<50 s e c ,  a f t e r  which ox ida t ion  ceased. 

4.  Oxidation of p a r t i a l l y  s u l f i d e d  dolomite was-performed a t  tempera- 
t u r e s  between 1020°F and 1470°F. The degree  of ox ida t ion  a t t a i n e d  
be fo re  t h e  r e a c t i o n  raLe e s s e n t i a l l y  ceased w a s  16%. a t  1020°F, 60X 
a L  1200°F, aid 922 a t  1470°F'. 

5. Residual  s u l f i d e ,  a f t e r  ox ida t ion ,  was concent ra ted  i n  a t h i n  band 
a t  t h e  o u t e r  edges of t h e  s tone .  

6.  The o x i d i z a b i l i t y  of s u l f i d e d  l imes tones  and dolomites increased 
with dec reas ing  calcium content  of the  o r i g i n a l  s tone .  

The r e p o r t  f a i l s  t o  i n d i c a t e  t h e  r e l a t i v e  degree of conversion t o  t h e  oxide 
o r  s u l f a t e  f o r  each of t h e  ox ida t ion  experiments performed. 

Bench and Pilot:--cale Invest_gat ions - - 

The Esso Petroleum Co., England, has  developed a process  known a s  t h e  
CAFB (chemical ly a c t i v e  f l u i d i z e d  bed) f o r  t h e  g a s i f i c a t i o n  and desu l fu r i za -  
t i o n  of o i l  and coa l .  The process  uses  a f l u i d i z e d  bed of calcium oxide ,  
which r e a c t s  w i t h  the-hydrogen s u l f i d e  r e l ea sed  dur ing  g a s i f i c a t i o n  t o  form 
calcium s u l f i d e .  The spent  bed m a t e r i a l ,  r i c h  i n  calcium s u l f i d e ,  i s  then  
t r a n s f e r r e d  m a  f l u i d i z e d  bed r egene ra to r  where t h e  calcium s u l f i d e  i s  air- 
oxid ized  t o  l ime ( f o r  r e c y c l e  t o  t h e  g a s i f i e r )  and s u l f u r  d ioxide .  Resu l t s  
of batch bench-scale and cont inuous p i l o t - p l a n t  experiments of t h e  a i r -  
o x i d a t i o n  r egene ra t ion  process  have been r epor t ed .  51 . 

The ba tch ,  bench-scale experiments were on both  a s ing le-cyc le  and 
mul t ip le -cyc le  b a s i s .  Batches of l imestones were f i r s t  s u l f i d e d  by t h e  
subs to i ch iome t r i c  combustion of f u e l  o i l  d i r e c t l y  i n  t h e  bed. Upon com- 
p l e t i o n  of the  s u l f i d a t i o n  c y c l e ,  t h e  f u e l  supply t o  t h e  f l u i d i z e d  bed was 



discontinued, allowing air alone to contact the bed. When the'supply of fuel 
was discontinued, the temperature of the bed was generally.between 900 and 
1000°C. During oxidation of the calcium sulfide, the bed temperature would 
rise to between 1000 and 1100°C and then decrease rapidly as oxidation decreased. 
The concentration of sulfur dioxide during the tests was as high as 15%. 

Batch cyclic tests were also performed in which beds were alternately 
sulfided and then regenerated by air oxidation for up to 80,cycles. The 
maximum temperature during regeneration was ~1050OC for most of the tests, 
with sulfur dioxide levels (maximum) ranging around 7 to 9%. 

Results in the pilot plant were just as encouraging. When sorbent was 
continuously recycled between the gasifier and regenerator during a ten-day 
test, sulfur dioxide concentrations in the regenerator off-gas were consis- 
tently between 6 and 8%. 

. Keairns et aZ. 52 have issued a design report for a demonstration gasifi- 
cation facility based on the CAFB process. The design calls for a 4.5-ft-dia 
regenerator operated at 2000°F (1090°C), a maximum bed depth of 4 ft, and a 
gas velocity of 6 ft/sec. Expected sulfur dioxide concentration in the 

, regenerator effluent is 8%. 

Thus, regeneration by air oxidation may be a viable process for the two- 
step regeneration. It should be tested,'however, since (as in the case of 
regeneration by the acid-base reaction) the oxidation of calcium sulfide from 
reduced sulfate may be considerably different from the oxidation of calcium 
sulfide from the sulfidation of limestone. 

Regeneration by Sulfide-Sulfate Reaction 

Thermodynamics 

Regeneration by the solid-solid reaction of calcium sulfide with calcium 
sulfate is expressed by'the reaction 

3CaS04 + CaS 4Ca0 + 4S04 (6) 

The thermodynamics of the reaction have been considered by several investi-. 
gators.4,41,43 Table 10 lists values for the free energy change, heat of 
reaction, and equilibrium constant for the reaction as a function of tempera- 
ture, as presented (or derived from data presented) by different investigators. 
The published values are generally in good agreement. 

The equilibrium constant values derived from data presented by Vogel 
e t  a1. are plotted in Fig. 8 along d t h  both the theoretical equilibrium con- 
centration of sulfur dioxide at 1 and 10 atm total system pressure. The 
curves indicate that a gas containing ~ 1 0 %  sulfur dioxide should be obtain- 
able at temperatures of %lOOO°C and ~ 1 1 5 0 " ~  at system pressures of 1 and 10 
atm, respectively. 



Equilibrium constants for the solid-solid reaction have also been 
determined experimentally. In a very early work by ~awadzki,~ the partial 
pressures of sulfur dioxide and sulfur in nitrogen over calcium sulfide 

TABLE 10. ~hermod~namic Values for the Solid-Solid Reaction of Calcium 
Sulfide with Calcium Sulfate as a Function of Temperaturea 

-- - 

Zadfck et a1. In KD 
Temp. nFr A% Vogel Curran 
( OK) (kcal/mole) (kcal/mole) In Kp e t  u Z . ~  swift20 e t  ~ 2 . ~ ~  

a Reaction expressed as CaS04 + 113 CaS = 413 CaO + 413 S02. 

were determined, using static and dynamic methods. Curran e t  aZ. 53 also 
experimentally measured the decomposition pressure of sulfur dioxide over a 
mixture of calcium sulfide and calcium sulfate. The latter experimenters 
used a thin-walled stainless steel reactor (1-in.-ID by 6-in. long) contained 
along with its heating furnace in a high-pressure autoclave. The reactor 
internal pressure was balanced by adding sulfur dioxfde from an ex~erual 
source to the autoclave. A sulfur dioxide-nitrogen mixture of know11 culupo- 
sition and pressure was used to fluidfze a mixture uL calcium sulffde tlxid 
calcium sulfate. The effluent gas was throttled to atmospheric pressure and 
passed through a thermal conductivity cell where the feed gas served as a 
reference gas. The thermal conductivity cell was able to detect a change 
in sulfur dioxide concentration of fP.Ol%. The solid phases were heated to 
the temperature anticipated ro  correspond to the sullur dioxide partidl 
pressure imposed on the system. The temperature was then cycled at a maximum 
rate of 5'F/min below and above the anticipated equilibrium temperature. The 
effl . i ient gas then showed a deficiency or excess of sulfur dioxide, as compared 
with the inlet gas. The temperature corresponding to the equilibrium sulfur 
dioxide pressure was recorded at the point where the eILlueut gas showed zcro 
change in composition. The theoretical equilibrium values determined by 
Curran e t  aZ. 53 and zawadzki6 are also shown in Fig. 8. The experimental 
results, which exhibit good agreement with each other, indicate somewhat lower 
equilibrium constants than those predicted from theory. 

Vogel e t  aZ. made the observation th$t the solid-solid reaction can be 
expressed as the sum of the reactions: 



Fig. 8. Theoretical and Experimental Equilibrium Constants for 
CaS04 + 113 CaS = 413 CaO + 413 SO2 and Theoretical 
Sulfur Dioxide Concentrations at 1 and 10 atm 



CaS04 + CO P CaO + SO2 + C02 

and 

1/3 CaS + C02 $ 1/3 CaO + CO + 1/3 SO2 (22) 

Thus, the sulfur dioxide partial pressure for the solid-solid reaction (Eq. 
No. 6) must be that calculated from either reaction (1-a) or reaction (22) 
at the coexistence line for calcium sulfide and calcium sulfate (see Fig. 6 
and refer to the discussion of one-step reductive-decomposition thermodynamics). 
The presence, therefore, of both calcium sulfide and calcium sulfate determines 
a11 n x i r l i z i n g  potential.$or the atmosphere with which it is in equilibrium, and 
this oxidizing potential determines the carbon monoxide/carbon dioxide rario 
of the atmosphere. The resulting conclusion is that although the presence of 
the reducing a.gent does not increase the equilibrium concentration of sulfur 
dioxide over calcium sulfide-calclilm suffatr ~uixturt i s ,  the gas pha~e components 
may serve as a facile route for the production of sulfur dioxide so that rapid 
reaction rates for mixtures of the two solids are possible. 

Kinetics 

several investigators24s43 53 have proposed that the actual mechanism 
of the reaction between calcium sulfate and calcium sulfide involves first 
the thermal decomposition of calcium sulfate 

CaS04 Z CaO + SO2 + 1/2 02 (2 

followed by the oxidation of calcium sulfide 

113 CaS + 1/2 O2 * 1/3 CaO + 1/3 SO2 (23) 

Turkdogan and  inters^^ observed during the reductive decomposition of 
calcium sulfate that the carbon reacted rapidly to convert some of the sulfate 
to sulfide .and that subsequently the sulfide reacted with excess sulfate to , 

release sulfur dioxide. They also performed experiments in which a mixture 
of reagent grade calcium sulfate and calcium sulfide were mixed in a 3:l molar 
ratio and heated in a stream of helium at temperarures of 1050 and 1100.C arid 
helium pressures of 0.03 and 1 atm. The results of these experiments, expressed 
as the percent sulfur dioxide evolved as a function of time, are repfoduced in 
Fig. 9. At llOO°C and 1 atm, between 85 and 90% ,of .the sulfur was evolved as 
SO2 in 20 min. 

If the reaction follows the mechanism suggested by reactions (2) and 
(23), the kinetics might logically be expected to be limited by the kinetics 
of the thermal decomposition step. However, the kinetics of the solid-solid 
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Fig. 9. Evolution of Sulfur Dioxide 
from 3:l Stoichiometric 
Mixture of Calcium Sulfate 
to Calcium Sulfide. (Based 
on Fig. 7 from Ref. 24, 
Reproduced by permission of 
the Institution of Mining 
and Metallurgy.) 

reaction appears to proceed considerably faster than the thermal decomposition 
of calcium sulfate would permit. As previously stated, Wheelock3 attempted 
to thermally decompose calcium sulfate in nitrogen atmospheres in the tempera- 
ture range of 1050 to 1315OC.' Even at a temperature of 1225OC and a pressure 
of 1 atm, ~ 1 0 0  min was required to completely decompose the sample of calcium 
sulfate. Wheelock3 did observe, however, that even the slightest impurity of . 

oxygen (0.5%) in the nitrogen atmosphere resulted in a significant reduction 
in the rate of therinal decomposition. The rapid removal of the oxygen from 
the thermal decomposition step by oxidation of the calcium sulfide present 
probably accounts, theref ore, for the kinetics of the solid-solid reaction 
being better than the kinetics for the straight. thermal decomposition. 

... . . .  . 

A very early work by ~ e u m a n n ~ ~  investigated the. kinetics of the 
reaction of calcium sulfate with calcium sulfide. Samples of a mixture 
containing 82.8% calcium sulfate, 15.6% calcium sulfide, and 1.6% calcium 
oxide were heated in either air or nitrogen for 0.5 hr at temperatures 
between.800 and llOO°C. The molar ratio of sulfate to sulfide was 

. ~2.8, indicating a slight excess of calcium sulfide according to the 
stoichiometry of the solid-solid reaction. The results of the experi- 



ments are noted i n  Table 11. Heating of t h e  s o l i d  mixture i n  a i r  appa ren t ly  
r e s u l t e d  i n  ox ida t ion  of t h e  c a l c i u m s u l f i d e  with.  l i t t l e  o r  no decomposition 
of t h e  calcium s u l f a t e .  Inc reas ing  t h e  temperature increased  t h e  s u l f u r  
r e l e a s e  s i n c e  t h e  calcium s u l f i d e  w a s  i n c r e a s i n g l y  oxid ized  t o  calcium oxide ,  
i n s t e a d  of be ing  oxid ized  t o  calcium s u l f a t e .  When samples were hea ted  i n  
n i t r o g e n ,  however, t h e  s o l i d - s o l i d  r e a c t i o n  went t o  completion when hea ted  a t  
1000°C f o r  0.5 h r  ( t h e  product conta ined  a smal l  percentage of t h e  excess  
calcium s u l f i d e  p re sen t  i n  t h e  o r i g i n a l  mix ture) .  

I n  comparison w i t h  t h e  r e s u l t s  of Turkdogan and  inters^^ ( s e e  Fig.  9 ) ,  
t h e  r e s u l t s  of NeumannS4 i n d i c a t e  a somewhat h ighe r  r a t e  of decomposition. The 
rate of decomposition, however, is undoubtedly a func t ion  of t h e  r e a c t a n t  
p a r t i c l e  s i z e s  and t h e  deg ree .o f  mixing of  t h e  s u l f i d e - s u l f a t e  mixture,  which 
could e a s i l y  account  f o r  ~ l l e  apparent  v a r i a t i o n  i n  decomposition rates i n  t h e  
two invcs Ligat ions.  

Table 11. Decomposition of a Calcium Sulfate-CalciuM Sulfide MlxLure H e a ~ c d  
f o r  0 . 5  h r  a s  e F ~ ~ n c t i o n  of Temperature and Gaseous Environment 
(Data of ~ e u m a n n ~ " )  

~ e $ t e d  i n  A i r  Flow Heated i n  Nitrogen Flow 
S u l f u r  Product  Composition . : Sul fu r  Product ' Com$osi.t.ion 

Temp Expelled CaS CaS04 CaO . Expelled CaS CaSOk CaO 

Vogel e t  aZ. have a l s o  repor ted  . r e s u l t s  of experiments  i n v e s t i g a t i n g  t h e  
f e a s i b i l i t y  of t h e  s o l i d - s o l i d  r e a c t i o n  f o r  r e  e n e r a t i n g  so rben t  m a t e r i a l  i n  
t h e  f luidized-bed combustion process .  36 9 5 5 9  56 7 8 7  Resu l t s  a r e  a l s o  presented  
i n  s e p a r a t e  r e p a r t s  by Hubble et aZ. 5 8 5 5 9  Tn two pal titularly interesting 

, experiments ,  dolomite  which had been s u l f a t e d  i n  the .Argonne Nat iona l  Labors- 
t o r y ,  6-in.-dia combustor was r eac t ed  w i t h  an..excess of calcium s u l f i d e  i n  a 
sma l l  fixed-bed, tubular quar L Z  i 'eaicos.  55  I n  one alrpariment, t h e  s111 f a t ~ . ( l  

, dolomite  was i n  t h e  ha l f - ca l c ined  cond i t i on  (CaS04, CaC03, MgO), and i n  t h e  
o t h e r  experiment,  t h e  s u l f a t e d  dolomite  was preheated t o  t h e  f u l l y  ca l c ined  
s t a t e  (Ca.Sn4, CaO, MgO). The mixture was hea ted  t o  1025OC i n a p u r g e  s t ream of 
n i t r o g e n  gas.  The off-gas w a s  monitored contdnuously f o r  s u l f u r  d iox ide  
content .  

Very l i t t l e  r e a c t i o n  w a s  observed between t h e  ha l f -ca lc ined  s u l f a t e d  
d o l o ~ u l t e  arid calcium s u l f i d c .  Thc exp lana t ion  o f f e red  w a s  that t h e  calcium 
s u l f i d e  w a s  ox id ized  by t h e  carbon d iox ide  r e l ea sed  from t h e  p a r t i a l l y  ca l c ined  
dolomite.  The r e a c t i o n  of calcium s u l f i d e  wi th  t h e  f u l l y  ca l c ined  s u l f a t e d  
dolomite  produced much more f avo rab le  r e s u l t s .  Figure 10 i l l u s t r a t e s  t h e  
concen t r a t ion  of s u l f u r  d iox ide  produced (and hence t h e  r a t e  of s u l f u r  
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(Data of Vogel e t  aZ. 55) 

d iox ide  product ion)  a t  1025OC a s  a f u n c t i o n  of t h e  n i t r o g e n  purge r a t e .  The 
concen t r a t ion  of s u l f u r  d iox ide  i n  t h e  r e a c t o r  off-gas v a r i e d  from a high of 
10.5% a t  12 cm3/min n i t r o g e n  purge t o  a  low of 3 . 3 % .  a t  1000 cm3/min n i t r o g e n  
flow. A t  z e ro  n i t r o g e n  flow, t h e  equ i l i b r ium curves  of Fig.  8 i n d i c a t e  a  
maximum s u l f u r  d iox ide  concen t r a t ion  of ~ 1 8 %  a t  1-atm t o t a l  p re s su re .  Thus, 
t h e  r e a c t i o n  appeared t o  be  approaching equ i l i b r ium a s  t h e  n i t r o g e n  purge 
r a t e  approached zero .  The crackion  rare, however, w a s  h ighes t  a t  t h e  h i g h e s t  
n i t r o g e n  purge r a t e  due t o  t h e  r educ t ion  of s u l f u r  d ioxide  concen t r a t ion  i n  
t h e  bulk  gas flow. This  s t r o n g l y  i n d i c a t e s  t h a t  t h e  r a t e  of t h e  r e a c t i o n  is  
mass- transfer  l i m i t e d .  

The k i n e t i c  r e s u l t s  of Vogel e t  aZ. 55 can be  compared wi th  t h e  r e s u l t s  
3 of Turkdogan and  inters.^^ A t  a  n i t r o g e n  purge r a t e  of 500 cm /min, t h e  

concen t r a t ion  of s u l f u r  d iox ide  i n  t h e  off-gas r epo r t ed  by Vogel e t  aZ. 55 
was ~ 5 . 2 %  ( see  Fig.  1 0 ) .  This  corresponds t o  a  f r a c t i o n a l  r a t e  of conversion 
nf t h e  calcium ~ u l f a t e  of ~ 4 . 0  x 10'~/min, A t  t h e  same purge r a t e  of 500 
cm3/min of i n e r t  gas ,  t h e  d a t a  of Turkdogan and Vin te r s  (by e x t r a p o l a t i o n  t o  
1025°C of t h e i r  d a t a  taken a t  1100 and 1050°C) i n d i c a t e  a  f r a c t i o n a l  r a t e  of 
calcium s u l f a t e  conversion of ~ 2 . 2  x 10-~ /min  (corresponding t o  a  s u l f u r  
d ioxide  concen t r a t ion  of ~ 1 %  i n  t h e  purge gas ) .  The s l o w , k i n e t i c s  r epo r t ed  
by Vogel e t  were obviously due t o  t h e  cons iderably  l a r g e r  i n i t i a l  
charge of s o l i d  r e a c t a n t s .  This  f u r t h e r  emphasizes the  mass t r a n s f e r  l i m i -  
t a t i o n s  on t h e  r a t e  of conversion.  



Vogel e t  aZ. have a l s o  r epo r t ed  t h e  r e s u l t s  of TGA experiments p r i m a r i l y  
designed t o  i n v e s t i g a t e  t h e  e f f e c t s  of vary ing  t h e  composition of t h e  s t a r t -  
i n g  m a t e r i a l  f o r  t h e  s o l i d - s o l i d  r e a c t i o n .  55'  56 '  57 The gene ra l  procedure 
f o r  t h e  TGA experiments has  been t o  ha l f - ca l c ine  a high-puri ty  dolomite ,  t o  
s u l f a t e  t h e  s t o n e  us ing  a s imulated off-gas mixture con ta in ing  4% SO2 and 
5% 02, t o  reduce a  f r a c t i o n  of t h e  s u l f a t e  t o  s u l f i d e  a t  880°C us ing  a  reducing 
gas  mixture  of 3% H2 i n  helium, and then  t o  a l low t h e  s o l i d - s o l i d  r e a c t i o n  t o  
proceed i n  an atmosphere of helium a t  950°C. It was r epo r t ed  on t h e  b a s i s  of 
t h e s e  experiments t h a t  a  s t a r t i n g  m a t e r i a l  con ta in ing  g r e a t e r  than  25 mol % 
s u l f i d e  ( t h e  s t o i c h i o m e t r i c  percentage  f o r  t h e  s o l i d - s o l i d  r e a c t i o n )  was 
necessary  t o  permit  consumption of most of t h e  s u l f i d e  and s u l f a t e  be fo re  
t h e  r e a c t i o n  ceased.  When t h e  s t a r t i n g  m a t e r i a l  contained 25 mol %, t h e  
calcium s u l f i d e  was completely consumed wh i l e  a  s u b s t a n t i a l  amount of calcium 
s u l f a t e  remained unreacted.  

An exp lana t ion  of r h e  r equ i r e~uen t  f o r  excess  calcium s u f i d e  in t h e  s o l i d -  
s o l i d  r e a c t i o n  is found i n  r e p o r t s  by ~ 1 e c k ~ O  and by Hul l  e t  a2. 61 They 
bo th  r e p o r t  t h a t  i n  a d d i t i o n  t o  t h e  d e s i r e d  s o l i d - s o l i d  r e a c t i o n  t o  y i e l d  
s u l f u r  d iox ide ,  an  undes i r ab le  s i d e  fcacrion can occur iu which sulfur :  vapor  
i s  formed. Hul l  et a2. 61 sugges t  the fol lowing o v e r a l l  s to i ch iome t ry  t o  
account  f o r  t h e  formation of e lementa l  s u l f u r :  

F leck  sugges t s  t h a t  a  more l i k e l y  mechanism f o r  t h e  formation of e lementa l  
s u l f u r  i s  t h e  r e a c  tiu1.l: 

2S02 + CaS = CaS04 + S2 (25) 

where t h e  s u l f u r  d iox ide  could b e  generated by both t h e  thermal  decuulpusitfaa 
of calcium s u l f a t e  (Eq. 2) and t h e  ox ida t ion  of calcium s u l f i d e  by oxygen from 
t h e  thermal  decomposition (Eq. 23) .  Another mechanis t ic  p o s s i b i l i t y  f o r  t h e  
format ion  of e lementa l  s u l f u r  i s  the  gas-phase r e a c t i o n :  

Both Z a ~ a d z k i , ~  whose work was c i t e d  above f o r  t h e  experimental  de te rmina t ion  
of t h e  s u l f u r  d iox ide  p a r t i a l  p r e s s u r e  over  calcium su l f ide-ca lc fum s u l f a t e  
mix tu re s ,  and Schenck and ~ a m m e r s c h m i d t ~ ~  measured t h e  p a r t i a l  p re s su re  of 
s u l f u r  over calcium su l f ide-ca lc ium s u l f a t e  mixtures .  ~ 1 e c k ~ O  ex t r apo la t ed  
t h e  d a t a  of Schenck and Hammerschmidt and c a l c u l a t e d  t h e  equ i l i b r ium r a t i o  of 
e lementa l  s i i l f i i r  to t o t a l  ~ U l f u r  a s  a  func t ion  of ' temperature and t o t a l  
p re s su re .  H i s  r e s u l t s  a r e  presented  i n  Fig.  11. The curves of Fig. 11 
r e p r e s e n t  t h e  equ i l i b r ium r e l a t i o n s h i p  f o r  r e a c t i o n  (25) and do not  cons ider  
t h e  presence of oxygen o r  calcium oxide a t  equi l ibr ium.  Although t h e  presence 
of t h e  a d d i t i o n a l  phase and compounds a t  equ i l i b r ium would c e r t a i n l y  a l t e r  
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the sulfur to sulfur dioxide ratio and reduce the thermodynamic degrees of 
freedom, Fig. 11 does serve to indicate that as.the system temperature is 
reduced, the fraction of elemental sulfur to total sulfur in the gas phase 

' can become quite significant. 

zawadzki6 .also reported that at a temperature of 900°C, the partial 
pressures of elemental. sulfur and sulfur dioxide were one-third and two-thirds; 
respectively, of the total system equilibrium pressure.' Thus, at equilibrium, 
elemental sulfur could account for a significant proportion of the sulfur 
released from a mixture of calcium sulfate and calcium sulfide. The fact that 
the formation of elemental sulfur requires an excess of calcium sulfide over 
the stoichiometric amount required to produce only sulfur dioxide is consistent 
with the observations of Vogel e t  aZ. that a starting material containing 
greater than 25 mol % calcium sulfide is necessary to permit consumption of 
both the snlfide and the sulfate.37'55r56?57 

Hull e t  aZ. 61 also reported that the rates of reactions which produce . sulfur dioxide and elemental sulfur have about the same order of magnitude 
between 900°C and 1000°C. At higher temperatures, the kinetics are favorable 
to the formation of sulfur dioxide. 
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