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ABSTRACT 

Pilot and industr ial-scale tests o f  boi ler limestone inject ion (BLI) have demonstrated 
f lue gas SO, reduct ions o f  around 50% a t  sorbent ut i l izat ion efficiencies o f  15-20%. 
The  objective o f  t h e  laboratory  research program described in t h i s  paper  was to 
improve BLI sorbent  u t i l izat ion t h r o u g h  a n  understanding o f  t he  limestone calcination 
a n d  CaO sul fa t ion react ion mechanisms. T h i s  paper describes t h e  laboratory  sulfa- 
t i on  studies. The  laboratory  work  used a d i f ferent ia l  reactor operated a t  700-10OO0C 
and  lab-produced calcines from limestones, dolomites, and hyd ra ted  limes, hav ing  
par t ic le  sizes in a range  applicable t o  BL I .  The  lab work determined the  i n t r i ns i c  
su l fa t ion reaction r a t e  and rate-contro l l ing steps over th is  temperature range. The 
in t r i ns i c  ra te  increased w i th  the  square o f  calcine surface area and was ra te  
contro l l ing only a t  temperatures below 800OC. A t  t he  higher temperatures more 
applicable t o  BLI ,  t h e  sulfat ion rate was l imited by po re  d i f fus ion o f  SO, and po re  
p lugg ing  b y  the su l fa te product .  Therefore,  the reaction rate and  the  saturated 
sorbent  e f f ic iency depended s t rong ly  on par t ic le  size and calcine po re  s t ruc tu re .  
The  lab data ind icate tha t  an  optimum calcine pore s t ruc tu re  can be  obtained b y  
appropr ia te ly  evaluat ing sorbents, cont ro l l ing calcination conditions and  incorporat ing 
alkal i  addi t ives in t h e  sorbent. 

INTRODUCTION 

Boiler limestone in ject ion i s  a low capi ta l  cost SO, control technology, i nvo l v ing  
inject ion o f  pu l ve r i zed  limestone in to t h e  high-temperature (1000-13OO0C) regions of a 
coal-fired furnace. A l ternate calcium sorbents, such as hydrated lime and dolomite, 
can also be used. In 1984, Consolidation Coal Company (Consol) successful ly 
demonstrated the  technology us ing  a 15 hlW indust r ia l  boi ler a t  Du Pont’s Mar t insv i l le  
ny lon  p lan t  ( 1 ) .  T h e  ta rge t  50% SO, removal was achieved by in ject ing limestone at 
2.5-2.75 C a l g  molar ratios, corresponding t o  18-20% sorbent u t i l izat ion eff iciencies. 
Since then, Consol has conducted a n  extens ive laboratory program s tudy ing  the  
fundamental mechanisms involved in BLI. T h e  objective has been to  s ign i f icant ly  
improve the  sorbent  ut i l izat ion by app ly ing  t h e  fundamental information f o r  process 
improvement. 

SO, removal b y  BLI involves sequential calcination and sulfat ion reactions: 

Calcination: CaCO, - CaO + CO, 

Sulfation: CaO + SO, + 112 O,-CaSO,, 

These reactions have  been widely  studied; however, much o f  t he  publ ished w o r k  has 
been l imited to  low surface area (<S m ’ l g l ,  large par t ic le  size (ca. 1 mm) calcines 
(CaO), applicable to fluidized bed  combustion. The reactivi t ies observed w i t h  these 
calcines are too low to  prov ide s ign i f icant  SO, reduction in BL I  (2). More recen t  
studies a t  EPA (3-6) us ing  v e r y  f ine (ca. 1 micron) limestone p a r t k l e s  have shown 
tha t  v e r y  high s u r f a c e  area calcines (up t o  80 m21g) could b e  produced by 
d i f ferent ia l  calcination in a dispersed-phase system. In these studies, t h e  i n t r i n s i c  
sulfat ion ac t i v i t y  o f  t he  v e r y  f i ne  calcine par t ic les was proport ional t o  the square of 
the  calcine BET sur face area. Th is  resu l t  suggests that  product ion o f  a high 
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surface area calcine may be c r i t i ca l  f o r  BLI processes. However, t he  1 micron 
limestone par t ic le  size used In t h e  EPA studies i s  much smaller t han  pract ica l  sizes 
fo r  BLI. 

Th i s  paper repo r t s  a laboratory  s t u d y  o f  calcination and su l fa t ion fo r  sorbent  
samples hav ing  a range o f  pa r t i c l e  sizes applicable to  BLI .  Detai led resu l t s  of t he  
calcination s t u d y  were prev ious ly  repo r ted  (7) .  In th is  work, calcines hav ing  up t o  
70 ml/g surface area were produced under  d i f ferent ia l  and dispersed condi t ions from 
pulver ized limestone samples applicable t o  BLI .  Calcine sur face area depended o n  
exposure time, temperature, CO, pa r t i a l  pressure, and stone proper t ies.  A k ine t i c  
model de r i ved  fo r  the calcination reaction indicated t h a t  calcination occu rs  v e r y  
rap id l y  (<0.1 sec l  a t  BL I  temperatures. 

In the sulfat ion s tudy,  the i n t r i ns i c  su l fa t ion kinetics and rate-control l ing s teps  were 
determined w i t h  lab-produced calcines from limestones, dolomites, and  h y d r a t e d  
sorbents. In addition, the ef fect  o f  alkal i  addi t ive incorporation o n  limestone was 
studied as a means o f  enhancing su l fa t ion performance o f  calcines. T h e  temperature 
range o f  700-100OoC, l imited by t h e  experimental apparatus, was lower than  t h e  B L I  
temperature range o f  1000-13OO0C. However, t he  lab data p rov ided  valuable i ns igh t  
i n to  BL I  s u l f u r  capture mechanisms and  comparison o f  d i f ferent  sorbent  performance. 

EXPERIMENTAL 

Test Sorbents 

Twelve test  sorbents were evaluated inc lud ing e ight  d i f f e ren t  limestones, two 
dolomitic stones, a hydrated lime and  a pressure-hydrated dolomite (Table 2 ) .  
These sorbents var ied widely in pa r t i c l e  size as indicated by the i r  spec i f ic  sur face 
mean diameters, and yielded calcines w i t h  widely va ry ing  BET sur face areas (35-70 
m2 /g ) .  Most o f  t he  kinetic data were obtained fo r  calcines produced f rom one stone, 
t he  Dravo Maysvi l le -100 (#1) .  The  other  stones in Table 1 were tested for 
comparison. 

Di f ferent ia l  Reactor 

A dif ferential reactor (Figure 1) was used t o  calcine sorbent samples a n d  t o  measure 
the  sulfat ion performance of t h e  calcines. Th is  unit allowed contro l  o f  react ion 
temperature to  wi th in  f3OC and  sorbent/SO, contact time t o  w i th in  f l  sec. T o  
maintain d i f ferent ia l  sulfation condi t ions wi th  respect t o  SO, par t ia l  p ressu re  and 
temperature and  t o  eliminate bulk mass t ransfer  resistance, v e r y  small sorbent  
samples (down t o  8 mg) well-dispersed in quar t z  wool and  la rge  f lows [up t o  70 
scfh) o f  SO,-containing sweep gas were used. Di f ferent ia l  su l fa t ion condi t ions were 
confirmed up t o  90o-95O0C. Dif ferent ia l  conditions were no t  possible above 95OOC 
because o f  t he  extremely high Sulfation rate. A few tests  a t  1000°C p r o v i d e d  
saturated sorbent  ut i l izat ion data, but no  accurate ra te  data. 

Test  Procedures 

Before sulfat ion, t he  sorbent was, calcined In the dif ferential reactor, under  a p u r g e  
flow o f  a i r  a t  t he  same temperature as the  subsequent sulfat ion. T h e  calcination 
contact time was set to  control t h e  calcine surface area. Fo r  r u n s  w i t h  low sur face 
area calcines, t he  sorbent was calcined external ly  in a muf f le  furnace. A f t e r  
calcination was complete, t he  p u r g e  gas was switched immediately t o  a n  SO,- 
containing gas containing 80% N,, 15% CO,, 5% 0, and 750-3000 ppm SO,. 
Immediately a f t e r  a set reaction t ime between 5 and 600 sec. t he  SO,-containing gas 
was shut  off and  the sorbent sample removed from the reactor. The convers ion of 
CaO t o  CaSO,, was determined by t h e  Ca and S contents in t h e  recovered sample 
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measured by atomic adsorpt ion spectroscopy a n d  combustion i n f ra red  detection, 
respectively. 

Surface area a n d  po re  volume d is t r ibut ions of the calcine intermediates were 
measured separately b y  p roduc ing  calcine samples under  condit ions dupl icat ing those 
used p r i o r  t o  sulfat ion. Calcine surface areas were determined by N, adsorpt ion a t  
77K ( l i qu id  N,) and  the onk-point BET method. Pore d i s t r i bu t i ons  were determined 
from N, desorpt ion isotherms ( a t  77K) following the  methods detai led in References 8 
and  9. 

DISCUSSION OF RESULTS 

Int r ins ic  Sul fa t ion Kinet ics  

In t r ins ic  sulfation ra te  data measured for calcines f rom'  Dravo  -100 mesh limestone 
were correlated by a k inet ic  model, or ig ina l ly  proposed by Borgward t  (6 ) .  Based o n  
the  classical unreacted core model o r  g r a i n  model, t h i s  model r e l s e s  f ract ional  
calcium conversion (XI t o  the SO, contact time It, s e d ,  absolute temperature (T,  
K ) ,  SO, par t ia l  p ressu re  (Pso2, mmHg1, and  calcine specific surface area (A, m z l g )  
as follows: 

1 - 3 ( 1 - x I 2 l 3  + 2 (1-x) = kd.  t 

kd = K (A)"' iPS02)"  exp  (-EIRT) 

where the  constants are 

E = 37 kcal lmol, t h e  activation energy 
m = 2.0 
n = 0.62 
K = 50 

T h e  model equat ion is applicable t o  any calcine (CaO), since it includes a calcine 
proper ty ,  t he  speci f ic  surface area, A. The  in t r i ns i c  ra te  increased w i th  the  square 
o f  the surface area. 

In the or ig ina l  development o f  t h i s  kinetic model, Borgwardt  ( 6 1  used extremely small 
(95 w t  % <2 micron, 30 w t  % c1 micron) calcine part icles, in o r d e r  t o  eliminate p o r e  
d i f fus ion limitation. Because o f  t he  much larger  par t ic le  sizes used in the c u r r e n t  
s tudy  (13.4 micron specif ic surface mean diameter and  28.3 mass median diameter for 
the  Dravo stone, C l ) ,  in t r ins ic  ra te  data wi thout  pore d i f fus ion limitation were 
measured on ly  a t  low temperatures (5800OC) and  w i t h  low surface area calcines ( c 1 5  
m'lg). F igu re  2 shows the good agreement o f  laboratory data a t  800OC wi th  t h e  
kinetic model predic t ions.  

Pore Diffusion Limitat ion 

W i t h  calcines produced from sorbent  samples hav ing  par t ic le  sizes applicable t o  E L I  
(Table 1) .  pore dif fusion was ra te  l imi t ing a t  h ighe r  temperatures (>800°C) and w i t h  
h igher  sur face area calcines (>I5 m' lg ) .  A s  a resul t ,  observed sulfat ion rates were 
signif icantly lower than the  i n t r i ns i c  ra te  predic ted by the  above model. As 
discussed below, po re  dif fusion l imitat ion was evidenced by t h e  observed react ion 
rate dependence o n  temperature. so, pa r t i a l  pressure, par t ic le  size, and calcine 
surface area a n d  po re  s t ructure.  

Figure 3 shows t h a t  for  h igher  surface area calcines, t he  apparent  act ivat ion e n e r g y  
dropped from 37  kcal lmol t o  15-20 kcal lmol a t  h ighe r  temperatures, indicative of 
t rans i t ion t o  po re  dif fusion control.  Th i s  agrees w i t h  the  theoretical predic t ion that 
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E + E diffusion -1 EI2  under  s t rong po re  d i f f us ion  control.  
2 E apparent - 

The onset o f  pore d i f fus ion l imitat ion fo r  h igher  surface area calcines was a round  
800°C, based on  the  changes in slope in the Arrhenius plots. For  a low sur face 
area calcine ( 4  m*/g) ,  pore dif fusion l imitat ion was not ev ident  up t o  950°C. based 
o n  the  activation energy.  

The reaction o rde r  ( n )  in SO, pa r t i a l  pressure, measured a t  900°C w i t h  a 55 m * / g  
calcine, was 0.80 over 750-3000 ppm SO, concentrations, as compared w i t h  0.62 
according t o  the i n t r i ns i c  kinetics. Th i s  change in t h e  reaction o rde r  was also 
indicative o f  the pore d i f fus ion control.  

Because o f  the pore d i f fus ion limitation, t h e  in i t ia l  sulfat ion ra te  observed a t  900°C 
var ied inversely w i t h  par t ic le  size (F igu re  4). The d i f f e ren t  stone samples (Ill-10) 
in Table 1 prov ided the  variat ions in the par t ic le  size in the  f i gu re .  

Under pore d i f fus ion control,  t he  effect o f  calcine surface area was diminished a n d  
high surface area calcines did not necessari ly g i ve  high react iv i ty .  Th i s  i s  because 
a calcine w i th  v e r y  high surface area contains predominantly v e r y  f i ne  pores which 
a re  more subject t o  pore diffusional resistance as well as pore mouth p lugging,  as 
discussed below. 

Calcine Pore Plugging 

Calcine pore mouth p lugg ing  by p roduc t  CaSO, l imited su l fa t ion o f  highly porous 
calcines a t  h igher  temperatures. Limitat ion by pore plugging was ev ident  in t h e  l ab  
tests from the exceptionally low apparent  act ivat ion energies (<lo kcal lmol) observed 
w i th  some v e r y  high surface area calcines and from t h e  reduct ion in the saturated 
calcium uti l izat ion w i th  increasing sulfat ion temperature f o r  most o f  t he  calcines. 

Porous calcines a re  subject t o  pore p lugg ing  by p roduc t  sulfate because the  molar 
volume o f  CaSO, (46.0 cm3/mol) is  considerably greater  t han  t h a t  o f  CaO (16.5 
cm3//mol). If the mouth o f  a pore p lugs before the  i n te r i o r  undergoes reaction, t h e  
sorbent ut i l izat ion i s  reduced. Fur ther ,  pore mouth plugging by CaSO, can reduce 
the  rate o f  su l fa t ion by reducing available surface area and by increasing t h e  p o r e  
dif fusional resistance. Severe p roduc t  po re  mouth plugging i s  most l ike ly  when t h e  
rate o f  sulfat ion exceeds the  rate o f  d i f fus ion th rough  t h e  pores. Therefore, t h e  
degree of deactivation b y  pore plugging can be expected t o  increase w i t h  increas ing 
temperature because the  i n t r i ns i c  sulfat ion rate increases more rap id l y  wi th  tempera- 
t u r e  than the  d i f fus ion rate. Because o f  t h i s  temperature effect, pore p lugg ing  can  
reduce the  apparent act ivat ion energy fo r  sulfation. Deactivation by pore plugging 
can be  expected t o  be  most severe for  smaller pores because the  d i f fus ion r a t e  i s  
slower and less CaS0, is  requi red fo r  complete pore blockage. 

The degree o f  limitation o f  sulfat ion by pore plugging va r ied  widely  among calcines 
produced from d i f ferent  sorbents (Table 2 ) .  The  apparent  sulfat ion act ivat ion 
energies (based o n  init ial  reaction rates) among the  d i f ferent  calcines ranged f rom 
negative values up to 22 kcallmol. The  activation energies below 15 kca l lmol  
indicate a rap id  pore plugging a t  a h igher  temperature since t h e  activation energies 
are lower than  tha t  under  pore d i f fus ion control.  T h e  wide var ia t ion in t h e  
activation energy among calcines indicates v a r y i n g  seve r i t y  o f  po re  p lugg ing  w i t h  
these calcines. The saturated ut i l izat ions also var ied widely among d i f f e ren t  calcines 
(1740% a t  900°C). as d i d  t h e  degree o f  temperature dependence of  t he  saturated 
conversion. 

The test  data confirmed the  more severe limitations by pore plugging fo r  calcines 
wi th  smaller pores. F igu re  5 shows that  a calcine from Censtar ( # 6 )  limestone had  
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s ign i f icant ly  f i ne r  po res  (mostly 3-10 nm) and less to ta l  po re  volume than  a calcine 
f rom the Dravo limestone ( I l ) .  The  Dravo calcine had  many pores in the 8-30 nm 
range. The apparen t  act ivat ion energy wi th  the  Censtar calcine was on ly  1.4 
kcallmol, s ign i f icant ly  lower '  t h a n  the  15 kcal lmol observed fo r  t he  Dravo calcine. 
Fur ther ,  the Censtar calcine showed a more severe d r o p  in f inal (saturation) calcium 
ut i l izat ion w i th  increas ing temperature, f rom 36% t o  27% t o  18%. a t  800OC. 900°C and  
1000°C, respectively. T h e  f ina l  ut i l izat ions w i th  t h e  Dravo  calcine were 37%. 36% and  
33% a t  these temperatures. 

Performance o f  D i f f e r e n t  StoneslSorbents 

Limestones: E i g h t  d i f f e ren t  limestones tested exhib i ted widely va ry ing  su l fa t ion 
performance (Table 2 ) .  Saturat ion ut i l izat ions a t  900°C var ied from 17% to 50% and  
apparent act ivat ion energies v a r i e d  from 1.4 t o  22 kca l lmol  over  80O-95O0C. These 
dif ferences resul ted f rom dif ferences in both the  stone par t ic le  size (Table 1) and  
t h e  calcine Intermediate pore s t ruc tu re .  Calcine intermediate pore s t ruc tu re  ( su r face  
area and pore size d i s t r i bu t i on )  var ied widely w i t h  limestone source. However, t h e  
specif ic proper t ies o f  the  o r ig ina l  limestone which lead to a favorable calcine p o r e  
s t r u c t u r e  were n o t  c lea r l y  ident i f ied.  

Dolomitic Stones: Calcines f rom two dolomitic stones (Tables 1 ,  2 )  tested showed 
poor  sulfat ion performance, presumably due t o  the  presence o f  v e r y  small pores. 
B o t h  showed negat ive apparent  sulfat ion activation energies and low saturated 
calcium uti l izat ions (22% at 900°C), indicative o f  premature pore plugging. B o t h  
calcines had v e r y  high surface areas (70 m 2 / g ) .  Pore volume analysis o f  the calcine 
f rom the  Hommel dolomite 0 9 )  showed tha t  it had ove r  85% o f  i t s  po re  volume in 
small pores, 2-10 n m  in diameter. 

Hydrated Sorbents : Calcines de r i ved  from a hyd ra ted  lime and a pressure-hydrated 
dolomitic lime showed be t te r  su l fa t ion performance, in terms o f  bo th  ra te and  
saturation calcium uti l izat ion, t han  those der ived from most limestones, o r  dolomites. 
Fo r  the Dravo Longview hyd ra ted  lime (#11), saturated ut i l izat ion was 55% a t  800OC 
and dropped o n l y  t o  53% a t  900°C (Table 2) .  T h e  apparent act ivat ion was 20 
kcallmol. F igu re  6 clearly shows the  superior sulfat ion performance o f  a calcine 
from a pressure h y d r a t e d  dolomite (812) to  tha t  from a dolomitic limestone (19). t h e  
two calcines h a v i n g  rough ly  t h e  same chemical composition. Saturated calcium 
uti l izat ions were 80% and  22% f o r  the pressure dolomitic hyd ra te  and the dolomific 
stone, respectively. Also, t h e  saturated calcium ut i l izat ion w i th  the p ressu re  
hyd ra te  did no t  d r o p  a t  h ighe r  temperature. The  excel lent performance o f  t h e  
pressure hyd ra ted  dolomite again can be a t t r i bu ted  t o  t h e  formation o f  a ve ry  favo r -  
able calclne pore s t ruc tu re .  Pore volume analysis showed tha t  t he  calcine f rom t h e  
pressure hyd ra te  had a broad pore size d i s t r i bu t i on  (4-40 nm diameter) wi th  abou t  
60% of i t s  total p o r e  volume contr lbuted by pores o f  10 nm diameter and larger ,  as 
compared w i t h  t h e  predominance of v e r y  small pores found in the  calcined dolomite. 

Sulfat ion Enhancement by Add i t i ve  Promotion 

O f  several salts (Na,CO,, NaCI. CaCI,. FeCI,) tested, Na,CO, was found t o  be  t h e  
most e f fect ive in enhancing t h e  desulfurization performance o f  limestone. Add i t i ves  
were incorporated in small amounts (0.25-5 w t  81 In the  limestone sample p r i o r  t o  
calcination. The resu l t s  indicate that  t he  enhancement was pr imar i ly  due to phys i ca l  
effects, increasing t h e  pore size of t he  calcine t o  a range more favorable f o r  p o r e  
dif fusion. Th is  agrees w i t h  the  alkal i  addi t ive effects o n  calcine porosity in FBc 
(10-13). The  degree o f  enhancement increased w i t h  the  Na,CO, dosage up t o  

Fo r  th is  addi t ive s tudy ,  add i t i ve  effects were s tud ied fo r  two d i f ferent  limestones, 
t he  Dravo limestone (#I) and  t h e  Censtar limestone (#6) (Table 1). To produce an  

2 w t $ .  
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addi t ive promoted limestone sample, limestone was s lu r r i ed  in an aqueous add i t i ve  
solution. Water was then evaporated from the  s l u r r y .  A f te r  preparation, t h e  dry 
additive-enhanced limestone was charged in the d i f ferent ia l  reactor and  calcined a n d  
sulfated in the  usual  manner. 

F igu re  7 shows tha t  sodium carbonate promotion o f  t h e  Dravo stone s ign i f i can t l y  
increased pore size o f  the calcine intermediate. With no additive, a calcine p roduced  
a t  900°C had pores mostly in the  6-20 nm diameter range. With 0.5 w t  % a n d  2 w t  % 
Na,CO, in the stone, the 900°C calcines had  pores mostly in the  6-40 nm a n d  10-70 
nm ranges, respectively. Because o f  t h e  increased pore size, calcine sur face areas 
decreased. The BET surface areas fo r  these calcines were 52, 21 and 10 m’ lg ,  w i t h  
Na,CO, concentrat ions of 0, 0.5 and 2 w t  8, respectively. 

With the increase in calcine po re  size w i t h  Na,CO,, t he  sulfat ion performance o f  t h e  
Dravo calcine was s ign i f icant ly  enhanced (F igure 8) .  A t  0.5 and  2 w t  % add i t i ve  
dosages, saturated calcium ut i l izat ions a t  900°C increased from 36% ( w i t h  n o  add i t i ve ]  
t o  47% and 52%. respectively. Observed in i t ia l  sulfat ion rates were also increased 
substantial ly. Similar enhancement was observed a t  8OOOC and 1000°C. F u r t h e r  
increase in the addi t ive dosage above 2 w t  % did not  g i ve  addit ional su l fa t i on  
enhancement. W i t h  5 w t  % Na,CO, sulfat ion, performance o f  the Dravo  calcine was 
no t  as good as w i t h  2 w t  % Na,CO,. The calcine w i t h  5 w t  % Na,CO, h a d  a low 
surface area (7 m21g)  and  thus  a lower i n t r i ns i c  reaction rate. Th is  resu l t  ind icates 
tha t  the pore size was increased excessively above an  optimum ievei. 

W i t h  Genstar limestone (161, Na,CO, showed similar pos i t ive effects. The  sa tu ra ted  
calcium uti l izat ion a t  900°C was increased t o  60% w i t h  2 w t  % Na,CO,, a substant ia l  
improvement over  t h e  27% ut i l izat ion w i t h  no  addit ive. In i t ia l  reaction r a t e  was 
l ikewise enhanced. 

Other  addit ives tested were n o t  as ef fect ive as Na,CO, in promot ing su l fa t ion.  
Sodium chloride (NaCi) showed some enhancing effect. The  saturat ion convers ion 
w i t h  calcined Dravo  stone ( # I )  a t  900°C increased from 36% t o  42% a t  2 w t  % NaCI. 
Calcium chloride [CaCI,) and  fe r r i c  ch lor ide (FeCI,) showed no signif icant enhance- 
ment of sulfation performance. 

CONCLUSiONS 

Sul fur  capture by boi ler  limestone in ject ion invo lves complex calcination and  su l fa t ion 
phenomena and i s  l imited by bo th  chemical and phys ica l  processes inc lud ing i n t r i n s i c  
sulfat ion reaction, SO, pore d i f f us ion  in the  calcine, and pore plugging by the  
p roduc t  CaS0+. 

A n  in t r ins ic  sulfat ion kinetic model, developed by Borgwardt  of EPA, was 
experimental ly confirmed. The in t r i ns i c  reaction ra te  increased w i th  t h e  square  o f  
calcine surface area and the  0.6  power Of SO, par t ia l  pressure, and  h a d  an  
activation enercly of 37 kcailmol. T h e  in t r i ns i c  reaction was rate l imi t ing o n l y  a t  
lower temperatcres (4800OC) and  w i t h  lower sur face area calcines (c15 m’lg) .  

Under  conditions applicable t o  B L i ,  su l fa t ion is  l imited by pore d i f fus ion and  by p ro -  
d u c t  pore mouth plugging. Observed su l fa t ion rates a t  900°C wi th  high sur face area 
calcines var ied inverse ly  w i t h  sorbent  par t ic le  size because o f  t he  po re  d i f f us ion  
limitation. Because of t h e  pore p lugg ing  effect, t h e  capacity for  sulfat ion was lower  
f o r  calcines w i t h  f iner po re  s t ructures.  These resul ts  indicate t h a t  an  opt imum 
calcine pore s t ruc tu re  (in terms o f  surface area and  pore size) may ex i s t  f o r  e f fec-  
t i ve  sulfation. T h e  lab data indicate tha t  t h e  po re  s t ruc tu re  o f  a calcine depends on  
sorbent  source and calcination condit ions. Different limestones gave widely  v a r y i n g  
sulfat ion Performances because they  produced calcines hav ing d i f f e r e n t  p o r e  
s t ructures.  Hydrated sorbents  gave s ign i f icant ly  bet ter  sulfat ion per formance 
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than limestones, because they  yielded a more favorable calcine s t ructure.  These 
resul ts  indicate t h a t  sorbent  selection f o r  B L I  may be  v e r y  important.  

Small amounts of sodium carbonate added to limestones p r i o r  t o  calc inat ion y ie lded 
calcines w i t h  l a rge r  pores  and thus  s ign i f icant ly  enhanced desul fur izat ion 
performance. 
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TABLE 1 

TEST SORBENTS 

Avg Par t i c l e  
Diameter, (a) 

micron BET Maximum BET 

CaO, MgO, Mass Surface of Raw o f  Calcine, 

Elemental 
Anal y s i  s Specif ic Surface Area Surface Area 

Sorbent - w t  8 e nedian Hean(b) Stone. m'/g m'/g No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

(a) 

(b) 

- 
Dravo Maysvi l le Limestone, -100 mesh 50.82 2.74 28.3 13.4 
Dravo Maysvi l le Limestone, -325 m s h  51.86 2.81 7.2 8.5 
Pf izer  Marble White 200 Limestone 54.79 0.36 23.1 14.6 
Warner Be l l  Mine Limestone 54.71 0.58 25.9 15.8 
Mississippi R-1 Linestone 55.20 0.30 300.0 112.0 
Censtar Apex Limestone 56.53 0.46 28.3 16.1 
Utah Marblehead Limestone 56.55 0.29 48.0 27.0 
Baker Reagent CaCO, 56.54 0.01 13.2 11.2 
Home1 #1974 FF Dolomite 32.00 20.11 32.9 22.0 
Warner D o l m i t e  28.90 21.96 98.2 55.8 
Dravo Longvim Hydrated Lime 72.01 2.44 12.0 12.0 
Pressure Hydrated Dolomite 41.70 30.38 39.2 24.9 

Par t i c l e  size determined by wet screening i n  W,OH and by Coulter Counter. 

Specific surface mean, 0 = - 
z YiDi 

z Y i  

1.4 
6.3 
0.7 
1.8 
0.9 
1 .o 
0.9 
0.5 
0.8 
0.3 

21.1 
23.3 

55 
35 
60 
45 
70 
60 
65 
55 
70 
70 
40 
45 

where Y i  =weight  f rac t i on  of  size cut, Di E Average diameter o f  size cut. 

TABLE 2 

SULFATION PERFORMANCE OF HIGH SURFACE AREA CALCINES FROM TWELVE TEST SORBENTS 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

(a) 
( b l  
(C) 

- 

D Calcine 
micron Surface 'apparent 

Sorbent A Area. m'/q ( b )  

Saturat ion 
Ca Conversion.8 

1 DOO~C 
800OC 9oooc (c)  

Dravo Maysvi l le Limestone, -100 mesh 24.5 
Dravo Maysvi l le Limestone, -325 mesh 8.5 
Pfizer Marble White 200 Limestone 14.6 
Warner. Be l l  n ine Limestone 15.8 

Censtar Apex Limestone 16.1 
Utah Marblehead Limestone 27.0 
Bsker Prec ip i ta ted CaCO, 11.2 
Home1 e1974 D o l m i t e  22.0 
Warner Dol m i t e  55.8 
Dravo Longvim Hydrated Lime 12.0 
Pressure Hydrated Dolomite 24.9 

Mississippi R-1 Limestone 112.0 

55 
35 
60 
45 
70 
60 
65 
55 
70 
70 
40 
45 

15 
15 
4.1 

4.1 
1.4 

15 

15 
22 

Negative 
Negative 

20 
21 

39 36 
50 50 
23 21 
37 33 
20 17 
36 27 
31 20 
45 36 
32 22 
30 22 
5s 53 
80 80 

Specif ic surface mean p a r t i c l e  diameter, as defined i n  Table 1. 
Apparent su l fa t i on  act ivat ion energy over 80O-95O0C. 
Runs a t  1WO'C deviated fran d i f f e ren t i a l  conditions. 
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b 

Figure  1. 

JL 

Schematic o f  D i f f e r e n t i a l  Reactor Uni t .  
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F i g u r e  2. Comparison o f  Su l fa t ion  Rate Data w i t h  I n t r i n s i c  
Su l fa t ion  K i n e t i c  Model. 
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Figure 5 .  Cumulative Pore Volume Distribution for Two Calcined Limestones. 
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Figure 6.  Performance Comparison of Pressure Hydrated Lime 
and Dolomitic Stone. 
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F igure  7 .  E f f e c t  o f  Na,CO, Addi t ive  on Ca lc ine  Pore D i s t r i b u t i o n .  

F igure  8. S u l f a t i o n  Enhancement by Na,C03 Addi t ive .  
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