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SCREENING OF GRANULAR SORBENTS' FOR 
THE REMOVAL OF GASEOUS ALKALI METAL COMPOUNDS 

FROM HOT FLUE GAS - 
' by . . 

She1don.H. D .  Lee, William M. Swi f t ,  . . 

and I r v i n g  Johnson 

. ABSTRACT 

Six commercially a v a i l a b l e  borbent m a t e r i a l s  have been t e s t e d  a s  g ranu la r  
so rben t s  t o  be used i n  granular-bed f c l t e r s  f o r  t h e  removal of gaseous a l k a l i  
metal  compounds from t h e  h o t  (800-880"~)  f l u e  gas  of  p r e s su r i zed  f luidized-bed 
combustors (PFBC) f o r  proposed combined-cycle'power gene ra t i on .  Tes t s  were 
performed by pass ing  s imulated r e l a t i v e l y  d ry  f l u e  gas  of  PFBC through 
granular-bed f i l t e r s  i n  e i t h e r  a  l abora tory-sca le ,  fixed-bed combustor o r  a  
h igh  temperature  s o r p t i o n  t e s t  r i g .  The experimental  r e s u l t s  of  s c r e e n i n g '  
t e s t s  a r e  presen ted .  Diatomaceous e a r t h  and a c t i v a t e d  baux i t e  were found t o  
be t h e  two most promising so rben t s .  Pos s ib l e  s o r p t i o n  mechanisms and appl ica-  
t i o n s  of t h e  so rben t s  a r e  d i s cus sed .  

I. INTRODUCTION 

Pressur ized  f luidized-bed combustion (PFBC) i n  combined-cycle power 
gene ra t i on  systems provides  a  d i r e c t  coa l  combustion process  having t h e  
p o t e n t i a l  f o r  improved thermal  conversion e f f i c i e n c y ,  reduced c o s t s ,  and 
accep tab l e  environmental impac ts . l  I n  such systems, t h e  p re s su r i zed  h o t  f l u e  
gas  w i l l  be expanded through a  gas  t u r b i n e  t o  recover  energy and make t h e  
system economic. Pas t  exper ience  ob ta ined  when ope ra t i ng  gas  t u r b i n e s  wi th  
h o t  f l u e  gas  from ( 1 )  t h e  combustion of  l i q u i d  f u e l s 2  and ( 2 )  t h e  d i r e c t  
combustion of pu lver ized  coa l3  has  i nd i ca t ed  t h a t  p a r t i c u l a t e s  of unburned 
coa l  and ash and a l k a l i  meta l  compounds (such a s  c h l o r i d e s  and s u l f a t e s  of  
sodium and potassium) i n  t h e  f l u e  gas  cause  c a t a s t r o p h i c  e ros ion ,  co r ros ion ,  
and fou l ing  of g a s  t u r b i n e  hardware.  Of t h e s e  co r ros ive  agen t s ,  a l k a l i  meta l  
cumpuurlds i n  t h e  f l u e  gas  a r e  choughr: co cause h o t  co r ros ion  of  t u r b i n e  
hardware . 4 , 5  Therefore ,  f o r  t h e  succes s fu l  ope ra t i on  of combined-cycle power 
p l a n t s ,  c leanup  o f  t h e  h o t  f l u e  gas  t o  remove p a r t i c u l a t e s  and a l k a l i  meta l  
compounds i s  impera t ive .  

Sodium and potassium compounds e x i s t  i n  coa l  i n  s i m i l a r  chemical forms. 
Sodium c h l o r i d e  and potassium c h l o r i d e  a r e  p re sen t  i n  s a l i n e  groundwater t h a t  
permeates t h e  rock and f i l l s  t h e  pores  and c r acks  i n  t h e  coa l  bed. .Both 
sodium and potassium are '  a l s o  c o n s t i t u e n t s  of  c l a y  mine ra l s  i n  c o a l ,  such a s  
i l l i c e  and inonrmori l lonife .  Sodium c h l o r i d e  i s  a  p r i n c i p a l  form of sodium i n  
c o a l ;  i n  c o n t r a s t ,  ,potassiuin i n  coa l  occurs  l a r g e l y  a s  n o n v o l a t i l e  alumino- 
s i l i c a t e s .  However, potassium can be  r e l ea sed  from s i l i c a t e s  a s  potassium 
c h l o r i d e  by exchange r e a c t i o n s  wi th  sodium c h l o r i d e  vapor.6'8 S ince  both ' 

sodium chlor3de  and potassium c h l o r i d e  have app rec i ab l e  vapor p re s su re s  (0 .4  
and 0.7 kPa, r e s p e c t i v e l y , ,  a t  900°C) a t  . the  f luidized-bed combustion temper- ' .  

a t u r e  range, t h e i r  vapors  +re expected t o  be JLI the f l u e ' g a s  of PFBC. 
Thermodynamic c a l c u l a t i o n s  i n d i c a t e  t h a t  gaseoys sodium c h l o r i d e  and potassium 
c h l o r i d e  a r e  t h e  major sodium and potassium c a r r i e r s ,  r e s p e c t i v e l y ,  i n  t h e  

.1 - 



f l u e  gas  of  f luidized-bed combustion o f  coa l .9  A l k a l i  meta l  s u l f a t e s  can be 
formed by t h e  r e a c t i o n s  of a l k a l i  c h l o r i d e s  with gaseous s u l f u r  compounds. 

A way t o  e l i m i n a t e  t h e  h o t  co r ros ion  of gas  t u r b i n e  hardware i s  t o  
r educe  t h e  concen t r a t i on  of a l k a l i  metal  compounds i n  h o t  f l u e  gas  t o  a  l e v e l  
t o l e r a b l e  f o r  t u r b i n e  b l ades .  A way t o  accomplish' t h i s  i s  t o  use a  h o t  
granular-bed f i l t e r  t o  remove t h e  a l k a l i  meta l  compounds from t h e  h o t  f l u e  
g a s  b e f o r e  i t  i s  expanded i n t o  a  t u rb ine .  Granular-bed f i l t e r s  a r e  among t h e  
many d e v i c e s  being a c t i v e l y  developed f o r  high-t  emperature,  high-pressure 
p a r t i c u l a t e  c leanup o f  f l u e  gas.10-12 They hold g r e a t  promise based on t h e i r  
p o t e n t i a l  advantages over  o t h e r  dev i ce s  f o r  p a r t i c u l a t e  removal. l3 With a  . 
s u i t a b l e  bed m a t e r i a l ,  a  granular-bed f i l t e r  w i l l  s imultaneously remove 
p a r t i c u l a t e s  and a l k a l i  me ta l  compounds. 

Seve ra l  m a t e r i a l s  have been found t o  r e a c t  e f f e c t i v e l y  with a l k a l i  meta l  
compounds t o  form n o n v o l a t i l e  products .  For example, Combustion Power ' 

Company has  demonstrated t h a t  t h e  a d d i t i o n  of an aluminum s i l i c a t e  c l ay  t o  
t h e  combustion zone of PFBCs e f f e c t i v e l y  reduces t h e  emission of  a l k a l i  5 
vapor s .14 ,  The chemical r e a c t i o n s  p e r t a i n i n g  t o  t h e  f i x a t i o n  of a l k a l i  
c h l o r i d e s  by an aluminum s i l i c a t ' e  c l a y  have been w e l l  e s t ab l i shed .15  The 
a u t h o r s  have a l s o  found t h a t  c l a y  mine ra l s ,  s i l i c a  g e l ,  and baux i t e  a d d i t i v e s  
e f f e c t i v e l y  t i e  u  a l k a l i s  du r ing  t h e  combustion of NaC1-impregnated /act ivated 
coconut  cha rcoa l .  !6 

Research h a s  been under way a t  Argonne Nat ional  Laboratory t o  develop 
e f f e c t i v e  g r a n u l a r  s o r b e n t s  t h a t  can be  used ' a s  bed m a t e r i a l  i n  granular-bed 

. f i l t e r s  f o r  t he  removal of a l k a l i  meta l  compounds from t h e  h o t  f l u e  of  
PFBCs. Presen ted  ' i n  t h i s  r e p o r t  a r e  experime'nt a1 r e s u l t s  obt  aj.ned on t h e  
s c r een ing  o f  s i x  commerci'al p roducts .  . I n  t h e s e  experiments ,  NaC1, K C 1 ,  and 
K2SO4 vapors  were each t r a n s p o r t e d  i n  r e l a t i v e l y  dry gas  s imula t ing  f l u e  gas  

, , 

of  PFBC t o  t e s t .  t h e  products  f o r  t h e i r  a lka l i -vapor  s o r p t i o n  c a p a b i l i t i e s .  . 
P o s s i b l e  s o r p t i o n  mechanisms and a p p l i c a t i o n s  f o r  t h e  two most promising 
subs t ances  a r e  d i scusacd .  

11. ' EXPERIMENTAL 
, 

A. Sorbent Ma te r i a l  

. . Six commercial p roducts  were f i r s t  screened a s  so rben t s  f o r  t h e  
removal of NaCl vapor from a s imulated h o t  NaC1-vapor-bearing f l u e  gas  having 
t h e  composi t ion 'expected from PFBC combustion. m e  two most promising 
subs t ances  were t hen  t e s t e d .  f o r  t h e  removal of gaseous K C 1  and K2SO4. 
Tab.le 1 g i v e s  t h e  sou rces  and major c o n s t i t u e n t s  o f . s i x  products  screened i n  

. t h i s  s t udy .  

With t h e  excep t ion  of  Burgess No. 10 pigment, t h e  ma te r i a l s  t e s t e d  
w e r e  -8 +10 mesh p a r t i c l e s  ob ta ined  by s i ev ing .  The s ieved  so rben t s  were 
prehea ted  i n  a flowing a i r  stream a t  900°C t o  remove v o l a t i l e  a l k a l i  metal  
compounds. I n  t h e  p r e p a r a t i o n  of  Burgess No. 10 pigment ( a . f i n e  powder), i t  
was formed i n t o  c y l i n d e r s  (2.5-cm d i a  by 3-cm long)  u s ing  a  hyd rau l i c  p r e s s ,  
h e a t - t r e a t e d ,  and then  crushed;  .-8 +10 mesh p a r t i c l e s  ob ta ined  by s i e v i n g  
were used i n  t h e  tests. 



Table 1. Sources and Major C o n s t i t u e n t s  of  Ma te r i a l s  Tested 

Sorbent Source Major Cons t i t uen t s  . ' 

Alundum' Norton Company, a-A1203 (99.5%) . 
. ,Massachusetts.  

Celatom MP-91 Eagle-Picher Sin2 (92 .02) ;  Al,203 (5.0%) 
D i  atomaceous I n d u s t r i e s ,  .Inc.  , 
Ear th  , , Ohio ' ,, ,, 

S i l i c a  Gel ,Fisch'er S c i e n t i f i c  
Company, N.  J .  

Burgess No. 10 Burgess Pigment 
Pigment Company, ,Georg ia  

Attapulgus-  Clay Engelhard' Minerals  
and Chemicals Corp. , 
N. J .  

Act iva ted  
Bauxi te  

Engelhard Minerals  
and Chemicals Corp., 
N.  J .  

B.  Equipment . . . . 

A 1,aboratory-scale ,  batch-type,  fixed-bed combustor system was used 
t o  test  s o r b e n t s  f o r  t h e  removal of gaseous sodium c h l o r i d e  and .potass ium 
c h l o r i d e .  F igure  1 i s  a schematic diagram of t h e  combustor system. A 
d e t a i l e d . d e s c r i p t i o n  of t h e  system i s  presented elsewhere.17 

The combustor i s  a 8.9-cm-ID 1 . 8 3 - l o n g  h o r i z o n t a l  s t a i n l e s s  s f e e l  
p ipe  and c o n s i s t s  of  four  s e c t i o n s  : prehea t ing ,  combustion, f i l t r a t i o n ,  and 
co ld - t r ap  s e c t i o n s .  The sorbent  i s  placed between two pe r fo ra t ed  s t e e l  
p l a t e s  i n  a s t a i n l e s s  s t e e l  tube ,  which i s  fas tened  upstream from a co ld  t r a p  
t ube  i n t o  which a co ld  f i n g e r  i s  i n s e r t e d ;  t h u s ,  t h e  sorbent  i s  i n  t h e  
f i l t r a t i o n  s e c t i o n  of  t h e  combustor. A weighed q u a n t i t y  o f  pure a l k a l i  meta l  
compound i n  a plat inum sample pan i s  hea ted  (by induc t ion  h e a t i n g )  i n  t h e  
combustion s e c t i o n  of  t h e  combustor and i s  vapor ized .  The vapor i s  c a r r i e d  
by preheated '  f lowing gas  downstream through t h e  sorbent  bed,  and any remaining 
vapor i s  condensed on t h e  cold t r a p  tube ,  t h e  cold f i n g e r ,  and t h e  backup 
f i l t e r  ( i . e . ,  t h e  glass-wool f i l t e r ) .  

Because a l k a l i  metal.  s u l f a t e s  have s u b s t a n t i a l l y  lower vapor 
p re s su re s  than' t h e i r  c h l o r i d e s ,  and because t h e  a l lowable  maximum ope ra t i ng  
tempera ture  of  t h e  l abo ra to ry - sca l e ,  fixed-bed combustor v e s s e l  i s  l i m i t e d  t o  
900°c, a smal l - sca le  s o r p t i o n  t e s t  r i g  (F ig .  2 )  t h a t  can be  opera ted  up t o  



1250°C was used f o r  t e s t s  t o  determine t h e  s o r p t i o n  of gaseous potassium 
s u l f a t e .  I n  t h i s  test  r i g ,  a  known amount of potassium s u l f a t e  contained i n  
a  p la t inum sample pan i s  vapor ized  i n s i d e  a  pure A1203 tube  t h a t  i s  hea ted  by 
a  t u b u l a r  furnace.  The preheated s imulated PFBC f l u e  gas  t hen  c a r r i e s  t h e  

- 
a l k a l i  me ta l  s u l f a t e  vapor downstream t h r o u g h ~ t h e  bed of  sorbent  t o  be t e s t e d  
and through a  condenser ,  and f i n a l l y  t h e  gas  i s  vented t o  an exhaust .  The 
s o r b ~ n t  bed i s  supported by a. platinum gauze and qua r t z  tub ing  i n s e r t e d  
c o n c e n t r i c a l l y  i n s i d e  t h e  A1203 tube.  The A1203 t i b e  i s  capped on both  ends 
w i t h  l a v a  end caps .  A ceramic f i b e r  gaske t  i s  used a s  t h e  s e a l  between t h e  
A1203 t u b e  and t h e  end cap. 
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Fig.  1. Batch-Type Fixed-Bed Combustor System 
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Fig.  2. K2SOq-Vapor Sorptzon Tes t  Apparatus 

C. Procedures  . ' . 

. . 
1. . s o r p t i o n  Tes t s  

Ci 

A l l  t e s t s  conducted i n  t h i s  s tudy were performed a t  atmospheric 
p re s su re .  Except i n  gcreening t e s t s  f o r  gaseous NaCl i n  which a i r  was used 
as  t h e  c a r r i e r  gas ,  so rben t s  were t e s t e d  u s ing  s imulated r e l a t i v e l y  d r y  f l u e  
gas  of  PFBC. For tes ts  wi th  NaCl and K C 1  vapors ,  t h e  sample temperature  was 
c o n t r o l l e d  a t  900°C, which was g r e a t e r  t han  t h e  sorbent  bed temperature  of 
about 875°C. Because of  t h e  s u b s t a n t i a l  d i l u t i o n  of  t h e  a l k a l i  meta l  c h l o r i d e  
vapor by t h e  h o t  ca r ry ing  gas ,  t h e  a l k a l i ' m e t a l  c h l o r i d e  p re sen t  i n  t h e  
c a r r y i n g  gas  should be  i n  t h e  gas  phase. This  was supported by vapor p re s su re  
c a l c u l a t i o n s  showing t h a t  t h e  a l k a l i  meta l  c h l o r i d e  vapor p re s su re  i n  t h e  
c a r r y i n g  gas  was s i g n i f i c a n t l y  lower t han  i t s  s a t u r a t i o n  vapor p re s su re  a t  
t h e  sorbent  bed temperature .  The amount of a l k a l i  meta l  c h l o r i d e  vaporized 
f o r  a  t e s t  was c o n t r o l l e d  by vary ing  t h e  s i z e  of t h e  sample pan. For t h e s e  
t e s t s ,  t h e  vo lumet r ic  composition of  t h e  s imulated f l u e  gas  was 3% 02, 
16% C02, Q180 ppm H20, ' ~ 3 0 0  ppm'S02, a l k a l i  me ta l  c h l o r i d e  vapor ranging from 
56 t o  103 ppm, and t h e  ba lance  N2. The t r a c e  amount of t h e  mo i s tu re  was the  
mo i s tu re  p re sen t  i n  02, C02,  and N2 c y l i n d e r s .  Although t h e  es t imated  a l k a l i  



. concen t r a t ion  i n  t h e  f l u e  gas  of PFBC i s  i n  t h e  o rde r  of 10 ppm, a  f a i r l y  high 
a l k a l i  concen t r a t ion  i n  t h e  f l u e  gas was used i n  t h i s  work so t h a t  a  d e t e c t a b l e  
amount of a l k a l i  vapor ' cou ld  be obtained w i t h i n  a  reasonable experimental 
,pe,riod. For t h e  t e s t s  with K2SO4 vapor,  t h e  sample was heated a t  1 2 5 0 ' ~ .  The 
volumetr ic  composition of t h e  s imulated f l u e  gas +as 2 . 3 %  02, '13% C02, 
"120 ppm H20, "110 ppm S02, "3 ppm K2SO4 vapor and the  ba lance  N2. 

A t  t h e  end of each experiment,  t he 'we igh t  l o s s  of a l k a l i  metal  
compound i n  t he  sample pan was measured; the  condensatps were c o l l e c t e d  by 
washing wi th  d i s t i l l e d  water  and were analyzed f o r  t h e  a l k a l i  meta l  of i n t e r e s t .  
The amount of a l k a l i  meta l  c h l o r i d e  vapor captured by a  sorbent  was obta ined  
by s u b t r a c t i n g  from t h e  t o t a l  a l k a l i  meta l  c h l o r i d e  vaporized the  sum of 
( 1 )  t h e  amounts of a l k a l i  meta l  c h l o r i d e  condensed on t h e  cold t r a p s  and t h e  
backup f i l t e r  and ( 2 )  t h e  amount of a l k a l i  meta l  c h l o r i d e  l o s t  t o  t h e  combustor 
(due t o  r e a c t i o n s  with t h e  h o t  combustor p ipe)  be fo re  it reached t h e  sorbent  
bed. The l a t t e r  ' va lue  was obta ined  from averaging the  amounts of a l k a l i  meta l  
c h l o r i d e  vapor l o s s  obta ined  from s e v e r a l  blank runs  i n  which t h e  sorbent  had 
been d i r e c t l y  analyzed f o r  t h e  amount of a lka l i -vapor  cap tu re .  The s o r p t i o n  
c a p a b i l i t y  of a  sorbent  was evaluated by i t s  e f f e c t i v e n e s s  i n  removing a l k a l i .  
vapor  from f l u e  gas.  

2 .  Sorbent Leaching 

- 
For t h e  purpose of ob ta in ing  i n s i g h t  i n t o  t h e  r e a c t i o n s  between 

a l k a l i  meta l  compound vapors  and t h e  so rben t s ,  e i t h e r  d i s t i l l e d  water- leaching 
a lone  o r  d i s t i l l e d  water'leaching followed by leaching  wi th  5% HC1 s o l u t i o n  
were performed on ( 1 )  f r e s h  sorbents  and (2 )  so rben t s  a f t e r  s o r p t i o n  t e s t s .  
Both water  leaching  and ac id  leaching  were conducted i n  a hsaker a t  gent1.e 
b o i l i n g  temperature (95'C) f o r  *a s p e c i f i e d  period o f  t i m e .  The leachates 
were then  analyzed f o r  e lemental  concent ra t ions  of t h e  elements of i n t e r e s t .  

D. Ana ly t i ca l  Methods 

Sodium concentr.ations i n  e i t h e r  water  o r  acid s o l u t i o n s  were de t e r -  
mined' by flame emission spectrometry,  and potassium concent ra t  ions by .atomic 
a b s o r p t i o n  spectrometry.  An Ins t rumenta l  Laboratory Model 153 spectrometer  
was used f o r  t h e  ana lyses .  For t h e  a n a l y s i s  o f  c h l o r i d e  i o n  i n  s o l u t i o n ,  an 
a rgentometr ic  method. was used18--a method of t i t r a t i o n  i n  ,which AgCl p rec ip i -  
t . a t e s .  

A. Screening Tests 

Six commercial products  (Table 1 )  were f i r s t  screened by measuring 
t h e i r  e f f e c t i v e n e s s '  f o r  removing NaCl vapor from h o t  NaCl vapor-bearing 
f lowing a i r .  The two most promising substences were then  t e s t e d  a s  so rben t s  
f o r  K C 1  and K2S04 vapors ,  us ing  a  s imulated f l u e  gas  of PFBC. Resul t s  of 
t h e s e  screening  t e s t s  a r e  g iven  and d iscussed  below. 

1. NaCl-Vapor Tes t s  

. Two s e t s  of t e s t s  (HGC s e r i e s ) ,  t h e  f i r s t  a t  8 7 0 ' ~  i n  a i r  flow 
and t h e  second a t  8 8 0 " ~  i n  s imulated f l u e  gas,  were completed. For t h e s e  two 



s e t s  of  t e s t s ,  t h e  s u p e r f i c i a l  gas  v e l o c i t i e s  and t h e  gas  hou r ly  space velo-  
c i t i e s  (GHSV) o f  t h e  flowing gas  passing through t h e  bed were 8 cm/s and 
3,500 h-1, and 25 cm/s and 12,000 h - l ,  r e s p e c t i v e l y .  GHSV i s  de f ined  a s  
t h e  vo lumet r ic  flow r a t e  of t h e  gas  i n  u n i t s  o f  sorbent  volume per  hour .  

Table 2  shows t h e  m a t e r i a l  ba lances  of NaCl from t e s t i n g  t h e  
s i x  commercial products  f o r  NaCl vapor cap tu re .  A s  can be  seen  i n  t h i s  t a b l e ,  
t h e  alundum behaved i n e r t l y .  This  i s  i n  good agreement wi th  t h e  way i t  

, behaved i n  the'  combustion of  a  mix ture  of alundum and a c t i v a t e d  coconut 
charcoa l  impregnated w i t h  0,5% by w t  NaC1. I n  t h a t  combustion s tudy  a l s o ,  
alundum was observed t o  f a i l  t o  c a p t u r e  NaCl vapor .  

, , I n e r t  alundum was used i n  t h e s e  sc reen ing  t e s t s  t o  t e s t  t h e  
experiment a1 system. The good m a t e r i a l  ba lance  ob ta ined  from experiment HGC-3 
demonstrated t h a t  t h e r e  was no pure ly  phys ica l  condensat ion of NaCl vapor on 
t h e  sorbent  under t he . expe r imen ta1  cond i t i ons .  The output  of NaCl was 
s l i g h t l y  g r e a t e r  t han  t h e  input  because sodium was r e l ea sed  from alundum 
i t s e l f  dur ing  t h e  t e s t ,  a s  i s  confirmed by t h e  d a t a  shown i n  Table 5. 

I n  comparison t o  alundum, Celatom MP-91 diatomaceous e a r t h  was 
much more e f f e c t i v e  i n  removing NaCl vapor;  i t  cap tured  74% of t h e  NaCl vapor 
pass ing  through i t .  I n  t h e  combustion of a c t i v a t e d  coconut charcoa l  t o  which 
s i l i c a  g e l  had been added,16,17 s i l i c a  g e l  demonstrated i t s  e f f e c t i v e n e s s  f o r  
t y i n g  up sodium i n  t h e  ash bed. Also, Nelson and ~ i s l e l 9  r epo r t ed  t h a t  s i l i c a  . 

g e l ,  with i t s  l a r g e  i n t e r n a l  s t r u c t u r e s ,  was t h e  most e f f e c t i v e  of a l l  
s i l i c a t e s  t e s t e d  a s  co r ros ion - inh ib i t i ng  a d d i t i v e s  t o  prevent  high-temperature  
l iquid-phase co r ros ion  i n  coa l - f i r ed  b o i l e r s .  However, when s i l i c a  g e l  was 
used a s  a  sorbent  i n  t h e  t e s t s  r epo r t ed  h e r e ,  i t  showed only  moderate e f f e c -  
t ivene,ss  i n  t y i n g  up NaCl vapor.  This  was due t o  l o s s  of p o r o s i t y  o f  t h e  
s i l i c a  g e l  caused by t h e  preheat- t reatment  of t he  sample, a s  i s  seen i n  F ig .  3 .  

Burgess No. 10 pigment, which i s  p r imar i l y  a  k a o l i n  c l a y ,  ha s  . 
been shown 'by Combustion Power Company, I n c .  ,I4 t o  be a  very  e f f e c t i v e  "ge t t e r "  
f o r  a l k a l i  me ta l s .  S i m i l a r l y ,  i t  e f f e c t i v e l y  cap tured  78% of t h e  NaCl vapor 
i n  t h i s  t e s t  system. Attapulgus c l a y  i s  e s s e n t i a l l y  a  magnesium aluminum 
s i l i c a t ' e .  It was f a i r l y  e f f e c t i v e  i n  removing NaCl vapor;  however, t h i s  c l a y ,  
fol lowing t h e  t e s t ,  became f r a g i l e .  For p r a c t i c a l  a p p l i c a t i o n  of a  candida te  
so rben t ,  f r a g i l i t y  i s  no t  an accep tab l e  proper ty  because t h e  f i n e  p a r t i c l e s  
produced would i n c r e a s e  t h e  load on  downstream par t icu la te - removal  f a c i l i t i e s .  

The a c t i v a t e d  baux i t e  t e s t e d  i n  t h e s e  sc reen ing  t e s t s  i s  
thermal ly  t r e a t e d  high-alumina-content n a t u r a l  baux i t e  o re .  Of t h e  s i x  
so rben t s  screened i n  t h i s  s e r i e s ,  a c t i v a t e d  b a u x i t e  was t h e  most a c t i v e  i n  
removing NaCl vapor ,  a s  i s  shown i n  t h e  bottom row o f  Table  2 .  

Table 2  a l s o  shows t h a t  i n  t h e  second s e t  of t e s t s ,  i n  which 
t h e  s imulated f l u e  gas  was used, t h e  e f f i c i e n c i e s  of NaCl vapor c a p t u r e  of  
diatomaceous e a r t h ,  a c t i v a t e d  b a u x i t e ,  and Burgess No. 10 pigment were s i g n i f i -  
c a n t l y  increased-- to  96, 98, and 85% c a p t u r e ,  r e s p e c t i v e l y .  This  i n c r e a s e  
r e s u l t e d  from t h e  combined e f f e c t s  of (1 )  s h o r t e r  experiment d u r a t i o n ,  
( 2 )  h i g h e r  NaC1-vapor concen t r a t i on  i n  t h e  f l u e  gas ,  and ( 3 )  h ighe r  s u p e r f i c i a l  
v e l o c i t y  of  t h e  f l u e  gas ,  which inc reased  mass t r a n s f e r  of NaCl vapor from t h e  
bu lk  of f l u e  gas t o  the s u r f a c e  of  t h e  so rben t ,  thereby  i n c r e a s i n g  s o r p t i o n  of  
NaCl vapor by t h e  so rben t .  



Table 2. Ms te r i a l  Balances f o r  NaCl from Tes t ing  Sorbents  f o r  NaC1-7apor Capture  

Experiment No. , 3GC- 3  4  5  6  7  8' 11 L l R  12R 
' - ' - -  - - - - 13 

0 0 
il I+ 

0 V: r ~ >  

 lowi in& Gas ' Aira A i r  A i r  A i r  A i r  . A i r  S..F..G.b S.F.G. S.F.G. ,S.F..G. 
. . 

.Experiment Durat ion,  i d n  180 180 180 180 180 180 100 100 100 ,. 100 

NaC1-Vapor concen t r a t i on  . 
' 

i n  Flowing d a s ,  ppmv 56 56 56 56 58 58 82 103 8  3  8  5  

Tota l  N d l ,  mg 

Input  
(1) NaCl Transportedc 92 91 9  1 92 95 96 242 ,303 24 5 252 -* NaCl Col lec ted  bv 

( a )  Cold Traps 71 18 40 15 2  5  6  6 8  3  2  6  

( 3 )  T o t a l  95 24 55, 20 34 8  10 12 8  39 

(4 )  NaCl c a p t u r e  by 
Sorbent , 

100 x [ c l j  - (3)11(1)  -3% 74%. 40% . .  78% 64% 92% 46%'  96% 98% 85% 

a A t  8 7 0 " ~ .  s u p e r $ i c i a l  g& v e l o c i t y ;  €; .cm/s. Gas hou r ly  s p a c e ~ v e l o c i t y ,  3500 h-1. 

b ~ i m u l a t e d  r e l a t i v e l y  d ry  f l u e  gas.  A t  880°C. S u p e r f i c i a l  ga s  v e l o c i t y ,  25 cm/s. Gas 
hour ly  space v e l o c i t y ,  12,000 h-1. 

CAmount of NaCl vapor t r anspo r t ed  t o  t h e  sorbent  bed. 
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of Pore Diameter f o r  S ix  Sorbents  

It i s  concluded from t h i s  set of t e s t s  t h a t  among t h e  s i x  
s o r b e n t s  sc reened ,  diatomaceous e a r t h ,  a c t i v a t e d  b a u x i t e ,  and Burgess No. 10 
pigment a r e  t h e  most e f f e c t i v e  so rben t s  i n  cap tu r ing  NaCl vapor from f l u e  gas ,  
and t h e r e f o r e ,  they  were f u r t h e r  t e s t e d  f o r  KC1-vapor cap tu re .  

C 

2. Re l a t i onsh ip  of  NaC1.-Vapor Sorp t ion  
C a p a b i l i t y  t o  Sorbent P o r o s i t y  

I n  a  gas-sol id  s o r p t i o n  r e a c t i o n ,  one parameter t h a t  h a s  an 
important  e f fec- t  on t h e  r e a c t i o n  r a t e  i s  t h e  i n t e r n a l  s u r f a c e  a r e a  ( i n  l a r g e  
enough pores )  o f  a  sot-bent; t h e r e f o r e ,  t h e  po ros i t y  of  each type  of sorbent  
was measured. F igure  3 shows p l o t s  o f  t h e  cumulat ive pore volume vs .  pore - 
diameter .  It may be  observed i n  t h i s  f i g u r e  t h a t  diatomaceous e a r t h  h a s  t h e  
g r e a t e s t  t o t a l  pore volume; i t s  pore volume i s  e s s e n t i a l l y  con t r ibu t ed  by 
l a r g e  pores .  The pore volume o f ,Burges s  No. 10 pigment i s  second l a r g e s t ,  
mainly c o n t r i b u t e d  by sma l l e r  pores .  I n  c o n t r a s t  t o  t h e s e  two s o r b e n t s ,  t h e  
pore volume of a c t i v a t e d  baux i t e  i s  evenly con t r ibu t ed  by a  wide range of 
smal l  pores .  S i l i c a  g e l  and alundum have about t h e  same t o t a l  pore volumes 
and a r e  ve ry  nonporous. Since t h e  i n t e r n a l  s u r f a c e  a r e a  i s  p r imar i l y  c o n t r i -  
buted by small  pores ,  t h e  e f f e c t i v e n e s s  of  a  sorbent  f o r  cap tu r ing  NaCl vapor 
( a s  shown i n  Table 2)  i s  g e n e r a l l y  r e l a t e d  t o  i t s  i n t e r n a l  s u r f a c e  a r e a  
( ~ i g .  3 ) .  

3. KC1-Vapor Tes t s  

Except f o r  Western low-rank c o a l s ,  t h e  potassium c o n t e n t . o f  . 
t y p i c a l  U.S.  c o a l s  i s  h ighe r  t han  t h e  sodium content--approximately two \ .  
moles o f '  potassium f o r  each mole of sodium.20 Potassium c h l o r i d e  i s  p re sen t  
i n  s a l i n e  groundwater permeating the rock and f i l l i n g  t h e  pores  and c r acks  
i n  t h e  coa l  bed,, and can a l s o  be  r e l e a s e d  from s i l i c a t e s  by exchange r e a c t i o n s  
wi th  NaCl vapor.  Because potassium c h l o r i d e  h a s  an apprec iab ly  high vapor 
p re s su re  a t  t h e  fluidized-bed.'combustion temperature  range (0.7 kPa a t  
900°C), i t s  vapor  i s  expected t o  be  i n  t h e  f l u e  gas  o f  PFBC. Therefore ,  



t h e  t h r e e  most e f f e c t i v e  s o r b e n t s  screened us ing  NaCl vapor--diatomaceous 
e a r t h ,  a c t i v a t e d  b a u x i t e ,  and Burgess No. 10 pigment--were f u r t h e r  t e s t e d  f o r  
t h e i r  s o r p t i o n  c a p a b i l i t y  f o r  K C 1  vapor .  The r e s u l t s  f o r  t h e s e  t e s t s  a r e  
shown i n  Table  3. d 

. . 
. Tab1.e 3. Material: Balances f o r  K C 1  from T e s t i n g  

Sorbent s f o r  KC'17vapor Capturea 

. . 

Experiment No. HGC- . . 16 ; 17 - 18 . . 

Diatomaceous A c t i v a t e d '  Burgess.No. 10 
Ea r th  Bauxi te  Pigment 

Out put 
( 2 ) .  K C 1  Col lec ted  by 

( a )  Co'ld Traps 
( b )   lass-wool . F i l t e r  

( 3 )  To ta l  

) KC1 Captured by 
, Sorbcnt, 
' 100  x [ ( I )  - ( 3 ) 1 / ( 1 )  98% 95% 74% 

- 
a ~ o n d i t i o t l s :  880°C f o r  100 min. S u p e r f i c i a l  gas  ve l .nc i ty ,  25' cm/s. 

Gas hour ly  space  v e l o c i t y ,  12,000 hyl.  

bAmount of K C 1  ;apor tkanspor ted  t o  t h e  sorbent  bed. .  I 

In  each of'. t h i ' s  set of  t e s t s ,  t h e  s o r b e ~ l t  was t e s t e d  a t  an , 

' 

average bed tempera ture  of 880°C f o r  100 min i n  a  s imuii t 'ed f l u e .  gas  a t  a  
s u p e r f i c i a l  gas  v e l o c i t y  o f  25 cm/s and a  GHSV of 12,000 h-1. The KCl-vapor. 

, 

c o n c e n t r a t i o n  i n  f l u e  gas  was 76 ppm by volume on t h e  average. Tablc 3  
i . nd i ca t e s  t h a t  diatomaceous e a r t h  a d  a c t i v a t e d ' b a u x i t e  e f f e c t i v e l y  cap tured  . 
98 and 95%, f e s p e c t i v e l y ,  o f  t h e  K C 1  .vapor ( a s  e f f e c t i , v e l y  a s  t hey . cap tu red  
NaCl vapor) .  Burgess, No. 10  p.igment was l e s s  i f  f e c t i v e  (74% of' t h e  K C 1  vapor 
c a p t u r e d ) .  Butgess No. 10 pigment was s i m i l a r l y  l e s s  e f f e c t i v e  i n  c a p t u r i n g  
NaCl vapor ,  a s  shown i n  -Tabl.e 2.  The s i k l a r  s o r p t i o n  ac t . i v i t y  of  ' t h e s e  
s o r b e n t s  toward NaCl and K C 1  vapors i s  n o t  s u r p r i s i n g  because t h e  chemical . .  

p r o p e r t i e s  of NaCl and K C 1  a r e  s i m i l a r .  

4. . K2SOq-Vapor T e s t s  

I n  t h e  f l u e  gas  from c o a l  combustion, sodium and potassium may 
h e  p r e s e n t  no t  only a s  c h l o r i d e s  bu t  a l s o  a s  s u l f a t e s  produced by t h e  r e a c t i o n s  
of -  a l k a l i  c h l o r i d e s  with gaseous s u l f u r  compounds. Sodium s u l f a t e  and potassium 



s u l f a t e  i n  l i q u i d  form a r e  g e n e r a l l y  be l i eved  t o  be t h e  p recu r so r s  f o r  metal  
s u l f  i d a t i o n ,  t h e  most common form of  h o t  co r ros ion  occu r r ing  i n  gas   turbine^;^ 
t h e r e f o r e ,  c and ida t e  so rben t s  have t o  demonstrate  t h e  c a p a b i l i t y  o f  r e t a i n i n g  
a l k a l i  meta l  s u l f a t e s .  

Two t e s t s  (KSO-4 and -5) were conducted us ing  t h e  smal l - sca le  
s o r p t i o n  t e s t  r i g  (F ig .  2 ) .  Diatomaceous e a r t h  and a c t i v a t e d  b a u x i t e  were 
t e s t e d  a s  so rben t s  a t  ~ 9 0 0 ~ ~  f o r  24 h a t  a  s u p e r f i c i a l  gas  v e l o c i t y  o f  27 cm/s 
and a  GHSV of  62,000 h- l .  The m a t e r i a l  ba lances  of K2SO4 a r e  g iven  i n  
Table  4 ,  which shows t h a t  93 and 72% of t h e  t o t a l  K2SO4 vapor was cap tured  
by a c t i v a t e d  b a u x i t e  and diatomaceous e a r t h ,  r e s p e c t i v e l y .  Since t h e  sorbent ,  
was t e s t e d  a t  a  f a i r l y  h igh  gas  hou r ly  space v e l o c i t y  o r  a  con tac t  t ime of  
on ly  0.05 s ,  a  b e t t e r  c a p t u r e  e f f i c i e n c y  can be  expected i f  t h e  con tac t  t ime 
of  t h e  f l u e  gas  with t h e  sorbent  i s  increased .  The c a p a b i l i t i e s  of  t h e s e  
s o r b e n t s  f o r  r e t a i n i n g  K2SO4 vapor from h o t  f l u e  gas  appear t o  be  comparable 
t o  t h e i r  c a p a b i l i t i e s  f o r  r e t a i n i n g  a l k a l i  meta l  c h l o r i d e  vapors  (d i scussed  
above). On t h e  b a s i s  of  t h e  s i m i l a r  chemical p r o p e r t i e s  of  K2SO4 and Na2S04, 
i t  i s  reasonable  t o  expect  t h a t  t h e  c a p a b i l i t i e s  of  t h e s e  s o r b e n t s  f o r  

- r e t a i n i n g  Na2S04 vapor a l s o  a r e  s i m i l a r .  

Table  4.  Ma te r i a l  Balances f o r  K2SO4 from Tes t s  of  K2SOq-Vapor 
Capture by Diatomaceous Ea r th  and Act iva ted  Bauxi tea  

-- ~ ~ 

Experiment No. , KSO- 4 5 

Sorbent Act iva ted  . Diatomaceous 
Bauxi te  Ea r th  

. . 
Tot a1 K3S04, mg 

Input  
(1) K2S04 Vaporized 346 264 

output  
'7 K2S04 Col lec ted  from 

( a )  combustion Tube 
( b )  Downstream Line & Condenser 

( 3 )  K2S04 Captured by sorbentb  - 322 - 191 

To ta l  332 21 7 

( 4 )  K2S04 Loss - 14 47 

( 5 )  K2SO4 Capture ,  ' 

[ l o 0  x ( 3 ) / ( 1 ) 1  

%ond i t i ons :  900°C f o r  24 h.  S u p e r f i c i a l  gas  v e l o c i t y ,  27 cm/s. 
Gas hou r ly  space v e l o c i t y ,  62,000 h- l .  

i b ~ o t a s s i u m  =on ten t s  o f  t h e  so rben t s  were ob ta ined  by d i s s o l v i n g  two 
r e p r e s e n t a t i v e  samples of a c t i v t e d  baux i t e  i n  NH4HF2 and two 
r e p r e s e n t a t i v e  samples of diatomaceous e a r t h  i n  a  mix ture  of H2SO4, 

. HF, and HNO3. Then t h e  r e s u l t i n g  s o l u t i o n s  were analyzed by atomic 
absorp t ion .  



B. Sorp t ion  Mechanisms 

To o b t a i n  an i n s i g h t  i n t o  t h e  mechanism of NaCl cap tu re  by these  
., s o r b e n t s ,  a water- leaching,  s tudy has  been ca?r ied  out  on f r e s h  sorben'ts and 

on so rben t s  with NaCl sorbed. The sorbents  from t h e  f i r s t  - s e t  of NaC1-vapor 
t e s t s  ( 8 7 0 ° c ' i n  a i r  flow, Table 2)  were leached f o r  -30 min. Sorbent from t h e  
second s e t  of tes - t s  ( 8 8 0 " ~  i n  s imu la t ed . f lue '  gas ,  Table 2) was f i r s t  ground 
t o .  -200 mesh powder, and then  10 g of t h e  powder was leached wi'th d i s t i l l e d  
water  f o r  1 h.  The . f i l t e r  cake was then  leached wi th  5% HC1 s o l u t i o n  f o r  
ano the r .hour .  During bo th . l each ings  of sorbents  from t h e  second s e t  of 
t e s t s ,  magnetic s t i r r i n g  was used. Table 5 shows t h e  sodium and c h l o r i d e  
i o n  concen t r a t ions  i n  l e a c h a t e s  from t h e  f i r s t  s e t  of t , e s t s  (water  l each ing ) ,  
and Table 6 shbws t h e  sodium d i s t r i b u t i o n s  i n  t h e  NaC1-vapor-absorbed . 
s o r b e n t s  from t h e  second s e t  of t e s t s .  

Table 5. Comparison of Sodium and Chlor ide  Ion Concentrat ions 
i n  Water Leachates, from Fresh and NaC1-Absorb.ed    or bents 

Experiment 
No. 

HGC- . . Sorbent 

Alundum 
. . 

Celatom MP-91 
P i  atomaceous 
Ear th  

Concentrat ion,  mole x ' 1061g   or bent 
. . NaC1-Absorbed 
. Fresh Sorbent 
. Na+ C1- . 

Sorbent 
~ a +  C 1- 

2.21 N . A . a  1.52. N.A. 

5 S i l i c a  Gel 0.47 0.03 1.78 1.'33 

Burgess No. 10 
Pigment. .' 0.04 N.A. 0.09 . N.A.  

7 . . Attapulgus  .Clay 0.04 N.A. 0.11 N.A. 

8 ~ c t  i v a t e d  
Bauxite 0.05 N.A. 2.76 2.83 

aN.A. , no t  analyzed . 

As shown i n  Table 5, t h e  Na+ concent ra t ions  i n  t h e  l eacha te s  from 
NaC1-absorbed diatomaceous e a r t h ,  Burgess No. 10 pigment, and Attapulgus c l a y  
were only  s l i g h t l y  h i g h e r  t h a n  i n  t h e  l e a c h a t e  from f r e s h  sorbencs. This . 

ind i ' ca tes  t h a t  NaCl vapor 'was p r imar i ly  t i e d ,  lp by t h e s e .  so rben t s  i n  chemical 
forms t h a t  a r e .  no t  s o l u b l e  i n  water .  Resul t s  i n  Table .6 f u r t h e r  ' support ' 

t h e s e  observa t ions .  ' ' 



Table 6. ~ i s t r i b u t i o n  of .sodium Ion i n  t h e  
NaC1-Vapor-Absorbed Sorbents  

Experiment No., HGC- 

Sorbent 

Water-Solub l e  

Diatomaceous Act ivated BurgessNo.  10 . 
Ear th  - Bauxite  Pigment 

aFor example, "50" i n  t h e  f i r s t  column r e p r e s e n t s  t h e  p g  of  water -so luble  
.Na+ from 1 g  diatomaceous ' ea r th  a f t e r  s o r p t i o n  minus t h e  pg of water- 

- s o l u b l e  ~ a +  from 1 g of  f r e s h  diatomaceous e a r t h .  . - 

b ~ h e  f i n a l  f i l t e r  cake was d i s so lved  i n  a  mix ture  of H C 1 ,  HNO3, and HF. 
. This s o l u t i o n  was t hen  analyzed f o r  sodium. 

&, 

Next considered a r e  t h e  r e a c t i o n s  of  c l a y  minera l s .  Cla  minera l s  
a r e  known t o  be e f f e c t i v e  "ge t t e r s "  f o r  a l k a l i  meta l  compounds. 2,18,16,19 
Burgess No. 10 pigment i s  e s s e n t i a l l y  a  k a o l i n  c l a y ;  t h e r e f o r e ,  i t  i s  concluded 
t h a t  NaCl vapor was r e t a i n e d  by Burgess No. 10 pigment 'and At tapulgus  c l a y  by 
chemical reac t , ions  t h a t  formed water - inso luble  products  such a s  sodium 
aluminum s i l i c a t e s .  

The r e a c t i o n  mechanism of diatomaceous e a r t h ,  a  sedimentary rock  o f  
marine o r  l a c u s t r i n e  d e p o s i t i o n ,  i s  r e l a t e d  t o  i t s  composi t ions,  p r imar i l y  of  
s i l i c o n  d iox ide  and v a r i o u s  amounts of i m p u r i t i e s  such a s  c l a y ,  carbonaceous 
m a t t e r ,  i r o n  oxide ,  and sand. A s  shown i n  Table 1, t h e  Celatom MP-91 diatoma- 
ceous e a r t h  con ta in s  92%. S i02 ,  5% Al2O3, and o t h e r  i m p u r i t i e s .  The r e a c t i o n  

AHBOOOC = '-5.71 k c a l  mqlel  f o r  n  = 1 

i s  we l l  known and has  been s t ~ d i e d . ~ ~ , ~ ~  I n  t h e  p re sen t  work, t h e  NaCl vapor 
i s  be l i eved  t o  r e a c t  p r imar i l y  wi th  diatomaceous e a r t h  according t o  t h e  ab'ove 
r e a c t i o n ,  forming sodium s i l i c a t e s  t h a t '  a r e  no t  r e a d i l y  so lub le .  i n  water .  
The s o l u b i l i t y  o f  an a l k a l i  meta l  s i l i c a t e  depends on t h e  r a t i o  of  s i l i c a  t o  
a l k a l i  'metal ox ide  and i s  a l s o  c o n t r o l l e d  by the  q u a n t i t y  o f  impur i ty  p t e s e n t .  23 
P a r t  of t h e  NaCl vapor may a l s o  r e a c t  with c l a y s  p re sen t  a s  impur i t i es '  i n  
diatomaceous e a r t h .  I n  an i n v e s t i g a t i o n  of t h e  k i n e t i c s  of t h e  above r e a c t i o n ,  

, C h i r k ~ v ~ l * ~ ~  r epo r t ed  t h a t  betwlen 840 and 940°C, t h e  r a t e  of  t h e  above 
r e a c t i o n  i n c r e a s e s  with'  t h e  tempera ture  according t o  t h e  Arrhenius  equa t ion .  
I n  o t h e r  workS25 t h e  r a t e  of  r e a c t i o n  of NaCl vapor w i th  diatomaceous e a r t h  
i n  t h e  p re sen t  system was a l s o  noted t o  i n c r e a s e  wi th  temperature .  



I n  c o n t r a s t  t o  t h e s e  t h r e e  so rben t s ,  ' t h e  NaCl captured by s i l i c a  
g e l  and a c t i v a t e d  b a u x i t e  was r e a d i l y  leached ou t  by water ,  a s  shown i n  1 

Tables  5  .and 6 .  Within t h e  l i m i t s  of  experimental  and a n a l y t i c a l  e r r o r s ,  t h e  
mole r a t i o  of .  sodium t o  c h l o r i d e  i n  t h e  l e a c h a t e s  from . t he se  two so rben t s  i s  

. c l o s e  t o  ud i ty .  These r e s u l t s  appear t o  i n d i c a t e  t h a t , c a p t u r e  of NaCl vapor 
by t h e s e  two s o r b e n t s  was p r i m a r i l y  due t o  a  phys ica l  action--an adso rp t ion  
process .  A s i m i l a r  obse rva t ion  was made by Nelson and ~ i s l e , l 9  who a t t r i b u t e d  
t h e  capabi l i ' ty  o f  s i . l i c a  g e l  f o r  inhibiting.high-temperature a l k a l i  s u l f a t e  
l i q u i d  phase c o r r o s i o n  i n  coa l - f i r ed .  b o i l e r s  t o  a  phys ica l  adso rp t ion  mechanism. 
Baux i t e  i s  a  p r i n c i p a l  o f e  of  aluminum; i t  c o n s i s t s  mainly o f  aluminum oxi'de 
and o t h e r  i m p u r i t i e s  i nc lud ing  Si02 and c l a y  mine ra l s .  Act ivated b a u x i t e  
used f o r  t h i s .  s tudy  c o n t a i n s  more than 10% Si02 and c l a y  minera l s  (Table 1 ) .  . 
Chemical r e a c t i o n s  o f .  t h e s e  i m p u r i t i e s  with NaCl vapor may p lay  a  r o l e  i n  
NaCl vapor  capture.. 

. . 

. The amounl: of NaCl vapor adsorbed a; equi l fb t i i~ i r i  oil aeei i fa ted 
b a u x i t e  a t  9 0 0 " ~ '  and atmospheric  p re s su re  has  been measured us ing  t h e  s o r p t i o n  
t es t  appa ra tu s  ( ~ i g .  2 ) .  1.t was' found . t o  approach 25 mg NaCl per  gram of 
a c t i v a t e d  baux i t e .  25 The adso rp t ion  o f  NaCl vap0.r on a c t i v a t e d  baux i t e  
was a l s o  found . t o  approach t h e  equ i l i b r ium amount a t  t h e  .end of 6 h ,  and t h e  
e q u i l i b r i u m  amount o f  N a C l  vapor captured was noted t o  decrease  ,with i nc reas ing  
tempera ture .25  S ince  an adso rp t ion  process  i s  .always exothermic, t h e  amoLnt 
of  adsorb a t e  adsorbed a t  equ i l i b r ium must always dec rease  wi th  i n c r e a s i n g  
t empera tu re  according t o  t h e  p r i n c i p l e  of Le C h a t e l i e r ;  consequent ly ,  t h e .  
p r e s e n t  obse rva t ion  c l e a r l y  s u b s t a n t i a t e s  t h e  argument made prev ious ly  t h a t  
NaC1-vapor, i s  p r i m a r i l y  cap tured  by ' a c t i v a t e d  baux i t e  by an adso rp t ion  . . A 

proces s .  
d 

To g a i n  an understanding of t h e  r e a c t i o n s  of KzSO4 vapor wi th  both 
a c t i v a t e d  b a u x i t e  and diatomaceous e a r t h ,  t h e  K2SO4 vapor-adsorbed so rben t s  
from K2S04-vapor-capture t e s t s  (Table 4 )  were leached wi th  d i s t i l l e d  water  
f o r  1 h , . u s i n g  magnetic s t i r r i n g .  Table 7 shows t h e  d i s t r i b u t i o n s  of water- 
s o l u b l e  and water - inso luble  potassium s p e c i e s  i n  t h e  two s0rbent .s . .  

I 
Table  7. D i s t r i b u t i o n  of Potassium Ion  i n  t h e  K2SO4- 

Vapor-Absorbed Sorbents  

K+,  g-mol 
~ c f i v a t e d  D i  atomaceous 

Bauxi te  ' Ear th  

Water-Soluble 0.61 (16.5%) 0.06 (2.7%) 

aThe d i f f e r e n c e  between t o t a l  potassium and water-soluble  potas.sium. 

b ~ b t a . i n e d  by a n a l y s i s  of K+ . i n  t h e  sorbent .  



Table 7  i n d i c a t e s  t h a t ,  i n  c o n t r a s t  t o  NaCl vapor which i s  p r imar i l y  
adsorbed on a c t i v a t e d  b a u x i t e ,  K2SO4 vapor i s  e s s e n t i a l l y  cap tured  by r e a c t i o n s  
with a c t i v a t e d  b a u x i t e  t h a t  form water- insolub l e  compounds. 

The products  o f  t h e  K2SOq-vapor r e a c t i o n s ' w i t h  diatomaceous e a r t h  
a r e  essentially.water-insoluble. A t  t h e  end of t h e  experiment,  s i g n i f i c a n t  
q u a n t i t i e s  of diatomaceous e a r t h  p a r t i c l e s  were observed t o  be coated wi th  a  
l a y e r  of t r a n s p a r e n t ,  v i t r e o u s  m a t e r i a l ,  which had no t  been observed on t h e  
a c t i v a t e d  baux i t e  sorbent .  X ~ r a y  d i f f r a c t i o n  a n a l y s i s  o f  t h e  v i t r e o u s  
m a t e r i a l  showed t h a t  i t  was an amorphous subs tance ,  n o t  melted K2SO4. This  
i n d i c a t e s  t h a t  du r ing  t h e  experiments ,  K2SO4 vapor r eac t ed  wi th  diatomaceous 
e a r t h  t o  form g l a s s y  potassium s i l i c a t e s .  ,The s i l i c a t e s  so  formed may be  i n  
chemical forms t h a t  d i s s o l v e  very  slowly i n  water ,  o r  they  may f u r t h e r  combine 

.with i m p u r i t i e s  such a s  ox ides  of  aluminum, i r o n ,  calcium, and magnesium t o  
form water - inso luble  p rod~ ic t s .  

C.  Sorbent App l i ca t i ons  

Experimental r e s u l t s  presented above demonstrate  t h e  e f f e c t i v e n e s s  
of diatomaceous e a r t h  and a c t i v a t e d  baux i t e  a s  g r a n u l a r  so rben t s  f o r  t h e  
c a p t u r e  of a l k a l i  me ta l  compounds from h o t  f l u e  gas .  Both diatomaceous e a r t h  
and a c t i v a t e d  baux i t e  have inhe ren t  p rope r t i e s .  of s t a b i l i t y  a t  high temper- 
a t u r e s  and r e s i s t a n c e  t o  a t t r i t i o n ,  With t h e s e  s p e c i f i c  c h a r a c t e r i s t i c s ,  
thesk  two so rben t s  hold g r e a t  promise as  f i l t e r  media i n  granular-bed f i l t e r ' s  
f o r  removing p a r t i c u l a t e  and a lka l ' i  co r roden t s  s imultaneously from h i t  f l u e  
gas  of  'PFBC. 

Another p o s s i b l e  a p p l i c a t i o n  of  diatomaceous e a r t h  and a c t i v a t e d  
baux i t e  i s  i n  a  low-Btu g a s i f i c a t i o n  combined-cycle system, which h a s  been 
i d e n t i f i e d  a s  an a l t e r n a t i v e  t o  t h e  PFBC combined cyc l e  f o r  e f f i c i e n t  power 
gene ra t i on .  26,  27 Because of .  t h e  e f f e c t i v e  a l k a l i  removal c a p a b i l i t y ,  high- 
tempera ture  s t a b i l i t y ,  and a t t r i t i o n  r e s i s t a n c e  of  diatomaceous e a r t h  and , 

a c t i v a t e d  b a u x i t e ,  a  granular-bed f i l t e r  con ta in ing  e i t h e r  sorbent  may a lqo  
be a p p l i c a b l e  f o r  high-temperature ,  h igh-pressure  removal of p a r t i c u l a t e s  and 
a l k a l i  co r roden t s  from t h e  ho t  f l u e  gas  of a  low-Btu g a s i f i c a t i o n  combined- 
c y c l e  system. The p o t e n t i a l  gas  t u r b i n e  hardware problems f o r  t h e  l a t t e r  
system a r e  s i m i l a r  t o s t h o s e  f o r  t h e  PFBC combined cyc l e .  These two so rben t s  
should be  t e s t e d  f o r  t h i s  appl icat i 'on.  

I V .  SUMMARY 

. I n  t h e  p rospec t ive  a p p l i c a t i o n  o f  p r e s su r i zed  f lu id ized-bed  combustion 
(PFBC) o f  c o a l  f o r  power gene ra t i on ,  co r ros ion  of t u r b i n e  b l ades  due t o  
a t t a c k  by a l k a l i  meta l  compounds i n  t h e  h o t  f l u e  gas  i s  a p o t e n t i a l  problem. 
S ix  commercial products--alundum (pu re  A1203), Celatom MP-91 diatomaceous 
e a r t h ,  s i l i c a  g e l ,  ~ u r ~ e s s  No. 10 pigment, ~ t t a ~ u l ~ u s  Clay ,  and a c t i v a t e d  
b a u x i t e  have been screened.  The i r  use a s  so rben t s  i n  granular-bed f i l t e r s  t o  
remove.gaseous a l k a l i  me ta l  compounds from t h e  ho t  (800-900°C) f l u e  gas  
o f  PFBCs i n  proposed combined c y c l e  power gene ra t i on  i s  being eva lua ted .  
T e s t s  were performed us ing  a  s imula ted  r e l a t i v e l y  d r y  f l u e  gas  of  PFBC i n  a 
l abo ra to ry - sca l e ,  fixed-bed combustor and a  high-temperature  s o r p t i o n  t e s t  .. 
r i g .  



Experimental r e s u l t s  from t h i s  work show t h a t  both diatomaceous e a r t h  
and a c t i v a t e d  b a u x i t e  a r e  v e r y  e f f e c t i v e  g ranu la r  so rben t s  f o r  t h e  removal of 
a l l  gaseous NaC1, K C 1 ,  and K2SO4 from h o t  (800-880°C) s imulated f l u e  gas  o f .  
PFBC. The r e t e n t i o n  of gaseous a l k a l i  meta l  compounds by diatomaceous e a r t h  
i s  . a t t r i b u t e d  t o  chemical r e a c t i o n s  of  diatomacedus e a r t h  with a l k a l i . m e t a 1  
compounds t o  f o b  water - inso luble  o r  d i  f f  i c & l t l y  so lub le  a l k a l i  meta l  s i l i c a t e s .  
K2SO4 vapor  r e a c t s  wi th  a c t i v a t e d  b a u x i t e  t o  form water - inso luble  compounds; 

' .  however, c a p t u r e  of gaseous a l k a l i  meta l  c h l o r i d e s  by a c t i v a t e d  baux i t e  i s  
p r i m a r i l y  by an adso rp t ion  mechanism. 

V. CONCLUSIONS AND 'RECOMMENDATIONS 

Act iva ted  b a u x i t e  and diatomaceous e a r t h  a r e  ve ry  promising g ranu la r  
s o r b e n t s  for . removing gaseous a l k a l i  meta l  compounds from h o t  f l u e  gas  of  
PFBCs . 

F u r t h c r  o t u d i c s  of  t h e s e  two so rben t s  a r e  rec~mmended to  obtaiil Lhe 
' t e c h n i c a l  d a t a  base needed f o r  a p p l i c a t i o n s ,  i . e . ,  t o  determine e f f e c t s  of 
o p e r a t i n g  v a r i a b l e s  on t h e  s o r p t i o n  behavior  of t h e  sorbent  . 

From t h e  r e s u l t s  of water- leaching of  a c t i v a t e d  b a u x i t e ,  i t  was concluded 
t h a t  an adso rp t ion  mechanism p r i m a r i l y  c o n t r o l s  t h e  r e t e n t i o n  of a l k a l i  
me ta l  c h l o r i d e s  by a c t i v a t e d  baux i t e .  An adso rp t ion  process  . i s  known to be  a  
r e v e r s i b l e .  p rocess ;  t h e r e f o r e ,  i nv . e s t i ga t i on  of water-leaching a s  a  means f o r  
r e g e n e r a t i n g  a c t i v a t e d  b a u x i t e  f o r  r euse  i s  recommended. 

The au tho r s  exp re s s  t h e i r  a p p r e c i a t i o n  t o  R. W. Bane f o r  flame emission 
and atomic-spectrometry a n a l i s e s  and t o  A. A. Jonke fn!: h e l p f u l  d i s cus s ions .  
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