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INTRODUCTION 

Ash d e p o s i t s  are  a major concern  f o r  c o a l  u s e r s .  They can  r e d u c e  
b o i l e r  a v a i l a b i l i t y ,  r e l i a b i l i t y ,  performance and e f f i c i e n c y ,  

The  problems w i l l  become more a c u t e  i n  t h e  n e a r  f u t u r e .  
The energy c r i s i s  demands i n c r e a s e d  use o f  c o a l ,  and problems may be 
expec ted  t o  grow a t  a fas te r  ra te  t h a n  t h a t  of c o a l  u s e .  This i s  
because  d i s r u p t i o n  o f  normal c o a l  s u p p l i e s  may b e  expec ted  as i n c r e a s -  
ed demand p u t s  a s t r a i n  on the supply  and t r a n s p o r t a t i o n  sys tems.  
Ash c o n c e n t r a t i o n  w i l l  become less  p r e d i c t a b l e .  Cooperat ion w i l l  be  
needed among b o i l e r  m a n u f a c t u r e r s ,  c o a l  u s e r s  and c o a l  s u p p l i e r s .  

Chemical t r e a t m e n t  o f f e r s  a means o f  a l l e v i a t i n g  t h e  problems 
caused by c o a l  ash d e p o s i t s .  Treatment  o f  o i l  h a s  been a c c e p t e d  f o r  
a number o f  y e a r s ( l ) ,  b u t  only o c c a s i o n a l  s u c c e s s e s  have been r e p o r t e d  
f o r  c o a l  ( 2 - 6 ) .  

This  paper  p r e s e n t s  a r a t i o n a l  approach t o  t h e  choice  of chemi- 
c a l s  f o r  t r e a t m e n t  of  a s h  from d i r e c t  combustion of c o a l .  It  i s  
hoped t h a t  a p p l i c a t i o n  of t h e  r e s u l t s  o f  t h i s  s t u d y  w i l l  advance t h e  
a r t ,  t o  t h e  b e n e f i t  of  b o i l e r  owners and o p e r a t o r s ,  

D E P O S I T  PROBLEMS 

There a r e  two b a s i c  t y p e s  o f  d e p o s i t  problems,  f u r n a c e  s l a g  and 
f o u l i n g  o f  convec t ion  s e c t i o n s  and s u p e r h e a t e r s .  Corros ion  o f  super -  
h e a t e r s  and s u p p o r t s  i s  a s s o c i a t e d  wi th  t h e  l a t t e r  t y p e  of  d e p o s i t s .  
T h i s  s tudy  i s  a d d r e s s e d  t o  a l l e v i a t i o n  of t h e  f o u l i n g  and c o r r o s i o n  
of  s u p e r h e a t e r s .  , 

The key components i n  s u p e r h e a t e r  c o r r o s i o n  by c o a l  a s h  are khe 
a l k a l i  i r o n  s u l f a t e s .  They are mol ten  at  s u p e r h e a t e r  metal tempera- 
t u r e s  and p a r t i c i p a t e  i n  c o r r o s i v e  r e a c t i o n s ,  d e s t r o y i n g  t h e  p r o t e c -  
t i v e  metal  ox ide  c o a t i n g  and c a u s i n g  r a p i d  c o r r o s i o n .  These compounds 
and t h e i r  m e l t i n g  p o i n t s  a r e  shown i n  T a b l e  1. 

TABLE 1. A l k a l i  i r o n  s u l f a t e s  

M e l t i n g  p o i n t s  O F  

1155 

1274 

1145 

1281 

I n  a d d i t i o n  t o  c o r r o s i o n ,  t h e  a l k a l i  i r o n  s u l f a t e s  may c o n t r i b u t e  
s - i g n i f i c a n t l y  t o  t h e  f o u l i n g  of  s u p e r h e a t e r s  and  t h e  h o t t e r  p a r t s  o f  
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convect ion  s e c t i o n s .  The molten s u l f a t e s  can t r a p  o t h e r  a s h  p a r t i c l e s  
and bond them. 

CHEMICAL TREATMENT 

There are two common mechanisms i n  d i r e c t  chemical  t r e a t m e n t  o f  
a s h  d e p o s i t s .  One i s  chemical  r e a c t i o n  o f  t h e  a d d i t i v e  w i t h  t h e  i n j u -  
r i o u s  d e p o s i t  components o r  t h e i r  p r e c u r s o r s  t o  form l e s s  harmful  pro-  
d u c t s .  I n  t h e  c a s e  o f  o i l  a s h ,  f o r  example, magnesium o x i d e  r e a c t s  
w i t h  vanadium p e n t o x i d e  o r  sodium vanadyl  vanadates  t o  form magnesium 
vanadate ,  3MgO*V205, which m e l t s  a t  2179'F. 

and by Rahmel ( 8 ) .  Treatment  w i t h  a l k a l i n e  e a r t h  meta l  compounds w a s  
proposed t o  form compounds such as K2Ca2(SOq)3 and K2Mg2(S04)3 a t  t h e  
expense of t h e  a l k a l i  i r o n  s u l f a t e s .  

The second mechanism i s  p h y s i c a l .  D i l u t i o n ,  format ion  of  a b a r -  
r i e r  l a y e r ,  o r  a b s o r p t i o n  o f  melts can prevent  molten d e p o s i t s  from 
c o n t a c t i n g  t u b e  s u r f a c e s ,  and hence prevent  c o r r o s i o n .  A l l  o f  t h e s e  
phenomena can  a l s o  reduce  t h e  f o r m a t i o n  of  bonded d e p o s i t s .  C e r t a i n  
types  of  s u c c e s s f u l  o i l  a d d i t i v e s  a r e  thought  t o  work i n  t h i s  manner 

Treatment by chemical  r e a c t i o n  h a s  been s u g g e s t e d  b y  B o r i o  ( 7 )  

(1). 

It appears  from e x p e r i e n c e  t h a t  t h e  b e s t  method of  a p p l i c a t i o n  i s  
t o  feed  a d d i t i v e s  i n t e r m i t t e n t l y  and t o  c o o r d i n a t e  f e e d  w i t h  t h e  s o o t -  
blower c y c l e .  The t r e a t m e n t  i s  f e d  immediately a f t e r  t h e  sootb lowers  
have swept t h e  t a r g e t  a r e a ,  s o  as  t o  a l l o w  maximum c o n t a c t  w i t h  i n n e r  
d e p o s i t  l a y e r s .  Great  c a r e  must be e x e r c i s e d  i n  choosing t h e  p o i n t s  
and methods of  a d d i t i o n  t o  a s s u r e  t h a t  t h e  maximum amount o f  a d d i t i v e  
reaches  t h e  t a r g e t  s u r f a c e s .  Success  has been r e p o r t e d  f o r  i n t e r m i t -  
t e n t  f e e d  ( 3 ,  6 ) .  To prevent  c o r r o s i o n  and bonding,  t h e  a l k a l i  i r o n  
s u l f a t e s  i n  t h e  i n n e r  d e p o s i t  l a y e r s  must be a f f e c t e d .  A t t a c k i n g  
t h e s e  compounds w i t h  a d d i t i v e s  i s  f e a s i b l e ,  s i n c e  t h e y  c o n s t i t u t e  a 
r e l a t i v e l y  small  f r a c t i o n  of  t h e  t o t a l  a s h .  Even w i t h  i n t e r m i t t e n t ,  
d i r e c t e d  f e e d ,  however, t he  major barr ier  t o  s u c c e s s f u l  t r e a t m e n t  i s  
d i l u t i o n  o r  b l o c k i n g  o f  t h e  a d d i t i v e  by t h e  b u l k  of  t h e  d e p o s i t s .  It 
i s  t h i s  e f f e c t  o f  t h e  m a t r i x  which c h i e f l y  d i s t i n g u i s h e s  c o a l  t r e a t -  
ment from o i l  t r e a t m e n t .  

S u c c e s s f u l  t r e a t m e n t  w i t h  a d d i t i v e s  f e d  w i t h  t h e  f u e l  i s  u n l i k e l y  
due t o  d i l u t i o n  by t h e  b u l k  of  t h e  b o a 1  a s h .  

PRESENT INVESTIGATION 

This  paper  r e p o r t s  a l a b o r a t o r y  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  
a d d i t i v e s  on s y n t h e t i c  s u p e r h e a t e r  d e p o s i t s  which t a k e s  i n t o  account  
t h e  e f f e c t  of  t h e  m a t r i x .  The e f f e c t  o f  a d d i t i v e s  on a l k a l i  i r o n  s u l -  
f a t e s  was f i r s t  de te rmined .  The experiments  were t h a n  r e p e a t e d  w i t h  
t h e  a d d i t i o n  o f  a t h i r d  component: a m a t r i x  o f  b u l k  c o a l  ash. 

The c r i t e r i a  f o r  s u c c e s s  were t h e  f o r m a t i o n  o f  s o l i d ,  f r i a b l e  re- 
a c t i o n  products  w i t h  t h e  a l k a l i  i r o n  t r i a u l f a t e s  a t  llOOOF and mainte-  
nance of a s o l i d ,  f r i a b l e  product  w i t h  t h e  a d d i t i o n  o f  t h e  a s h  m a t r i x  
up t o  18000F, a r e p r e s e n t a t i v e  gas  t e m p e r a t u r e  a t  s u p e r h e a t e r  banks .  

F r i a b i l i t y  o f  t h e  m i x t u r e  a t  t h e  h i g h e r  tempera ture  was r e q u i r e d  
s i n c e  r e a c t i o n  of t h e  a d d i t i v e s  w i t h  i n n e r ,  s u l f a t e - r i c h  d e p o s i t  l a y -  
ers  w i l l  r e q u i r e  p e r i o d i c  removal  of  o u t e r  l a y e r s  by sootb lowers .  I n  
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p r a c t i c e ,  i f  t h e  a d d i t i v e  and t h e  o u t e r  parts o f  t h e  d e p o s i t  do n o t  
form f r i a b l e  p r o d u c t s ,  a t t e m p t s  a t  t r e a t m e n t  w i l l  s imply powder t h e  
t o p  of growing d e p o s i t s .  

EXPERIMENTAL 

Addi t ives  were h e a t e d  f o r  two hours  w i t h  a l k a l i  i r o n  s u l f a t e s  
under  a h i g h - s u l f u r  t r i o x i d e  atmosphere t o  promote t h e  s t a b i l i t y  of  
t h e  s u l f a t e s .  They were examined a f t e r  h e a t i n g  a t  llOO°F and 1 8 0 0 ~ ~ .  
Appearance w a s  noted v i s u a l l y  and f r i a b i l i t y  was t e s t e d  w i t h  a s p a t u l a  
It was noted whether  t h e  h e a t e d  m a t e r i a l s  had wet t h e  c o n t a i n e r s .  
S e l e c t e d  products  were c h a r a c t e r i z e d  by X-ray d i f f r a c t i o n .  The i n v e s -  
t i g a t i o n s  were r e p e a t e d  w i t h  t h e  a d d i t i o n  of  t h e  a s h  m a t r i x  m a t e r i a l s .  

The equipment i s  shown i n  F i g u r e  1. A commercial S02-a i r  m i x t u r e  
was c a t a l y t i c a l l y  o x i d i z e d  t o  S O 3  over  a V205 c a t a l y s t .  

ADDITIVES AND SYNTHETIC DEPOSITS 

The a l k a l i  i r o n  s u l f a t e s  were prepared  by t h e  w e t  method o f  Corey 
and Sidhu ( 9 ) .  The s y n t h e s i s  and t h e  s t a b i l i t y  of t h e  materials a t  
llOO°F under t h e  e x p e r i m e n t a l  a tmosphere were checked by X-ray d i f f r a c -  
t i o n .  One s i m u l a t e d  a s h  m a t r i x  had a n  e l e m e n t a l  composi t ion  t y p i c a l  
of E a s t e r n  c o a l s .  It was t h e  f o l l o w i n g  m i x t u r e :  S i 0 2  ( 4 0 . 1  weight  % ) ,  
A120 (16.7), Fe20 ( 2 2 . 4 ) ,  C a O  ( 7 . 7 ) ,  MgO ( 0 . 8 ) ,  Na2S04(6.6), and K2- 

?:$ weight  % I ,  A1203 ( l l ) ,  Fe203 ( g ) ,  C a O  ( 2 3 ) ,  MgO ( 8 )  and Na2SO4 ( 2 5 ) .  

t h e  mixture  mel ted  gelow ql800F.  
Higher  tempera tures  would have  i n c r e a s e d  t h e  i n s t a b i l i t y  o f  t h e  s u l f a t e s  
and made t h e  atmosphere more c r i t i c a l .  

f 5 . 9 )  The o t a e r  s i m u l a t e d  Western c o a l  a s h  and conta ined  S i 0 2  

A m i x t u r e  of K Fe(S0 ) and N a  Fe(S04) by weight  was used because  
T z i s  a l l o a e d  s t u d i e s  a t  1100'F. 

The a d d i t i v e s  i n  Table  2 a re  a v a i l a b l e  i n  commercial g r a d e s .  The 
r a re  e a r t h  o x i d e  m i x t u r e  c o n t a i n e d  48% CeO2 and 34% La 0 
t i v e s  were a p p l i e d  a t  a r a t i o  o f  1:l by weight  t o  t h e  &&li i r o n  s u l -  
f a t e  m i x t u r e .  M a t r i x  m a t e r i a l  was added as 1 p a r t  by w e i g h t  t o  1 p a r t  
ddui  ~~ve-tu-~-~~~i-bUl-~d'i;es. 

The addi -  

~. l..L... 

RESULTS AND DISCUSSION 

Without M a t r i x  

Table  2 shows t h a t  e f f e c t i v e  d e p o s i t  c o n d i t i o n i n g  was achieved  
w i t h  a wide r a n g e  of materials i n c l u d i n g  b o t h  a c i d i c  and b a s i c  o x i d e s .  
Mixtures  conta ined  t h e  w e i g h t  r a t i o s  shown. 

TABLE 2.  A d d i t i v e  e v a l u a t i o n ,  no m a t r i x  

Addi t ive  Product  a t  l lOO°F 1800°F 

Cont ro l  mel t  mel t  

MgO powder melt  

C a O  f u s i o n ,  s t i c k i n g  - 
Rare e a r t h  o x i d e  powder melt  
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TABLE 2. Addit ive e v a l u a t i o n ,  no m a t r i x  

A d d i t i v e  Product  a t  llOO°F 

T i 0 2  powder 

MnO f u s i o n ,  no s t i c k i n g  

c uo melt  

Z nO me1 t 

A1203 powder 

s i 0 2  powder 

MgO 66.7/A1203 33.3 powder 

MgO 28.3/A1203 71 .7  powder 

MgO 50.O/siO2 50.0 powder 

CaSi03 s l i g h t  f u s i o n  

1 8 0 0 ' ~  

melt 

f u s i o n ,  m e l t  

f u s i o n ,  s l i g h t  
m e l t  

m e l t  

m e l t  

s l i g h t  f u s i o n  

m e l t  

m e l t  

O f  t h e  t r a n s i t i o n  and p o s t - t r a n s i t i o n  metals only  t i t a n i a ,  t h e  r r e  
ear h oxidealland perhaps manganous o x i d e  were s a t i s f a c t o r y .  T i t t ,  
Lat% and Ce g i v e  a formal  o c t e t  a t  t h e  metal, as d o  t h e  f o r m a l  oxi -  
d a t i o n  s t a t e s  i n  magnesia, alumina, and s i l i c a .  The n o b l e  e l e c t r o n i c  
c o n f i g u r a t i o n  appears  t o  b e  a f a v o r a b l e  f a c t o r .  

It  i s  noteworthy t h a t  calcium and magnesium were n o t  e q u i v a l e n t .  
A r e c e n t  c o r r e l a t i o n  of  c o a l  ash  composi t ion  w i t h  m e l t i n g  b e h a v i o r  ( 1 0 )  
d i s t i n g u i s h e d  elements  o n  t h e  b a s i s  of i o n i c  r a d i i  and i o n i c  p o t e n t i a l .  
Magnesium f e l l  w i t h  S i ,  T i ,  and A l ,  w h i l e  C a  f e l l  w i t h  N a  and K .  The 
same t r e n d  appears  t o  hold  f o r  r e a c t i o n  w i t h  a l k a l i  i r o n  s u l f a t e s .  

Another t r e n d  i s  tha t  w i t h  t h e  s t a b i l i t y  of t h e  s u l f a t e  o f  t h e  
a d d i t i v e .  S a t i s f a c t o r y  a d d i t i v e s  w i t h  s u l f a t e s  u n s t a b l e  a t  l l O O ° F  were 
T i 0  S i 0  and A 1 2 0  . Poor per formers  w i t h  s t a b l e  s u l f a t e s  a t  llOO°F 
i n c s i d e d  ZuO, ZnO, $a0 and MnO. 
Genera l ly  materials w i t h  u n s t a b l e  sul!ates were more e f f e c t i v e .  

MgSO i s  s t a b l e ,  b u t  l e s s  s o  t h a n  CaS04. 

S i n c e  some of t h e  h e a v i e r  e lements  performed p o o r l y ,  a s tudy  was 
conducted t o  assure t h a t  t h e  r e s u l t s  i n  Table  2. were not  b i a s e d  by 
unequal  a d d i t i v e :  s u l f a t e  mole r a t i o s .  It was determined t h a t  one 
mole o f  MgO p e r  0 .23 moles of  t r i s u l f a t e s  was needed f o r  a s a t i s f a c -  
t o r y  product .  A l l  of  t h e  o t h e r  ox ides  were t h e n  r e a c t e d  w i t h  t h e  s u l -  
f a t e s  a t  t h a t  mole r a t i o  and t h e i r  performance r e l a t i v e  t o  MgO was n o t  
changed from t h a t  shown i n  Table  2. 

The a d d i t i o n  of a second component i n c r e a s e d  e f f e c t i v e n e s s  i n  
some c a s e s .  Calcium s i l i c a t e  performed b e t t e r  t h a n  C a O ,  and one MgO- 
A120 
may Zave been due t o  s p i n e l  format ion  a s  shown i n  Table  3 .  

mix ture  was s u p e r i o r  t o  magnesia or alumina a l o n e .  The l a t t e r  
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TABLE 3 .  C r y s t a l l i n e  Reac t ion  Products  

Addi t ives  Temperature  Products  

M go llOO°F MgSO4, K2Mg2(SO4)3,(Ky Na)3 Fe(S04)3* 

MgO 1 8 0 0 ~ ~  MgO, K2Mg2(S04)3, MgFe204* 

A120 3 l lOO°F  A l 2 O 3 ,  ( K ,  N a I 3  Fe(SO4I3 

1800°F A1203, U n i d e n t i f i e d *  A1203 

A 1  03  7 1 . 7  
Mg6 28.3 

l l O O ° F  K2Mg2(S04)3, A1203, U n i d e n t i f i e d *  

1800°F MgA1204, K2Mg2(SO4) 3, U n i d e n t i f i e d *  

* Minor 

The i d e n t i f i c a t i o n  of  t h e  r e a c t i o n  p r o d u c t s  showed t h a t  magnesia 
r e a c t e d  t o  form K Mg (Sob) . 
I t s  b e n e f i c i a l  ef?ecEs werz due t o  d i l u t i o n  and a b s o r p t i o n .  A t  1800°F 
magnesia and alumina r e a c t e d  t o  form t h e  s p i n e l  MgA1204. 
been  shown t o  b e  a n  e f f e c t i v e  a d j u n c t  t o  magnesia f o r  c o n d i t i o n i n g  o i l  
a s h  d e p o s i t s  (ll), and s p i n e l  h a s  been i d e n t i f i e d  i n  t h o s e  d e p o s i t s .  
The same b e n e f i c i a l  e f f e c t  i s  a p p a r e n t  h e r e .  

N o  r e a c t i o n  was a p p a r e n t  f o r  alumina.  

Alumina h a s  

With Matr ix  

The r e s u l t s  i n  Table  4 a r e  c a u t i o n a r y  and provide  no s imple  t r e n d  
t o  a l low one t o  p r e d i c t  t h e  r e l a t i v e  performance o f  t h e  a d d i t i v e s .  

TABLE 4 .  A d d i t i v e  E v a l u a t i o n  w i t h  Matr ix  

A d d i t i v e  Matr ix  Product  a t  1 8 0 0 ~ ~  

C o n t r o l  E a s t e r n  o r  Western m e l t  

MgO E a s t e r n  o r  Western sl. f u s i o n ,  s t i c k i n g  

E a s t e r n  o r  Western s l .  f u s i o n ,  s t i c k i n g  A1203 
s i 0 2  E a s t e r n  o r  Western m e l t  

~ _. - 

MgO 28.3 E a s t e r n  o r  Western powder, some s t i c k i n g  
A1203 71.7 

MgO 50 E a s t e r n  o r  Western powder, some s t i c k i n g  
S i 0 2  50 

CaSi03 E a s t  e r n  
West e r n  

- m e l t  
powder, some s t i c k i n g  

Magnesia, a lumina,  t h e i r  combina t ion  and t h e  m a g n e s i a - s i l i c a  com- 
b i n a t i o n  showed s a t i s f a c t o r y  performance.  B e n e f i c i a l  e f f e c t s  of mix- 
t u r e s  were a g a i n  s e e n  f o r  t h e s e  materials,  as t h e  combinat ions were 
s u p e r i o r  t o  MgO or A1203 a l o n e .  
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However, s i l i c a ,  which performed w e l l  i n  t h e  absence  o f  t h e  m a t r i x ,  
was u n s a t i s f a c t o r y .  The format ion  of t h e  m e l t  w i t h  t h e  E a s t e r n  m a t r i x  
was n o t  p r e d i c t a b l e  by s t a n d a r d  composi t ion-behavior  c o r r e l a t i o n s  ( 1 2 )  , 
The extreme d i f f e r e n c e  for t h e  two m a t r i c e s  w i t h  CaSi03 was a l s o  s u r -  
p r i s i n g .  This  u n p r e d i c t a b i l i t y  i s  a r e f l e c t i o n  of t h e  complex chemical  
system involved .  The complexi ty  may b e  s e e n  i n  m e c h a n i s t i c  s t u d i e s  
which have been r e p o r t e d  ( 1 3 ) .  An e m p i r i c a l  approach i s  s u g g e s t e d ,  

CONCLUSIONS 

The c o r r o s i v e  components of  s u p e r h e a t e r  d e p o s i t s  may b e  chemical ly  
t r e a t e d  by a wide r a n g e  o f  m a t e r i a l s ,  b o t h  a c i d i c  and b a s i c .  They i n -  
c l u d e  magnesia, a lumina,  t i t a n i a ,  s i l i c a  and r a r e  e a r t h  oxides  and t h e i r  
combinat ions.  

Only t h o s e  a d d i t i v e s  which form high-mel t ing  f r i a b l e  products  w i t h  
t h e  a l k a l i  i r o n  s u l f a t e s  i n  t h e  p r e s e n c e  of  a m a t r i x  of b u l k  ash  should  
b e  used.  It  i s  not  p o s s i b l e  t o  p r e d i c t  s u i t a b i l i t y  from composi t ion a t  
t h i s  t ime.  

S u i t a b l e  a d d i t i v e s  may b e  s e l e c t e d  e m p i r i c a l l y  by s t u d i e s  such a s  
t h e  p r e s e n t  one u s i n g  samples o f  t h e  a p p r o p r i a t e  d e p o s i t s .  The s t u d i e s  
may b e  conducted by r e p u t a b l e  chemical  t r e a t m e n t  s u p p l i e r s .  

t o  apply t h e  a d d i t i v e s  i n  such a way t h a t  maximum b e n e f i t s  may b e  
achieved .  Only w i t h  such c o o p e r a t i o n  may t h e  d i f f i c u l t i e s  i n h e r e n t  i n  
a high-ash f u e l  be  overcome. 

S u p p l i e r s  and b o i l e r  o p e r a t o r s  must t h e n  work i n  c l o s e  c o o p e r a t i o n  
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