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Abstract:
An investigation of boron Teachability and adsorption by coal ash under a variety of conditions was
undertaken. Boron leachability was studied as a function of pH, time, ash type, particle size, and ash
concentration. Total available boron, aluminum, and iron were determined. Ash retention of boron was
calculated. The adsorption of boron by ash that was water conditioned and ash that was acid
conditioned was studied. A releaching of adsorption samples was pursued to determine changes in the
ash after adsorption had taken place. 
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ABSTRACT

An i n v e s t i g a t i o n  o f  boron T e a c h a b i l i ty  and adso rp t io n  by 
coal ash under a v a r i e t y  o f  c ond i t ions  was unde r taken . Boron 
T e a c h a b i l i t y  was s tu d i e d  as a fu n c t io n  o f  pH, t i m e , ash ty p e ,  
p a r t i c l e  s i z e ,  and ash c o n c e n t r a t i o n .  Total  a v a i l a b l e  boron, aluminum, 
and i ron  were dete rmined.  Ash r e t e n t i o n  o f  boron was c a l c u l a t e d .  The 
a d so rp t io n  o f  boron by ash t h a t  was water  condi t ioned  and ash t h a t  was 
a c id  cond i t ioned  was s t u d i e d .  A re l e a c h in g  o f  ad so rp t ion  samples was 
pursued to  determine changes in  the  ash a f t e r  adso rp t io n  had taken 
p lace .



INTRODUCTION

The combustion o f  coal as a fue l  has become an impor tan t  a l t e r n a ­

t i v e  power source in our modern s o c i e t y .  Coal i s  among th e  f o s s i l  

f u e l s  which a re  r e a d i l y  a v a i l a b l e ,  conven ien t ,  and p r a c t i c a l  f o r  use.

Coal combustion,  l i k e  a l l  o th e r  l a rg e  s c a l e  i n d u s t r i a l  p ro cesses ,  

does not come w i th o u t  i t s  t e c h n ic a l  and environmental  c o n s i d e r a t i o n s .

As a mined r e s o u rc e ,  coal has n a tu ra l  v a r i a b i l i t y  in i t s  composit ion 

and i t s  p r o p e r t i e s .  For i n s t a n c e ,  not a l l  coa ls  burn c o n s i s t e n t l y  

ho t  depending on when and where they  were mined. The s o l i d  and gaseous 

wastes  r e s u l t i n g  from coal combustion p re s e n t  an in c re a s in g  chal lenge  

in t h e i r  d i s p o s a l .

So l id  coal wastes  a re  commonly r e f e r r e d  to  as ash .  Several  

methods o f  ash d isposa l  a re  c u r r e n t l y  in use .  One popula r  method 

invo lves  s l u i c i n g  in  lagoons .  In developing our unders tand ing  of  the  

aqueous behav io r  o f  a s l u i c i n g  pond , i t  i s  he lp fu l  t o  e n v is io n  a sche- 

matic  o f  a power p l a n t  opera tion. .  Figure I i s  a schematic  o r i g i n a t e d  

by Dreesen ( I )  and i t  r e p r e s e n t s  w a ter  flow a t  a power p l a n t .  The coal 

i s  burned in the  p l a n t  to  h e a t  w a te r  to  produce steam which d r ives  the 

g en e ra to r s  and produces e l e c t r i c i t y .  The func t ion  o f  t h e  cool ing  pond 

i s  t o  a llow th e  superhea ted  w ater  to  cool be fo re  r e tu r n in g  to  the  

r i v e r .  The ash pond i s  involved in an e n t i r e l y  seg rega ted  cycle  of  

w a te r .  Water i s  sprayed in to  the  s t a c k s .  This procedure c leans  the  

ash ou t  o f  the  s tack s  and keeps l a rg e  amounts o f  p a r t i c u l a t e  m a t te r
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from escaping  ou t  o f  th e  s t a c k s  i n to  t h e  atmosphere and in c re a s in g  

a i r  p o l l u t i o n .  The s l u r r y  o f  w a te r  and ash i s  then channeled in to  . 

th e  ash pond. The en g in ee r in g  o f  t h i s  pond i s  s ch e m a t ic a l ly  shown 

in  Figure 2. During th e .h o ld in g  t ime in t h i s  pond, the  s o l i d  p a r t i c l e s  

in  th e  s l u r r y  s e t t l e  t o  th e  bottom and the  aqueous p o r t i o n  i s  then 

allowed to  s p i l l ,  back in to  the  n a tu ra l  w a ter  system o f  the  a re a .

Western coal o f t e n  co n ta in s  s i z a b l e  q u a n t i t i e s  o f  a l k a l i  and 

a l k a l i n e  e a r th  oxides  which upon c o n tac t  with w a te r  provide  b a s ic  

s o l u t i o n s . Ta lbo t  and coworkers (2) s tu d ie d  the  pH change o f  s ev e ra l  

suspended ash s l u r r i e s  with t ime .  They looked a t  systems both open 

and c losed  to  the  atmosphere .  They noted t h a t  in the  open system 

t h e r e  was a dramat ic  i n i t i a l  i n c r e a s e  in pH, with hopper a s h ' e x h i b i t i n g  

the  most change. A f t e r  one week t h e i r  s l u r r i e s  e q u i l i b r a t e d  a t  a pH 

o f  approximate ly  8 .5 .  With the  c losed  system they  re p o r t e d  the  same 

pH in c re a s e  b u t  i t  took seve ra l  weeks to  d e c l i n e .  Green.and Manahan 

(3) d i s so lv e d  ash in mineral  a c i d ,  a l lowing the  ash to  e q u i l i b r a t e  

ov e rn ig h t  and then b a c k - t i t r a t e d  with NaOH. They r e p o r t e d  the  f l y  

ash d i s so lv ed  in  d i s c r e t e  s tep s  o f  i n c re a s in g  a c i d i t y ,  i n d i c a t i n g  

the  presence o f  s p e c i f i c  f r a c t i o n s  in the  m a t e r i a l . The au tho rs  a l so  

s t a t e d  t h a t  s c a t t e r  o f  da ta  t y p i f i e d  in t h e i r  p lo t s  was due to  sample 

inhomogeneity and u n c e r t a in  pH readings  in  the  f l y  ash suspens ions .  

Compensation was made by tak in g  l a r g e  numbers of da ta  p o i n t s .

G enera l ly ,  the  na tu re  o f  coal ash i s  n o n v o l a t i l e ,  in o rgan ic  m a t te r
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Figure 2
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In 1977 Dreesen and coworkers (T) analyzed and found some components 

o f  a sh ,  inc lud ing  such t o x i c  elements as boron , a r s e n i c ,  f l u o r i n e ,

molybdenum, and se len ium,  to  be leached with water .  They proved 

t h i s  by sampling th e  e f f l u e n t  waters  o f  the  Los Alamos, New Mexico 

power p l a n t  and comparing the  r e s u l t s ' w i t h  samples o f  th e  i n f l u e n t  

w a te r s .  They found e l e v a t io n  o f  t h e se  elements in th e  e f f l u e n t s .

For example,  in t a k e  r i v e r  w a ter  con ta ined  l e s s  than 0.1 yg/ml o f  

boron but ash pond e f f l u e n t s  con ta ined  12.0 yg/ml and coo l ing  lake 

e f f l u e n t s  con ta ined  0.95  yg/ml boron .

Analyses o f  ash c o n ten t  have been e x t e n s iv e ly  r e p o r t e d  and 

compared using  a v a r i e t y  o f  ana lyses  techn iques  ( 4 - 7 ) .  Ash and i ts . 

p a re n t  coal vary g r e a t l y  in e x ac t  con ten t  from sample to  Sample, but 

th e  major components can be summarized from the  r e p o r t s  o f  ana lyses  in 

th e  l i t e r a t u r e .  The. major component ana lyses  condenses t o :  s i l i c a ,  

calc ium, aluminum, magnesium, i r o n , . potass ium, and sodium. Many t r a c e  

ana lyses  a re  a l so  re p o r t e d  in th e se  papers .

Other i n t e r e s t i n g  i n t e r p r e t a t i o n s  o f  ash con ten t  have been added 

to  th e  l i t e r a t u r e  through the  use o f  e l e c t r o n  micrographs .  By r a d i ­

a t i n g  a t  s e l e c t e d  wavelengths the  major component c o n ce n t r a t io n s  can 

be photographed ( 4 , 5 ) .

In a unique s tu d y ,  Furr and o th e r s  (7) grew c abbages . in  so i l  

amended with seven p e rcen t  coal ash from tewnty-one coal burning 

power p l a n t s .  They measured uptake o f  t h e  t o x i c  elements  by the
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cabbages . The c o n ce n t r a t io n s  in the  cabbages o f  a r s e n i c ,  boron, 

molybdenum, se len ium, and s t ro n t iu m  showed high c o r r e l a t i o n  with those  

in  the  a s h .

This s tudy involves  one t r a c e  component of  coal a s h , boron. 

. I n t e r e s t  in  boron comes from the  f a c t  t h a t ,  al though i t  i s  an 

e s s e n t i a l  t r a c e  n u t r i e n t  f o r  p l a n t s  ( 8 ) ,  i t  becomes t o x i c  a t  con­

c e n t r a t i o n s  g r e a t e r  than one p a r t  pe r  m i l l i o n  (9 ,1 0 ) .

Boron i s  a r a r e  e lement  in th e  e a r t h ' s  c r u s t  and i s  most abundant 

Iy  a s s o c i a t e d  with f o s s i l  f u e l s  such as o i l  and coal with geothermal 

w a ters  (1 1 ) .  Boron i s  always found in t r a c e  amounts in n a tu ra l  water  

systems.  Most n a tu ra l  waters  con ta in  l e s s  than one h a l f  o f  a p a r t  

per m i l l i o n  w i th  s l i g h t l y  h ighe r  c o n ce n t r a t io n s  found in geothermal - 

■waters and waterways through coal r i c h  a reas  (12) .

Few au thors  have looked s p e c i f i c a l l y  a t  the  r e l a t i o n s h i p  of  boron 

leach ing  in aqueous 'systems. Cox and o th e r s  (13) looked a t  boron 

r e l e a s e d  from coal a sh .  They determined t o t a l  boron by dc -a rc  

emission spec t rom e t ry .  Over a s i x t y  second span they  measured boron 

r e l e a s e d  a t  pH 4.55  and pH 7.40.  They rep o r ted  f i f t y  p e rc en t  o f  t o t a l  

boron ,  which could be as high as 1900 ppm, was leached i n to  wa ter .

They a l s o  r e p o r t e d  the  q u a n t i t y  o f  boron leached was independent o f  pH 

over the  range o f  6 to  8 bu t  a v a i l a b i l i t y  was g r e a t e r  in  a c id .  Also 

in t h i s  paper ,  they  sugges t  t h a t  thermal f i x a t i o n  o f  the  boron in to  

an in s o lu b le  chemical s t a t e  could be ob ta ined  by t r e a t i n g  the  ash a t
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12.00°C f o r  t h i r t y  minutes .

Choi and Cheh (14) r e p o r t e d  the  amount of  boron leached from four  

common a d s o r b e n t s ; hydro Darco, E iT t r a s o rb ,  a c t i v a t e d  b a u x i t e ,  and 

a c t i v a t e d  a lumina,  as a fun c t io n  o f  pH. For a l l  but one adsorbent 

the  amount o f  boron leached a t  .25 9/1 inc reased  as pH decreased below 

pH 6 with boron leached remaining approximate ly  c o n s ta n t  above pH 6.

! P a r t  o f  the  v a r i a b i l i t y  in  ana lyses  o f  ash can be improved by 

f r a c t i o n a t i o n  o f  pa r i  c l e s i z e .  There i s  a r e l a t i o n s h i p  between the  

s i z e  o f  th e  ash p a r t i c l e s  and t h e i r  e lementa l  composi t ion.  E lec t ron  

micrographs done by Smith (15) and Campbell (4) showed ash to  be 

an amorphous, f r a g i l e  m a te r i a l  composed o f  many p a r t i c l e  s i z e s , 

shapes ;  and d e n s i t i e s .  Two s e p a ra te  r e p o r t s  (16,17) group the  

ash in to  t h r e e  m ass -s ize  d i s t r i b u t i o n s .  Those elements a s s o c ia t e d  

with  l a rg e  p a r t i c l e s  (>20.0  ym) a re  d ep le ted  r e l a t i v e  t o  the  o r ig i n a l  

coal composi t ion; a second group o f  elements in the  in t e rm e d ia te  

s i z e  f r a c t i o n  ( 2 0 .0 - 6 .0  ym) have, s i m i l a r  co n ce n t ra t io n s  in ash and 

p a re n t  c o a l ;  and a t h i r d  f r a c t i o n  o f  small  p a r t i c l e s  ( 6 .0 - 2 .5  ym) 

con ta in  elements  inc lu d in g  boron, which have enr iched  c o n cen t ra t io n s  

in  ash.

Another group (18) which s tu d ie d  s i z e  f r a c t i o n a t i o n  def ined  

seventeen s i z e  f r a c t i o n s  in  ash ranging from 10 ym through submicron 

in  s i z e .  T h e i r  r e s u l t s  showed t h a t  v o l a t i l e  t r a c e  elements  inc reased  

in  c o n c e n t r a t io n  with  decreas ing  p a r t i c l e  s i z e  above one micron; b u t .
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f o r  submicron p a r t i c l e s  th e  c o n ce n t ra t io n  becomes independent o f  

p a r t i c l e  s i z e .  These a re  s i g n i f i c a n t  f in d in g s  s in ce  small p a r t i c l e s  

a re  most e a s i l y  suspended in  water  and the  en r iched  boron con ten t  i s  

e a s i l y  r e l e a s e d .  . . ..

The adso rp t io n  c h a r a c t e r i s t i c s  o f  boron onto s o i l s  has been 

e x t e n s i v e l y  s tu d i e d .  In a s e r i e s  o f  p a p e r s , Harder (19-21) s tud ied  

boron in sediments and a s s o c i a t e d  i t  wi th th e  c lay  m in e ra l ,  i l l i t e .

His primary concern in t h e se  s tu d i e s  was o f  a g r i c u l t u r a l  s i g n i f i c a n c e  ■ 

so pH and tempera ture  were no t  monitored .  He did  however, note  t h a t  

boron uptake was rap id  a t  f i r s t  and then gradual a f t e r  a few hours.

In 1964 Hingston (2 2 ) ,  a l so  i n t e r e s t e d  in  the  s tudy  o f  na tu ra l

sed im en ts ,  i n v e s t i g a t e d  boron adso rp t io n  onto  i l l i t e ,  k a o l i n i t e ,  and
!

montmoriII o n i t e .  He s tu d ie d  boron uptake as a fu n c t io n  o f  pH over 

th e  range o f  3 .8  to  10.5 and as a fun c t io n  o f  c o n c e n t r a t io n .  He was 

th e  f i r s t  to  sugges t  t h a t  boron adso rp t ion  e x h ib i t e d  Langmuir behavior .  

Couch and Grim (23) a l so  s tudy ing  the  c l a y s ;  i l l i t e ,  k a o l i n i t e ,  and 

montmori11o n i t e ,  determined t h a t  th e  i n i t i a l  boron c o n ce n t r a t io n s  and 

tem pera tu re  had a d i r e c t  r e l a t i o n s h i p  on boron uptake.

Metwally (24) s tu d ie d  boron adso rp t io n  onto f r e s h l y  p r e c i p i t a t e d  

aluminum hydroxide  as a func t ion  o f  pH. Sims and Bingham (25) 

followed t h i s  procedure but a l so  r e p o r t e d  an inverse  r e l a t i o n s h i p  

between boron uptake and aging o f  th e  p r e c i p i t a t e .  A s i m i l a r  paper by 

McPhail and o th e r s  (26) confirmed Sims' r e s u l t s .
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Concurrent with  t h e se  s t u d i e s , seve ra l  i n v e s t i g a t o r s  while  looking 

a t  v o lcan ic  s o i l s  in C h i l e ,  Hawaii , and Mexico'(27-29) c o r r e l a t e d  a 

high boron a d so rp t io n  by th e se  s o i l s  w i th  high c o n ce n t ra t io n s  o f

aluminum in them. ...............

In a d d i t i o n  to  aluminum hydroxide ,  f r e s h l y  p r e c i p i t a t e d  i ron  hy­

droxide  was s tu d ie d  f o r  boron adso rp t ion  by Metwally (24) and by Sims 

(2 5 ,3 0 ,3 1 ) .  Iron i s  a l s o  capable  o f  p a r t i c i p a t i n g  in th e  adso rp t ion  o f  

boron bu t  has 200 t imes l e s s  c a p a c i ty  f o r  adso rp t ion  than does aluminum.

Bingham and Page (32) r e p o r te d  t h a t  s u l f u r  and phosphorous e x h i b i t ­

ed no in f lu e n c e  upon th e  adso rp t io n  o f  boron by an a l lo p h a n ic  s o i l .

Choi and Chen (14) r e p o r t e d  t h a t  calc ium ( I I )  ions and magnesium ( I I )  

ions  showed an e f f e c t  on boron adso rp t io n  with some a d so rben ts .

An in c r e a s e  in  the  c o n ce n t r a t io n  o f  calcium ( I I )  ions  to  a c e r t a i n  

va lue  r e s u l t e d  in a decrease  in  t h e  removal o f  boron f o r  a l l  adsorbents  

s t u d i e d .  The va lue  was dependent upon th e  adsorben t  used.  L i t t l e  or 

no a d d i t io n a l  e f f e c t  was found with f u r t h e r  in c rease  in  th e  concen­

t r a t i o n  o f  calc ium ( I I )  above the  v a lue .  For example,  F i l t r a s o r b  

removed boron l e s s  e f f i c i e n t l y  in the  presence  o f  calc ium ( I I )  ions up 

to  a c o n c e n t r a t io n  o f  100 mg/1 but showed no f u r t h e r  in f lu e n c e  with 

in c r e a s in g  calcium ( I I )  c o n c e n t r a t io n .  Magnesium ( I I )  ions  e f f e c t e d  

boron removal only  when F i l t r a s o r b  was th e  adsorben t .  S i l i c a  has been 

sugges ted  in  seve ra l  papers (2 ,29 ,32 )  to  e x h i b i t  a com pet i t ive  e f f e c t  

w ith  boron f o r  the  a d so rp t io n  s i t e s .  Theis  and Wirth (33) sugges ted
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t h a t  some s p ec ie s  o f  manganese may p lay  a r o l e  in the  adso rp t io n  of, 

boron.

Choi and Chen (14) examined the  e f f e c t s  o f  pH upon leach ing  o f  

boron from the  adsorben ts  and converse ly  the  pH e f f e c t s  upon adsorp t ion  

o f  boron onto the  ad so rb en ts .  They r e p o r t e d  in c re a s in g  boron leached 

below pH 6 and approximate ly  c o n s t a n t  amounts o f  boron leached f o r  a l l  

adsorben ts  between pH 6 and 9. They r e p o r te d  the  optimum pH f o r  

a d so rp t io n  o f  boron was dependent upon th e  adsorben t  p r e s e n t  and upon 

th e  c o n ce n t r a t io n  o f  boron in s o l u t i o n .  In the  same p a p e r ,  they 

re p o r t e d  t h a t  s a l i n i t y  e f f e c t e d  removal e f f i c i e n c y  o f  boron. Removal 

e f f i c i e n c y ,  decreased  sh a rp ly  and th e  pH a t  which removal i s  most e f ­

f i c i e n t ,  i n c reased  s h a r p ly  with i n c re a s in g  s a l i n i t y  up to  8% f o r  hydro 

Darco, 5% f o r  F i l t r a s o r b , 8% f o r  a c t i v a t e d  b a u x i t e ,  and 10% f o r  

a c t i v a t e d  alumina.  Above these  c o n c e n t r a t io n s  no f u r t h e r  decrease  in 

removal e f f i c i e n c y  and in c r e a s e  in pH was noted.

All o f  th e  previous  a d so rp t io n  s tu d i e s . u s e d  s o i l  o r  some w e l l -  

c h a r a c t e r i z e d  s u r f a c e  as the  ad so rben t .  In t h i s  s tudy the  ash was 

examined as a p a r t i c i p a n t  in the  a d so rp t io n  p rocess .  The m o b i l i t y  o f  

boron in an aqueous system has been shown to  be in f lu en c ed  b y MpH, 

t e m p e ra tu re ,  type  and amount o f  adsorb ing  s o l i d s ,  the  shape and 

d e n s i t y  o f  t h e . a s h ,  and o th e r  chemical s p e c ie s  p r e s e n t .



STATEMENT OF THE PROBLEM-AND RESEARCH OBJECTIVES

Boron i s  one o f  th e  t o x i c  elements in coal ash which i s  r e a d i l y  

Teachable i n t o  an aqueous system. The de te rm ina t ion  o f  th e  mechanism 

o f  boron m o b i l i t y  in  a n a tu r a l  system invo lves  many f a c t o r s . A 

mechanism has been sugges ted  to  invo lve  th e  adsorp t ion  and desorp t ion  

o f  boron sp ec ie s  from s o l i d  s u r f a c e s .  Many cond i t ions  can in f luence  

such a process  and need to  be s tu d ie d  s p e c i f i c a l l y .  What type  of 

s o i l  o r  ash a re  p r e s e n t  and does t o t a l  c o n ce n t ra t io n  o f  th e se  e f f e c t  

t h e  e f f i c i e n c y  of  th e  system? What i s  the  spec ie s  o f  boron involved 

and what i s  i t s  s o l u b i l i t y  in water?  What a re  the  maximum l i m i t s  o f  

the  adso rp t io n  and d eso rp t io n ?  And i t  must be determined i f  the  

process  i s  simple r e v e r s i b l e  o f  i f  some parameters  such as pH, t im e ,  

and tempera ture  e f f e c t  the  forward and re v e r se  sequences d i f f e r e n t l y .

Boron a d so rp t io n  and deso rp t ion  from s o i l s  has been s tu d ie d  by 

many workers .  Few people have looked a t  th e  r o l e  o f  boron from coal 

a sh .  In t h i s  s tu d y ,  i n v e s t i g a t i o n s  were undertaken to  determine the  

i n f lu en c e  o f  pH, t im e ,  and ash type upon boron T e a c h a b i l i ty .  The 

in f lu e n c e  o f  p a r t i c l e  s i z e  upon a v a r i e t y  o f  components was s tu d ie d .  

Ash c o n ce n t r a t io n  was v a r ie d  and was determined to  have a s i g n i f i c a n t  

e f f e c t  upon the  amount o f  boron r e l e a s e d .  The boron r e t a i n e d  was 

c a l c u l a t e d  and t o t a l  a v a i l a b i l i t y  o f  boron was then e x p e r im en ta l ly  

de termined.  Based upon the  enhanced T e a c h a b i l i ty  o f  a v a r i e t y  of
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major components with a c i d ,  ana lyses  o f  t o t a l  a v a i l a b i l i t y  o f  these  

components was made. Iron and aluminum were s p e c i f i c a l l y  s tu d ie d .

F u r th e r  i n v e s t i g a t i o n  o f  r e t a i n e d  boron lead  to  ad so rp t ion  

exper iments .  Adsorption was s tu d ie d  by w ater  cond i t ioned  ash and ac id  

cond i t ioned  ash .  The e f f e c t s  o f  pH upon th e  process were a l so  

de termined. A d d i t i o n a l ly ,  r e l e a c h in g  o f . t h e  adso rp t ion  samples was 

i n v e s t i g a t e d  to  determine changes in th e  ash a f t e r  adso rp t io n  had 

taken  p lace .



EXPERIMENTAL SECTION '

Ash samples were ob ta ined  from the  Boundry Dam Power S ta t io n  

near  Es tevan , Saskatchewan, Canada, and from a t e s t  burn o f  coal to  

be used a t  th e  Popla r River Power P r o j e c t  in southern  Saskatchewan.

A d e s c r i p t i o n  o f  th e  ash samples i s  p resen ted  in  Table I .  The ash 

samples were passed through 100 mesh screen  p r i o r  to  leach ing ;

P a r t i c l e s  were manually f r a c t i o n a t e d  with  the  use o f  c o n ce n t r i c  s ieves
■ ■ '  -  '

The s i ev e  s i z e s  were 100, 140, 200, and 325 mesh. The mesh 

s i z e s  correspond to  Openings o f  15p urn, 125 ym, 75 pm and 45 pm, 

r e s p e c t i v e l y .  All adso rp t io n  s t u d i e s  were done on ash which passed 

through the  325 mesh s i e v e .

Whenever p o s s ib l e  a l l  procedures  were c a r r i e d  out in po ly ­

propylene  o r  t e f l o n  c o n ta in e r s  to  avoid any p o s s i b i l i t y  o f  leaching  

boron from g la ssw are ,  e s p e c i a l l y  a t  extreme pH values  o r  e lev a te d  

tem pe ra tu res .

The le ach ing  s t u d i e s  involved mixing 50.0 ml o f  l e a c h a te  w a te r ,  

d i s t i l l e d  o r  n a t u r a l ,  with the  d e s i r e d  amount o f  ash .  The so lu t io n s  

were kept in polypropylene beakers  covered by watch g l a s s e s .  This 

provided f o r  exchange o f  carbon d io x id e .  Water, l o s t  by evapora t ion  

was rep laced  through th e  r e g u l a r  a d d i t io n  o f  d o u b l y - d i s t i l l e d  water .  

At the  d e s i r e d  t ime i n t e r v a l ,  an a l i q u o t  o f  l e ach a te  s o l u t i o n  was 

withdrawn and analyzed .  A P a r r ,  t e f l o n - l i n e d  bomb: was u t i l i z e d  to  

d i g e s t  th e  ash samples when e l e v a te d  tem pera tu res  and HF were used.
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Table I

D esc r ip t ion  o f  Ash. Samples.

Sample

Al

A2

AS

A4

AS.

AG

A7

D esc r ip t ion

Bottom Ash— Poplar River

Upper Ash--Poplar  River

Dust Ash--Poplar  River

Upper Ash, 5-day composi te ,  Boundry Dam

Bottom Ash, 5-day composi te ,  Boundry Dam

Composite: Al (23.5%), A2 (4.7%),

AS (71.8%), Poplar River 

Composite: A4 (58%), AS (42%),

Boundry Dam
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Adsorption experiments  involved suspending the  ash samples in 

s o lu t io n s  o f  known boron c o n ce n t ra t io n  and measuring the  decrease  in 

s o l u t i o n  boron c o n ce n t r a t io n  a f t e r  f o r t y  e i g h t  hours .

Ash was cond i t ioned  f o r  the  ad so rp t ion  exper iments by leaching  

25 grams with t h r e e  l i t e r s  o f  d o u b l y - d i s t i l l e d  water .  This was done in 

t h r e e  consecu t ive  l i t e r  p o r t i o n s  f o r  one and one ha l f ,  hours each. The 

ash was f i l t e r e d  and a i r  d r i e d .  The a c id  condi t ioned  ash prepared by 

th e  same procedure  was mixed with one molar HCl o r  HNOg and 

immediately f i l t e r e d  and d r i e d .  Adsorption exper iments  were c a r r i e d  

o u t  in  covered polypropylene  b o t t l e s  to  minimize e v ap o ra t io n .  Sodium 

b o ra te  was used as th e  s tanda rd  b o ro n . r e f e r e n c e .  Adsorption e x p e r i ­

ments were allowed to  e q u i l i b r a t e  f o r  two days before  measurement.

The a d so rp t io n  experiments  were done a t  f i f t y  f i v e  grams o f  ash  per 

T i t e r  and in  10 ml p o r t i o n s .  T h e r e l e a c h i n g s  o f  the  adsorben t  were 

in 5 ml p o r t i o n s .

Ash was s u c c e s iv e ly  washed f o r  a de te rm ina t ion  o f  t o t a l  r e l e a s e  

o f  components t o  l e a c h a t e s .  One gram o f  ash was su b je c te d  to  

washes in one l i t e r  o f  I M HNOg, I M-NaOH and d o u b l y - d i s t i l l e d  

w a te r .  Samples were then shaken on. a mechanical shaker  f o r  twenty 

fo u r  hours ,  c e n t r i f u g e d  f o r  twenty minutes a t  nine thousand rpms, and 

decanted .  This  procedure  was repea ted  f o r  a t o t a l  o f  t h r e e  washings.  

The n ine  l e a c h a t e s  were analyzed s e p a r a t e l y .

S o lu t ion  pH was a d ju s t e d  with a d d i t i o n s  of  v a r i a b l e  co n ce n t ra t io n s
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of  NaOH or  HNÔ  f o r  the  l e ach ing  exper im ents .  For the  adsorption,  

experiments  b u f f e r s  were used.  The b u f f e r s  used were:  Trizma base 

[T r i s  (hydroxymethyl) amino .methane],  phosphate b u f f e r ,  ammonia b u f f e r ,  

and a c e t a t e  b u f f e r .

All r e a g en t  s o l u t i o n s  were p repa red  using d o u b l y - d i s t i l l e d  water .  

Unless o therw ise  s p e c i f i e d ,  a l l  exper imental  s o l u t i o n s  were a l so  made 

with d o u b l y - d i s t i l l e d  w a te r .

All n a tu r a l  water  samples were f i l t e r e d  through 0.45 micron 

f i l t e r s  p r i o r  t o  use.  The n a tu ra l  water  ob ta ined  from the  Boundry Dam 

P r o j e c t  had the  fo l lowing  c h a r a c t e r i s t i c s :  pH = 8 .2 5 ,  s p e c i f i c  con­

ductance = 740 jimhos/cm, HCOg = 2 .4  mg/1,  SO^ = 210 mg/1, Cl = 10.3 mg/1, 

Ca = 4 .4  mg/1,  Mg = 22.3 mg/1,  K= 11.2 mg/1,  Na = 92.2 m g / 1 , .B = 0.343 

mg/1. The n a tu ra l  w a ter  ob ta ined  from th e  Poplar River had the  fo l low ­

ing c h a r a c t e r i s t i c s :  pH = 8 .3 0 ,  s p e c i f i c  conductance = 986 umhos/cm,

HCOg = 406 mg/1, SO4 = 189 mg/1, Cl. = 6 .0  mg/1, Ca = 33.0 mg/1, Mg =

33.9  mg/1,  K= 9 .8  mg/1,  Na = 140 mg/1, B = 0.820 mg/1.

Boron c o n c e n t r a t io n s  were eva lua ted  by the  curcumin method u t i l ­

i z in g  dry ing a t  7 5 .0°C. The s e n s i t i v i t y  o f  the  adso rp t io n  experiments 

lead  to  an examinat ion o f  n i t r a t e  i n t e r f e r e n c e .  N i t r a t e  was determined 

t o  y i e l d  e r ro n eo u s ly  high r e s u l t s  which a re  s i g n i f i c a n t  when working in  

the  lower l i m i t s  o f  s e n s i t i v i t y  o f  the  curcumin method o f  boron an a ly ­

s e s .  Hydrochloric  ac id  was u t i l i z e d  f o r  a l l  ac id  r e l a t e d  po r t ions  o f  

the  a d so rp t io n  exper iments .  Atomic a d so rp t io n  spec t ropho tom etry ,  with
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a p p r o p r i a t e  r a d i a t i o n  b u f f e r s , was used to  determine sodium, 

po tass ium,  calc ium, magnesium, aluminum, cadmium, chromium, copper ,  

manganese, l e a d ,  and i r o n .  B icarbonate  was determined by HCl 

t i t r a t i o n ,  and pH was monitored by a Radiometer M-26 pH meter using 

glass-SCE e l e c t r o d e s .  S u l f a t e  was determined by c o l o r i m e t r i c  t i t r a t i o n  

(38) and c h lo r id e  by i r o n - th io c y a n a te  procedure .  Table 2 con ta ins  a 

summary o f  these  p rocedures .  The s tan d a rd  curve f o r  the  boron 

a n a ly s e s ,  curcumin method i s  p re sen ted  in  Figure 3.
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S p e c i f i c  Conductance 

PH

HCO3 , CO3 , OH

s ° 4

Cl

NO3

Na, K, Ca, Mg

SiO2

Boron

A l , Cd, Cr, Cu, Fe, Mn,

Table 2

A na ly t ica l  P ro ced u re s .

Determined by s t an d a rd iz e d  probe 
and c o r r e c t e d  to  25°C.

Measured by s tan d a rd iz e d  e l e c t r o d e s ,  
g l a s s  and SCE re f e r e n c e .

These a re  determined p o te n t io -  
m e t r i c a l l y  (pH) by t i t r a t i o n  with 
s tan d a rd  ac id .

T i t r a t i o n  with s tanda rd  barium using 
n i t r o s u Ifazo  I I I  i n d i c a t o r  f o r  
equ iva lence  p o in t  d e t e c t i o n .

Spec t ropho tom etr ic using Hg(SCN)2 
and Iron ( I I I ) .

B ruc in ic  s u l f a t e  and /o r  s p e c t ro -  
photometr ic  method.

Determined by atomic absorp t ion  
spec trophotometry  us ing a p p ro p r i a t e  
r a d i a t i o n  b u f f e r s .

Spec trophotometr ic  us ing molybdo- 
s i I i c a te  procedure .

Curcumin method, spec t ropho tom etr ic  
with c o lo r  development a t  75°C.

Pb, Zn Determined by atomic abso rp t ion  
spec t ropho tom etry .
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Figure 3

Standard Curve f o r  Boron Analyses , 
(over 12 d i f f e r e n t  exper iments).

Boron Concentra tion  (mg B/ml)



RESULTS. AND DISCUSSION

Ash Composition ■

Four ash samples were leached with d o u b l y - d i s t i l l e d  w a te r  to

a s c e r t a i n  w a te r  Teachable components. The r e s u l t s  a re  summarized 

in  Table 3. The major w a te r  Teachable components o f  t h e se  ashes are  

sodium, potass ium,  ca lc ium,  magnesium, s u l f a t e ,  c a rb o n a te ,  i r o n ,  

and aluminum. The impor tant  w ater  Teachable t r a c e  meta ls  a re  s t r o n t iu m ,  

vanadium, boron, copper ,  and z in c .  The da ta  i n d i c a t e s  t h a t  some 

ash components,  i n c lu d in g  b o ro n , a re  r e a d i l y  Teachable i n to  water .  

Component ana lyses  o f  ash from d i f f e r e n t  p a ren t  coa ls  can not be com­

pared d i r e c t l y  because o f  the  v a r i a b i l i t y  o f  mined n a tu ra l  resources ' .

I t  i s  reasonab le  to  note  t h a t  th e  ash samples analyzed show major 

components s i m i l a r  to  those  rep o r ted  by o th e r  au thors  (4 - 7 ) .

Three samples o f  A2 were leached with  r e s e r v o i r  w a ter  as shown in 

Table 4. In one sample th e  water  was c o n c e n t r a t e d ,  in one sample the  

ash was h ea ted .  The a n a ly s i s  o f  the  r e s e r v o i r  water  i s  a l so  included 

in Table 4. The heated ash composite was prepared from bottom ash 

t h a t  had been heated  to  2000°F f o r  Jg hour ,  and upper and d u s t . a s h  t h a t  

had been heated  to  350°F f o r  I hour.  The concen t ra ted  r e s e r v o i r  water  

was prepared by slow evapora t ion  o f  the  r e s e r v o i r  water  as rece ived .

Four a l i q u o t s  o f . l e a c h a t e  were withdrawn a t  168 hour i n t e r v a l s  

f o r  t ime a n a ly s e s .  I t  can be noted t h a t  t ime i s  a f a c t o r  in  the  

T e a c h a b i l i t y  o f  th e  components. Boron leached with r e s e r v o i r  water



TABLE 3

Chemical Analyses o f  Ash Leachate So lu t ions .  

Al,  A2, A3, A6, I g / 1 , open to  atmosphere,  166 h o u r s .

Major Component Leached from Fly Ash Samples.

Sample HCO~ COj s £ C l ' m i Na+ £ Ca++ Mq++

Values a re  mg/g Ash

A2 42.31 3.44 5.49 <1.00 <>.00 .349 .204 12.33 1.54

A3 40.16 18.95 6.49 <1.00 <1.00 .602 .077 20.47 1.72

Al 25.49 2.19 2.50 <1.00 ' <1.00 .192 .127 7.11 1.68

A6 36.42 15.22 5.79 <1.00 <1.00 .508 .164 17.45 1.56

Measured Parameters f o r  Ash Leachates.

Sample EU
S.C.

mmhos/cm
zca t ion  
meq/1

zanion 
meq/1

TDS
mg/g

1.0 gr Ash + 1000 gr HgO, e q u i l i b r a t i o n  with atmosphere •

A2 9.05 .0.072 0.76. 0.88 ' 67.60

A3 . 9.78 0.109 1.19 1.17 90.50

Al 8.98 0.051 0.51 0.51 41.40

Ao 9.72 0.098 1 .03 1.02 79.10



Table 3 (continued)

Trace Metals Water Leached from Fly Ash Samples.

Values a re  y g /g .

Sample Cd Cr Cu Fe Mn ' Ni_ Pb '  Zn B

A2 <5.1 <5.1 7.17 • 183.4 <5.1 <41 <41 <5.1 264

AS <5.1 <5.1 <5.1 29.7 <5.1 <41 <41 <5.1 586

Al <5.1 <5.1 <5.1 32.8 <5.1 <41 <41 7.2 215

AG <5.1 <5.1 <5.1 24.6 <5.1 <41 <41 5.1 504

Sample As Mo Sr Sei Zr Sb; Co A l V

A2 <41 <20.5 177.2 <41 <5.1 <41 <41 — 6.15

AS <41 -■ <20.5 339.1 <41 <5 Jl <41 <41 - - 7.17

Al <41 <20.5 121.9 <41 <5.1 <41 <41 788.2 <5.1

AG <41. <20.5 304.3 <41 <5.1 <41 <41 9.22



Table 4

Success ive  Leaches with Reservoir  Water.

A2, t ime s ep a ra t io n 168 hours . Resu l ts  in mg/1 leached a t  60 g / l , open •to atmosphere,

Sample Wash HCO3 CO3 Na K Ca B Cl NO3 SO4

A2
r e s e r v o i r

I 9.01 171 56 183 ' 10.9 33.4 41.4 IGUO 9.3 4-5. 425

w ater  . 2 9.10 331 71 158 17.7 19.0 59.2 4 .8 8 .8 3.2 238

3 9.12 367 55 170 20.0 20.3 53.1 2.6 9 .0 3.5 243

4 8.97 380 48 167 20.2 20.8 52.3 1.9 5.6 2.2 222

A2-
concen t ra ted

I 9.08 280 95 323 19.1 21.1 56.7 17.0 15.3 9.4 601

r e s e r v o i r
water

2 9.22 499 125 299 34.4 - 15.4 88.1 5.6 14.7 6.9 437

3 9.22 526 105 314 38.4 15.6 75.1 3.3 15.2 5.8 418

4 9.19 538 98 320 39.0 14.0 73.0 2 .6 15.2 3.3 437

*
not in mg/1



Table 4 (continued)
*

Sample Wash EU =C O O CO

sT • Na K

A2-heated I 8.85 203 30 160 10.7
ash in 
r e s e r v o i r 2 9.00 384 52 161 17.3
w ater

3 9.03 393 47 165 26.5

4 9.02 370 41 169 21.1

Reservoir  w a ter 8.30 406 140 9 .8

Concentra ted 
Reservo ir  water 8.88 542 42.5 257 17.9

Ca B Cl % SO4

23.1 33.0 10.0 12.3 2.7 338

17.0 60.1 3.0 8.2 3.0 229

17.4 55.1 1.9 8.2 3.4 245

20.6 47.3 1.4 7.0 2.3 230

33.0 33.9 .8 6.0 3.2 189

ro
18.0 59.6 1.6 12.6 7.1 360

not in  mg/1
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16 ml/ I  (0 .30  mg/g) in  the  f i r s t  168 hours bu t  had leached a t o t a l  o f  

26 mg/1 (0 .47 mg/g) by 720 hours .  The use o f  n a tu ra l  w ater  a s s i m i l a t e s  

th e  n a tu ra l  system a t  the  power p l a n t  s i t e .

V a r ia t io n  o f  pH with Time

The leach ing  o f  ash m a t e r i a l s  de r ived  from western  coa ls  with 

d i s t i l l e d  w a ter  o r  a. n a tu ra l  w ater  g e n e r a l ly  provides  a b a s i c  s o lu ­

t i o n .  The pH o f  the  d i s t i l l e d  w a te r  s o l u t i o n s  r a p i d l y  r i s e s  as the  

ox ides  d i s s o l v e ,  with subsequent decrease  in pH due to  abso rp t ion  o f  

carbon d io x id e .  This decrease  in  pH as a fun c t io n  o f  t ime i s  shown 

in  Figure 4 ,  curve a. and Table 5. Long-term leach ing  s t u d i e s  using - 

d i s t i l l e d  water  with  th e  exc lus ion  o f  carbon d iox ide  e x h i b i t  a much 

slower  r a t e  o f  pH decrease  ( 2 ) .  When th e  l e ac h a te  w a te r  has s i z e a b le  

b ica rb o n a te  b u f f e r in g  c a p a c i t y ,  curve b in Figure 4 ,  th e  pH does no t  

e x h i b i t  the  rap id  i n i t i a l  r i s e ,  bu t r a t h e r  gradual approach to  a 

s t e a d y - s t a t e  pH value  as b ica rb o n a te  i s  conver ted  to  ca rbona te .  The ' 

leach ing  o f  ash with a w ater  t h a t  con ta in s  b ica rbona te  a l k a l i n i t y  

( p H  =  8 . 3 ,  HCOg = 6 . 7  x I O- 3 M) w i l l  not o b ta in  the  high pH values 

observed f o r  the  d i s t i l l e d  water  leach (see  Figure  4 ,  curve b ) . How- 

e v e r ,  a t  h igh c o n ce n t r a t io n s  o f  ash the  b u f f e r  c a p a c i ty  o f  th e  water 

could be exhausted and r e s u l t  in h ig h e r  s tead y  s t a t e  pH va lues .

Summation o f  sodium, potass ium, magnesium, and calc ium analyses  

v a lu e s ,  in  Table 3,  provide  an i n d i c a t i o n  o f  bas ic  m a te r i a l  p re sen t
(



pH o f  Leachate So lu t ions  with Time., Curve (a) I gr A 6 / H t e r  d i s t i l l e d  water ;

Figure  4

curve (b) 60 gr A 4 / l i t e r  o f  Boundry Dam water .

Time, hrs
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. pH o f  Ash S lu r ry  with Time.

A6 and A4, d o u b l y - d i s t i l l e d  water  l e a c h ,  I g / 1 , n a tu ra l  water  leach 

60 mg/1.

Table 5

Time: hours

PH
A6 with doubly- 
d i s t i l l e d  water

PH
A4 with n a tu ra l  

water

0 10.4 8 .3

19 10.7 -

43 10.5 . -

67 10.4 . -

135 9 .9

165 9 .8 -

250 9.0



in th e  ash .  The f i n a l  pH values  w i l l  be dependent upon the  number 

o f  b a s ic  s i t e s  in the  a sh ,  with a l a r g e r  number p rov id ing  a. h igher  

s tead y  s t a t e  pH.

Release o f  Boron with Time

Several  s t u d i e s  were undertaken to  i n v e s t i g a t e  th e  in f lu en ce  o f  

c o n ta c t  t ime on the  c o n ce n t ra t io n  o f  boron in the  l e ac h a te  s o l u t i o n s .  

The r e s u l t s  a re  summarized in Figure 5 and Table 6. The amount o f  

boron r e l e a s e d  e x h i b i t s  a r a p id  i n i t i a l  i n c r e a s e ,  with the  r a t e  o f  

r e l e a s e  decrea s ing  with t im e. For example,  sample A4 r e l e a s e s  

72 yg B/g ash in 216 hours .  A f te r  720 hours the  a d d i t i o n a l  boron 

leached i s  only  36 yg B/g, ash.

Boron c o n ce n t r a t io n  e x h i b i t s  a s t e a d y - s t a t e  va lue  a f t e r  app rox i ­

mate ly  t h i r t y  days.  Boron leach ing  r a t e s  a re  c h a r a c t e r i s t i c  o f  the  

ash type  used. T h e r e f o r e , leach ing  r a t e  d i f f e r e n c e s  should be 

cons idered  when comparing ana lyses  o f  d i f f e r e n t  ash ty p e s .  To compare 

s t u d i e s  o f  the  same ash but d i f f e r e n t  l each ing  t im e s ,  th e  I caching 

values  can be c a l c u l a t e d  to  s t a n d a rd iz e  the  t ime r e l a t i o n s h i p .

I t  i s  i n t e r e s t i n g  to  note  t h a t  the  boron c o n ce n t r a t io n s  continue 

to  change a f t e r  the  pH o f  the  l e ac h a te  s o lu t io n s  has approached i t s  

s teady  s t a t e  va lue .  In a d d i t i o n , the  s p e c i f i c  conductance remains 

e s s e n t i a l l y  c o n s ta n t  dur ing  t h i s  t ime span.

28 i . ' ,

:

/



Figure  5

Release o f  Boron from Ash as a Function of  Time. Curve (a) 60 g A 6 /1 i t e r  of  Poplar River 

w a te r ;  curve (b) 55 g A 4 /1 i t e r  o f  Boundry Dam w a te r ;  curve (c) 55 g AS/1 i t e r  o f  Boundry 

Dam water .

Time, Hours
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Release o f  Boron with Time.-

A6, A4, AS, 60 g / 1 , 55 g / 1 , 55 g / 1 ,  open to  atmosphere,  r e s u l t s  in 

ug B/g ash .

Table 6

ie: hours a_ b Cl

216 259 72 30

384 - 89 36

552 - 95 44

720 _ 108 . 39

1680. 294
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V ar ia t io n  o f  Boron Leached with pH

Ash samples A4, AS, and AS were leached with s o l u t i o n s  o f  va r ious  

hydrogen ion c o n c e n t r a t io n s  to  determine th e  e f f e c t s  upon boron Teach­

a b i l i t y .  These Teachings were done a t  ash co n ce n t ra t io n s  o f  1 .0  gram 

pe r  l i t e r .  In a d d i t i o n ,  sample A4 was s tu d ie d  over  th e  same pH range 

and a t  an ash c o n ce n t r a t io n  o f  5 .5  grams per l i t e r .  The r e s u l t s  o f  

t h e s e  s t u d i e s  a re  summarized in Figures  6 and 7 and Table 7.

The da ta  i n d i c a t e s  t h a t  boron T e a c h a b i l i ty  i s  in f luenced  by 

hydrogen ion c o n c e n t r a t io n  and t h a t  boron i s  most r e a d i l y  leached in to  

ac id  s o l u t i o n s .  Sample A4 a t  5 .5  g/1 leached 0 .8  mg B/g a t  pH 2.5  and 

0 .4  mg B/g a t  pH 12.0 .

Many elements  e x h i b i t  enhanced r e l e a s e  from s o l i d  m a te r i a l s  

under high and low pH c ond i t ions  (33) .  Since boron forms an ion ic  

s p e c i e s ,  i t s  T e a c h a b i l i t y  may be enhanced a t  h ighe r  pH v a lu es .  Other 

s t u d i e s  i n d i c a t e  the  boron leach ing  r a t e  i s  g r e a t e r  in  a c i d ,  but t h a t  

th e  t o t a l  amount leached was pH independent over  the  range o f  6-9 

(1 3 ,1 4 ) .

Acid te ac h a b le  Components

The d i s s o l u t i o n  o f  the  ash samples with a mixture  o f  a c i d s ,  HCl/ 

HNOg/HF, a t  100°C, was u t i l i z e d  to  provide  an in d i c a t i o n  o f  the  t o t a l  

av a i lab le^sod ium ,  po tass ium,  ca lc ium ,  magnesium, and boron. The r e s u l t s  

a re  summarized in Table 8. The va lues  f o r  potass ium, calc ium, and
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F igure 6

Release o f  Boron from Ash as a Function of  pH, I q / 1 . 

A4, AS, AS, open to atmosphere,  t ime:  192 hours .

mg B/g
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F igure 7

Release o f  Beron from Ash as a Function o f  pH, 5 .5  q / 1 . 

A4, open to  a tmosphere ,  t ime:  720 hours .

0 .73  -

0 .5 5  -•

0 .37-

PH
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Table  7

Release o f  Boron as a Function o f  pH.

AS, AS T g / 1 , A4 5 .5  g / 1 , r e s u l t s in mg/g.

pH A4(l q /1) AS AS A4(5.5 g/1.)

2 .6 - - - .78

4.0 - - 1.1 —

4.4 - - .3 . -

5.0 1.7 - - .54

7.0 - .2 .6

7.3 - - .49 .

7 .5 .5 - ■ - -  •

8 .0 - .2 . .5 -

8 .2 .5 - — -

8 .7 -- - - — .47

9.7 - - - .45

9 .8 .5 - - -

9 .9 - .5 -

10.0 - .2 - -

12.0 .6 . 3 .7 .42
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Table 8

Acid te ach ab le Components o f  Ash.

, A2,

ample

A3, A4, AS, r e s u l t s  in mg/g.

Na K Ca M B

Al 39.9 8 .7 49.4 16.9 0.68

A2- . 61.7±15.1 14 . 4± 1 .6 46.9+32.9 15.8±4.3 0.86±.51

A3 43.7 12.1 53.4 12.2 .67

A4 60.3 3.9 64.8 23.9 .57

AS 71.4 17.7 37.6 13.1 2.62

2 ml o f  aqua r e g i a ,  p lus  I ml o f  48.9% HF f o r  4 hours a t  IOO0C5 

50 mg. o f  ash .
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magnesium a re  comparable to  those  ob ta ined  by o th e r  i n v e s t i g a t o r s  ( 3 ,7 ,  

17) .  The sodium values  a re  comparable or  somewhat g r e a t e r .  The 

boron va lues  a re  h ighe r  than those  observed by Furr ( 7 ) ,  Dreesen ( I ) ,  

Gladney (35) and von Lehmden ( 6 ) ,  but comparable to  those  observed by 

Cox (3 ) .  The va lues  o f  i ron  and aluminum. Table 9 ,  a re  lower than 

those  observed by o th e r  i n v e s t i g a t o r s  ( 3 , 6 , 7 , 1 7 , 3 3 ) .  The da ta  in 

Table 10 a l s o  i n d i c a t e  t h a t  I M HCl and I M HNOg a re  not as e f f e c t i v e  

in  l e ach in g  the  i ro n  and aluminum as the  aqua regia-HF mixture  a t  

IOO0C. For example , A4 r e l e a s e d  0 .5  mg. B/g with I M HCl but only 0 .2  

mg B/g with I M HNOg. Data p re sen ted  in  Table 11 in d i c a t e s  an 

i n c re a s e  in  t em pera tu re  t o  150°C r e s u l t s  in  a lo s s  o f  m a t e r i a l ,  

p o s s ib ly  through v o l a t i l i z a t i o n ,  and thus  h igher  tempera tures  are  

no t  recommended. A4 r e l e a s e d  0 .6  mg B/g a t  IOO0C in the  Parr  

Bomb d i g e s t ,  bu t  0 .4  mg B/g was observed when the  tempera ture  

was r a i s e d  to  150oC. The c o n ce n t ra t io n  o f  aluminum and i ron  in 

s l i g h t l y  b a s i c  s o l u t i o n s  was l e s s  than 0.1 mg/g, which i s  in agreement 

w i th  p r e d i c t i o n  based on the  s o l u b i l i t y  o f  the  r e s p e c t iv e  hydroxides .

Ash Mate r ia l  Homogeneity

Five samples o f  A2 were leached to  e s t a b l i s h  the  homogeneity of  

th e  m a t e r i a l .  The r e s u l t s  a re  summarized in Table 12. The s tandard  

d e v ia t i o n s  a re  s i z a b l e  (59% f o r  boron) and s u p r i s in g  s in ce  the  

m a te r ia l  had passed through 100 mesh sc reen .  Since t h e r e  a re  r e p o r t s
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Acid Leachable Iron and Aluminum. 

A l $ A2, A3, A4, AS, r e s u l t s  in mg/g.

Table 9

Sample Element I (a)

Conditions 

2 (b) 3 (c) 4 (d)

Al Fe 10.0 8 .3 29.4 29.0

Al 22.5 29.3 94.5 17.1

A2 Fe 12.2 12.2 43.1 27.2

AT 67.6 84.3 110.4 15.1

A3 Fe 8 .0 10.1 . 32.5 24.5

Al 18.1 31.9 57.3 <1.0

A4 Fe 13.9 14.2 20.0 21.5

Al 84.3 83.9 92.3 4.2

AS Fe 13.4 13.7 29.1 25.3

Al 22.5 42.2 86.0 <1.0

(a) I M HCl, I g. a s h / 1 ,  25°C f o r  24 hours .

(b) I M HNO3 , I g a s h /1 ,  25° C f o r  24 hours .

(c) 2 ml aqua r e g i a  p lus  I ml HF a t  IOO0C f o r  4 hours ,  50 mg ash.

(d) 2 ml aqua r e g ia  plus; I ml HF a t  ISO0C f o r  2 hours ,  50 mg ash.
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Table  10

Boron Leached with I M HCl and I M HNO

A2, A3, A4, AS, II g ash/1 , 24 hours . r e s u l t s  in i

Sample I M HCl I M HNO0

Al 0 .7 0.5

A2 1.0 0.2

A3 0.7 0.2

A4 0 .5 0.2

AS 1 .0 0.5
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P a r r  Bomb Acid D iges t ions .

Table 11

Al,  A2, A3, A4, AS, 0.050 g a sh ,  2 

50 ml w i th  d o u b l y - d i s t i l l e d  w a te r .

IOO0C1 4 hours

Sample Na K Ca . Mg,

Al 40 9 49 17

A2 42 14 92 17

A3 44 12 S3 12

A4 60 4 65 24

AS 71 18 38 13

150°C, 2 hours

Sample Na ' % Ca Mg

Al 60 8 45 12

A2 28 20 33 9

A3 27 9 38 .11

A4 48 I 55 22

AS 32 I 29 15

ml aqua r e g i a ,  I ml HF brought to  

r e s u l t s  in mg/g.

I O 1 XB

7 .4

9.6

7 .4  

6 .3

8.6

B

1.1

0.8

0 .4

0 .4

0 .9



Table 12

Determinat ion o f  Ash Homogeneity.

Parr  Bomb ac id  d i g e s t  o f  5 samples o f  A2, 0.50 g a s h , 2 ml aqua re g ia  

I ml HF, IOO0C, 4 hours brought t o  50 ml with d o u b l y - d i s t i l l e d  w a te r ,

r e s u l t s  in  mg/g.

Sample Na K Ca Mg; B

A2r.l 63 13 72 14 0.9

A2-2 77 14 . 23 17 0 .4

A2-3 51 14 19 21 0 .8

A2-4 75 17 29 9' 0 .4  '

A2-5 42 14 92 17 1.8

mean 61.7 14.4 46.9 15.8 0.86

s tanda rd
d e v ia t io n 1 5 .1 .1 .6 32.9 4 .3 0.51
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(15 ,16 ,17 ,36)  t h a t  composit ion v a r i e s  with p a r t i c l e  s i z e ,  a d d i t io n a l  

s i z e  f r a c t i o n a t i o n  was conducted.  Three subsamples o f  A4 were 

s e p a r a t e d ,  75-100 pm, 45-75 pm, and l e s s  than 45 pm. These samples 

were leached with d i s t i l l e d  w a ter  f o r  24 hours a t  I g ash/1 i t e r .  The 

r e s u l t s  a re  shown in  Tables  13 and 141 S i m i l a r l y ,  ashes A4, AS, and 

A6 were f r a c t i o n a t e d ,  125-150 pm, 75-125 pm, 45-75 pm, and l e s s  than 

45 pm. These samples were leached a t  the  same co n d i t io n s  f o r  1176 

h o u r s . The r e s u l t s  a re  p re sen ted  in  Table  15. These d a ta  i n d i c a t e  

t h a t  a m a jo r i ty  o f  the  a v a i l a b l e  boron comes from th e  s m a l l e s t  

p a r t i c l e s ,  A6 y i e l d s  0 .5  mg/g from p a r t i c l e s  l e s s  than 0.45 pm but 

on ly  0 .2  mg/g f o r  p a r t i c l e s  125-150 pm. Though not as pronounced, 

t h e r e  i s  an in c re a s e  in  leached sodium, ca lc ium, potass ium,  and mag­

nesium as the  p a r t i c l e  s i z e  d e c rea se s .  . The s tanda rd  d e v ia t io n s  a re  

con s id e rab ly  sm a l le r  than those  shown in Table  12. Boron analyses  o f  

A4 p a r t i c l e s ,  which were l e s s  than 45 pm, had a s tan d a rd  d e v ia t io n  o f  

1%. The use o f  small samples ,  50 mg, and p a r t i c l e  s i z e  v a r i a b i l i t y  i s  

b e l ie v ed  to  be th e  main c o n t r i b u t o r  to  the  l a r g e r  s tanda rd  d e v ia t io n s  

(shown in  Table  8 ) .  The s tan d a rd  d e v ia t i o n s  f o r  the  a n a l y t i c a l  

procedures  a re  much l e s s  than the  observed va lu es .  Except f o r  the  da ta  

in  the  p a r t i c l e  s i z e  s t u d i e s ,  a l l  l e ach in g  exper iments used ash t h a t  

passed through 100 mesh screen ( s i 50 pm). This could cause sample 

inhomogeneity ,  but th e  samples a re  more r e p r e s e n t a t i v e  of  ash used 

in  th e  s l u i c i n g  p ro c e s s .



Table 13

Inf luence  o f  P a r t i c l e  Size on the  A v a i l a b i l i t y  of  Boron, Sodium, Magnesium, and Calcium. 

T r i p l i c a t e  samples o f  A4. I g a sh /1 ,  24 hours ,  r e s u l t s  in mg/g and s tandard  d e v ia t io n .  (S .D . ).

Mesh Size 

75-150 ym

45-75 ym

Leach
no.

1

2 

3

1

2 

3

pH
u n i t s

7.5

7.4

7.5

8.0

7.9

7.7

IO1XBZS-D. Na/S.D. Ca/S.D.

-Ckro

<45 ym 1

2 

3

8 .4

8.3

8 .3

5.5\

5.5

5 .5 '

.00 ,17

1 .07'



Table 14.

In f luence  o f  P a r t i c l e  Size  on the  A v a i l a b i l i t y  of
Boron, Sodium, Magnesium, and Calcium, Composite.

A4, 24 hour 

Size
Increment

c o n t a c t ,  I g /1 .

Percent 
o f  Total

Boron
u q /q

Sodi urn 
mg/q

. Magnesium 
mq/q

Calcium
mq/q EU

75-100 wn 10.4 73±13 0 .96± .08 0 .31± .03 5.90+.23 7.5+0.0

45-75 urn 9 .3 97+20 I . 00+.13 0 .4 4 ± .U 7 . 98±.45 7.9+0.2

<45 U m 80.3 548+ I I . 32+.04 I . 02±.09 — — 8 .3+ 0 .1



Table 15

P a r t i c l e  S ize  S tudy,  4 S ize  S e p a r a t io n s .

T r i p l i c a t e s  o f  A4, AS, A6, I g a s h /1 ,  leached in d o u b l y - d i s t i l l e d  w a te r ,  1176 h ou rs ,  r e s u l t s  

in mg/g un less  o therwise  s t a t e d ,  s tanda rd  d e v ia t io n  (S .D . ) .

Sample A4
P a r t i c l e  Leach pH S.C. /S .D.

Ca/S.D. K/S.D. Mg/S.D. 101B/S.D.

75-125 1

2 

3

Q.68\ 8.6 

0.46 Vl2 8 .3  

0 . 5 0 ^  7.5

45-75 1

2 

3

0 . 36\ 11.9 

0.29 \  .08 12.0 

0 .4 5 '  10.5

125-150

1

2 

3

1

2 

3

7.9  59\\
8 .0  53 >3 .1

c/7.9  56'

,30 8 .4  > .3 5  0.92

8 .5 '

75-125 1

2 

3

8 . 8,

8.7

0.53.

.04 9 .8  > .59 0.38

0.59

.0

45-75 1

2 

3 8 .0  67'

0.97 '

0 .95 '

10.Ox 0.90x 1 .5

.2 1.01 >.05 10.0 > .0 9  0.67 > .1 2  1.5 >0.0

10.2' 0.80 ' 1.5

1

2 

3

1 . 58x 1 6 .7\

1.48 \  .06 16.0 

1 .49 '  16 .9 '

125-150

75-125

45-75

1

2 

3

1

2 

3

1

2 

3

9 . 3 X

07 8 .6  > . 3 8  0.53 .62 2 .6  > .14 1 .6  > .0 2

\ \,
4.3x

1 . 6\

0.22 > .03 12.3 >2.07 0.18 > .23 3 .8  > .25 1 .5  > .01

0 .17 '  12.8'  0 .43 '  4 .1 '  1.7 '

1 8 .5  161s

2 8 .4  166 > 2 .6

3 8 .5  ISSy

0.52, 21 .2 ,  0.45\ 5 .5

0.65 > .09 20.7 > . 3 3  0.25 \  .12 5 .8

0 .4 8 '  2 0 .6 '  0 . 4 6 '  5 .8
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Table 16

Sepa ra t ion  o f  Ash by Mesh S ize .

A4, AS

mesh

opening
s i z e

m

100 150

120 125

200 75

325 . 45

S iz e ,  urn Upper Ash

<100 4.82%

<120 10. 41%

<200 9 . 33%

<325 80. 26%

(A4) Bottom Ash (AS)

27.1935 

50.97%

16.49%

32. 25%
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In the  i n i t i a l  s i z e  s e p a ra t io n  shown in Table 16,  sample 

AS y i e ld e d  32.35% in  the  s m a l l e s t  f r a c t i o n  and sample A4 80.26% 

in  th e  same s i z e  f r a c t i o n .

Release o f  Boron a t  D i f f e r e n t  Ash to  Water R a t i o s .

Table 17 summarizes the  r e s u l t s  o f  a leach ing  s tudy  a t  th r e e  

c o n c e n t r a t i o n s ,  o f  f i v e  samples ,  leached in'  r e s e r v o i r  w ater  f o r  768 

hours .  Table 18 summarizes a leach ing  s tudy  a t  s i x  c o n ce n t r a t io n s  o f

samples A4,.A5, and A6 in  d o u b l y - d i s t i l l e d  water  f o r  456 hours .  The 

c o n ce n t ra t io n  o f  boron in  the  l e a c h a te  s o l u t io n s  i s  dependent upon
I

th e  r a t i o  o f  ash to  w a te r .  This dependence i s  shown in  Figure 8 and, 

in  Table 19. The n o n l in e a r  behavior  i n d i c a t e s  incomplete  r e l e a s e  o f  

boron when.t h e  a s h - to - w a t e r  r a t i o  i s  in c re a se d .  For example, A4 

leaches  0 .7  mg B/g ash a t  I g ash/1 bu t  leaches  0.1 mg B/g ash 

a t  a c o n ce n t ra t io n  o f  TOO g ash /1 .  Leached boron c o n ce n t ra t io n  i s  

dependent upon ash type , . .w i th  the  l a r g e s t  amount being r e l e a s e d  from 

the  upper ash.  -  .

Using the  boron r e l e a s e d  in  th e  I g/1 s o lu t io n s  as an e s t im ate  

o f  th e  t o t a l  a v a i l a b l e  boron, i t  i s  p o s s ib le  to  c a l c u l a t e  the  

amount o f  boron t h a t  i s  r e t a in e d  by th e  ash in the  s o l u t i o n s  where 

the  a sh - to - w a t e r  r a t i o  i s  h ighe r .  The d a ta  are  p re sen ted  in  Table 20 

The va lues  in  Table 20 a re  comparable to  those  r e p o r t e d  by Choi and 

Chen (14) .  A p l o t  o f  ug boron r e t a i n e d / g o f  ash as a func t ion
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Table  17

In f lu en ce  o f  Ash Concen tra t ion  on L e a c h a b i l i t y  in Reservo ir  Water.

A l ,  A2, A3, A4, AS, 768 h o u r s , r e s u l t s  in mg/1 un less  o therwise  s t a t e d .

47

Cone. Sample
pH

u n i t s
umhos/

cm HCO3-

198 —
O

 
CO

 
O CU
 I

l

NO3

4 .4

s o ;

183

Na+ K+ Cl" Ca++ Mg+'+ B B.mq/g

I g/1 Al 8.7 751 74 13 13 44 25 0.5 0.5

' A2 8 .7 746 221 12 8 .7 195 79 11 10 48 24 0 .5 . 0 .5

A3 8.7 777 234 • 15 3 .9 186 76 11 10 55 24 0 .7 0.7

A4 8.7 801 247 14 4 .6 195 79 10 10 56 26 0.7 0.7

AS 8.7 744 212 8 3.5 188 76 12 11 43 22 0 .4 . 0 .4

25 g/1 Al . 8 .8 896 260 23 4 .0 240 82 15 11 30 49 3.1 0.1

A2 8 .8 905 228 29 1.5 255 86 17 10 23 48 5 .0 . 0.2

A3 9.0 1015 239 50 3.1 300 89 12 12 29 62 8.5 0.3

A4 8 .8 839 158 26 2.0 267 89 12 11 71 18 7.9 0 .3

AS 8 .7 830 263 ■ 16 1.4 215 84 13 9 34 32 1.7 0.1

100 g/1 Al 8 .9 1141 205 50 6.1 379 101 13 14 25 73 12 .8 0.1

A2 9.1 957 - - 1 .4 339 116 15 11 62 11 11.0 0.1

A3 9.3 991 131 7 2 .5 354 123 12 11 78 4 15.3 0.2

A4 9.5 892 14 95 2 .0 280 123 I 10 55 ■ 3 12 .8 0.1

AS . 8 .8 942 246 22 1 .3 267 116 11 12 21 37 0 .4 0.0
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Table 18

Release o f  Boron as a Function o f  Ash C o n cen t ra t io n . 

T r i p l i c a t e  o f  A4, AS, AG. 456 h o u r s , d o u b l y - d i s t i l l e d  w ater

I 9/1

12.5 g/'i

PU

S.C.
mmhos/

cm . B ug/ml B yg/q  ash

A4-1 8.4 ,1 .54 0.49 489

—2 8 .4 1.62 0 .56 543

-3 8 .4 1.61 0 .4 9  . 494

A5-1 7.9 .88 0 .1 3 1.33

-2 8 .0 .86 0 .1 7 169

-3 8 .0 .86 0 .1 3 131

AG-1 8.3 1.31 0 .4 2 425

-2 8 .4 1.34 0 .4 3 418

-3 8.4 1.31 0 .4 6 457

A4-1 8.7 3.07 4 .4  ■ 348

-2 8.9 3.06 . 4 .4 350

-3 8.7 3.26. 4 .4 352

A5-1 8.6 2.23 0 .83 66

-2 8.5 2.33 0 .70 56

-3 8.5 2.34 0 .21 17 .

\

leach .  

Avg. 

509

144 ■’

433

350

46
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Table  18 (cont inued)

25 g/1

50 g/1

S.C.
mmhos/

EtL cm B yg/ml B ug/g  ash Avg.

A6-1 8 .8 3.08 3.6 285 -

-2 8 .9 3.16 3.6 .289 331

-3 8 .8 3.12 5,2 419

A4-1 9.2 3.33 6.6 264

-2 9.1 3.21 6 .2 249 265

-3 9 .0 3.54 7 .0 281

A5-1 8.7 3.37 1.2 48

-2 8 .7 3.38 1.3 50 48

-3 8.7 3.28 1.2 46

AG-1 8,7 3.50 6 .4 256

-2 8 .8 3.55 6 .3 252 253

-3 8 .8 3.72 6 .3 251

A4-1 9.5 4.26 7.1 141

-2 9 .5 4.27 9.5 190 174. .

-3 9 .8 4.64 9.6 192

A5-1 8 .8 3.72 2.1 43

-2 8 .7  . 3.89 2.1 42 43

-3 8 .7 3 .74 2.2 43



50

75 g/1

TOO g/1

S.C.
mmhos/

Table 18 (continued)

PH cm B uq/ml - B y g /g  ash

A6-1 8.2 4.15 8 .4 169

-2 9.2 3.91 7 .8 156

-3 . 9 .3 3.47 6 .8 137

A4-1 9.6 4.05 11.1 148

-2 10.2 4.22 11.2 150

-3 10.0 4.22 12.1 162

A5-1 9.2 4.12 2 .8 38

-2 8 .8 4.11 2.7 36

-3 8 .8 4.21 2.9 39

A6-1 9 .8 4.79 9 .6 128

-2 9 .8 4.65 9 .5 127

-3 9 .8 5.00 10.2 136

A4-1 10,3 4.35 13.0 129

-2 10.4 4.43 12.1 121

-3 9 .6 . 5.41 15.7 157

A5-T 8 .9 4.08 3.1 31

-2 8.9 4.32 3.6 36

-3 9 .0 4,24 * 3 ,6 36

Avg.

154

153

38

130

136

34
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Table 18 (con t inued)

M

S.C.
. mmhos/ 

cm B yg/ml 1 B yq /q  ash Avg

A6-1 10.4 4.46 7 .8 78

-2 10.3 4.82 9.1 91 94

-3 9 .8 5.21 11.4 114



Figure 8

Release o f  Boron from Ash as a Function of  Concentra t ion .

t ime:  456 h o u r s .

O 40
g a s h / I

120



(

Table 19
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Sunmary: Release o f  Boron as a Function o f  Ash Concen tra t ion .

AS, AS, t ime: 456 hours , I r e s u l t s in  mg B/l and (mg/g).

Concentra t ion  
g ash/1 ML AS A6

1.0 ■ 0.51 (0 .51) 0.14 (0 .14) 0.43I (0 .43)

12.5 4 .4 (0 .35) 0.61 (0.05) 3.7 (0.30)

25.0 6.6 (0 .26) 1.2 (0.05) 6 .3 (0 .25)

' 50.0 9 .5 (0 .19) 2.1 (0.04) 7 .8 (0 .16)

75.0 11.3 (0 .15) 2 .8 (0 .04)  . 9 .6 (0.13)

100.0 13.5 (0 .14) 3.5 (0.04) 10.5 (0 .11)
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Boron Released and Retained a t  Various Leaching R a t i o s . 

A4, AS, AG, t ime: 456 hours*

Boron Leached Boron Retained
(yg/ml) (yg/g)

Rat io  A s h / W a t e r ^

Table 20

( g / D M AS AG ' M AS AG

1.0 0 .5 0.1 . 0 .4 - - — — —

12.5 4 .4 0 .8 4.1 158 83 102

25 .0 6.6 1.2 6.3 244 96 180

50.0 9 .5 2.1 7.7 318 102 279

75.0 11.5 2 .8 9 .8 355 107 303

100.0 . 13.6 3.4 9 .4 373 n o 339

^a H o t a l  volume 50.0  ml
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p f  yg B/ml i s  shown in  Figure  9. Sample AS, which i s  bottom a sh ,  ex­

h i b i t s  a maximum r e t e n t i o n  o f  105 yg B/g ash .  S lu ic in g  t h i s  ash a t  55 

g/1 should provide  l e a c h a te  wate rs  con ta in in g  1.9 mg B / l .  The r e ­

t e n t i o n  behav io r  f o r  A4 and AG i s  no t  as well  d e f in e d ,  but the  shape 

o f  th e  curve i n d i c a t e s  Langmuir behav io r ,  with a l i m i t i n g  value in 

excess  o f  400 yg B/g.  Correspondingly ,  the  s l u i c i n g  o f  th e se  ash 

m a t e r i a l s  a t  55 g/1 would provide  boron co n ce n t ra t io n  in  excess  of  

th o se  p re d i c t e d  f o r  the  bottom ash .  The r e t e n t i o n  o f  boron by the  ash 

m a te r ia l  complica tes  th e  assessment o f  how much boron w i l l  be r e leased  

t o  a n a tu ra l  w a ter  system over a given t ime span. These r e s u l t s  

i n d i c a t e  t h a t  th e  I mg/1 a g r i c u l t u r a l  l i m i t  may be exceeded. However, 

s in ce  no t  a l l  o f  th e  boron, i s  removed i n i t i a l l y ,  t h e r e  w i l l  be a 

dependence upon how r a p i d l y  w a ter  moves through the  system.

The boron r e t a i n e d  by the  ash m a te r ia l  i s  r e a d i l y  a v a i l a b l e ,  as 

evidenced b y . th e  fo l low ing .  The A4 ash from, the  50 g / 1 ,  75 g / 1 , and 

100 g/1 leach ing  exper iments  was i s o l a t e d  and re leached  a t  a r a t i o  o f  

I g /1 .  The t o t a l  a v a i l a b l e  boron was r e l e a s e d  from the  ash and found 

in  th e  l e a c h a te  s o l u t i o n s .  The r e s u l t s  a re  shown in Table 21. There 

i s  good agreement between th e  boron r e l e a s e d  by th e se  r e l cachings 

and t h a t  expected  from c a l c u l a t i o n s .  A4 ash when leached a t  100 

g ash/1 r e l e a s e d  136 yg B/g ash and r e l e a s e d  498 yg B/g ash when 

resuspended a t  I g a sh /1 .  A4 a t  I gi ash /1  leached 508 yg B/g ash.
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Boron Retained by Ash as a Function 

o f  Boron C o n ce n t ra t io n .

A4, AS, A6, t ime: 456 h o u r s .

Figure 9

A4 c *

AS c Q

ug ES/ ml
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T a b le  21

Release  o f  Reta ined  Boron. 

A4, 24 h o u r s , d o u b l y - d i s t i l l e d  w a te r .

o r i g i n a l ug B/g ash
c o n ce n t r a t io n when leached

g ash/1 a t  I q./l

I 508

50 523

75 460

100 498
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Boron Adsorbed a t  Varying S o lu t ion  C o n ce n t ra t io n s .

Ash t h a t  was cond i t ioned  by w a te r  washing was mixed with s o lu t io n s  

c o n ta in in g  vary ing  c o n c e n t r a t io n s  o f  boron to  determine a d so r p t io n ,  

t h e  r e s u l t s  a re  shown in  Figure 10 and Table 22. Many da ta  poin ts  

were c o l l e c t e d  to  compensate f o r  the  s c a t t e r i n g  due to  v a r i a b i l i t y  o f  

th e  ash .  The ash adsorbed boron with a Freundlich  type  behavior .  Choi 

and Chen (14) have a l s o  r e p o r t e d  Freundlich  adso rp t io n  isotherms f o r  

boron a d so rp t io n  onto s o l i d s .  The amount o f  boron adso rp t io n  was 

dependent upon th e  c o n c e n t r a t io n  o f  b o ron . in  the  s o l u t i o n .  For 

example,  sample A4 has the  c ap a c i ty  to  adsorb 36 mg B/g ash a t  55 

g ash/1 and w i th  160 mg B/ I in s o l u t i o n .  The amount adsorbed i s  

a fu n c t io n  o f  ash t y p e ,  amount o f  ash in  s o l u t i o n ,  and co n cen t ra t io n  

o f  boron. The pH f o r  t h e se  experiments  was held a t  th e  8 .6 - 8 .8  

range .  This i s  w i th in  the  maximum adso rp t ion  pH range o f  6-9 

r e p o r t e d  by o th e r s  (1 4 ,2 5 ,3 0 ,3 1 ) .  T r i s  b u f f e r  a t  a concen t ra t ion  

o f  0 .5  M was used to  m ain ta in  pH. The e f f e c t s  o f  t h i s  b u f f e r  from 0.1 

M to  1 .0  M were s t u d i e d .  Inadequate  b u f f e r i n g  c ap a c i ty  was found 

below 0 .5  M T r i s  and th e r e  were no b u f f e r  e f f e c t s  u p . to  1 .0  M.

Adsorption o f  Boron by Acid Conditioned Ash.

The e f f e c t s  on boron adso rp t ion  by ash cond i t ioned  with acid 

were s t u d i e d .  A sample o f  A 4 was washed with I M HNOg and another  

sample o f  A 4 w ith  I  M H C l . The da ta  in  Table 23 and shown in

;
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Figure 10

Adsorption o f  Boron by Water Conditioned Ash.

A4, 0 .5  M T r i s  b u f f e r ,  pH 8 .6 ,  55 g a sh /1 .

Boron S o lu t ion  (mg/1)



Table 22

Adsorption o f  Boron onto Water Conditioned Ash.

A4, pH 8 .6 ,  55 9 a s h / 1 ,  48 hour a d so r p t io n ,  r e s u l t s  in mg/1 and mg/g.

10_1xB 10'-1xB added
J O -1 x B 

change in 10-1xB in 10-1xB 10-1xB .
b a s e l in e  mg/1 to s o lu t io n  mg/1 b a se l in e  mg/1 s o lu t io n  mg/1 adsorbed mg/1 adsorbed mq'/q

0.2 0 .0 0.1 0.3 -

0 .2 0 .0 0.1 0.4 - -

0 .2 0 .4 0.1 0 .7 - -  -

0 .3 0 .8 0.1 1.0 0 .2  . 0 .4

0 .2 1.1 0.1 1.3 0.1 0.2

0.2 1.2 0.1 1.3 0.2 0 .4

0.2 1.2 0.1 1.3 0.2 0.4

0 .2 1.5 0.1 1.7 0.1 0.2

0.2 1.6 . 0.1 1.6 0.3 0.5

0.2 2 .0 0,1 . 2.1 0.2  . 0 .4

0 .3 2 .0 0.1 2.0 0 .4 0 .7

0.2 2 .4 0.1 2.3 0 .4 0.7



Table 22 (continued)

10_1xB. 
b a s e l i n e  mg/1

10-1 xB added 
to  s o lu t io n  mg/1

IO- ' x B 
change in 
b a s e l in e  mg/1

10-1xB in 
s o lu t io n  mg/1

IO-1XB
adsorbed mg/1

IO-1XB
adsorbed mg/g

0.2 2 .4 0.1 2.6 0.1 0.2

0 .2 4.0 . 0.1 . 3 .9 0.4 0.7

0.2 5.1 . 0.1 5 .0 0 .4 0 .7

0 .2 7.4 0.1 7 .0 0.7 1.3

0.2 7.5 0.1 7 .0  ! 0 .8 1.5

0.2 9.5 0.1 8 .8 1.0 1 .8

0.2 10.0 0.1 9 .0 1.3 2.4

0 .2 12.0 0.1 11.0 1.3 2 .4

0 .3 13.0 0.1 11.0 2.4 4 .4

0.2 14.0 0.1 13.0 1.3 2 .4

0 .2 15.0 0.1 13.0 2.3 4 .2
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Adsorption o f  Boron on Acid Washed Ash.

T a b le  23

A4, pH 8 . 5 ,  55 g . a s h / 1 ,  48 h o u r s , r e s u l t s  in  mg/1 and mg/g.

O^xB added to  
s o l u t i o n  mb/1

IO-1 XB in 
s o l u t i o n  mg/1

10-1xB
adsorbed mg/1

10-1xB
adsorbed mg/g

1.9 1.9 0 .2 0 .4

5 .9 4 .9 1.1 2 .0

8.0 6 .8 1 .3 2.4

9.9 8 .3 1.7 3.1
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Figure  11 i n d i c a t e s  t h a t  adso rp t io n  by th e se  ashes was more than onto 

w ater  washed ash .  • Sample A4, when w ater  co n d i t io n ed ,  adsorbed 0.13 to  

0.18 mg/g onto 55 g ash in a l i t e r  o f  70 mg/1 boron s o l u t i o n .  When 

A4 was a c id  washed i t  a d s o r b e d ;0.24 mg/g under the  same c o n d i t io n s .  

Perhaps t h i s  i s  due to  i t s  a b i l i t y  t o  "c lean" the  adso rp t ion  s i t e s  

o f  i n t e r f e r i n g  s p e c i e s .

The e f f e c t s  o f  s o l u t i o n  pH on th e  adso rp t ion  of  boron by ash A4 

i s  shown in  Figure  12 and in .T a b le  24. The r e s u l t s  show t h a t  the  ash 

i s  l e s s  e f f e c t i v e  in  adsorb ing  boron a t  pH 9 .5  than a t  8 .6 .

Comparison o f  da ta  in Tables  24 and 22 shows t h a t  in  a 40 mg/1 boron 

s o l u t i o n ,  A4 w i l l  adsorb 0.73 :mg B/g a t  pH 8 .6  and 0.36 mg/g a t  pH 9 .5 .  

Since th e  p o s s ib l e  e f f e c t  o f  ammonia b u f f e r  i n t e r f e r e n c e  i s  undetermin­

ed ,  f u r t h e r  i n t e r p r e t a t i o n  cannot be made. 'The da ta  c o r r e l a t e s  with 

th e  pH dependence o f  boron adso rp t ion  onto s o i l s  as r e p o r t e d  by o th e r  

au thors  (1 1 ,1 4 ,2 5 ,3 0 ,3 1 )  and sugges ts  t h a t  ash may fo l low a s i m i l a r  

pH dependence behav ior .

Regenera tion o f  Ash S u r f a c e .

The f in d in g  t h a t  an iso therm genera ted  us ing a c id -c o n d i t io n e d  ash 

e x h i b i t s  h ighe r  a d so rp t io n  c a p a c i ty  than th e  w a te r -co n d i t io n ed  ash 

sugges ts  t h a t  the  s u r f a c e s  o f  th e se  ashes may be s i m i l a r  and conta in  

l a rg e  -amounts o f  i ron  and aluminum. Those samples which had been used 

t o  g enera te  th e  i so therms (F igures  10 and Tl) were re leached  with
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Figure  11

Adsorption o f  Boron by HCl Conditioned Ash. 

A4, 55 g a s h / 1 , pH 8 . 6 .

2.91 ■

1 . 45-

Boron s o l u t i o n  (mg/1)

160
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Adsorption o f  Boron as a Function o f  S o lu t ion  C oncen tra t ion .  

A4, w a te r  cond i t ioned  a sh ,  pH 9 . 5 ,  55 g ash/1,  0 .5  M ammonia b u f f e r .

Figure  12

Boron S o lu t ion  (mg/1)
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Adsorption o f

Table 24

Boron as a Function o f  Boron ini S o lu t io n .

A4, 55 g / 1 ,  pH 9 . 5 , w ater  cond i t ioned  a sh ,  r e s u l t s in mg B/ml and
mg/g.

1 0 ' 2xB in B adsorbed
? '

10 xB adsorbed
' s o l u t i o n  (mg/1) (mg/1) (mq/q)

0 .2 0 .3 • 0 .5

0 .4 0.2 0 .4

0 .8 5 .0 9 .0

1 .0 3 .3 6 .0

1.2 7.5 14.0
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I M HCl a t  55 g a s h / 1 . The l e a c h a t e s  were analyzed f o r  aluminum and 

i ro n  and the  r e s u l t s  a re  shown in  Table 25. Water cond i t ioned  ash 

samples o f  A4 y i e ld e d  13 t o  15 mg Fe/g and 73 to  91 #g Al/g .

Acid cond i t ioned  A4 leached 8 to  9 mg Fe/g and 51 to  62 mg Al/g 

i n t o  the  a c id .  Table 26 shows the  r e s u l t s  from an exper iment in 

which samples A4, AS, and A6 were washed f o r  th re e  su ccess iv e  

24 hour pe r iods  a t  I g ash per  l i t e r  with I M HCl, I M NaOH and 

d o u b l y - d i s t i l l e d  w a te r .  The conclus ion  o f  t h i s  exper iment was t h a t  

ac id  was e f f e c t i v e  in  washing i ron  and aluminum from the  su r face  

o f  ash .  Sample A4 r e l e a s e d  a t o t a l  o f  56 mg Al/g and 13 mg Fe/g 

i n t o  the  3 ac id  washes.  A4 r e l e a s e d  u n d e tec tab le  amounts o f  iron 

and aluminum i n to  the  w ater  and b a s ic  washes.

The combined r e s u l t s  from th e se  two experiments  lead  to  the  

p o s s ib l e  sugges t ion  t h a t  t h e r e  i s  re g e n e ra t io n  o f  the  ash s u r f a c e .  

This could lead  t o  an i n t e r p r e t a t i o n  c o n s i s t e n t  with a s p u t t e r i n g -  

e t ch in g  exper iment run by Campbell and co-workers (37) which showed 

the  r e l a t i v e  c o n c e n t r a t io n s  o f  sodium, c a rb o n , oxygen, and s u l f u r  to  

decrease  with l a y e r  depth  bu t  s i l i c a ,  aluminum, and i ro n  to  inc rease  

upon s p u t t e r i n g  to  a depth o f  approximate ly  f i f t y  angstroms.

R e l e a c h a b i l i t y  o f  Boron

Table 25 sugges ts  t h a t  boron r e l e a s e d  with ac id  from samples o f  

A4 which had p re v io u s ly  adsorbed boron (see  Tables 22 and 23) i s
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T a b le  25

Acid Releaches o f  Adsorption Samples. 

A4, HNOg l e a c h ,  12 hours ,  water cond i t ioned  a sh ,  mg/g.

Sample Fe

1 15

2 13

3 13

4 14

A l  . B

91 0 .4

87 0 .5

87 0 .5

91 0 .4

A4, HCl l e a c h ,  one hour ,  a c id  cond i t ioned  ash .

Sample

. 5

6

. 7

8

Fe Al IO1XB

10 58

10 62

10 55

8 51

0.5

0 .7

0.6

0.6

9 10 58 0 .9
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Table 25 (con t inued)

Sample Number
- o

1

2

3

4

5

6

Boron 
i n i t i a l  

t r e a tm e n t  
mg B/q

Boron adsorbed 
by sample 
mg B/g________

CU
I— C
r—  O

4-> -M

0.9 0.4

t/> L- rO 
• r -  CD L- -C  
X J -M -M C/) 

I fti C  rO

1.4 0.2

>> 3 : CU 
r—  CJ
-Q  C
3  O

1 . 8 0.3

O  U
- o

2.4 0 .4

C
O

0 .0 -

-M
fti

i— S- -C

0.3

C J  -M CO
n :  c  m  

CU 
CJ

1 . 0 0.2

C
O
U

1.5 0.2

1 . 8 0.39



Success ive  Washes with Acid (I M HCl) ,  Doubly- 

D i s t i l l e d  Water and Base (I M NaOH).

A4, AS, AG , I g a s h /1 ,  24 h o u r s , r e s u l t s  in  mg/g un less  o therwise

70

Table 26

wash
no.

pH
u n i t s

S.C.
mmhos/cm Fe Al. B

ac id I 4 .2 23.9 0.5 17 9 .6 0.6

2 3.3 4 .6 7 .8 34 6 .5 0 .4

3 2 .3 6 .3 4.4 5 2.9 0.4

doubly - I 11.0 21.0 - - 0.3 0.4
d i s t i l l e d  
w ater  2 9J8 6 .9 - - 0 .8 0.1

3 10.4 5.9 - 0 .8 0.1

base I 11.1 2 .4 - — 0.6 0.5

2 10.8 1 .0 - ~ 0.9 0.2

3 10.4 0 .4 - - 0 .8 0.1

AS

acid I 3.2 23.9 5 .4 17 •: 9 .4 0.3

2 2.2 8 .9  . 1 .7 2 .3 0.5

2.1 7 .73 0 .3 0 .3 0 .3
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Table 26 (continued)

wash pH S.C.
no. u n i t s mmhos/cm Fe Al_ Mg. B

doubly- I 9 .5 5.6 - - 0 .5 0.1
d i s t i l l e d
w ater 2 10.3 4 .6 - - 0 .4 0.1

3 9 .8 3.5 — - 0.3 0.1

base I 9 .9 2 .2 - - 0 .5 0.1

2 10.1 1.0 - -  ' 0 .4 0.1

3 9 .7 0 .4 - - 0.2 0 .0

ac id I 4 .2

A6

21.7 1 .3 17 14.6 0.1

2 2 .6 5.2 5 .4 17 5.8 0.2

3 2 .0  ' 6 .6 1 .5 - 1.7 0.2

doubly- I 10.9 17.2 - - 0 .4 0.6
d i s t i l l e d  
water  2 10.3

COr-s - ” ' 0 .9 0 .2

3 10.3 4 .3 - - 1 .0 0.1

base I 11.1 2.2 - 0 .8 0.5

2 10.7 0 .9 - - 1 .0 0:2

3 10.1 0.4 - - 0.9 0.1
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independent o f  th e  amount o f  boron they  o r i g i n a l l y  adsorbed. In 

Table 23,  samples I ,  2 ,  3 ,  and 4 o f  w a ter  cond i t ioned  A4 ash a l l  

r e l e a s e d  0 .4  to  0 .5  mg B/g i n to  the  ac id  leach  i r r e g a r d l e s s  o f  how 

much boron th e  samples had o r i g i n a l l y  adsorbed ( 0 .2 - 0 .4  mg B/g) .

The exper iments  were repea ted  f o r  v e r i f i c a t i o n  and y i e ld e d  comparable 

r e s u l t s .  All c o n ta i n e r s  were checked f o r  adso rp t ion  lo s s  to  w a l l s ;  

bu t  th e  amounts found d id  no t  c o n s t i t u t e  the  d i f f e r e n c e  between t h a t  

o r i g i n a l l y  adsorbed by th e se  samples and t h a t  re leached  from them. 

There a re  no s i m i l a r  exper imental  check o f  t h i s  type in  the  l i t e r a t u r e  

t o  i n d i c a t e  whether boron i s  r e l e a c h a b le  from o th e r  ad so rb en ts .



SUMMARY AND CONCLUSIONS

This  i n v e s t i g a t i o n  was undertaken to  determine th e  in f lu en c e  o f  

c e r t a i n  f a c t o r s  upon the  m o b i l i ty  o f  boron from coal ash to  an aqueous 

system. The T e a c h a b i l i t y  o f  boron was determined to  be a f u n c t io n ,  

o f  pH, t im e ,  and ash type .  Upper ash taken from th e  s t a c k ,  leached 

more boron than d id  bottom ash which r e s i d e s  in the  fu rnace  and 

s u s t a in s  h ighe r  t em p e ra tu res .  Over t im e ,  boron leaches  c o n t in u a l ly  

u n t i l  a s teady  s t a t e  i s  reached in approximate ly  920 hours .  Leaching 

i s  r a p id  i n i t i a l l y  but drops o f f  d r a m a t i c a l ly  a f t e r  158 hours .  Acid 

i s  most e f f e c t i v e  f o r  l e ach ing  and th e r e  i s  a minimum leached in the  

pH range o f  6-9.

The ash  was s p e c i f i c a l l y  examined f o r  aluminum, i r o n ,  and boron 

s in c e  th e se  have demonst ra ted a r e l a t i o n s h i p  in the  a d so rp t io n  process  

(2 4 ,2 5 ) .  The ash samples con ta ined  s i g n i f i c a n t  amounts o f  these  

components.

A s i z e  f r a c t i o n a t i o n  o f  the  ash i n to  fo u r  segments ,  150 microns 

t o  45 mic rons ,  was made. The an a ly se s  showed t h a t  c e r t a i n  elements 

tend to  a s s o c i a t e  with p a r t i c u l a r  s i z e  f r a c t i o n s .  BorOn predominatly  

a s s o c i a t e s  with th e  s m a l l e s t  p a r t i c l e s ,  l e s s  than f o r t y  f i v e  microns. 

The s tan d a rd  d e v ia t io n  o f  t r i p l i c a t e  runs o f  each fragment i n d ic a ted  

t h a t  improved homogeneity o f  ana lyses  can be accomplished by s i ze  

f r a c t i o n a t i o n .  Homogeneity i s  impor tan t  f o r  a n a ly s i s  comparison.

In the  n a tu ra l  system, p a r t i c l e s  o f  many s i z e s  add t o  th e  complexity
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o f  th e  system. .

S l u r r i e s  w e re .p r ep a re d ,  vary ing ash c o n cen t ra t io n s  from one gram 

o f  ash per  l i t e r  to  one hundred grams o f  ash per  l i t e r .  Boron 

r e l e a s e d  from th e se  s l u r r i e s  was analyzed and revea led  an incomplete 

r e l e a s e  o f  boron a t  high c o n ce n t r a t io n s  o f  ash.  One gram o f  ash per
I

l i t e r  was taken  as an i n d i c a t i o n  o f  t o t a l  Teachable boron. This was 

checked by re l e a c h in g  o f  ash samples used in  the  h igher  c o n ce n t ra t io n  

s t u d i e s  a t  one gram per l i t e r .  Based upon th e se  c a l c u l a t i o n s  o f  

t o t a l  a v a i l a b l e  boron, the  co n ce n t ra t io n  o f  boron r e t a i n e d  by the  ash 

was a s s e s s ed .  The r e t a i n e d  boron e x h i b i t s  Langmuir adso rp t io n  

behav io r .

Adsorption o f  boron by ash was s tu d i e d  by f i r s t  co n d i t io n in g  ash 

by a p rocess  which removed boron , then resuspending the  ash in  a 

s tan d a rd  s o l u t i o n  o f  boron. Ash was shown to  adsorb boron i n c r e a s in g ly  

with  in c r e a s in g  boron s o l u t i o n  c o n ce n t r a t io n  in a Freundlich  r e l a t i o n ­

s h ip .  Acid cond i t ioned  ash showed enhanced boron a d so r p t io n .  A s tudy 

o f  the  in f lu en c e  o f  pH upon adso rp t io n  by ash i n d i c a t e d  t h a t  a t  pH 

9 .5  a d so rp t io n  was l e s s  than a t  pH 8 . 6 .  These r e s u l t s  a re  c o n s i s t e n t  

w i th  pH in f lu e n c e  on boron adso rp t io n  by s o i l s  as r e p o r t e d  by o th e r  

au th o rs  ( 1 4 ,2 5 ,2 6 ,3 0 ,3 1 ) .  An a c id  r e l e a c h  o f  adso rp t io n  samples was 

analyzed f o r  i r o n ,  aluminum, and boron. I f  the  a d so rp t io n  o f  boron 

was a simple s u r f a c e  l a y e r  c o a t i n g ,  one would expec t th e  boron to  be 

e a s i l y  re le ac h e d .  Experiments did  no t  a f f i r m  t h i s .  Also n o ted ,  from
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the  ac id  r e l e a c h ,  was t h a t  the  s u r fa ce s  o f  water  cond i t ioned  ash and 

ac id  cond i t ioned  ash were s i m i l a r  and conta ined  comparable amounts 

o f  i ro n  and aluminum.
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