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A bstract of a th e s is  in  p a r t  fu f l i lm en t for the degree o f  Doctor 
of Philosophy by William Charles Pearce, e n t i t l e d :

Trace and Minor Elements in  Coal

Several instrum enta l techniques have been evaluated for the 
determ ination of t ra c e  and minor elements in  coal.

E lectro therm al a tom isation  and a tom ic-absorption spectroscopy 
using coal s l u r r i e s  gave accura te  r e s u l t s  for the determ ination  of 
a rsen ic ,  d e sp ite  the i d e n t i f i c a t io n  of aluminium s p e c t ra l  in te r f e r e n c e s .  
Selenium determined using the method with deuterium arc  background 
co rrec tio n  produced 's tru c tu red *  backgrounds which were co rrec ted  
by the Sm ith-H ieftje  system. The method has wide a p p lic a t io n  for 
t ra c e  metal a n a ly s is .

Scanning e le c tro n  microscopy and energy -d ispers ive  X-ray 
a n a ly s is  produced accurate  r e s u l t s  for the determ ination o f  c h lo r in e  
and minor elements in  p e l l e t s  of coal powders. The de term ination  
of sulphur was inaccu ra te  because th i s  element occurs in  d i f f e r e n t  
m inera logical forms in  coa l.  Total elemental analyses were a lso  
su ccess fu lly  c o r re la te d  with ash conten ts  of  coa l .

Wavelength d isp e rs iv e  X-ray fluorescence a n a ly s is  of p e l l e t s  
of powdered coal gave p rec ise  and accura te  r e s u l t s  fo r  de term ina tions  
of ch lo rine  and phosphorus. The d i f f e r e n t  f lu o rescen t y ie ld s  of 
organic and inorganic  sulphur in  coal caused inaccuracy in  determ ina tions  
of th i s  element. Backscattered ra d ia t io n  was used to  es tim ate  ash 
content and the p o s s ib i l i ty  of  m ulti-elem ent a n a ly s is  of coa l was 
in d ica ted .

Inductive ly  coupled p lasm a-optical emission spectroscopy 
was used for m ulti-elem ent an a ly s is  of coal ash. The method gave 
a f iv e -fo ld  increase  in  speed of a n a ly s is ,  without lo ss  in  accuracy 
or p re c is io n ,  compared to  BS procedures and i s  recommended for t r a c e  
element determ inations.

All these  techniques should be regarded as complementary 
and can be expected to  make a s ig n i f ic a n t  c o n tr ib u tio n  to  coal a n a ly s is .



The importance of the mode of occurrence of elements in 
coal has been i l l u s t r a t e d  by s tu d ie s  of ch lo r in e .  Long-held views 
have been disproved and the l ik e l ih o o d  i s  th a t  ch lo r in e  i s  p resen t 
in  one form, uniformly d i s t r ib u te d  and linked io n ic a l ly  to  coal but 
evolved as hydrogen ch lo r id e  a t  low tem peratures. I t  has no re la t io n s h ip  
with n itrogen , sodium or o ther a lk a l i -m e ta ls  in  coal.

August 1984
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1.1 BRIEF HISTORY, OCCURRENCE AND FORMATION OF COAL

1 .1 .1  H is to r y

C oal i s  th e  m ost a b u n d a n t o f  th e  f o s s i l  f u e l s  and  i t s  fo rm a tio n

o c c u r r e d  s e v e r a l  h u n d re d  m i l l i o n  y e a r s  ago by th e  a c t i o n  o f  h e a t

and  p r e s s u r e  on b u r ie d  d e c a y in g  v e g e ta b le  m a t t e r .  A c o m p re h e n s iv e
1

t r e a t i s e  o f  c o a l  f o rm a t io n  and  c o m p o s i t io n  was g iv e n  by F r a n c i s .

C oal h a s  b een  known from  a n c ie n t  t im e s  ev en  th o u g h  in  th e  a g e s  

p r e c e d in g  th e  i n d u s t r i a l  r e v o l u t i o n  i t  d id  n o t  p la y  a  p a r t  o f  any 

g r e a t  im p o r ta n c e . D u rin g  s e v e r a l  h u n d re d  c e n t u r i e s  B C th e  C h in e se  

m ined and u t i l i s e d  c o a l .  (C heng i m in e s ) .  Much l a t e r  M arco P o lo  

m e n tio n e d  c o a l  a s  one o f  th e  c u r i o s i t i e s  he fo und  in  C h in a . The 

G reek  p h i lo s o p h e r  T h e o p h r a s to s , a  p u p i l  o f  A r i s t o t l e  knew c o a l  

and  c a l l e d  i t  'a n t h r a x ' ,  from  w hich  th e  w ord a n t h r a c i t e  was d e r iv e d .  

When th e  Romans in v a d e d  G aul th e y  n o te d  t h a t  a  'f la m m a b le  e a r t h '  

was b e in g  e x c a v a te d  fro m  th e  m o u n ta in s .

In  th e  m id d le -a g e s  c o a l  was r e d i s c o v e r e d  in  E urope and th e  o l d e s t  

docum ents on c o a l  m in in g  d a te  from  th e  t w e l f t h  c e n tu r y .  The u se  

o f  c o a l  was p r o h i b i t e d  in  many p l a c e s  on a c c o u n t  o f  ' t h e  e v i l  

s m e l l in g  s m o k e '. I t  was n o t  u n t i l  th e  end  o f  th e  e ig h t e e n t h  c e n tu r y  

t h a t  c o a l  assum ed a  s i g n i f i c a n t  r o l e  in  th e  economy w h ich  i t  h a s  

m a in ta in e d .T h e  UK n a t i o n a l  p r o d u c t io n  in c r e a s e d  t o  a  maximum o f  

287 m i l l i o n  to n n e s  i n  1913 w h ich  r e p r e s e n t e d  v i r t u a l l y  th e  t o t a l  

e n e rg y  demand o f  th e  c o u n tr y .  In  B r i t a i n  to d a y  th e  N a t io n a l  C oal 

B oard  i s  a  v e ry  l a r g e  o r g a n i s a t i o n ,  p ro d u c e s  some 120 m i l l i o n  to n n e s  

o f  c o a l  p e r  y e a r  and em ploys some 2 5 0 ,0 0 0  p e o p le .

1 .1 .2  O c c u rre n c e

I t  i s  e x tr e m e ly  d i f f i c u l t  t o  make e s t i m a t e s  o f  t h e  w o r l d 's  c o a l  

r e s e r v e s  and  t h e r e f o r e  f i g u r e s  p u b l i s h e d  on t h i s  s u b j e c t  a r e  

d i s p u t a b l e .  However i t  i s  g e n e r a l l y  a c c e p te d  t h a t  a p p ro x im a te ly  

80 p e r c e n t  o f  a l l  e x t r a c t a b l e  c o a l  r e s e r v e s  o c c u r  i n  N o rth  A m e ric a , 

A s ia  and  th e  USSR. The c o a l  r e s o u r c e s  o f  C h in a  and  USA t o g e t h e r  

e q u a l  th o s e  o f  th e  USSR. W este rn  E urope h a s  l e s s  th a n  10 p e r c e n t  

o f  th e  e s t im a te d  r e s e r v e s ,  t h e  U n ite d  Kingdom w i th  150 x  10^ to n n e s  

a c c o u n t in g  f o r  a b o u t one h a l f  o f  t h i s  am ount.
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1 .1 .3  O r ig in

C oal o r i g i n a t e d  th ro u g h  th e  a c c u m u la t io n  o f  p l a n t  d e b r i s  t h a t  was 

l a t e r  c o v e re d , com p ac ted  and ch an g ed  o v e r  a  p e r io d  o f  m i l l i o n s  o f  

y e a r s  i n t o  th e  'o r g a n i c  r o c k ' t h a t  we f i n d  to d a y .  M ost b i tu m in o u s  

c o a l  seam s w ere d e p o s i t e d  i n  swamps t h a t  w ere r e g u l a r l y  f lo o d e d  w i th  

n u t r i e n t  c o n ta in in g  w a te r  t h a t  s u p p o r te d  p e a t - f o r m in g  v e g e t a t i o n .

The lo v /e r l e v e l s  o f  th e  swamp w a te r s  w ere  a n a e r o b ic  and a c i d i c ;  

t h i s  e n v iro n m e n t p ro m o te d  s t r u c t u r a l  and b io c h e m ic a l  d e c o m p o s itio n  

o f  th e  p l a n t  r e m n a n ts .  T h is  m ic r o b io lo g ic a l  and c h e m ic a l  

a l t e r a t i o n  o f  th e  c e l l u l o s e ,  l i g n i n  and o t h e r  p l a n t  s u b s ta n c e s ,  

and l a t e r  th e  i n c r e a s i n g  d e p th  o f  b u r i a l ,  r e s u l t e d  i n  a  d e c r e a s e  in  

t h e  p e rc e n ta g e  o f  m o is tu re  and a  g r a d u a l  i n c r e a s e  i n  th e  p e r c e n ta g e  

o f  c a rb o n . T h is  change  from  p e a t  th ro u g h  th e  s t a g e s  o f  l i g n i t e ,  

(brow n c o a l )  b i tu m in o u s  c o a l  and u l t i m a t e l y  a n t h r a c i t e ,  ( th e  p r o c e s s  

c a l l e d  " c o a l i f i c a t i o n " ) i s  c h a r a c t e r i s e d  p h y s i c a l l y  by d e c r e a s in g  

p o r o s i t y  and i n c r e a s i n g  g e l i f i c a t i o n  and v i t r i f i c a t i o n .

Some s c h o o ls  o f  th o u g h t  r e g a r d  th e  h ig h  p r e s s u r e s  e x e r t e d  by  o v e r ­

b u rd e n  s t r a t a  a s  m ost im p o r ta n t  f o r  th e  c h e m ic a l  c h a n g e s  in

c o a l i f i c a t i o n ,  o t h e r s  r e g a r d  b a c t e r i a l  d e c o m p o s it io n  a s  t h e  m ain  
P 3 4  5 0

a g e n c y , * * * * b u t  th e  u n i v e r s a l l y  r e c o g n is e d  f a c t o r  in v o lv e d  in
7

c o a l i f i c a t i o n  i s  u n d o u b te d ly  t e m p e r a tu r e .  The t im e - te m p e r a tu r e

r e l a t i o n s h i p ,  w i th  t h e  te m p e ra tu re  i n c r e a s i n g  w i th  i n c r e a s i n g  d e p th ,
0

a c c o u n ts  f o r  th e  g e n e r a l  t r u t h  o f  H i l t s  r u l e ,  w h ich  s t a t e s  t h a t  

c o a ls  from  g r e a t e r  d e p th  have  u n d e rg o n e  g r e a t e r  c o a l i f i c a t i o n .  The 

d e g re e  o f  c o a l i f i c a t i o n  i s  o f t e n  s i g n i f i e d  by th e  c o a l  ' r a n k '  .

The d is a g re e m e n t  c o n c e rn in g  th e  o r i g i n ,  and  in  p a r t i c u l a r  t h e  

m eta m o rp h o s is  o f  c o a l ,  i s  f u r t h e r  e x a c e r b a te d  by th e  q u e s t io n  a s  to  

w h e th e r  c e l l u l o s e  o r  l i g n i n  o f  p l a n t  t i s s u e s  becam e th e  p r i n c i p a l  

c o a l  fo rm in g  m a t e r i a l .  I t  i s  how ever w i th o u t  d o u b t t h a t  b o th  

t h e s e  c o n s t i t u e n t s  a r e  th e  m ajo r  p r e c u r s o r s  o f  c o a l . ^ , ^ ^ , ^ ‘̂ *
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1 .2  PETROGRAPHY OF COAL

The ban d ed  a p p e a ra n c e  o f  c o a l  h a s  a t t r a c t e d  th e  a t t e n t i o n  o f

s e v e r a l  s c i e n t i s t s  and d e t a i l e d  e x a m in a t io n  r e v e a le d  q u i t e  d i s t i n c t

c o a l  t y p e s .  A t th e  b e g in n in g  o f  t h i s  c e n tu r y  two s e r i o u s  a t te m p ts
12to  c l a s s i f y  c o a l  ty p e s  w ere m ade, one in  E n g la n d , th e  o t h e r  in  

13A m erica . The w ork c a r r i e d  o u t  i n  E n g lan d  was b a s e d  on th e  v i s u a l

s tu d y  o f  b i tu m in o u s  c o a l s ,  and th e  outcom e was g e n e r a l l y  a c c e p te d

by c o a l  s c i e n t i s t s  h e re  and  in  E u ro p e . The A m erican  s tu d y  u s in g

m ic ro sc o p y  a t te m p te d  to  r e l a t e  th e  d i s t i n g u i s h a b l e  com ponen ts o f

c o a l  w i th  t h e  p l a n t  m a t e r i a l s  from  w h ich  th e y  o r i g i n a t e d .  A lth o u g h

th e  two sy s te m s  hav e  b een  com pared  th e  s e t s  o f  te rm s  a r e  n o t  r e a l l y
12e q u iv a l e n t  and  a  t r u e  c o r r e l a t i o n  c a n n o t  be a t t a i n e d .  The S to p e s

n o m e n c la tu re  i s  u s e d  by th e  N a t io n a l  C oal B oard  and  i t  i d e n t i f i e s

th e  f o l lo w in g  p r i n c i p a l  com p o n en ts :

v i t r a i n : -  11 c o h e re n t  and u n ifo rm , b r i l l i a n t ,  g l o s s y ,  
v i t r e o u s  in  t e x t u r e ,  b r e a k in g  w i th  
c o n c h o id a l  f r a c t u r e .  "

c l a r a i n : -  " sm ooth  g lo s s y  s h in e  when b ro k e n  a t  r i g h t
a n g le s  t o  th e  b e d d in g  p l a n e ,  f i n e l y  b an d ed  
s u r f a c e  l u s t r e .  "

d u r a i n : -  " h a rd  w i th  c lo s e  f i r m  t e x t u r e  w h ich  a p p e a rs
g r a n u l a r .  A b ro k e n  f a c e  h a s  a  lumpy m a t t
a p p e a ra n c e .  M

f u s a i n : -  " o c c u rs  c h i e f l y  a s  p a tc h e s  o r  w ed g es, i t  c o n s i s t s
o f  pow dery , f r i a b l e ,  r e a d i l y  d e ta c h a b le  f i b r o u s
s t r a n d s .  "

I n  a d d i t i o n  to  t h e  above ty p e s  t h e r e  a r e  a l s o  b o g h ead  and c a n n e l  

c o a l s .  T hese  have  a  d u l l  m e t a l l i c - l i k e  l u s t r e  and  b r e a k  w i th  a  

c o n c h o id a l  f r a c t u r e .  A s p l i n t e r  o f  t h e s e  c o a ls  can  be i g n i t e d  w i th  

a  n a k e d  f la m e  w h ich  w i l l  c o n t in u e  to  b u rn .  Boghead c o a l  h a s  a  d u l l  

b ro w n ish  c o lo u r  w h i l s t  c a n n e l  c o a l  i s  b l a c k .  The l a t t e r  two ty p e s  

a r e  th o u g h t t o  have  o r i g i n a t e d  from  th e  c o a l i f i c a t i o n  o f  v e g e ta b le  

mud d e p o s i t e d  a t  th e  b o tto m  o f  swamps.

The i n t r o d u c t i o n  o f  m ic ro s c o p ic  e x a m in a t io n  o f  c o a l  u s in g
14 15t r a n s m is s io n  and r e f l e c t e d  l i g h t  o i l  im m ersion  te c h n iq u e s

16p ro m p ted  S to p e s  t o  u p d a te  h e r  o r i g i n a l  c l a s s i f i c a t i o n  and th e  

e x p r e s s io n  'c o a l  m a c e r a l s 1 was f i r s t  i n t r o d u c e d .  The above a c c o u n t  

i s  o f  n e c e s s i t y  o n ly  a  b r i e f  d e s c r i p t i o n  o f  c o a l  m a c e ra l  i d e n t i f i c a t i o n  

and te rm in o lo g y , and  f o r  a  more d e t a i l e d  d e s c r i p t i o n  th e  r e a d e r  i s  

r e f e r r e d  t o  th e  a p p r o p r i a t e  t e x t s  • ^



1.3 CLASSIFICATION OF COAL

In  v iew  o f  th e  w ide v a r i a t i o n  in  th e  p r o p e r t i e s  and

c o m p o s it io n  o f  c o a ls  i t  i s  n o t  s u r p r i s i n g  t h a t  i t s  c l a s s i f i c a t i o n
17h a s  p ro v e n  com plex . As many a s  f o u r t e e n  b a s e s  have  b e e n  u s e d  f o r  

c o a l  c l a s s i f i c a t i o n  r a n g in g  from  a s  w id e ly  d i f f e r e n t  p a ra m e te r s  a s  

v i s u a l  a p p e a ra n c e ,  to  s h a r p n e s s  o f  X -ra y  d i f f r a c t i o n  p e a k s .  The 

m ost u s e f u l  c l a s s i f i c a t i o n  f o r  c o a l  s c i e n t i s t s  i s  b a s e d  upon a  

c o m b in a tio n  o f  c h e m ic a l  a n a ly s i s  and p h y s i c a l  p r o p e r t i e s .  The f i r s t  

a t t e m p t  t o  e s t a b l i s h  some o r d e r e d  sy s te m  to  c o a l  c l a s s i f i c a t i o n  was 

by R e g n a u l t19 who w i th  G ru h e r^ 0 p u b l is h e d  w ork b a s e d  on th e  p e r c e n ta g e  

o f  r e s i d u e  o b ta in e d  when c o a l  i s  h e a te d  ( c a r b o n i s a t i o n ) .  T h is  

te rm in o lo g y  i s  s t i l l  u s e d  i n  F r a n c e .

21 22E a r ly  w ork  was a l s o  c a r r i e d  o u t  i n  Germany ’ and  i n  t h e
23 24 25USA * b u t  i t  was n o t  u n t i l  P a r r  com bined  c a l o r i f i c  v a lu e  w i th

v o l a t i l e  m a t te r  and  f i x e d  c a rb o n  t h a t  th e  c o a l  c l a s s i f i c a t i o n

c u r r e n t l y  u se d  in  th e  USA f i r s t  b eg an  to  ta k e  s h a p e . A v e ry  d e t a i l e d

a c c o u n t  o f  th e  h i s t o r i c a l  d e v e lo p m en t o f  th e  c l a s s i f i c a t i o n  o f
26A m erican  c o a l s  i s  g iv e n  by R ose .

27 28 29 30In  G re a t  B r i t a i n  S e y le r  * * * p ro d u c e d  w h a t i s  s t i l l

r e g a r d e d  a s  a  m a s te r p ie c e  o f  s c i e n t i f i c  c o a l  c l a s s i f i c a t i o n .  H is

sy s te m  was b a s e d  on e le m e n ta ry  c o m p o s i t io n , v i z .  c a rb o n , h y d ro g e n

and oxyg en , w h ich  may be th e  r e a s o n  why i t  h a s  n e v e r  m et w i th  r e a d y

a c c e p ta n c e  in  c o m m erc ia l o r  t e c h n i c a l  c i r c l e s .  The N a t io n a l  C o a l
31B oard  h a s  in t r o d u c e d  an  e n t i r e l y  d i f f e r e n t  s y s te m , w h ich  i s  b a s e d

on v o l a t i l e  m a t te r  c o n te n t  and c a k in g  p r o p e r t i e s .  The m ethod in v o lv e s
32a s s e s s in g  th e  G ray -K in g  coke ty p e  and  v o l a t i l e  m a t te r  and  u s e s  t h e  

m isnom er o f  ’ c o a l  r a n k  c o d e ' c l a s s i f i c a t i o n .  The s y s te m  i s  

i l l u s t r a t e d  i n  F i g . '  1 .1 .  I t  i s  q u i t e  p o s s ib l e  a s  th e  t r a c e  e le m e n t  

c o n te n t  o f  c o a l  becom es more w id e ly  e s t a b l i s h e d  t h a t  f u r t h e r  m ethods 

o f  c l a s s i f i c a t i o n  may be s u g g e s te d ,  u n t i l  one w h ich  s a t i s f i e s  th e  

n e e d s  o f  th e  p r o d u c e r -t u s e r  and  c o a l  s c i e n t i s t  i s  o b t a in e d .

1 .4  OCCURRENCE OF ELEMENTS WHICH ARE PRESENT IN COAL

C o a l, a l th o u g h  p re d o m in a n t ly  c a rb o n , c o n ta in s  th e  e le m e n ts  

h y d ro g e n , o x y g en , n i t r o g e n ,  s u lp h u r  and  o t h e r  m inor and  t r a c e  e le m e n ts .  

T hese  e le m e n ts  can  e i t h e r  be an  i n t e g r a l  p a r t  o f  th e  c o a l s  s t r u c t u r e  

( in h e r e n t )  o r  be p r e s e n t  a s  e x tr a n e o u s  m in e r a l  m a t t e r .
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COAL CLASSIFICATION SYSTEM USED BY N.C.B.
(R e v is io n  o f  1964)
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V O L A T I L E  MATTER ON DRY,  MINERAL - MA TTE R - FREE BASIS
(per cent.)

---------------- D e f i n e s  a  g e n e r a l  l i m i t a s  f o u n d i n  p r a c t i c e ,  a l t h ou gh  no t  a  b o unda r y  for  c l a s s i f i c a t i o n  p u r p o s e s .

—— —  De f i n e s  a c l a s s i f i c a t i o n  b ounda r y .

NOTES

1. C o a l s  t h a t  h a v e  b e en  a f f e c t e d  by i g n e o u s  i n t r u s i o ns  ( ‘h e a t - a l t e r e d ’ c o a i s )  o c cu r  m a in ly  in c l a s s e s
100,  20 0  a nd  300,  and  when  r e c o g n i z e d  s h o u l d  be d i s t i n g u i s h e d  by a d d i n g  t he  s u f f i x  H to t h e  coa l
r ank  c o d e ,  e . g .  I02H,  2 0 1 bH.

2.  C o a l s  t h a t  h a v e  been  o x i d i z e d  by w e a t h e r i n g  may o c c u r  i n  a ny  c l a s s ,  and  wh e n  r e c o g n i z e d  s h o u l d  be 
d i s t i n g u i s h e d  by a d d i n g  the  s u f f i x  W to t h e  c o a l  r ank  c o d e ,  e . g .  80IW.



The ty p e s  o f  v e g e t a t i o n  w h ich  f l o u r i s h e d  in  th e  c a r b o n i f e r o u s  

e r a  w ere o f  s im p le r  s t r u c t u r e ,  b u t  g e n e r a l l y  o f  much g r e a t e r  s i z e  th a n  

th o s e  p re d o m in a n t to d a y .  C l a s s i f i c a t i o n  o f  th e  m ain p l a n t  g ro u p s  

and t h e i r  c h e m ic a l c o n s t i t u e n t s  i s  w e l l  d o c u m e n t e d , a n d  i t  i s  

e v id e n t  from  th e  com ponents l i s t e d  ( c a r b o h y d r a te s ,  l i g n i n s ,  p r o t e i n s ,  

f a t s ,  w axes and  r e s i n s ) ,  t h a t  c o a l- fo r m in g  m a t te r  i s  com posed l a r g e l y  

o f  th e  e le m e n ts  c a rb o n , h y d ro g e n , oxygen  and  to  a  l e s s e r  e x t e n t  

n i t r o g e n  and s u lp h u r .  I t  i s  m o reo v er g e n e r a l l y  a c c e p te d  t h a t  th e  

v a r io u s  e le m e n ts ,  p r e s e n t  i n  c o a l  a re  l i k e l y  t o  have  b een  d e r iv e d  from  

t h r e e  p r i n c i p a l  s o u r c e s . ^ * ^

( i )  E le m e n ts  o r i g i n a l l y  p r e s e n t  a s  c o n s t i t u e n t s  o f  th e  
c o a l- f o r m in g  v e g e t a t i o n .

( i i )  D is s o lv e d  o r  su sp e n d e d  m in e r a ls  in t r o d u c e d  by  w a te r  
p e r c o l a t i n g  th ro u g h  th e  d e c a y in g  v e g e t a t i o n  d u r in g  
c o a l  f o r m a t io n .  T h is  p r o c e s s  i s  c a l l e d  's y n g e n e s i s ’ 
and i s  th e  c o a l i f i c a t i o n  o f  p l a n t  m a t e r i a l  up t o  and 
in c lu d in g  th e  e s t a b l i s h m e n t  o f  r a n k .

( i i i )  D is s o lv e d  o r  su sp e n d e d  m in e r a l s  in t r o d u c e d  by  w a te r  
p e r c o l a t i n g  th ro u g h  th e  p o r e s ,  c r a c k s  and f i s s u r e s  
i n  th e  c o a l  a f t e r  i t s  f o r m a t io n .  T h is  p r o c e s s  i s  
c a l l e d  " e p i g e n e s i s ” , in  w h ich  th e  c h a n g e s  a r e  due
to  o u t s i d e  i n f l u e n c e s  s u b s e q u e n t  to  th e  e s t a b l i s h m e n t  
o f  r a n k .

The o c c u r r e n c e  o f  m in o r and t r a c e  e le m e n ts  i n  c o a l  h a s  b e e n
oc —1

known f o r  a t  l e a s t  48  y e a r s .  T ra c e  e le m e n ts  a r e  u s u a l l y  fo u n d  in ^ ig  g 

l e v e l s  i n  c o a l  w h e re as  m ino r c o n s t i t u e n t s  hav e  c o n c e n t r a t i o n s  o f  

a p p ro x im a te ly  0 .0 5  to  1 .0  p e r c e n t .  The mode in  w h ich  th e y  a r e  

p r e s e n t  i s  im p o r ta n t  when s u g g e s t io n s  f o r  t h e i r  rem o v a l o r  c o n t r o l  a r e  

to  be p o s t u l a t e d .  The r e s e a r c h  d e s c r ib e d  in  C h a p te r  4  c l e a r l y  

i l l u s t r a t e s  how d e t a i l e d  s t u d i e s  c o n c e rn in g  th e  mode o f  o c c u r r e n c e  o f  

a  p a r t i c u l a r  m inor e le m e n t in  c o a l  a r e  e s s e n t i a l  when c o n t r o l  s t r a t e g i e s  

f o r  t h a t  e le m e n t a r e  b e in g  c o n s id e r e d .

1 .5  THE SIGNIFICANCE OF MINOR AND TRACE ELEMENTS IN 
COAL UTILISATION

The s i g n i f i c a n c e  o f  m inor and  t r a c e  e le m e n t r e l e a s e  d u r in g  

th e  c o m b u s tio n  o f  c o a l  i s  f a r  from  c l e a r .  D epend ing  on th e  r e s e a r c h e r  

th e  e v a lu a t i o n  can  d i f f e r  w id e ly ,  a s  can  be i l l u s t r a t e d  by th e  f o l lo w in g  

c o n t r a s t i n g  q u o t a t i o n s :
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( i )  " P o s s ib ly  one o f  th e  m ost d a n g e ro u s  and c e r t a i n l y  one
o f  th e  m ost i n s i d i o u s  fo rm s o f  p o l l u t i o n  a r i s e s  from  
th e  m o b i l i s a t i o n  ( r e l e a s e )  o f  t o x i c  e le m e n ts  su c h  a s
A s, F e , Be, P b , Sb, Hg, T i ana  V in  o u r  e n v iro n m e n t.
The m a jo r i t y  o f  l i v i n g  o rg a n ism s  p o s s e s s  l i t t l e  o r  no 
t o l e r a n c e  f o r  t h e s e  e le m e n ts ,  whose p r e s e n c e  in  th e  
e n v iro n m e n t i s  u n se e n  and o f t e n  u n d e te c te d .  I t  i s  
w e l l  e s t a b l i s h e d  t h a t  many t r a c e  e le m e n ts  a r e  m o b i l is e d  
in  a s s o c i a t i o n  w i th  a i r b o r n e  p a r t i c l e s  d e r iv e d  from  
h ig h  te m p e ra tu re  c o m b u s tio n  s o u r c e s  su c h  a s  f o s s i l  
f u e l e d  pow er p l a n t s . "37

( i i )  "The e f f e c t  o f  f l y  a s h  d e p o s i t io n  upon w a te r  q u a l i t y
and v e g e t a t i o n  ( v i a  r o o t  u p ta k e )  i s  i n s i g n i f i c a n t  i n
th e  v i c i n i t y  o f  th e  M ojave g e n e r a t i n g  p l a n t  a f t e r
50 y e a r s  o p e r a t i o n . "38

B oth  s ta t e m e n ts  c a n n o t  be c o r r e c t .  One o b v io u s  an sw er i s  

t h a t  th e  a n a l y t i c a l  m ethods u s e d  to  c o l l e c t  d a t a  f o r  e v a lu a t i o n  a r e  

u n r e l i a b l e  and im p r e c i s e .

A £5 m i l l i o n  program m e o f  'a c i d  r a i n 1 r e s e a r c h ,  r e c e n t l y  

fu n d e d  by th e  N a t io n a l  C oal B oard  and th e  C e n t r a l  E l e c t r i c i t y  

G e n e ra t in g  B o a rd , s h o u ld  e s t a b l i s h  r e l i a b l e  in f o r m a t io n  a b o u t  t h i s  

i n t e r n a t i o n a l  e n v iro n m e n ta l  t o p i c ,  w h ich  h a s  p ro v id e d  so  much 

e m o tio n a l  s p e c u l a t i o n  and c o n j e c t u r e .  The f i v e  y e a r  program m e w i l l  

c o n c e n t r a t e  on th e  c a u s e s  o f  a c i d i f i c a t i o n  o f  s u r f a c e  w a te r s  i n  Norway 

and Sw eden, and w i l l  be c a r r i e d  o u t  by th e  R oyal S o c ie ty  w i th  th e  

N orw egian  Academy o f  S c ie n c e  and L e t t e r s ,  and th e  R oyal S w ed ish  Academy 

o f  S c ie n c e .  I f  one p r o p o s a l  t o  r e s t r i c t  s u lp h u r  e m is s io n s  th ro u g h o u t  

E u ro p e , w h ich  w ould  mean a  t h r e e - f o l d  r e d u c t io n  fro m  UK pow er s t a t i o n s ,  

w ere p u t  i n t o  o p e r a t i o n ,  th e  c a p i t a l  c o s t  t o  th e  CEGB i s  e s t im a te d  a t  

£4  b i l l i o n  w ith  an a d d i t i o n a l  o p e r a t in g  c o s t  o f  £700 m i l l i o n  a  y e a r .  

T h is  w ould  i n c r e a s e  th e  c o s t  o f  e l e c t r i c i t y  by up to  15 p e r c e n t .

The im p o r ta n c e  o f  r a p i d ,  a c c u r a te  and p r e c i s e  m ethods o f  c o a l  

a n a ly s i s  c a n n o t  be o v e r  e m p h a s ise d  i f  s a t i s f a c t o r y  c o n c lu s io n s  t o  su c h  

i n v e s t i g a t i o n s  a r e  to  be d raw n . C o n s id e r in g  th e  v e ry  l a r g e  to n n a g e s

b u r n t  a t  pow er s t a t i o n s  th e  s e n s i t i v i t y  o f  d e t e c t i o n  o f  su c h  t e c h n iq u e s

e 10“ J 
3 9 ,4 0

- 9  -1 2n e e d s  t o  be 10 -  10 g and th e  d e v e lo p m en t o f  su c h  m ethods i s

e s s e n t i a l .



E le m e n ts  w h ich  in  e x c e s s  c o u ld  be h a rm fu l to  man, and w h ich

a r e  known to  o c c u r  in  t r a c e s  in  c o a l  in c lu d e  A s, S e , Mn, Sb, B, Cd,
41C r, Cu, P b , Mg, N i, V and Zn. W hether o r  n o t  t h e i r  r e l e a s e  by

c o m b u s tio n  c o u ld ,  i n  f a c t ,  be h a rm fu l w i l l  depend  on th e  d i s t r i b u t i o n

and d i s p e r s io n  o f  w a s te  p r o d u c ts  and w h e th e r  c o n c e n t r a t io n  h a s  o c c u r r e d ,

r a t h e r  th a n  th e  t o t a l  q u a n t i t i e s  p ro d u c e d . W ith  t h e  d a t a  a v a i l a b l e

a t  th e  p r e s e n t  t im e  i t  i s  r e a s o n a b le  t o  a c c e p t  t h a t  th e  r a n g e s  o f

t r a c e  e le m e n t c o n c e n t r a t io n s  i n  B r i t i s h  c o a ls  a r e  s i m i l a r  to  th o s e
4 2 ,4 3 ,4 4in  US c o a l s ,  w here more in f o r m a t io n  i s  a v a i l a b l e ,  b u t  h i g h e r

45th a n  in  A u s t r a l i a n  c o a l s .

The s i g n i f i c a n c e  o f  m ino r and t r a c e  e le m e n t c o n c e n t r a t i o n s  in  

c o a l  c a n n o t  be o v e r lo o k e d  in  m odern u t i l i s a t i o n  t e c h n o lo g ie s  su c h  

a s  l i q u i f i c a t i o n ,  g a s i f i c a t i o n  and f l u i d i s e d  bed  c o m b u s t io n .4 ^ ’4 7 *4 ^

T hese  p r o c e s s e s  n o t  o n ly  n e e d  d e t a i l e d  s t u d i e s  o f  c o a l  s t r u c t u r e  b u t  

a l s o  in f o r m a t io n  c o n c e rn in g  th e  i n h e r e n t  and e x tr a n e o u s  e le m e n ts  

p r e s e n t .  The u s e  o f  p r e s s u r i s e d  f l u i d i s e d  b ed  c o m b u s tio n  i s  c r i t i c a l l y  

a f f e c t e d  by e le m e n ta l  c o m p o s i t io n , b u t  when s u c c e s s f u l l y  d e v e lo p e d  w i l l  

d r a m a t i c a l l y  re d u c e  th e  e m is s io n  o f  c o a l  c o m b u s tio n  p r o d u c t s  i n t o  th e  

a tm o s p h e re .

1 .6  THE HISTORICAL DEVELOPMENT OF ANALYTICAL METHODS FOR 
COAL ANALYSIS IN BRITAIN

The B r i t i s h  S ta n d a rd s  I n s t i t u t i o n  (B SI) was fo u n d e d  i n  1901 

and i n c o r p o r a t e d  by R oyal C h a r te r  i n  1929 . The f i r s t  p u b l i s h e d  m ethod
49i n  1930 f o r  th e  s a m p lin g  and  a n a l y s i s  o f  c o a l  f o r  e x p o r t  was BS N o .4 0 4 .

50 1T h is  was fo l lo w e d  th e  s u b s e q u e n t  y e a r  by BS N o .420 The sa m p lin g

and A n a ly s is  o f  C oal f o r  I n la n d  P u r p o s e s ' .  The S o l id  F u e l  I n d u s t r y  

C om m ittee s u p e r v i s e d  th e  c o m p i la t io n  o f  t h e s e  s t a n d a r d s  w i th  t h e  h e lp  

o f  some tw e n ty -o n e  G overnm ent, s c i e n t i f i c  and  i n d u s t r i a l  o r g a n i s a t i o n s .  

R e c o g n is in g  th e  n e e d  f o r  c o a l  a n a l y s i s  s t a n d a r d s ,  1 9 3 2 -1936  saw  th e

p r o d u c t io n  o f  f u r t h e r  B r i t i s h  S ta n d a rd s  f o r  th e  d e te r m in a t io n  o f
51 52f u s i o n  te m p e ra tu re  o f  c o a l  a s h ,  s a m p lin g  and  a n a l y s i s  o f  Coke,

53sa m p lin g  o f  l a r g e  ru n -o f -m in e  c o a l ,  d e te r m in a t io n  o f  p h o s p h o ru s  in
54 55c o a l  and c o k e , a n a ly s i s  o f  c o a l  and  coke a s h ,  u l t i m a t e  a n a l y s i s

56 57o f  c o a l  and coke and th e  c r u c i b l e  s w e l l in g  t e s t  f o r  c o a l .
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U sin g  th e  m ethods p r e v io u s ly  d e s c r ib e d  in  t h e s e  BS 

p u b l i c a t i o n s  and  th e  G overnm ent D e p a rtm en t o f  S c i e n t i f i c  and
58

I n d u s t r i a l  R e s e a rc h  p a p e r  on th e  m ethods o f  a n a ly s i s  o f  c o a l  and  c o k e ,
59BS 1016 , 'A n a ly s is  and  t e s t i n g  o f  C oal and  C o k e ',  was f i r s t  i s s u e d

in  1942 and a l s o  a  se co n d  c o m p re h en s iv e  s p e c i f i c a t i o n  BS 1017 , 'T he
60sa m p lin g  o f  C oal and  C oke1. In  o r d e r  t o  keep  a b r e a s t  o f  p r o g r e s s ,

th e  B r i t i s h  S ta n d a rd  S p e c i f i c a t i o n s  a r e  s u b j e c t  t o  p e r i o d i c  r e v ie w .

The p r o c e s s  o f  n a t i o n a l i s a t i o n  o f  th e  c o a l  i n d u s t r y  i n  1947 p o s s ib l y

d e la y e d  th e  r e v i s i o n  o f  th e  f i r s t  o f  th e s e  u n t i l  1957 when BS 1016
32was s e p a r a te d  i n t o  16 p a r t s  c o v e r in g  th e  p r o x im a te ,  u l t i m a t e

a n a ly s i s  and p h y s i c a l  t e s t i n g  o f  c o a l  and c o k e . T h is  m ethod o f

p r e s e n t a t i o n  p e r m i t t e d  th e  r e v i s i o n  o f  any  p a r t  o f  th e  s t a n d a r d  w i th

th e  minimum o f  d e la y .  M ost m o d i f ic a t i o n s  to  th e  m ethods o r

i n t r o d u c t i o n  o f  new m ethods w ere a im ed a t  r e d u c in g  th e  c o n s id e r a b l e

t im e  ta k e n  f o r  m ost o f  th e  a n a ly s e s .  I t  i s  i n t e r e s t i n g  to  n o te  t h a t

in  th e  s u b s e q u e n t  r e v ie w s  o f  m ethods c e r t a i n  t e s t s  w ere  ch an g ed
32f r e q u e n t l y  f o r  exam ple th e  d e te r m in a t io n  o f  v o l a t i l e  m a t t e r .  O th e r

32t e s t s  su c h  a s  th e  G ray -K in g  Coke ty p e  and th e  E sch k a  c h e m ic a l
32a n a ly s i s  f o r  s u lp h u r  and c h lo r i n e  i n  c o a l  h av e  re m a in e d  v i r t u a l l y  

un ch an g ed  to  th e  p r e s e n t  d a y .

P a r t  1 4 , 'T h e  A n a ly s is  o f  C oal and Coke A sh ' was c o m p le te ly  
32r e v i s e d  in  1963 w ith  i n c r e a s e d  s p e e d  o f  a n a ly s i s  i n  m ind . The

m ethod d e v e lo p e d  by th e  B r i t i s h  C oal U t i l i s a t i o n  R e s e a rc h  A s s o c ia t io n

62

61was a d o p te d  b u t  in  a d d i t i o n  an  a l t e r n a t i v e ,  l e s s  p r e c i s e ,  m ethod

o u t l i n i n g  th e  u s e  o f  a  H i lg e r  l a r g e  q u a r t z  s p e c t r o g r a p h  was a p p e n d e d . 

The a c c e p ta n c e  o f  th e  l a t t e r  m ethod was t h e r e f o r e  som ew hat l i m i t e d  and  

t h i s  c o u p le d  w i th  th e  n o n -a c c e p ta n c e  a s  a  B r i t i s h  S ta n d a rd  i n  1960 o f  

th e  L e i tz  'H e a t in g ' M ic ro sco p e  f o r  th e  m easu rem en t o f  c o a l  a s h  

f u s i b i l i t y ,  becam e th e  c h i e f  c o n t r i b u t i n g  in f l u e n c e s  t o  t h e  l a c k  o f  

i n t e r e s t  o f  c o a l  s c i e n t i s t s  i n  t h e  i n t r o d u c t i o n  o f  i n s t r u m e n ta l  m ethods 

f o r  c o a l  and a sh  a n a l y s i s .  S in c e  1979 f i v e  a d d i t i o n a l  p a r t s  h av e  

b e e n  in t r o d u c e d  i n t o  th e  B r i t i s h  S ta n d a r d s :

32P a r t  1 7 , 'S i z e  A n a ly s is  o f  C o a l, 1 9 7 9 '
323ize A n a ly s is  o f  Coke, 1 9 8 1 '

' 32ib r a s io n  In d e x  o f  C oal and C oke, 1980
32la rd g ro v e  In d e x  o f  C o a l , 1 9 8 1 '

. . .    _ . . _  ,   32

( i ) P a r t 17 ,

( i i ) P a r t 18 ,

( i i i ) P a r t 19 ,

( iv ) P a r t 20 ,

(v ) P a r t 21 ,

10



By t h e i r  v e ry  n a tu r e  BS m ethods a r e  c o n s e r v a t i v e .  The 

te n d e n c y  h a s  b een  to  r e t a i n  c o n v e n t io n a l  m ethods b e c a u s e  new o n es  

r e q u i r e  e x p e n s iv e  i n s t r u m e n ta t i o n .  H ow ever, w i th  t h e  r e s i s t a n c e  to  

t e c h n o l o g ic a l  a d v a n c e s  d e c l i n i n g ,  one o f  th e  m ajo r  aim s o f  th e  w ork 

d e s c r ib e d  in  t h i s  t h e s i s , i s  to  d e v e lo p  r a p i d  in s t r u m e n ta l  m ethods 

f o r  c o a l  and c o a l  a s h  a n a ly s i s  w i th  th e  same d e g re e  o f  p r e c i s i o n  a s  

th e  c u r r e n t  m ethods so  t h a t  th e y  can  e v e n tu a l l y  a c h ie v e  BS s t a t u s .

1 .7  INSTRUMENTAL TECHNIQUES FOR COAL ANALYSIS

C o n v e n tio n a l  c h e m ic a l  t e c h n iq u e s  f o r  c o a l  and  c o a l  a s h  a n a l y s i s

l a c k  th e  s e n s i t i v i t y  n e e d e d  to  m easu re  t r a c e  q u a n t i t i e s  o f  c e r t a i n

e le m e n ts  i n  sa m p le s  o f  m an ag eab le  s i z e ,  and  m inor e le m e n t  d e te r m in a t io n

can  a l s o  p o se  p ro b le m s b e c a u s e  o f  a n a ly s i s  t im e  and p o o r  m ethod p r e c i s i o n .

The i n t r o d u c t i o n  o f  i n s t r u m e n ta l  t e c h n iq u e s  w h ich  u s e  th e  p r i n c i p l e  o f

some p h y s i c a l  c h a r a c t e r i s t i c  e . g .  e m is s io n  o f  e le c t r o m a g n e t ic  r a d i a t i o n

w hich  d i f f e r s  f o r  e a c h  e le m e n t ,  o f f e r s  g r e a t  sc o p e  f o r  im p ro v em en t.
-10Such m ethods a r e  h ig h ly  s e n s i t i v e  w i th  d e t e c t i o n  l i m i t s  o f  10 t o  

-1210 g . The m ain f e a t u r e s  o f  th e  i n s t r u m e n ta l  m ethods g e n e r a l l y  

u s e d  f o r  e le m e n ta l  a n a l y s i s  a r e  o u t l i n e d  b e lo w .

N u c le a r  A c t iv a t io n  A n a ly s is  (NAA) m ea su res  e m is s io n  from

u n s ta b l e  i s o to p e s  g e n e r a te d  by n u c le a r  i r r a d i a t i o n .  S e v e r a l  grammes

o f  sam p le  a r e  u s e d , w h ich  r e d u c e s  th e  r i s k  o f  h e t e r o g e n e i ty  and  th e

sam p le  p r o c e s s in g  i s  m in im al s in c e  c a rb o n  do es  n o t  i n t e r f e r e  -  b o th
63 64o f  w h ich  a r e  a d v a n ta g e s  when d e a l in g  w i th  c o a l .  * Num erous p a p e r s  

have  b een  r e p o r t e d  o u t l i n i n g  th e  a n a l y s i s  o f  c o a l  b u t  a  l i m i t a t i o n  i s  

t h a t  p o t e n t i a l l y  t o x i c  e le m e n ts  su c h  a s  Cd, Cu, Hg, P b , Ni and  Zn a r e  

n o t  e a s i l y  d e te rm in e d .

S c a n n in g  E le c t r o n  M ic ro sco p y  and  E nergy  D is p e r s iv e  X -ra y  

A n a ly s is  (SEM/EDXA) u s e s  a  beam o f  e l e c t r o n s  to  g e n e r a te  s e c o n d a ry  

e l e c t r o n s  (im ag e) and c h a r a c t e r i s t i c  X -ra y s  ( a n a l y s i s )  fro m  th e  

sp ec im en  s u r f a c e .  The te c h n iq u e  r e q u i r e s  minimum sam p le  p r e p a r a t i o n  

and  can  p ro v id e  s t r u c t u r a l  in f o r m a t io n ,  e le m e n t d i s t r i b u t i o n s  a s  w e l l  

a s  c h e m ic a l a n a ly s e s .  T h is  n o v e l  m ethod f o r  c o a l  a n a l y s i s  h a s  n o t  

been  u s e d  p r e v i o u s ly  t o  th e  e x t e n t  r e p o r t e d  h e re  i n  C h a p te r  3 .
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X -ra y  f lu o r e s c e n c e  s p e c t r o s c o p y  (XRF) a l s o  r e q u i r e s  m in im al 

p r e p a r a t i o n  o f  s o l i d - s a m p le s .  The l i m i t a t i o n  a s  w i th  SEM/EDXA i s  

t h a t  o n ly  a  s m a l l  volum e o f  th e  sam ple  s u r f a c e  i s  a n a ly s e d .  Bombard­

m ent o f  th e  sam ple  by a  beam o f  X -ra y s  e j e c t s  e l e c t r o n s  from  th e  in n e r  

s h e l l s  o f  some atom s w h ich  th e n  e m it  s e c o n d a ry  X -ra y s  ( f l u o r e s c e n c e )  

o f  c h a r a c t e r i s t i c  f r e q u e n c y  a s  o u t e r  s h e l l  e l e c t r o n s  move to  f i l l  g a p s .  

S e l f - a d s o r p t i o n ,  en h an cem en t and  e f f e c t s  o f  p a r t i c l e  s i z e  a l l  i n t e r f e r e  

w i th  th e  q u a n t i t a t i v e  e m is s io n  o f  s e c o n d a ry  X - ra y s ,  b u t  c a n  be 

c o r r e c t e d  by c a l c u l a t i o n .  As w i th  NAA th e  m ethod i s  p o t e n t i a l l y  

c a p a b le  o f  m u l t i - e le m e n t  a n a ly s i s  and  o n ly  th e  v e ry  l i g h t  e le m e n ts

a r e  d i f f i c u l t  to  d e t e c t .  A lth o u g h  t h e r e  was c o n s id e r a b l e  i n t e r e s t
65 66in  t h i s  te c h n iq u e  f o r  c o a l  a n a l y s i s  b e tw een  1960 and  19 7 0 , * t h e r e

was l i t t l e  p r o g r e s s  beyond  th e  r e s e a r c h  s t a g e .

S p a rk  S o u rce  Mass S p e c tro m e try  (SSMS) i o n i s e s  th e  sam p le  and 

th e n  s e p a r a t e s  th e  io n s  a c c o r d in g  to  t h e i r  m a s s /c h a rg e  r a t i o s .  I t  

c o v e rs  a  w ide r a n g e  o f  e le m e n ts  b u t  i s  l i a b l e  t o  i n t e r f e r e n c e  by  m u l t i ­

c h a rg e d  and com plex  i o n s .  The sam ple  a n a ly s e d  i s  v e ry  s m a l l  w i th  

c o n s e q u e n t  r i s k  o f  e r r o r s  when d e a l in g  w i th  non-hom ogbneous m a t e r i a l s .

P r a c t i c a l  i n s t r u m e n ta t io n  i s  s lo w  to  u s e ,  f o r  exam ple  c o a l  sa m p le s
67 68r e q u i r e  p r e l im in a r y  t r e a tm e n t  to  rem ove c a rb o n  and  h y d ro g e n . *

A tom ic E m iss io n  S p e c tro s c o p y  (AES) m ea su re s  th e  i n t e n s i t y  o f

l i g h t  e m i t t e d  a t  w a v e le n g th s  c h a r a c t e r i s t i c  o f  i n d i v i d u a l  e le m e n ts  when

atom s a r e  e x c i t e d  in  an 'a to m  c e l l 1. T h is  can  be  a  f la m e ,  p la sm a

o r  e l e c t r i c a l l y  h e a te d  c a rb o n  t u b e .  I t  i s  r a p i d  and  s e n s i t i v e  b u t

l i a b l e  t o  s p e c t r a l  i n t e r f e r e n c e  b o th  from  'o v e rc r o w d in g ' o f  l i n e s

when many e le m e n ts  a r e  p r e s e n t  and  from  b ro a d  m o le c u la r  b a n d s .  S am ples

n o rm a l ly  n e e d  to  be d i s s o lv e d  w h ich  e n s u r e s  t h a t  th e y  a r e  hom ogeneous
69b u t  t h i s  a l s o  in v o lv e s  e l i m i n a t i n g  c a rb o n  from  c o a l s .  S o l id - s a m p le s

have b een  u s e d  b u t  g e n e r a l l y  w i th  p o o r e r  p r e c i s i o n  th a n  s o l u t i o n  
70a n a l y s i s .  C are  i s  a l s o  n e e d e d  to  a v o id  c h a n g e s  i n  th e  c o n c e n t r a t i o n  

o f  e x c i t e d  atom s due t o  c h a n g e s  i n  f la m e  t e m p e r a tu r e .



A to m ic -A b s o rp tio n  S p e c tro m e try  (AAS) i s  in e x p e n s iv e  and th e

m ost f r e q u e n t l y  u s e d  o f  m odern i n s t r u m e n ta l  m ethods f o r  t r a c e  m e ta l

a n a l y s i s .  Sam ples a r e  v a p o r i s e d  and a to m is e d  in  a  f la m e  o r  an

e l e c t r i c a l l y  h e a te d  g r a p h i t e  d e v ic e  o r  v i a  c o n v e rs io n  t o  v o l a t i l e  
71h y d r id e s .  L ig h t  from  a  l i n e  s o u r c e ,  u s u a l l y  e m i t t i n g  a  s i n g l e

e le m e n ta l  s p e c tru m  i s  p a s s e d  th ro u g h  th e  v a p o u r and  th e  d e g re e  o f

a b s o r p t io n  m e a su re d . A b s o r p t io n ,  w h ich  d epends on th e  c o n c e n t r a t i o n

o f  g r o u n d - s t a t e  atom s p r e s e n t  i s  much l e s s  s e n s i t i v e  t o  'a to m  c e l l '

te m p e ra tu re  th a n  th e  e m is s io n  from  e x c i t e d  s p e c i e s  u s e d  f o r  a to m ic

e m is s io n  s p e c t r o m e tr y ;  i t  i s ,  h o w ev er, s t i l l  l i a b l e  t o  s p e c t r a l

i n t e r f e r e n c e .  Sam ple p r e p a r a t i o n ,  in c lu d in g  e l i m i n a t i o n  o f  c a rb o n

from  c o a l s ,  i s  a l s o  u s u a l l y  n e e d e d  b e f o r e  a l l  t h r e e  m ethods o f  
72i n j e c t i o n .  F o r th e  com m onest, f la m e  v a p o r i s a t i o n ,  t h i s  i n v o lv e s

s o l u t i o n  o f  th e  sam p le s  w h ich  h a s  t h e  a d v a n ta g e  o f  e n s u r in g  h o m o g en e ity

b u t  a t  some r i s k  o f  c o n ta m in a t io n .  The u s e  o f  s o l id - s a m p le
73i n t r o d u c t i o n  i n to  a  g r a p h i t e  f u r n a c e  i s  r e p o r t e d  i n  C h a p te r  2 o f  

t h i s  s tu d y  and shows t h a t  w i th  c a r e f u l  c o n t r o l  o f  th e  f u r n a c e  c o n d i t i o n s  

a c c e p ta b le  r e s u l t s  can  be o b ta in e d .

O th e r  p h y s i c a l  a n a l y t i c a l  m e th o d s , e . g .  p h o t o - e l e c t r o n  

s p e c t r o m e tr y ,  io n -m ic ro p ro b e  m ass s p e c t r o m e tr y ,  a u g e r  e l e c t r o n  

s p e c t r o m e tr y ,  p r o to n  bom bardm ent f o r  in d u c in g  X -ra y  e m is s io n  (P IX E ), 

c an  be u se d  t o  d e te rm in e  t r a c e  e le m e n t d i s t r i b u t i o n s  w i t h in  

i n d i v i d u a l  p a r t i c l e s .  T hese  a r e  more s p e c i a l i s e d  m ethods and  a r e  n o t  

c o n s id e r e d  a s  p r a c t i c a l l y  u s e f u l  a t  t h i s  t im e  b e c a u s e  t h e r e  a r e  

s im p le r  l e s s  s o p h i s t i c a t e d  a l t e r n a t i v e  te c h n iq u e s  a v a i l a b l e .  The

m ethods d e s c r ib e d  g e n e r a l l y  have  h ig h  s e n s i t i v i t y  and  good

r e p r o d u c i b i l i t y ,  a l th o u g h  (NAA) h a s  b e e n  shown to  g iv e  l a r g e
74 * +

im p r e c is io n  i n  th e  a n a l y s i s  o f  f l y  a s h  ( r a n g e s  from  -  1 .7  t o  — 3 3 .3

p e r c e n t ) .

1 .8  AIMS AND OBJECTIVES OF THE PRESENT STUDY

C oal a n a ly s i s  c a n  th u s  be shown t o  be a  b ra n c h  o f  a n a l y t i c a l  

c h e m is tr y  w ith  an  h o n o ra b le  h i s t o r y .  M ethods have  b e e n  d e v e lo p e d  

w h ich  hav e  a c h ie v e d  w id e s p re a d  a c c e p ta n c e ,  B r i t i s h  S ta n d a rd  r e c o g n i t i o n  

and  p a r t l y  b e c a u s e  o f  t h i s  and th e  t r a d i t i o n a l  n a tu r e  o f  th e  i n d u s t r y ' s

p r o d u c t  t h e r e  h a s  p e rh a p s  n o t  b een  a s  r a p i d  an a c c e p ta n c e  o f  new

i n s t r u m e n ta l l y  b a s e d  m e th o d o lo g ie s  a s  i n  some o f  th e  y o u n g e r  i n d u s t r i e s .
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R e c e n t t e c h n o l o g ic a l  d e v e lo p m en ts  in  c o a l  u t i l i s a t i o n  and e n v iro n m e n ta l  

a w a re n e ss  a r e  c a u s in g  t i g h t e r  and more c o m p re h en s iv e  s p e c i f i c a t i o n s  to  

be d e v e lo p e d  f o r  c o a l .  The u n d e r s ta n d in g  o f  th e  e f f e c t s  o f  m ino r 

and t r a c e  e le m e n ts  h a s  in c r e a s e d  b u t  th e  mode o f  o c c u r r e n c e  o f  th e s e  

e le m e n ts  i s  v e ry  o f t e n  im p o r ta n t  when s t r a t e g i e s  f o r  t h e i r  c o n t r o l  

o r  rem o v a l a r e  t o  be p o s t u l a t e d .  T h is  t o g e t h e r  w i th  t h e  common n e e d  

to  sp e e d  a n a l y t i c a l  p r o c e d u r e s  and to  r e l e a s e  manpower m eans t h a t  i t  

i s  t im e ly  t o  s tu d y  th e  a p p l i c a t i o n  o f  in s t r u m e n ta l  m ethods t o  c o a l  

a n a l y s i s .

G iven  th e  p r e s s u r e s  d i s c u s s e d  above and th e  n a tu r e  o f  c o a l  

i t  i s  p o s s ib l e  to  i d e n t i f y  th e  d e s i r a b l e  f e a t u r e s  o f  any  new 

a n a l y t i c a l  m eth o d s:

( i )  h ig h  s e n s i t i v i t y  f o r  th e  e le m e n ts  o f  c o n c e r n ,  a s  o f t e n  

o n ly  t r a c e  l e v e l s  may be d e l e t e r i o u s  and when h ig h  

to n n a g e s  a r e  u s e d  th e  m ass f lo w  o f  su c h  e le m e n ts  may 

s t i l l  be h ig h ;

( i i )  s p e e d , t o  m eet c u s to m e rs  s t r i c t  q u a l i t y  r e q u i r e m e n ts  

many sa m p le s  a r e  s u b m it te d  f o r  a n a l y s i s  i n  l a b o r a t o r i e s  

w i th  c o n s t r a i n t s  upon m anpow er, a s  c o a l  can  be t r o u b l e ­

some to  b r in g  i n t o  s o l u t i o n  m ethods d i r e c t l y  a p p l i c a b l e  

t o  pow dered  c o a l  a r e  p r e f e r r e d  a s  a r e  m u l t i - e le m e n t  

m e th o d s ;

( i i i )  a c c e p ta b le  p r e c i s i o n  and a c c u r a c y .

A f u r t h e r  im p o r ta n t  c o n s id e r a t i o n  i s  th e  l i k e l y  a v a i l a b i l i t y  o f  

i n s t r u m e n ta t io n  in  th e  r e l e v a n t  l a b o r a t o r i e s  e . g .  t h i s  was c o n s id e r e d  

t o  e l i m i n a te  NAA and SSMS.

The aim s o f  t h i s  s tu d y  hav e  b een  t o :

( i )  i d e n t i f y  p ro m is in g  new a n a l y t i c a l  m e th o d o lo g ie s  f o r

c o a l  a n a l y s i s ;

( i i )  i n v e s t i g a t e  th e  fu n d a m e n ta l  a p p l i c a t i o n  o f  t h e s e  t o  

c o a l  a n a l y s i s ;

( i i i )  d e v e lo p  s u i t a b l e  m e th o d o lo g ie s  f o r  r o u t i n e  c o a l  a n a l y s i s .

To th e s e  en d s  th e  f o l lo w in g  t e c h n iq u e s  w ere a s s e s s e d  a s  b e in g  w o r th y

o f  e x te n s iv e  s tu d y :
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( i )  a to m ic - a b s o r p t io n  s p e c t r o m e tr y  u s in g  e l e c t r o t h e r m a l  

a to m is a t io n  and  c o a l  s l u r r i e s ;

( i i )  s c a n n in g  e l e c t r o n  m ic ro sc o p y  and e n e rg y  d i s p e r s i v e  

X -ra y  a n a l y s i s  o f  c o a l  p ow ders;

( i i i )  q u a n t i t a t i v e  m u l t i - e le m e n t  a n a ly s i s  o f  c o a l  pow ders 

by w a v e le n g th  d i s p e r s i v e  a u to m a te d  X -ra y  f lu o r e s c e n c e  

s p e c t r o m e tr y ;

( iv )  m u l t i - e le m e n t  o p t i c a l  e m is s io n  s p e c t r o m e tr y  o f  s o l u t i o n s  

o f  c o a l  a s h  by i n d u c t iv e l y  c o u p le d  p la s m a .

None o f  t h e s e  te c h n iq u e s  d e te rm in e  a l l  t h e  e le m e n ts  and  none 

can  be c o n s id e r e d  a c c u r a te  in  an a b s o lu t e  s e n s e  a s  a l l  r e q u i r e  

c a l i b r a t i o n .  C ho ice  b e tw een  them  i s  g e n e r a l l y  b a s e d  on c o n v e n ie n c e  

o r  u t i l i t y  and th e  a n a l y t i c a l  c o a l  s c i e n t i s t  w i l l  em ploy s e v e r a l  

t e c h n iq u e s  to  a c h ie v e  h i s  o b j e c t i v e  o f  p r e c i s e ,  a c c u r a te  and  r a p i d  

a n a l y s i s .
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CHAPTER 2

DIRECT DETERMINATION OF TRACE ELEMENTS 

IN COAL BY ATOMIC-ABSORPTION SPECTROMETRY 

USING SOLID-SAMPLING AND ELECTROTHERMAL 

ATOMISATION
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2 .1  INTRODUCTION

The in c r e a s e  in  s e n s i t i v i t y  o b ta in e d  u s in g  e l e c t r o t h e r m a l

a to m is e r s  i n s t e a d  o f  f la m e s  f o r  a to m ic - a b s o r p t io n  s p e c t r o s c o p y  i s  now
75w id e ly  a c c e p te d .  F u l l e r  g iv e s  a  u s e f u l  a c c o u n t  o f  c o n v e n t io n a l

e l e c t r o t h e r m a l  a to m is a t io n  f o r  a to m ic - a b s o r p t io n  s p e c t r o m e t r y .  The

g e n e r a l  a p p l i c a b i l i t y  o f  e l e c t r o t h e r m a l  a to m is e r s  f o r  s o l i d  s a m p le s
76—80h a s  b een  shown by s e v e r a l  g ro u p s  o f  w o rk e rs .  In  p a r t i c u l a r

81Langmyhr and A a d a len  r e p o r t e d  th e  d i r e c t  d e te r m in a t io n  o f  c o p p e r ,

n i c k e l  and  vanad ium  i n  c o a l  and  p e tro le u m  coke by g r a p h i t e  f u r n a c e
82a to m ic - a b s o r p t io n  s p e c t r o s c o p y .  M arks, W elcher and  S p e llm an  

a to m is e d  d i r e c t l y ,  c h ip s  o f  com plex  a l l o y s  and  s u c c e s s f u l l y  d e te rm in e d  

t r a c e s  o f  s e le n iu m , l e a d ,  b is m u th , t e l l u r i u m  and t h a l l i u m .  The 

m o le c u la r  a b s o r p t io n  from  m a t r ix  s a l t s  u s u a l l y  a s s o c i a t e d  w i th  th e  

a n a ly t e  was e l im in a te d  i n  t h i s  p ro c e d u re  arid t h e r e f o r e  im p ro v em en ts  i n  

s i g n a l  t o  b a c k g ro u n d  n o i s e  w ere c la im e d  when r e s u l t s  w ere  com pared  

w i th  a to m is a t io n  from  a c id  s o l u t i o n s  o f  th e  same a l l o y s .

The aim  o f  t h i s  c h a p te r  i s  to  d e v e lo p  m ethods f o r  t h e  

d e te r m in a t io n  o f  c e r t a i n  t r a c e  e le m e n ts  o f  c o n c e rn  in  c o a l  v i z .  

a r s e n i c  and s e le n iu m  by u s in g  c o n v e n t io n a l  g r a p h i t e  f u r n a c e  a to m ic -  

a b s o r p t io n  s p e c t r o s c o p y  and  th e n  to  e x te n d  th e s e  i n t o  a  m ethod  f o r  

t h e i r  d i r e c t  d e te r m in a t io n  in  c o a l  by s o l i d - s a m p l i n g .

The t o x i c  and c a r c in o g e n ic  p r o p e r t i e s  o f  a r s e n i c  and  i t s  
83compounds a r e  w e l l  known. A lth o u g h  th e  t o x i c o l o g i c a l  s i g n i f i c a n c e

o f  d i f f e r e n t  l e v e l s  and  fo rm s o f  e x p o s u re  may n o t  be  f u l l y  a p p r e c i a t e d ,

c o n t r o l  o f  s u c h  e x p o s u re  i s  o b v io u s ly  d e s i r a b l e .  T h e re  i s  t h e r e f o r e

an e s t a b l i s h e d  n e e d  t o  m o n ito r  th e  l e v e l s  o f  a r s e n i c  e n t e r i n g  th e

e n v iro n m e n t. C oal c o n ta in s  a r s e n i c  a t  t r a c e  l e v e l s  and  t h e  N a t io n a l

C oal B oard  m o n ito rs  c l o s e l y  th e  a r s e n ic -  c o n te n t  o f  f u e l  s u p p l i e d  t o

fo o d  m a n u fa c tu re r s  w here c o n ta m in a t io n  may o c c u r ,  e . g .  s u g a r  r e f i n e r s ,

m a l t s t e r s  and  b re w e rs .  T y p ic a l ly  i t  i s  recom m ended t h a t  t h e  a r s e n i c

c o n te n t  o f  t h e  f u e l  s u p p l i e d  t o  t h e s e  i n d u s t r i e s  s h o u ld  n o t  e x c e e d  
- 1

6 fig g  .
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S e len iu m  i s  s i m i l a r  t o  a r s e n i c  in  t o x i c i t y  and  r e a c t i v i t y .

A p r e c i s e  know ledge o f  th e  s e le n iu m  c o n te n t  i n  th e  e n v iro n m e n t and

fo o d  p r o d u c ts  i s  t h e r e f o r e  n e c e s s a r y .  The a n a l y t i c a l  d e te r m in a t io n  o f

s e le n iu m  i s  d i f f i c u l t  and  a d d i t i o n a l l y  th e  c o l o r i m e t r i c  r e a g e n t  o f t e n

u s e d  ( d ia m in o b e n z id in e )  i s  a  c a rc in o g e n  and s t r i n g e n t  r e g u l a t i o n s  m ust
85b e  a d h e re d  t o  in  o r d e r  t o  e n s u re  i t s  s a f e  u s e .

Even th o u g h  fume and d u s t  may be rem oved from  s t a c k  g a s e s  

u s in g  e l e c t r o s t a t i c  p r e c i p i t a t o r s ,  a r s e n i c  and s e le n iu m  fum es may be 

g a s e o u s  a t  low  te m p e ra tu re  and  t h i s ,  t o g e t h e r  w i th  th e  i n c r e a s e d  

l a r g e - s c a l e  b u r n in g  o f  p u l v e r i s e d  c o a l  f o r  pov/er g e n e r a t i o n ,  may p o se  

p ro b le m s  o f  e n v iro n m e n ta l  p o l l u t i o n .

86The e x i s t i n g  B r i t i s h  S ta n d a rd  m ethod f o r  t h e  d e te r m in a t io n

o f  a r s e n i c  in  c o a l  i s  t im e  consum ing  and  r e q u i r e s  an  e x p e r ie n c e d  a n a l y s t .

The p r e c i s i o n  o f  th e  m ethod i s  p o o r  a n d , p ro b a b ly  b e c a u s e  t h e  p r o c e d u re

in v o lv e s  a  h y d r id e  g e n e r a t i o n  s t a g e ,  was a l s o  fo u n d  to  g iv e  low  r e s u l t s

f o r  c e r t a i n  c o a ls  i n c lu d in g  N a t io n a l  B u reau  o f  S ta n d a rd s  c e r t i f i e d

s a m p le s . The r e p e a t a b i l i t y  by th e  same a n a l y s t  f o r  t h i s  m ethod i s  
—1g iv e n  a s  1 .0  pg g fbr c o a l s  w i th  a r s e n i c  c o n te n t  ( a s  A s„0 ) l e s s  th a n

1 _ i  3  3_ i
6 )ig g  and 1 .5  jug g T o r  c o a ls  w i th  a r s e n i c  c o n te n t  o f  6jng g  o r  g r e a t e r .

T h is  d e g re e  o f  p r e c i s i o n ,  p a r t i c u l a r l y  f o r  h i g h - a r s e n i c  c o a l s ,  i s  

d i f f i c u l t  t o  a c h ie v e .

S e len iu m  on th e  o t h e r  hand  i s  n o t  d e te rm in e d  by  t h e  NCB on a  

r o u t i n e  b a s i s  and  no BS m ethod f o r  i t s  d e te r m in a t io n  h a s  b e e n  s u g g e s t e d .  

Hence t h e r e  i s  a  r e q u i r e m e n t  f o r  a  r a p i d ,  s e n s i t i v e  and  p r e c i s e  m ethod 

f o r  d e te r m in in g  b o th  a r s e n i c  and  s e le n iu m  i n  c o a l .

The o b v io u s  a t t r a c t i o n  o f  an i n s t r u m e n ta l  t e c h n iq u e  t o

d e te rm in e  a r s e n i c  and s e le n iu m  d i r e c t l y  in  c o a l  i s  t h a t  com plex  e r r o r -

p ro n e  sam ple  p r e p a r a t i o n  s t a g e s  a r e  e l i m i n a t e d .  N e u t r o n - a c t i v a t i o n

a n a l y s i s  h a s  th e  s e n s i t i v i t y  t o  p e rfo rm  t h i s  d e te r m in a t io n  b u t  t h e

e q u ip m e n t i s  n o t  r e a d i l y  a v a i l a b l e  to  m ost l a b o r a t o r i e s .  X -ra y

s p e c t r o s c o p ic  a n a l y s i s  does n o t  p o s s e s s  s u f f i c i e n t  s e n s i t i v i t y  f o r

d i r e c t  t r a c e  e le m e n t a n a ly s i s  o f  c o a l .  A to m ic - a b s o r p t io n  s p e c t r o s c o p i c

eq u ip m e n t i s  a v a i l a b l e  i n  m ost l a b o r a t o r i e s  b u t  c o n v e n t io n a l  f la m e

s p e c t r o s c o p y  i s  n o t  s u f f i c i e n t l y  s e n s i t i v e  f o r  th e  r o u t i n e  m o n i to r in g

o f  low  a r s e n i c  l e v e l s .  I f ,  h o w ev er, a r s i n e  i s  g e n e r a te d  u s in g  sod ium

t e t r a h y d r o b o r a t e  ( I I I )  and th e  h y d r id e  sw ep t t o  a  f la m e  o r  h e a te d  tu b e
87a to m is e r ,  th e  s e n s i t i v i t y  o f  th e  m ethod i s  g r e a t l y  im p ro v e d .
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U n f o r tu n a te ly ,  th e  h y d r id e  g e n e r a t i o n  te c h n iq u e  s u f f e r s  from  a  num ber 
87 88o f  i n t e r f e r e n c e s ,  * and i s  o n ly  a p p l i c a b l e  a f t e r  th e  sam p le  h a s  b een  

b ro u g h t  i n t o  s o l u t i o n .

The u s e  o f  g r a p h i t e  f u rn a c e  a to m is a t io n  p r o v id e s  one o f  th e  

m ost s u i t a b l e  m ethods f o r  t r a c e  e le m e n t a n a ly s i s  o f  c o a l .  H ow ever, 

th e  l a r g e  i n c r e a s e  i n  s e n s i t i v i t y  o v e r  f lam e  a to m ic - a b s o r p t io n  i s  

o f f s e t  by  a  s u b s t a n t i a l  i n c r e a s e  i n  b a c k g ro u n d  a b s o r p t io n  l e v e l s .

T h is  i n c r e a s e  i n  b ac k g ro u n d  a b s o r p t io n  i s  c a u se d  by an  i n c r e a s e  in  b o th  

m o le c u la r  a b s o r p t io n  and l i g h t  s c a t t e r i n g  from  p a r t i c l e s  in  t h e  a to m ic  

v a p o u r . The p a r t i c u l a r  d i f f i c u l t y  in  e l e c t r o t h e r m a l  a to m is a t io n  i s  

t h a t  th e  d i s t r i b u t i o n  o f  th e  a to m ic  v a p o u r  b e in g  m easu red  and  th e  b a c k ­

g ro u n d  r e a d in g  a r e  n o t  r e p r o d u c ib l e  from  one a to m is a t io n  c y c le  t o  th e  

n e x t .  Two a d d i t i o n a l  d i f f i c u l t i e s  w ere e n c o u n te re d  in  t h i s  s tu d y .

( i )  w a v e le n g th s  in  th e  UV ra n g e  o f  t h e  e le c t r o m a g n e t ic  

sp e c tru m  a r e  u s e d  f o r  th e  a n a ly t e  l i n e s  c a u s in g  a  

f u r t h e r  i n c r e a s e  i n  b a c k g ro u n d  a b s o r p t io n  l e v e l s ;

( i i )  th e  u se  o f  s o l id - s a m p le s  i n c r e a s e s  m a t r ix  c o n c e n t r a t i o n  

l e v e l s ,  p o s e s  p ro b le m s  w i th  c a l i b r a t i o n  and s a m p lin g  

p r e c i s i o n .

In  a l l  th e  b a c k g ro u n d  c o r r e c t i o n  sy s te m s  known a t  t h e  p r e s e n t

tim e  two m easu rem en ts  have  to  be made; one i n c o r p o r a t in g  th e  a to m ic -

a b s o r p t io n  s i g n a l  and b a c k g ro u n d ; th e  o t h e r  t h e  b a c k g ro u n d ■a l o n e . The

d i f f e r e n c e  b e tw e en  th e s e  two m easu rem en ts  g iv e s  th e  t r u e  a to m ic -

a b s o r p t io n  s i g n a l .  The m ost s u i t a b l e  m ethods f o r  b a c k g ro u n d  c o r r e c t i o n

in  e l e c t r o t h e r m a l  a to m is e r s  a r e  b r i e f l y  d i s c u s s e d  in  t h e  s u b s e q u e n t

p a r a g r a p h s .  F o r  a  more c o m p re h e n s iv e  s tu d y  r e f e r e n c e  s h o u ld  be  made
89

t o  N ew stead , P r i c e  and W h ite s id e .

2 .1 .1  C ontinuum  S o u rce  M ethod

T h is  i s  by f a r  th e  m ost common o f  t h e  b a c k g ro u n d  c o r r e c t i o n  s y s te m s  

a v a i l a b l e .  The c o n tin u u m  s o u rc e  may be e i t h e r  a  h o llo w  c a th o d e  lamp 

e .g  h y d ro g en  o r  t u n g s t e n ,  o r  a  d e u te r iu m  a r c  (D2  a r c ) .  The l a t t e r  

g iv e s  a  more i n t e n s e  s o u rc e  b u t  h a s  d i f f e r e n t  g e o m e try  t o  a  l i n e  

s o u rc e  and  i s  t h e r e f o r e  much more d i f f i c u l t  t o  o p t i c a l l y  a l i g n  in  

th e  s p e c t r o m e te r .  The D2  a r c  e m is s io n  s p e c tru m  i s  q u i t e  i n t e n s e  

up t o  400 nm b u t  r e d u c e s  t o  a lm o s t  z e ro  i n  t h e  v i s i b l e  w a v e le n g th  

r a n g e .
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The p r i n c i p l e  o f  b a c k g ro u n d  c o r r e c t i o n  u s in g  a  c o n tin u u m  s o u rc e
71i s  s im p ly  e x p la in e d  by Ebdon. When u s in g  a l i n e  s o u rc e  su ch  

a s  a  h o llo w  c a th o d e  lamp we o b s e rv e  s p e c i f i c  a to m ic - a b s o r p t io n  

in  th e  atom  c e l l ,  a b s o r p t io n  from  m o le c u la r  s p e c i e s  and  l i g h t  

s c a t t e r i n g  from  p a r t i c u l a t e s  ( n o n - s p e c i f i c  a b s o r p t i o n ) . When 

u s in g  a  co n tin u u m  s o u rc e  th e  am ount o f  a to m ic - a b s o r p t io n  . 

o b s e rv e d  i s  n e g l i g i b l e ,  b u t  th e  same am ount o f  n o n - s p e c i f i c  

a b s o r p t io n  i s  s e e n .  Thus i f  th e  s i g n a l  o b s e rv e d  w i th  t h e  

co n tin u u m  s o u rc e  i s  s u b t r a c t e d  from  t h a t  o b s e rv e d  w ith  th e  l i n e  

s o u r c e ,  t h e  e r r o r  i s  rem o v ed . T h is  c o r r e c t i o n  p r o c e d u re  i s  

v e ry  s im p ly  i l l u s t r a t e d  i n  F ig u re  2 .1 .

The p ro b le m s w i th  co n tin u u m  b a c k g ro u n d  c o r r e c t i o n  a r e  e m p h a s ise d

when u s in g  e l e c t r o t h e r m a l  a to m is a t io n  and w ere  f i r s t  d e s c r ib e d  by 
90 91M assm ann. * The b a n d -p a s s  o f  t h e  m onochrom ator i s  t y p i c a l l y  

two o r d e r s  o f  m ag n itu d e  w id e r  th a n  th e  a to m ic - a b s o r p t io n  l i n e .

The b ac k g ro u n d  m easu rem en t i s  an  a v e ra g e d  r e a d in g  o v e r  t h i s  b a n d -  - 

p a s s  and  may d i f f e r  from  th e  a c t u a l  b a c k g ro u n d  a b s o r p t io n  a t  

t h e  a to m ic - a b s o r p t io n  l i n e .  T h is  v a r i a t i o n  in  b a c k g ro u n d  w i th in  

th e  b a n d -p a s s  c a n .b e  c a u se d  by th e  f i n e  s t r u c t u r e  o f  m o le c u la r  

e l e c t r o n i c  s p e c t r a  o r  th e  b ro a d e n e d  e d g e s  o f  o t h e r  e le m e n ta l  

a to m ic - a b s o r p t io n  l i n e s  p a r t i c u l a r l y  when t h a t  e le m e n t  i s  p r e s e n t  

i n  h ig h  c o n c e n t r a t i o n s .  T h is  l a t t e r  o c c u r r e n c e  i s  how ever 

uncommon. T h is  ty p e  o f  b a c k g ro u n d  p ro b le m  i s  r e f e r r e d  t o  a s  

" s t r u c t u r e d "  b a c k g ro u n d . D epend ing  upon th e  c h a r a c t e r i s t i c  

sh a p e  o f  th e  b a c k g ro u n d , when i t s  a v e ra g e d  a b s o r p t io n  i s  s u b t r a c t e d  

from  th e  a to m ic - a b s o r p t io n  s i g n a l  i t  c an  r e s u l t  i n  u n d e r  o r  o v e r  

c o m p e n sa tio n  ( n e g a t iv e  a b s o r p t io n  r e a d i n g ) .

I t  i s  a l s o  e v id e n t  t h a t  i f  t h e  a to m ic - a b s o r p t io n  l i n e  was b ro a d e n e d  

th e n  p ro b le m s  w ould  a r i s e .  The w id th  o f  a b s o r p t io n  l i n e s  o f  

a n a ly t e  a tom s a r e  g e n e r a l l y  c o n s id e r e d  to  be  g o v e rn e d  by D o p p le r  

and  L o re n tz  e f f e c t s .  The fo rm e r  a r i s e s  fro m  th e  random  th e r m a l  

m o tio n  o f  a tom s w h i l s t  th e  l a t t e r  a r i s e s  from  c o l l i s i o n s  o f  atom s 

w i th  o t h e r  a tom s o r  m o le c u le s  o f  a  d i f f e r e n t  k in d .  The c e n t r e  o f  t h e  

l i n e  i s  b ro a d e n e d  p r im a r i l y  by th e  D o p p le r  e f f e c t  w h i l s t  t h e  w in g s  

a r e  b ro a d e n e d  by th e  L o re n tz  e f f e c t .  F o r r e s o n a n c e  l i n e s ,  s e l f ­

a b s o r p t io n  b ro a d e n in g  can  be v e ry  im p o r ta n t .  The maximum 

a b s o r p t io n  o c c u rs  a t  t h e  l i n e  c e n t r e  and  p r o p o r t i o n a l l y  more 

i n t e n s i t y  i s  l o s t  h e re  by s e l f - a b s o r p t i o n  th a n  a t  th e  w in g s .

T h u s, a s  th e  c o n c e n t r a t io n  o f  a tom s i n c r e a s e s  in  th e  atom  c e l l  

n o t  o n ly  do es  i t s  i n t e n s i t y  i n c r e a s e ,  b u t  i t s  p r o f i l e  c h a n g e s .
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F ig u re  2 . j . C ontinuum  s o u rc e  b ac k g ro u n d  c o r r e c t i o n
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T h is  i s  s im p ly  i l l u s t r a t e d  i n  F ig u re  2 .2 .  H igh atom  

c o n c e n t r a t io n s  g iv e  r i s e  t o  a p p r e c ia b l e  s e l f - a b s o r p t i o n  and can  

a c t u a l l y  r e s u l t  in  ' s e l f - r e v e r s a l ' .  T h is  c h a r a c t e r i s t i c  i s  

made u s e  o f  in  one o f  th e  b ac k g ro u n d  c o r r e c t i o n  m ethods d i s c u s s e d  

l a t e r .

D e s p i te  t h e s e  p ro b le m s th e  co n tin u u m  s o u rc e  m ethod o f  b a c k g ro u n d  

c o r r e c t i o n  i s  w id e ly  u se d  and many s u c c e s s f u l  a p p l i c a t i o n s  hav e  

been  r e p o r t e d . 89

2 .1 .2  Zeeman M ethod

The p r i n c i p l e  and  u s e  o f  t h i s  m ethod o f  b a c k g ro u n d  c o r r e c t i o n
71 92 93h a s  b een  s u i t a b l y  e x p la in e d  by  s e v e r a l  a u th o r s .  * * I t s

u s e f u l n e s s  when d e te r m in in g  a r s e n i c  and  s e le n iu m  in  g e o lo g i c a l

s a m p le s  h a s  b een  d e s c r ib e d  r e c e n t l y  by P ru ssb o w sk a , G id d in g s  and 
94B a r r a t t .

An a to m ic  s p e c t r a l  l i n e  when g e n e r a te d  in  th e  p r e s e n c e  o f  a  s t r o n g  

m a g n e tic  f i e l d  c a n  be s p l i t  i n t o  a  num ber o f  com ponen ts o f  

s l i g h t l y  d i f f e r e n t  w a v e le n g th s  (<v 0 .0 0 4  nm ). The m a g n e tic  f i e l d  

can  be  a p p l i e d  t o  th e  s o u rc e  o r  atom  c e l l  b u t  g r e a t e r  i n s t a b i l i t y  

p ro b le m s  hav e  been  fo u n d  w ith  th e  fo rm e r  t y p e .  In  a  ’n o r m a l1 

Zeeman e f f e c t  t h e  l i n e  a p p e a r s  a s  t h r e e  com ponen ts when v iew ed  

p e r p e n d ic u l a r  to  t h e  m a g n e tic  f i e l d .  A t y p i c a l  exam ple  o f  'n o r m a l ' 

Zeeman s p l i t t i n g  i s  g iv e n  in  F ig u re  2 .3 .  The TT com ponent i s  

s i t u a t e d  a t  t h e  'n o r m a l ' w a v e le n g th  o f  th e  l i n e ,  b u t  th e  <T+ and  cr 

com ponents l i e  an  e q u a l  d i s t a n c e  e i t h e r  s i d e .  T h is  'n o r m a l '

Zeeman s p l i t t i n g  i s  uncommon and com plex  'a n o m o lo u s ' p a t t e r n s  

a r e  more u s u a l l y  o b ta in e d  g iv in g  l a r g e  r e d u c t io n s  i n  s e n s i t i v i t y .

The cr com ponen ts a r e  l i n e a r l y  p o l a r i s e d  p e r p e n d ic u l a r  t o  th e  

m a g n e tic  f i e l d  w h i l s t  t h e  TT com ponent i s  p o l a r i s e d  i n  a  p la n e  

p a r a l l e l  t o  th e  m a g n e tic  f i e l d .

I f  th e  m a g n e tic  f i e l d  i s  p la c e d  a ro u n d  th e  a to m is e r  and  a  r o t a t i n g  

p o l a r i s e r  p o s i t i o n e d  b e tw e en  th e  l i g h t  s o u rc e  and  th e  s a m p le , t h e  

TT com ponen t, w h ich  g iv e s  b o th  th e  a to m ic - a b s o r p t io n  o f  th e  e le m e n t  

and  b ac k g ro u n d  a b s o r p t io n  can  be m easu red  s e p a r a t e l y  from  th e  cr 

s i g n a l  w h ich  g iv e s  o n ly  th e  b a c k g ro u n d  a b s o r p t io n .  S u b t r a c t io n  o f  

t h e  or s i g n a l  from  th e  u  s i g n a l  p ro d u c e s  th e  t r u e  a n a ly t e  

a b s o r p t io n .  T h is  ty p e  o f  c o r r e c t i o n ,  b e c a u s e  o f  th e  v e ry  s m a l l  

d is p la c e m e n t  from  th e  a to m ic - a b s o r p t io n  l i n e ,  i n  o r d e r  t o  m easu re  

b a c k g ro u n d , s h o u ld  f r e q u e n t l y  c o r r e c t  f o r  ' s t r u c t u r e d '  b a c k g ro u n d

d e s c r ib e d  in  2 . 1 . 1 .  A d i f f i c u l t y  fo u n d  w i th  t h i s  c o r r e c t i o n
22



Figure 2.2 E f f e c t  o f  s e l f - a b s o r p t i o n  on l i n e  p r o f i l e  w i th  
i n c r e a s i n g  c o n c e n t r a t io n  1 to  5 .

v, v
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Figure 2.3 Normal Zeeman effect for Magnesium at the 285.2 nm line
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I n  m a g n e tic  f i e l d  
B=1 t e s l a
(T h is  i s  a  v e r y  l a r g e  f i e l d )

(The d iag ra m  e x a g g e r a te s  th e  s e p a r a t i o n  o f  com ponen ts  
f o r  c l a r i t y .  I n  t h i s  i n s t a n c e ,  i t  w ould  be 0 .0 0 3 8  n m .)
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m ethod i s  t h a t  w id e ly  d i f f e r i n g  c o n c e n t r a t io n s  o f  th e  a n a ly t e  can  

p ro d u ce  th e  same c o r r e c t e d  a to m ic - a b s o r p t io n  r e a d i n g .  As th e
92c o n c e n t r a t io n  o f  th e  a n a ly t e  i n c r e a s e s ,  th e  c r com ponen ts  b ro a d e n

and b e g in  t o  a b s o rb  more and more o f  th e  p e r p e n d ic u l a r  com ponent

o f  th e  s o u rc e  r a d i a t i o n .  T h is  a n a ly t e  a b s o r p t io n  t h e r e f o r e  a p p e a r s

a s  b ac k g ro u n d  and  can  be  so  l a r g e  t h a t  when s u b s t r a c t e d  from  th e
95T t com ponent can  a c t u a l l y  r e v e r s e  th e  c u r v e .  T h is  e f f e c t  i s  

o f t e n  r e f e r r e d  t o  a s  ' r o l l  o v e r ' and l i m i t s  th e  u s e f u l  a n a l y t i c a l  

w o rk in g  ra n g e  to  a b o u t  0 .5  a b s o rb a n c e  u n i t s .  I t  i s  i l l u s t r a t e d  in  

F ig u re  2 .4 .

2 .1 .3  S m ith  -  H i e f t j e  M ethod

T h is  b a c k g ro u n d  c o r r e c t i o n  sy s te m  r e c e n t l y  d e v e lo p e d  u s e s  th e

c o n c e p t  t h a t  when e x c e s s iv e  c u r r e n t  i s  p a s s e d  th ro u g h  a  h o llo w
96c a th o d e  lamp s e l f - r e v e r s a l  o c c u r s .  T h is  i s  b e c a u s e  u n e x c i t e d  

a tom s in  t h e  lam p a b s o rb  r a d i a t i o n  a t  th e  a to m ic  s p e c t r a l  l i n e .

The lam p i s  f i r s t  r u n  a t  low  c u r r e n t  g iv in g  a  s i g n a l  from  th e  

sam p le  e le m e n t and b a c k g ro u n d . A b r i e f  p u l s e  o f  h ig h e r  c u r r e n t  

i s  th e n  a p p l i e d  to  t h e  lam p r e d u c in g  th e  a to m ic - a b s o r p t io n  o f  th e  

sam ple  t o  a  minimum, b u t  w i th o u t  c h a n g in g  th e  b a c k g ro u n d  

a b s o rb a n c e  i n t e n s i t y .  The t r u e  a b s o rb a n c e  o f  th e  e le m e n t  i s  

o b ta in e d  u s in g  th e  d i f f e r e n c e  o f  th e  two s i g n a l s .  The e f f e c t  o f  

s e l f - r e v e r s a l  upon an  a to m ic  l i n e  h a s  a l r e a d y  been  e x p la in e d  and 

i s  i l l u s t r a t e d  i n  F ig u r e  2 .2 .

T h is  sy s te m  h a s  th e  a d v a n ta g e s  t h a t  b ac k g ro u n d  c o r r e c t i o n  can  

be  made anyw here i n  t h e  s p e c tru m  ra n g e  and  t h a t  i t  s h o u ld  c o r r e c t  

' s t r u c t u r e d '  b a c k g ro u n d  and s p e c t r a l  i n t e r f e r e n c e s .  I t  i s  

c la im e d  t o  co m p en sa te  f o r  b a c k g ro u n d  a b s o rb a n c e s  o f  a s  h ig h  a s

3 .0  u n i t s .  The t h r e e  m ain d i s a d v a n ta g e s  a r e :

( i )  th e  s e n s i t i v i t y  o f  t h e  a b s o r p t io n  s i g n a l  can  be 

re d u c e d  by l a r g e  am oun ts ;

( i i )  a l th o u g h  in e x p e n s iv e  i t s e l f ,  t h e  e l e c t r o n i c s  

n e c e s s a r y  i n  th e  s p e c t r o m e te r  make i t  im p o s s ib le  t o  

u s e  w i th  e x i s t i n g  a to m ic - a b s o r p t io n  in s t r u m e n ts ;

( i i i )  w i th  c o n c e n t r a t io n  b ro a d e n in g  in  th e  atom  c e l l  non ­

l i n e a r  c a l i b r a t i o n  c u rv e s  can  a g a in  p r e s e n t  p ro b le m s .
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F ig u re  2 .4  The e f f e c t  o f  i n c r e a s i n g  c o p p e r  c o n c e n t r a t io n  upon 
c a l i b r a t i o n  u s in g  Zeeman b ac k g ro u n d  c o r r e c t i o n
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D e u te riu m  a r c  b a c k g ro u n d  c o r r e c t i o n  was u s e d  e x t e n s i v e l y  in  t h i s  

w ork , p r im a r i l y  b e c a u se  o f  i t s  a v a i l a b i l i t y .  When b a c k g ro u n d  

p ro b le m s w ere e n c o u n te re d ,  p a r t i c u l a r l y  w ith  th e  d e te r m in a t io n  o f  

s e le n iu m , i t  was n e c e s s a r y  t o  e v a lu a te  th e  p e rfo rm a n c e  o f  th e  Zeeman 

and S m i th - H ie f t j e  c o r r e c t i o n  s y s te m s .

2 .2  EXPERIMENTAL

2 .2 .1  R e a g e n ts

H y d ro c h lo r ic  a c id  (1 M, A r i s t a r  g r a d e )

H y d r o f lu o r ic  a c id  (48% V/V, A r i s t a r  g r a d e )

N i t r i c  a c id  ( c o n c e n t r a te d ,  A r i s t a r  g r a d e )

H ydrogen p e ro x id e  (30% m/V, A r i s t a r  g r a d e )

E th a n o l  (A nalaR  g ra d e )

M agnesium  n i t r a t e  (Mg (N03 ) 2 6H20 , A nalaR  g ra d e )

N ic k e l  n i t r a t e  (N i (N03 ) 2 6H20 , A nalaR  g ra d e )

A lum inium  s o l u t i o n  s p e c t r o s o l  1000 mgl ^
- 1

I r o n  s o l u t i o n  s p e c t r o s o l  1000 mgl

A l l  c h e m ic a ls  w ere o b ta in e d  from  BDH C h e m ic a ls , P o o le ,  D o r s e t .

2 .2 .2  P r e l im in a r y  S tu d ie s

C oal i s  a  n o t o r i o u s l y  d i f f i c u l t  m a t r ix  t o  d e s t r o y  w i th o u t  l o s s  o f  
97

v o l a t i l e  m e ta l s .  The e x t r a c t i o n  o f  a r s e n i c  fro m  pow dered  c o a l  was

f i r s t  a t te m p te d  u s in g  h y d r o c h lo r ic  a c id  (1  M). The a r s e n i c  c o n te n t

o f  th e  f i l t e r e d  l e a c h a t e  was d e te rm in e d  by e l e c t r o t h e r m a l
98a to m is a t io n  u s in g  n i c k e l  n i t r a t e  a s  m a t r ix  m o d i f i e r .  The

r e s u l t s ,  a l th o u g h  r e p r o d u c ib l e  f o r  a  g iv e n  s a m p le , w ere  low  when

com pared  t o  t h e  s ta n d a r d  m ethod . T h e r e f o r e ,  v a r io u s  o t h e r

d i g e s t i o n  p ro c e d u re s  w ere  i n v e s t i g a t e d .  D i s s o lu t io n  can  be

a c h ie v e d  s p e e d i ly  u s in g  p e r c h l o r i c  a c i d ,  b u t  th e  u s e  o f  t h i s

r e a g e n t  i s  d is c o u r a g e d  f o r  r o u t i n e  a n a l y s i s  by  th e  N a t io n a l  C o a l
86B o ard . B r i t i s h  S ta n d a rd  1016 recom m ends th e  u s e  o f  c o n c e n t r a t e d

s u lp h u r i c  a c id / c o n c e n t r a t e d  n i t r i c  a c i d ,  b u t  t h i s  i s  b o th  s lo w  and

le a v e s  u n d ig e s te d  s i l i c a  s u sp e n d e d  in  s o l u t i o n .  The a l t e r n a t i v e
86B r i t i s h  S ta n d a rd  1016 d ry  o x id a t io n  m ethod u s in g  p o ta s s iu m  

p e rm a n g a n a te , m agnesium  o x id e  and o x y g en , y i e l d s  low  a r s e n i c  r e c o v e r i e s .
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Some w o rk e rs  f a v o u r  th e  u se  o f  P T F E -lin e d  s t e e l  p r e s s u r e  bombs and
99a  m ix tu re  o f  fum ing  n i t r i c  a c id  and h y d r o f l u o r i c  a c i d .  In  t h i s

l a b o r a to r y  some p ro b le m s w ere e n c o u n te re d  w ith  a c id  m ig r a t io n  and 

s u b s e q u e n t  a t t a c k  upon th e  s t e e l  c a s in g  o f  th e  bomb. In  a d d i t i o n ,  

a  maximum o f  o n ly  100 mg o f  c o a l  c o u ld  be d ig e s t e d  on e a c h  o c c a s io n ,  

a  s e r i o u s  l i m i t a t i o n  f o r  t h e  d e te r m in a t io n  o f  a r s e n i c  and  s e le n iu m . 

The m ost s u c c e s s f u l  a p p ro a c h  was b a s e d  upon a  d r y - a s h in g  p ro c e d u re  

(w ith  m agnesium  and n i c k e l  n i t r a t e s  a s  a s h in g  a id s )  f o l lo w e d  by 

a c id  d i g e s t i o n ,  f i r s t  r e p o r t e d  by H a y n e s ^ 0 f o r  c o m b u s t ib le  

m u n ic ip a l  w a s te s .  The d r y - a s h in g  p ro c e d u re  was e i t h e r  a c c o m p lis h e d  

in  a  s i m i l a r  m anner t o  t h a t  d e s c r ib e d  by H aynes, o r  by u s in g  a  lo w - 

te m p e ra tu re  p la sm a  a s h e r .  The a s h  was th e n  ta k e n  up in  a  m ix tu re  

o f  c o n c e n t r a te d  n i t r i c  a c i d ,  h y d r o f l u o r i c  a c id  and h y d ro g en  p e ro x id e  

w ith  n i c k e l  n i t r a t e  a s  v o l a t i l i s a t i o n  s u p p r e s s o r .  F o llo w in g  th e  

s u c c e s s f u l  e v a lu a t i o n  o f  t h i s  d i g e s t i o n  p ro c e d u re  i t  was a d a p te d  

to  a l lo w  th e  d i r e c t  i n j e c t i o n  i n t o  th e  f u rn a c e  o f  c o a l  s l u r r i e d  in  

n i t r i c  a c id  c o n ta in in g  m agnesium  and n i c k e l  n i t r a t e s .  The a r s e n i c

and s e le n iu m  l e v e l s  i n  th e  c o a l  w ere  d e te rm in e d  f o l lo w in g  an

o p t im is e d  f u r n a c e  h e a t i n g  c y c l e .

2 .2 .3  B r i t i s h  S ta n d a rd  P ro c e d u re

78T h is  was p e rfo rm e d  a s  l a i d  down in  BS 1016 (w e t o x i d a t io n  m ethod) 

2 .2 * 4  D ig e s t io n  o f  c o a l  f o r  e l e c t r o t h e r m a l  a to m is a t io n

C oal (2g ) was h e a te d  in  a  p la t in u m  c r u c i b l e  w i th  10% m/V m agnesium
3 3n i t r a t e  s o l u t i o n  (15  cm ) ,  25% m/V n i c k e l  n i t r a t e  s o l u t i o n  (5  cm )

3  s 100and e th a n o l  (3  cm ) a c c o r d in g  to  th e  m ethod d e s c r ib e d  by H ay n es .

A f t e r  d r y in g  a t  120°C f o r  2 h o u r s ,  th e  m ix tu re  was h e a te d  a t  160°C

f o r  4 h o u rs  and th e n  a t  450°C f o r  4 h o u r s .  A f t e r  c o o l in g ,  w a te r
3 3(5  cm ) ,  c o n c e n t r a te d  n i t r i c  a c id  (10  cm ) and  c o n c e n t r a t e d

3
h y d r o f l u o r i c  a c id  (2  cm ) w ere a d d e d . The s o l u t i o n  was h e a te d

3
t o  d r y n e s s .  F u r th e r  n i t r i c  a c id  (10  cm ) and  h y d ro g en  p e ro x id e  

3
(30% mV, 10 cm ) w ere added  to  c o m p le te  th e  d i s s o l u t i o n .  The

3
d i g e s t  was made up to  100 cm .



As an  a l t e r n a t i v e  to  t h e  f i r s t  a s h in g  s ta g e  th e  c o a l  (2  g ) may be 

p la c e d  in  a  lo w - te m p e ra tu re  p la sm a  a s h e r  (P la sm a p re p  100 ; N a n o tech  

(T h in  F ilm s )  L t d . ,  P r e s tw ic h ,  M a n c h e s te r ) .  The a c t i v a t e d  s tr e a m  

o f  oxygen  g a s  d e c a r b o n is e d  th e  sam ple  c o m p le te ly  i n  48  h o u r s  a t  

20 w a t t s  fo rw a rd  p o w e r. The a s h  was th e n  d i g e s t e d  w i th  n i t r i c  

and  h y d r o f l u o r i c  a c id  a s  above a f t e r  th e  a d d i t i o n  o f  25% m/V 

n i c k e l  n i t r a t e  s o l u t i o n  (5  cm ) a s  a  v o l a t i l i s a t i o n  s u p p r e s s o r .

2 .2 .5  S lu r r y  a to m is a t io n  m ethod

C oal ( 0 .5  t o  1 g ) g ro u n d  to  l e s s  th a n  45 pm , u s in g  a  m i l l  

(Type MS400; R e ts c h  S p e c t r o m i l l ,  G len  C re s to n  L t d . ,  S ta n m o re ,
3

M id d le se x )  was w eighed a c c u r a t e l y  i n t o  a  50 cm p o ly p ro p y le n e  s c re w -
3 —1cap  b o t t l e  and 10 cm o f  a  r e a g e n t  s o l u t i o n  ( c o n ta in in g  10 g l

3 -1e a c h  o f  n i c k e l  and m agnesium  n i t r a t e ,  50 cm 1 o f  c o n c e n t r a t e d
3 —1n i t r i c  a c id  and 100 cm 1 e th a n o l )  w ere a d d e d . A m a g n e tic

s t i r r e r  b a r  was i n s e r t e d ,  th e  b o t t l e  s e a l e d  and t h e  c o n te n t s

s t i r r e d  f o r  5 m in u te s .  A l iq u o ts  o f  t h e  s u s p e n s io n  (5  t o  20 j i l )  

w ere ta k e n  u s in g  a  p r e c i s i o n  m ic r o - p i p e t t e  (G i ls o n  P ip e tm an  P ;

Anachem L td , L u to n , B e d f o r d s h i r e )  w h i le  c o n t in u o u s ly  s t i r r i n g .

2 .2 .6  A to m ise r  P a ra m e te r s

A d o u b le -b e am  a to m ic - a b s o r p t io n  s p e c t r o m e te r  (M odel 4 6 0 ; P e r k in -  

E lm er L t d . ,  B e a c o n s f i e ld ,  B u c k s .)  f i t t e d  w i th  a  c a rb o n  f u r n a c e  

a to m is e r  h a v in g  a  s i l i c o n  p h o to d io d e  te m p e ra tu re  s e n s o r  and  f o u r  

s t a g e  program m e u n i t  (M odel 7 6 ( b ) ,  P e rk in -E lm e r  L t d . )  was u s e d .

An a r s e n i c  and a  s e le n iu m  e l e c t r o d e l e s s  d i s c h a r g e  lam p (EDL) and  

pow er s u p p ly  from  th e  same m a n u f a c tu r e r  w ere  a l s o  em p lo y ed . The 

s p e c t r o m e te r  was f i t t e d  w ith  a  d e u te r iu m  a r c  s im u l ta n e o u s  b a c k g ro u n d  

c o r r e c t o r  and  a  f u rn a c e  fume e x t r a c t i o n  u n i t .  S ig n a ls  w ere  d i s p l a y e d  

on a  m u l t i - r a n g e  c h a r t  r e c o r d e r  (M odel Speedomax XL681, L eeds and  

N o r th ru p , B irm ingham ) .

Sam ples w ere  i n j e c t e d  i n t o  th e  f u rn a c e  e i t h e r  u s in g  th e  0 -2 0  ^ il  

a d j u s t a b l e  p r e c i s i o n  m ic r o - p i p e t t e  o r  a  ta n ta lu m  s o l i d - s a m p l i n g  

spoon  (P e rk in -E lm e r  L t d . ) .
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The f o l lo w in g  p a ra m e te r s  w ere u se d  f o r  th e  d e te r m in a t io n  o f  

a r s e n i c  and s e le n iu m  by e l e c t r o t h e r m a l  a to m is a t io n .

A rs e n ic W a v e le n g th s : 

S l i t  w id th :

1 9 3 .7  nm and 1 9 7 .2  nm 

0 .7  nm ( a l t e r n a t e )

F u rn a c e  c o n d i t io n s :

200 C f o r  5 0 s , v e ry  s lo w  r a m p - r a te  (1 x 30) 

900°C f o r  5 0 s , s lo w  r a m p - r a te  (3 0 )

1200°C f o r  5 0 s ,  s lo w  r a m p - r a te  (30 )

2200°C f o r  6 s ,  maximum p o w e r - r a te  (0 )

Dry 

C har 

Ash

A tom ise
3 - 1A rgon i n t e r n a l  g a s  f l o w - r a t e s :  n o rm al 140 cm min

3 - 1m in i- f lo w  25 cm min

Time f o r  c o m p le te  a n a l y s i s  c y c le  185s

S e len iu m W a v e le n g th s : 

S l i t  w id th :

1 9 6 .0  nm and  2 0 4 .0  nm 

0 .7  nm ( a l t e r n a t e )

F u rn a c e  c o n d i t io n s :

200 C f o r  5 0 s , v e ry  s lo w  r a m p - r a te  (1  x  30) 

900°C f o r  5 0 s , s lo w  r a m p - r a te  (3 0 )

1200°C f o r  5 0 s , s lo w  r a m p - r a te  (3 0 )

2000°C f o r  5 s ,  maximum pov/er r a t e  (0 )

Dry 

C har 

Ash

A tom ise
3 —1A rgon i n t e r n a l  g a s  f l o w - r a t e s :  n o rm a l 140 cm min

3 —1m in i- f lo w  25 cm min
3 —1s to p p e d - f lo w  0 cm min

Time f o r  c o m p le te  a n a l y s i s  c y c le  184s

2 .2 .7  A n a ly s is  o f  th e  r e s i d u e  re m a in in g  a f t e r  t h e  H aynes
d i g e s t i o n  p ro c e d u re  was c a r r i e d  o u t  on a  h ig h - a s h  c o a l

On s t a n d i n g ,  a  sam ple  o f  a  h ig h - a s h  c o a l  (MK) d i g e s t e d  by  th e  

p ro c e d u re  d e s c r ib e d  in  s e c t i o n  2 .2 .4  p ro d u c e d  a  w h i te  c r y s t a l l i n e  

d e p o s i t .  I n  h ig h - a s h  c o a l  d i g e s t s ,  s u c h  d e p o s i t s  w ere  a lw a y s  

o b s e rv e d . The s o l u t i o n  was f i l t e r e d  and  t h e  d e p o s i t  exam ined  

q u a l i t a t i v e l y  u s in g  th e  te c h n iq u e s  o f  S c a n n in g  E le c t r o n  M ic ro sco p y  

and E nergy  D is p e r s iv e  X -ra y  A n a ly s is  (SEM/EDXA) (Cam scan 330 ADP 

s c a n n in g  e l e c t r o n  m ic ro sc o p e ; C am bridge S c a n n in g  Company, B ar H i l l ,  

C am bridge and L ink  860 S e r i e s  I  X -ra y  a n a l y s i s  e q u ip m e n t; L in k  

S y s te m s , H igh Wycombe, B u ck s . )
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The sam ple was m ounted on an a lum in ium  s tu b  u s in g  n o n -a q u e o u s  c a rb o n  

dag  (LEIT-C) and  d r i e d .  The c h a r a c t e r i s t i c  X -ra y s  w ere g e n e r a te d  

from  th e  sam ple  u s in g  an e l e c t r o n  beam a c c e l e r a t i n g  v o l ta g e  o f  

20 Kev. The X -ra y s  w ere d e te c te d  w i th  a  s o l i d - s t a t e  s i l i c o n / l i t h i u m  

c r y s t a l  and  p r o c e s s e d  u s in g  p u l s e - h e i g h t  d i s c r i m i n a t i o n .

2 .3  RESULTS AND DISCUSSION

2 .3 .1  D e te rm in a t io n  o f  a r s e n i c  in  c o a l  by d i s s o l u t i o n  and 
e l e c t r o t h e r m a l  a to m is a t io n

S e le c te d  c o a l  s a m p le s , in c lu d in g  NBS S ta n d a rd  R e fe re n c e  M a te r ia l

1632a ( N a t io n a l  B u reau  o f  S ta n d a r d s ,  W ash in g to n , USA) w ere  d i g e s t e d

u s in g  th e  f u l l  d i g e s t i o n  p ro c e d u re  o f  H aynes10^ o u t l i n e d  in

S e c t io n  2 . 2 . 4 .  The am ount o f  h y d r o f l u o r i c  a c id  recom m ended was

in c r e a s e d  f o r  some h ig h - a s h  c o a ls  t o  e n s u re  t h a t  a l l  t h e  s i l i c a

was d i g e s t e d .  The NBS sam ple  was a l s o  p la sm a  a s h e d  p r i o r  t o

d i g e s t i o n .  The r e s u l t s  o b ta in e d  a r e  g iv e n  i n  T a b le  2 .1  w h ere  th e y

a r e  com pared  w ith  r e s u l t s  o b ta in e d  by  t h r e e  d i f f e r e n t  l a b o r a t o r i e s
86u s in g  th e  BS m ethod . U sin g  th e  f u l l  d i g e s t i o n  p r o c e d u r e ,  good

a g re e m e n t was fo u n d  v / ith  th e  c e r t i f i e d  v a lu e  f o r  NBS SRM 16 3 2 a  w i th

a c c e p ta b le  p r e c i s i o n .  The r e s u l t  o b ta in e d  f o l lo w in g  p la s m a  a s h in g

a p p e a rs  t o  be low  and e x p e r ie n c e  s u g g e s t s  t h a t  i t  i s  n e c e s s a r y  t o

c o n t r o l  v e ry  c a r e f u l l y  t h e  o p e r a t io n  o f  th e  a s h e r  t o  p r e v e n t  l o s s e s

o f  v o l a t i l e  e le m e n ts  su c h  a s  a r s e n i c .  A greem ent w i th  t h e  r e s u l t s
86o b ta in e d  by  th e  BS m ethod i s  n o t  so  good  and  th e  p ro b le m s  w i th  

t h i s  m ethod w i l l  be  d i s c u s s e d  l a t e r .

The program m e c y c le  was shown to  g iv e  no "memory" e f f e c t  f o r  t h e

d e te r m in a t io n  o f  a r s e n i c .  N ic k e l  n i t r a t e  e f f e c t i v e l y  p r e v e n te d  l o s s

o f  a r s e n i c  d u r in g  th e  c h a r  and a sh  s t a g e s .  The u s e  o f  p y r o l y t i c a l l y

c o a te d  tu b e s  r e d u c e d  th e  p e a k  h e ig h t  and  d i s t o r t e d  p e a k  s h a p e s ,  and

t h e r e f o r e  u n c o a te d  tu b e s  w ere p r e f e r r e d .  T hese  e f f e c t s  w ould

a p p e a r  t o  be in  a c c o rd  w ith  th e  m echanism s o f  a r s e n i c  a to m is a t io n
101and s t a b i l i s a t i o n  r e c e n t l y  r e p o r t e d .  P e a k - h e ig h t  m ea su rem e n ts

w ere  u s e d  in  c a l i b r a t i o n  and f o r  a l l  d e te r m i n a t i o n s .  H ow ever, t o

o b t a i n  s h a rp  p e a k  p r o f i l e s  i t  was fo u n d  n e c e s s a r y  t o  u s e  t h e  maximum

pow er h e a t i n g  mode ( 5 .6  w a t t s )  i n  t h e  a to m is a t io n  s t a g e .  W ith  t h i s

r a p i d  i n i t i a l  h e a t in g  some means o f  t e m p e ra tu re  c o n t r o l  i s  n e c e s s a r y

t o  m o n ito r  th e  pow er a p p l i c a t i o n  and p r e v e n t  o v e r s h o o t  o f  t e m p e r a tu r e .

A s i l i c o n  p h o to d io d e  te m p e ra tu re  s e n s o r  a c h ie v e s  t h i s  by m o n i to r in g
102t h e  l i g h t  e m is s io n  from  th e  o u t s i d e  w a l l  o f  t h e  g r a p h i t e  t u b e .
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TABLE 2.1

C om parison  o f  th e  d e te r m in a t io n  o f  a r s e n i c  in  c o a l  f o l lo w in g  

d i s s o l u t i o n

A rs e n ic  c o n te n t / j ig  g 1 ( a i r - d r i e d  b a s i s )

C oal Sam ple BS m ethod D ig e s t io n /G r a p h i te  F u rn a c e

D i f f e r e n t  L a b o r a to r i e s S e p a ra te  D ig e s ts

1 2 3 1 2 3

A 4 .9 5 .0 4 .6 3 .9 3 .6 3 .8

B 1 7 .0 2 0 .9 1 7 .1 2 7 .5 2 6 .4 2 7 .5

C 7 .8 6 .3 7 .6 5 .2 5 .2 5 .9

D 6 .1 5 .0 5 .3 8 .1 8 .5 8 .7

NBS SRI-1 1632 ( a ) CERTIFIED 9 . 3 £ 1 .0 9 .8 9 .6 9 .0

P la sm a  a sh e d  1 6 3 2 (a ) CERTIFIED 9 .3  £ 1 .0 7 .6 8 .4 ...

a  86m ethod a c c o rd in g  to  BS1016
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T h is  s e n s o r  i s  e a s i l y  c a l i b r a t e d  f o r  th e  a to m is a t io n  te m p e ra tu re  

s e l e c t e d .

R e ag en t b la n k s  w ere  fo u n d  t o  be  low and i t  was n o t  n e c e s s a r y  to  

a p p ly  any  c o r r e c t i o n .  The m in if lo w  mode was u se d  to  r e d u c e  th e  

i n t e r n a l  a rg o n  f lo w - r a t e  d u r in g  th e  a n a ly s i s  o f  lo w - a r s e n ic  c o a l s .  

C a l ib r a t i o n  g ra p h s  w ere s l i g h t l y  c u rv e d  f o r  b o th  t h e  n o rm a l and 

m in if lo w  modes b u t  w o rk in g  r a n g e s  o f  1 t o  8 .0  ng  and  0 .5  t o  2 .5  ng  

o f  a r s e n i c ,  r e s p e c t i v e l y ,  w ere o b t a in e d .  The u p p e r  am ounts

c o r r e s p o n d  to  a b s o rb a n c e s  o f  a p p ro x im a te ly  0 .2  and 0 .1 5  u n i t  and
- 1  - 1  2 0 .0  j ig .g  and  6 .5  jig  g a r s e n i c  in  c o a l ,  r e s p e c t i v e l y ,  u s in g

a  20 j i l  i n j e c t i o n .  The lo w e r end  o f  th e  w o rk in g  r a n g e  f o r  t h i s
- 1

te c h n iq u e  was e s t im a te d  to  be 0 .1  pg  g o f  a r s e n i c  i n  c o a l ,  u s in g  

a  50 j i l  i n j e c t i o n .

2 .3 .2  D e te rm in a t io n  o f  a r s e n i c  i n  c o a l  by s o l id - s a m p l in g  
and  e l e c t r o t h e r m a l  a to m is a t io n

F o llo w in g  t h i s  s u c c e s s  i n  d e te r m in in g  a r s e n i c  in  c o a l  a f t e r  a s h in g  

and d i s s o l u t i o n ,  a t t e m p ts  w ere made to  e x te n d  th e  m ethod s o  t h a t  

th e  m a tr ix  was d e s t r o y e d  in  s i t u  in  t h e  f u r n a c e .  I n i t i a l l y ,  

m il l ig r a m  am ounts o f  c o a l  pow dered  to  l e s s  th a n  45  jam w ere ad d ed  

d i r e c t l y  to  th e  f u r n a c e  tu b e  u s in g  a  s p e c i a l l y  d e s ig n e d  s o l i d -  

s a m p lin g  sp o o n . The c o a l  was th e n  w e t te d  w i th  n i c k e l  n i t r a t e  

and  m agnesium  n i t r a t e  b e f o r e  th e  program m e c y c le  w as comm enced.

The r e s u l t s  o b ta in e d ',  h o w ev er, w ere n o t  r e p r o d u c ib l e .  I t  was th e n  

d e c id e d  to  i n v e s t i g a t e  th e  u se  o f  s l u r r i e d 'c o a l  s a m p le s . The 

s l u r r i e s  w ere  p r e p a r e d  i n  a  s o l u t i o n  c o n ta in in g  n i c k e l  n i t r a t e  ( to  

fo rm  n i c k e l  a r s e n id e  and  p r e v e n t  l o s s e s  d u r in g  th e  l e n g th y  a s h in g  

and c h a r r in g  n e c e s s a r y ) ,  m agnesium  n i t r a t e  ( to  a c t  a s  an  a s h in g  

a i d ) ,  n i t r i c  a c id  ( t o  p r o v id e  an a c i d i c  medium) and  e th a n o l  ( t o  

a c t  a s  a  w e t t i n g  a g e n t ) .

The p r e c i s i o n  o f  th e  m ic r o p ip e t t e  f o r  th e  d e l i v e r y  o f  d i s t i l l e d  

w a te r  and th e  s l u r r y  was d e te rm in e d  and  fo u n d  to  be w i th in  th e  

m a n u f a c tu r e r 's  s p e c i f i c a t i o n s .  The p i p e t t e  was fo u n d  in  a  ru n  

o f  10 d e te r m in a t io n s ,  a t  th e  20 y l  l e v e l ,  t o  d e l i v e r  2 0 .0 2 9  mg o f  

d i s t i l l e d  w a te r  w i th  a  s ta n d a r d  d e v ia t i o n  o f  0 .1 6 3  mg (0.8%  

r e l a t i v e ) ,  g iv in g  95% c o n f id e n c e  l e v e l  l i m i t s  o f  2 0 .3 2 6  t o  19.674 y l .
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The p r e c i s i o n  o f  th e  s lu r r y - s a m p l in g  and a to m is a t io n  was a l s o  fo u n d  

to  be s a t i s f a c t o r y .  Ten r e p l i c a t e s  o f  a  10 p i  i n j e c t i o n  o f  a
O

c o a l  s l u r r y  ( 0 .5  g i n  10 cm ) gave  an a v e ra g e  c h a r t  d e f l e c t i o n  o f  

1 1 .5 0  u n i t s  ( a p p ro x im a te ly  1 .1 5  mV) w ith  a  s ta n d a r d  d e v ia t i o n  o f  

0 .6 0  u n i t  (5 .2%  r e l a t i v e ) .

C o m p ara tiv e  r e s u l t s  f o r  th e  a n a l y s i s  o f  a r s e n i c  i n  c o a l  by t h i s
86s o l id - s a m p l in g  m ethod and th e  BS m ethod a r e  g iv e n  in  T a b le  2 .2 .

An e n c o u ra g in g  a g re e m e n t b e tw een  r e s u l t s  o b ta in e d  by th e  BS m ethod , 

c a l i b r a t i o n  w ith  aq u eo u s a r s e n i c  s ta n d a r d s  (m atched  f o r  n i c k e l  and 

m agnesium  c o n te n t )  and  c a l i b r a t i o n  w ith  a l i q u o t s  o f  c o a l  sam p le  A, 

can  be s e e n  f o r  th e  c o a l  sa m p le s  A-H. T hese  s a m p le s , a l l  from  th e  

E a s t  M id lan d s C o a l f i e l d ,  have  s i m i l a r  c o m p o s i t io n s  b e in g  b i tu m in o u s  

lo w -ra n k  (8 0 2 , 902) c o a l s .  A greem ent was n o t  so  good f o r  s a m p le s  I  

and J  w h ich  a r e  E u ropean  c o a l s ,  o f  unknown r a n k  b u t  h ig h  a s h  and  th e  

N a t io n a l  B u reau  o f  S ta n d a rd s  SRM b itu m in o u s  c o a l ,  w h ich  was a l s o  

fo u n d  t o  have  a - h ig h  a sh  c o n te n t .  When th e  NBS SRM 1 6 3 2 (a )  c o a l  

was ta k e n  a s  th e  s ta n d a r d  and th e  a r s e n i c  c o n te n t  r e c a l c u l a t e d ,  th e  

c o n te n t s  o f  c o a l s  I  and  J  w ere d e te rm in e d  a s  9 .4  and  9 .1  p g  g  1 

r e s p e c t i v e l y ,  i n  much b e t t e r  a g re e m e n t w i th  th o se  o b ta in e d  by th e  

BS m ethod .

When a  l a r g e r  sam p le  o f  B r i t i s h  c o a l s  was ta k e n  from  v a r io u s  

c o a l f i e l d s ,  th e  r e s u l t s  p r e s e n t e d  in  T a b le  2 .3  w ere  o b t a i n e d .  

E x a m in a tio n  o f  t h i s  t a b l e  shows, r e a s o n a b le  a g re e m e n t b e tw e en  th e  

BS m ethod r e s u l t s  and th o s e  o b ta in e d  u s in g  c o a l  s t a n d a r d s  and  

d i r e c t  s l u r r y  a to m is a t io n .  The r e s u l t s  u s in g  aq u eo u s  c a l i b r a t i o n  

a r e  n o t  i n  su c h  good a g re e m e n t.

2 .3 .3  D e te rm in a t io n  o f  a r s e n i c  i n  c o a l  by th e  B r i t i s h  
S ta n d a rd  m ethod

As th e  e v id e n c e  t h a t  a l l  th e  d i s c r e p a n c i e s  o b s e rv e d  a r o s e  fro m

p ro b lem s w i th  t h e  s l u r r y  a to m is a t io n  te c h n iq u e  was n o t  c o n v in c in g ,
86i t  was d e c id e d  t o  i n v e s t i g a t e  th e  p e rfo rm a n c e  o f  t h e  BS m ethod  

w i th  a  h i g h - a r s e n i c  c o a l  sa m p le . In  o u t l i n e ,  t h e  BS m ethod 

in v o lv e s  th e  d i g e s t i o n  o f  a  sam p le  o f  c o a l  g ro u n d  to  l e s s  th a n  

212 pm, i n  c o n c e n t r a te d  n i t r i c  and c o n c e n t r a t e d  s u lp h u r i c  a c i d s .
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TABLE 2.2

C o m p ara tiv e  r e s u l t s  f o r  th e  d e te r m in a t io n  o f  a r s e n i c  i n  c o a l  

u s in g  th e  s l u r r y  a to m is a t io n  m ethod

C oal Sam ple
- 1A rs e n ic  c o n te n t / ju g  g ( a i r - d r i e d  b a s i s )

BS m ethod ' S lu r r y  w ith  
r e a g e n t   ̂
c a l i b r a t i o n

S l u r r y  w ith  
c o a l  A a s  
s t a n d a r d 0

A

B

C

D

E

F

G

H

I

J

4 .8

1 8 .3

7 .2  

5 .5

11.6
7 .3  

2 4 .2

5 .0

10.1

9 .2

NBS SRM 1 6 3 2 (a )  9 .3

5 .0

2 0 .5  

7 .5

6.0
1 2 .5

9 .2  

22.0
4 .3

2 5 .5

2 4 .5

2 5 .1

1 6 .9

6 .4

5 .4  

9 .9

7 .7  

1 8 .0

3 .7  

2 0 .7  

20.1

2 0 .5

86
M ethod a c c o r d in g  t o  BS1016

C a l ib r a te d  w i th  aq u eo u s r e a g e n t s  m atch ed  f o r  n i c k e l  and 
m agnesium  c o n te n t

c “ 1C a l ib r a t e d  w ith  a l i q u o t s  o f  c o a l  A a s  4 .8  p g g  a r s e n i c  c o n te n t

d +C e r t i f i c a t e  v a lu e  9 .3  -  1 .0
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TABLE 2.3

D e te rm in a t io n  o f  a r s e n i c  in  c o a l  u s in g  th e  s l u r r y  a to m is a t io n  

m ethod f o r  c o a ls  from  v a r io u s  B r i t i s h  f i e l d s

A rs e n ic  c o n te n t /y ig  g  1 ( a i r - d r i e d  b a s i s )

g
Sam ple BS m ethod S lu r r y  w ith  ^  S l u r r y  w ith

r e a g e n t  c a l i b r a t i o n  c o a l  a s  s t a n d a r d

W ales C507 1 .0 1 .2 -

C508 1 .9 2 .6 2 .0 °

C509 3 .0 4 .1 3 .2 °

C510 4 .3 5 .5 4 .3 °

C511 3 .8 6 .6 5 .1 °

C553 1 .0 1 .4 0 .9 °

Y o rk s h ire  358 2 .0 2 .1 1 .5 d

359 6 .0 9 .2 -

360 1 6 .0 2 5 .4 1 5 .6d

361 2 3 .0 49 3 1 d
• d

362 2 9 .0 96 93

S c o t la n d  KH 9 .7 1 6 .8 1 0 . i e

MT 5 .9 1 3 .1 7 .4 6

M e th o d  a c c o r d in g  to BS101686

^ C a l ib r a te d  w i th  aqueous r e a g e n t s  m atched f o r  n i c k e l and m agnesium
c o n te n t

c —l
C a l ib r a te d  w i th  a l i q u o t s  o f  c o a l  C507 a s  1 .0  p g  g  a r s e n i c  c o n te n t

C a l ib r a t e d  w ith  a l i q u o t s  o f  s l u r r i e d  c o a l  359 a s  6 .0  )ig g  a r s e n i c  
c o n te n t

C a l ib r a te d  w ith  a l i q u o t s  o f  s l u r r i e d  c o a l  MK ( s e e  T a b le  2 .4 )  a s
1 6 .7  p.g g*“^ a r s e n i c  c o n te n t
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T h is  fo rm  o f  a t t a c k  was p r e f e r r e d  to  th e  a l t e r n a t i v e  d ry  o x i d a t io n

p ro c e d u re  w h ich  g iv e s  low a r s e n i c  r e c o v e r i e s .  A rs in e  i s  e v o lv e d

from  t h e  d i g e s t ,  u s in g  g r a n u la te d  z in c  and th e  in  s i t u  s u lp h u r i c

a c id ,  f o l lo w in g  p r i o r  r e d u c t io n  o f  a r s e n i c  t o  a r s e n i c  ( I I I )  w i th

t i n  ( I I )  c h lo r i d e  and  p o ta s s iu m  i o d id e .  The e v o lv e d  a r s i n e  i s

c o l l e c t e d  in  d i l u t e  io d in e  s o l u t i o n  and  th e n  t r e a t e d  w ith  ammonium

m o ly b d a te  and  h y d r a z in e  s u lp h a t e  t o  fo rm  th e  b lu e  m o ly b d o -a rs e n a te

co m p lex . The a b s o rb a n c e  o f  th e  com plex  a t  835 nm i s  m ea su re d .

The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  on 13 d i f f e r e n t  s a m p le s  o f  th e
- 1same c o a l  gave  a  r a n g e  o f  v a lu e s  o f  1 8 .6  t o  3 1 .9  pg  g , w i th  a

s ta n d a r d  d e v ia t i o n  o f  3 .5 3  p g  g  (14% r e l a t i v e ) .  The 95%
+ -1c o n f id e n c e  l i m i t s  w ere  2 5 .2  -  7 .1  p g  g . T hese  r e s u l t s  a r e  n o t  

u n t y p ic a l  o f  th e  BS m ethod f o r  h i g h - a r s e n i c  c o a l  s a m p le s .

R e c e n tly  c o n s id e r a b l e  a t t e n t i o n  h a s  b een  g iv e n  to  th e  d e te r m in a t io n

o f  a r s e n i c  by h y d r id e  g e n e r a t i o n  f o l lo w e d  by a to m ic - a b s o r p t io n  
87s p e c t r o m e tr y  . Some i n t e r f e r e n c e s  o b s e rv e d  i n  t h i s  t e c h n iq u e

m ig h t a l s o  be e x p e c te d  t o  a f f e c t  t h e  BS m ethod . In  th e  d e te r m in a t io n

o f  a r s e n i c  in  c o a l  d i g e s t s  by a r s i n e  g e n e ra t io n  a to m ic - a b s o r p t io n

s p e c t r o s c o p y  low  r e c o v e r i e s  h av e  b e e n  o b s e rv e d  i f  u n d ig e s te d  s i l i c a

i s  a llo w e d  t o  re m a in  su sp e n d e d  in  s o l u t i o n  and  i f  m e ta l  io n s  su c h
103a s  c o p p e r  and n i c k e l  a r e  p r e s e n t .  In  t h i s  l a t t e r  w ork th e

i n t e r f e r e n c e  from  s i l i c a  was rem oved by p ro lo n g e d  b o i l i n g  o r  

e l e v a t e d  d i g e s t i o n  t e m p e r a tu r e s ,  w h ich  age t h e  s i l i c a ,  and  t h a t  o f  

t r a n s i t i o n  m e ta l  io n s  by a  la n th a n u m  h y d ro x id e  c o - p r e c i p i t a t i o n  

s t e p  fro m  am m oniacal s o l u t i o n .  I t  i s  c l e a r l y  p r u d e n t  t o  e n s u re  

t h a t  t h e  e f f e c t  o f  s i l i c a  i s  m in im ise d  in  t h e  BS m ethod and  h en ce  

an  a l t e r n a t i v e  d i g e s t i o n  p r o c e d u re  w i th  a  f a s t e r  b o i l i n g  r a t e  a t  

310°C was e v a lu a te d .  The r e s u l t s  a r e  g iv e n ,  in  b r a c k e t s ,  i n  

colum n two o f  T a b le  2 .4 .

G iven  th e s e  p o t e n t i a l  p ro b le m s  w i th  t h e  s ta n d a r d  m ethod and  th e  

e v id e n t  p o o r  p r e c i s i o n  o f  t h i s  m ethod a  c o m p a riso n  was s o u g h t  o f  

r e s u l t s  o b ta in e d  by  th e  s l u r r y  m ethod f o r  a r s e n i c  w i th  s e v e r a l  o t h e r  

a n a l y t i c a l  m e th o d s .
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TABLE 2.4
C om parison  o f  r e s u l t s  f o r  th e  d e te r m in a t io n  o f  a r s e n i c  i n  c o a l  

by v a r io u s  m ethods ( a i r - d r i e d  b a s i s )

C oal Sample
A rs e n ic  c o n te n t /p g  g ( a i r - d r i e d  b a s i s )

BS m ethoda ,b  H y d rid e  AAS° NAAd G r a p h i te  F u rn a c e  S lu r r y
m ethod

(e ) ( f ) ( g )

MK 1 6 .7 1 8 .5 2 8 .0 1 7 .7 - 48

SK 1 4 .1 (1 6 .6 ) 1 6 .7 2 0 .0 2 2 .7 1 9 .0 49

TY 1 3 .2 (1 7 .0 ) 1 7 .3 3 2 .0 2 2 .7 1 6 .0 44

CT 7 .0 ( 6 .9 ) 8 .4 1 1 .3 1 4 .3 1 2 .5 45

TY T/H 2 .9 ( 2 .8 ) 4 .6 - 6 .7 4 .8 19

TY H/H 1 0 .8 (1 2 .6 ) 1 5 .2 - 1 3 .5 8 .9 34

86
M ethod a c c o r d in g  t o  BS1016

1.

F ig u r e s  i n  b r a c k e t s  a c c o r d in g  to  BS1016 b u t  w i th  a  f a s t e r  b o i l i n g  
r a t e

cA rs in e  g e n e r a t i o n  fro m  p e r c h l o r i c  a c id  d i g e s t ,  f o l lo w in g  lan th a n u m  
h y d ro x id e  c o - p r e c i p i t a t i o n ,  w i th  f la m e  a to m ic  a b s o r p t io n  f i n i s h 9^

^N eu tro n  a c t i v a t i o n  a n a l y s i s

e C a l ib r a te d  w i th  aqueous r e a g e n t s  m atched  f o r  n i c k e l  and m agnesium  
c o n te n t

f  - 1  .C a l ib r a te d  w i th  a l i q u o t s  o f  s l u r r i e d  c o a l  MK a s  1 6 .7  pg  g  a r s e n i c
c o n te n t

^ C a l ib r a te d  w i th  s ta n d a r d  a d d i t i o n s  o f  aqu eo u s a r s e n i c
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2 .3 .4  C om parison  o f  r e s u l t s  f o r  d e te r m in a t io n  o f  .a r s e n ic  
in  c o a l  by s e v e r a l  a n a l y t i c a l  m ethods

A c o m p a riso n  o f  a r s e n i c  f i g u r e s  f o r  s i x  d i f f e r e n t  c o a l s  fro m  th e
86E a s t  M id lan d s  c o a l f i e l d  by th e  BS m ethod , h y d r id e  g e n e r a t i o n ,

103a to m ic - a b s o r p t io n  s p e c t r o m e tr y ,  n e u t r o n - a c t i v a t i o n  a n a l y s i s

and  th e  g r a p h i t e  . 'fu rn a c e  d i r e c t  s l u r r y  a to m is a t io n  p ro c e d u re  i s

g iv e n  in  T a b le  2 .4 .  The p ro b lem  w i th  p r e c i s i o n  u s in g  th e  BS m ethod

i s  c l e a r l y  shown f o r  h i g h - a r s e n i c  c o a l s ,  ( v i z .  g r e a t e r  th a n  6 jig g  ^

in  co lum ns two and  t h r e e  o f  T a b le  2 .4 .  The r e s u l t s  o b t a in e d  by

h y d r id e  g e n e r a t i o n ,  th e  m o d if ie d  BS m ethod and th e  d i r e c t  s l u r r y

a to m is a t io n  m ethod c a l i b r a t e d  w i th  s l u r r i e d  c o a l  a r e  i n  r e a s o n a b le

a g re e m e n t. The f i g u r e s  o b ta in e d  by n e u t r o n - a c t i v a t i o n  a r e

g e n e r a l l y  h ig h ,  and  a s  t h i s  was p e rfo rm e d  e ls e w h e re  u n d e r  c o n t r a c t

th e  r e a s o n  f o r  t h i s  i s  n o t  c l e a r .  I t  d o e s  seem  to  be  g e n e r a l l y

t r u e  t h a t  when a r s e n i c  v a lu e s  f o r  s ta n d a r d  c o a ls  a r e  r e p o r t e d ,

a c t i v a t i o n  a n a l y s i s  r e s u l t s  a r e  o f t e n  h ig h e r  th a n  th o s e  o b ta in e d  
104by  o t h e r  m e th o d s . U n f o r tu n a te ly ,  p a p e r s  p r e s e n t in g  su c h  r e s u l t s  

f r e q u e n t l y  do n o t  d i s c u s s  t h e s e  f i g u r e s  o r  o f f e r  c o m p a r iso n s  w ith  

a l t e r n a t i v e  p r o c e d u r e s .^ 0 ^

The r e s u l t s  o b ta in e d  by th e  s t a n d a r d . a d d i t i o n s  p r o c e d u re  a r e  c l e a r l y  

h ig h .  O b v io u s ly  a r s e n i c  in  aq u eo u s s o l u t i o n  added  t o  a  c o a l  s l u r r y  

b e h a v e s  d i f f e r e n t l y  i n  t h e  g r a p h i t e  f u rn a c e  t o  t h a t  bound i n  th e  

c o a l .  F o r  th e  same r e a s o n s ,  th e  b e s t  c a l i b r a t i o n  a p p e a r s  t o  be 

o b ta in e d  by  u s in g  d i f f e r e n t  am ounts o f  a  s l u r r i e d  c o a l  sam p le  o f  a  

s i m i l a r  n a tu r e  and  w ith  a  known a r s e n i c  c o n te n t .  I n  t h e  l i g h t  o f  

th e s e  r e s u l t s ,  i t  was d e c id e d  to  i n v e s t i g a t e  th e  som ew hat anom alous 

a r s e n i c  f i g u r e s  f o r  some c o a l s .  I n  p a r t i c u l a r ,  r e s u l t s  t h a t  show 

l e a s t  a g re e m e n t a p p e a r  to  in v o lv e  c o a l s  w i th  a  h i g h - a r s e n i c  and  a  

h ig h - a s h  c o n te n t ,  s u g g e s t in g  some m in e r a lo g ic a l  o r i g i n  o f  th e  

d i s c r e p a n c i e s .  The c o a l s  s e l e c t e d  a r e  l i s t e d  in  T a b le  2 .5 .

2 .3 .5  E f f e c t  o f  c o a l  ty p e  on d i r e c t  s l u r r y  a to m is a t io n  m ethod

The a s h ,  t o t a l  s u lp h u r  (an d  p y r i t i c  s u lp h u r )  c o n te n t s  o f  s e v e r a l

c o a l  sa m p le s  w ere  d e te rm in e d  an d  com pared  w ith  t h e  a r s e n i c  c o n te n t
86a s  d e te rm in e d  by th e  BS m ethod . T hese  f i g u r e s  a r e  g iv e n  in  

T a b le  2 .5 .  The c o m p o s i tio n  o f  t h e  a s h  f o r  m ost o f  t h e s e  c o a ls  

was a l s o  d e te rm in e d  and  th e s e  r e s u l t s  a r e  p r e s e n te d  in  T a b le  2 .6 .
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TABLE 2 .5

Ash and S u lp h u r  c o n te n t s  o f  sa m p le s  a n a ly s e d  f o r  a r s e n i c  ( a i r - d r i e d  b a s i s )

C oal Sam ple Ash % m/m T o ta l P y r i t i c A rs e n ic
S u lp h u r S u lp h u r c o n te n t /p g  g

% m/m % m/m

A 4 .6 1 .1 4 - 4 .8

B 7 .9 2 .1 7 - 1 8 .3

C 3 .8 1 .3 7 - 7 .2

D 4 .5 1 .2 1 - 5 .5

E 5 .9 0 .8 2 - 1 1 .6

F 8 .0 1 .1 8 - 7 .3

G 5 .9 2 .4 6 - 2 4 .2

H 3 .1 1 .4 3 - 5 .0

I 1 6 .4 1 .4 5 - 1 0 .1

J 1 6 .4 1 .0 8 - 9 .2

NBS SRM 1 6 3 2 (a ) 2 1 .7 1 .6 2 -- 9 .3  ( C e r t )

C507 2 .3 1 .0 7 - 1 .0

C508 3 .2 1 .0 5 - 1 .9

C509 4 .0 1 .3 0 - 3 .0

C510 2 .5 1 .2 5 - 4 .3

C511 3 .7 1 .6 3 - 3 .8

C553 2 .3 1 .0 8 - 1 .0

358 3 .1 1 .4 3 - 2 .0

359 8 .6 1 .8 8 - 6 .0

360 2 7 .5 2 .5 8 - 1 6 .0

361 2 8 .2 3 .1 8 - 2 3 .0

362 3 8 .2 3 .1 7 - 2 9 .0

MK 1 8 .4 2 .1 4 1 .1 6 1 6 .7

SK 1 5 .7 1 .7 6 0 .8 9 1 6 .6

CT 1 6 .5 . 0 .8 0 0 .2 3 6 .9

TY 1 4 .7 1 .5 5 0 .6 6 1 7 .0

TY T/H 5 .6 1 .0 1 0 .1 8 2 .8

TY H/H 4 .5 1 .2 5 0 .3 3 1 2 .6

MT 2 1 .3 0 .6 2 0 .2 8 5 .9

KH 1 1 .6 1 .1 3 0 .4 8 9 .7
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TABLE 2.5 continued

C oal Sam ple Ash % m/m T o ta l P y r i t i c A rs e n ic
S u lp h u r S u lp h u r c o n te n t /p g

% m/m % m/m

W e ste rn  1 .3 S.G ° 3 .3 1 .6 0 0 .4 8 2 .3

1 .3 - 1 .4 S.G C 7 .7 2 .7 8 1 .8 8 1 1 .1

h* • 1 • cn S .G ° 1 7 .9 3 .7 9 3 .0 7 2 3 .1

1 .5 - 1 .6 S.G C 2 6 .5 3 .9 1 3 .2 8 3 4 .5

1 .6 - 1 .7 S .G ° 3 5 .0 4 .2 6 3 .9 4 55

1 .7 - 1 .8 S.G ° 4 1 .5 5 .3 2 5 .1 1 65

- i a

-  N ot d e te rm in e d

EL 8 6D e te rm in e d  by BS m ethod

N a t io n a l  B u reau  o f  S ta n d a rd s  SRM 1 6 3 2 (a )

Q
S p e c i f i c  g r a v i t y  s e p a r a te d  c o a l  f r a c t i o n s
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C o r r e l a t i o n  c o e f f i c i e n t s  o f  0 .6 8 ,  0 .8 4  and 0 .9 5  w ere fo u n d  b e tw een  

a s h ,  t o t a l  s u lp h u r ,  and  p y r i t i c  s u lp h u r ,  r e s p e c t i v e l y ,  and th e  

a r s e n i c  c o n te n t  o f  c o a l .  The s t r o n g  c o r r e l a t i o n  o f  a r s e n i c  w i th  

p y r i t i c  s u lp h u r  may i n d i c a t e  th e  p r e s e n c e  o f  th e  m in e r a l  a r s e n o p y r i t e  

( m is p ic k le )  in  c o a l .  I t  may be p o s s i b l e  t o  i d e n t i f y  a r s e n o p y r i t e  

in  c o a l  u s in g  th e  t e c h n iq u e s  o f  s c a n n in g  e l e c t r o n  m ic ro sc o p y  and  

e n e rg y  d i s p e r s i v e  X -ray  a n a l y s i s .  The c o r r e l a t i o n  c o e f f i c i e n t s
86f o r  t h e  d i f f e r e n c e  in  th e  a r s e n i c  l e v e l  a s  fo u n d  by th e  BS m ethod 

and th e  s l u r r y  a to m is a t io n  m ethod w ith  t h e  p e r c e n ta g e  a s h  c o n s t i t u e n t  

v a lu e s  a r e  shown i n  T a b le  2 .7 .  C le a r ly  none o f  t h e s e  c o r r e l a t i o n s  

i s  s i g n i f i c a n t .

A n a ly s is  o f  a  lo w -a s h  c o a l  d i r e c t l y  in  th e  f u rn a c e  tu b e  a f t e r  a  

h ig h - a s h  c o a l  d e te r m in a t io n  d id  n o t  p ro d u c e  any  s i g n i f i c a n t  ch an g e  

in  t h e  o b s e rv e d  a b s o r p t io n .  I t  was t h e r e f o r e  c o n c lu d e d  t h a t  th e  

a p p a r e n t  i n c r e a s e  i n  th e  r e s p o n s e  by d i r e c t  e l e c t r o t h e r m a l  

a to m is a t io n  w i th  in c r e a s e d  a s h  c o n te n t  o f  c o a l  was n o t  c a u s e d  by 

b u i ld - u p  o f  a sh  in  t h e  t u b e .  The m a jo r  a s h  c o n s t i t u e n t  i n  c o a l  i s  

s i l i c a ,  and  to  t e s t  t h e  s u g g e s t io n  t h a t  s i l i c a  can  o c c lu d e  a r s e n i c  

in  e l e c t r o t h e r m a l  a to m is a t io n ,  p u re  q u a r t z  and  am orphous s i l i c a  

( l e s s  th a n  3 /am) w ere added  t o  c o a l  s l u r r i e s  i n  c o n c e n t r a t i o n s  o f  

up to  5 p e r c e n t  o f  t h e  c o a l ,  w i th o u t  any  m e a s u ra b le  e f f e c t  on th e  

a b s o r p t io n  s i g n a l .

R e c e n tly  s e v e r a l  w o rk e rs  h a v e  r e p o r t e d  c o n s id e r a b l e  s u c c e s s  i n  u s in g

g r a p h i t e  p la t f o r m s  i n  g r a p h i t e f u r n a c e  a to m is e r s  t o  overcom e a
110v a r i e t y  o f  i n t e r f e r e n c e s .  The u s e  o f  such, a  p l a t f o r m  e n s u r e s

t h a t  t h e  a n a ly t e  atom s a re  r e l e a s e d  fro m  th e  p l a t f o r m  i n t o  a  h o t t e r  

e n v iro n m e n t, th u s  more n e a r l y  a p p ro a c h in g  th e  i d e a l  o f  i s o th e r m a l  

a to m is a t io n  and  r e d u c in g  v a p o u r -p h a s e  i n t e r f e r e n c e s .  When s m a l l  

p la t f o r m s  w ere made from  o ld  g r a p h i t e  tu b e s  and  s a m p le s  p i p e t t e d  

o n to  them , t h e r e  was no im provem en t i n  th e  r e s u l t s  o b t a in e d  by th e  

s ta n d a r d  a d d i t i o n s  t e c h n iq u e .  The o n ly  c h a n g e s  o b s e rv e d  w ere  some 

b ro a d e n in g  o f  t h e  a b s o r p t io n  p e a k , i n d i c a t i n g ,  a s  e x p e c te d ,  a  s lo w e r  

r e l e a s e  o f  a r s e n i c  r e l a t i v e  to  th e  r a p i d  a to m is a t io n  mode n o rm a l ly  

u s e d . T h a t th e  p la t f o r m  te c h n iq u e  d id  n o t  rem ove d i f f e r e n c e s  in  

th e  a to m is a t io n  o f  a r s e n i c  from  c o a l  and  from  aq u eo u s c a l i b r a t i o n  

s o l u t i o n s  i s  a  f u r t h e r  c o n f i r m a t io n  t h a t  th e  i n t e r f e r e n c e s  do n o t  

o c c u r  i n  t h e  v a p o u r  p h a s e .
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F u l l e r  e t  a l  have  draw n a t t e n t i o n  to  th e  e f f e c t s  t h a t  p a r t i c l e  

s i z e  may have on th e  e l e c t r o t h e r m a l  a to m is a t io n  o f  s o l i d - s a m p l e s ; 

p a r t i c u l a r l y  t h e  sa m p lin g  e r r o r s  t h a t  may a r i s e  w i th  p a r t i c l e s  

l a r g e r  th a n  25 pm. A l l  sa m p le s  in  t h i s  w ork w ere  g ro u n d  t o  p a s s  

th ro u g h  a  45 pm s i e v e .  The p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  sa m p le s  

A -J  and NBS SRM 1 6 3 2 (a )  w ere exam ined  u s in g  a  C o u l te r  C o u n te r .  I a  

e a c h  in s t a n c e  98% o f  th e  p a r t i c l e s  w ere fo u n d  to  be l e s s  th a n

4 0 .3  jim in  s i z e ,  w i th  m ost o f  th e  p a r t i c l e s  b e in g  in  th e  ra n g e

2 0 .1 6  t o  1 0 .0 8  jim. The p a r t i c l e  s i z e  f r a c t i o n s  w ere  f a i r l y  

c o n s i s t e n t  f o r  a l l  th e  sa m p le s  and t h e r e f o r e  w i th in  a  s u i t a b l e  ra n g e  

f o r  s o l i d  e l e c t r o t h e r m a l  a to m is a t io n .

2 .3 .6  A lum inium  s p e c t r a l  i n t e r f e r e n c e  a t  th e  a r s e n i c  1 9 3 .7  nm l i n e

The d i r e c t  a to m is a t io n  o f  c o a l  s l u r r i e s  r e q u i r e s  a c c u r a te  

m easu rem en t o f  th e  b a c k g ro u n d  a b s o r p t io n ,  w h ich  may be in  th e  ra n g e  

0 .4  t o  0 .8  a b s o rb a n c e  u n i t s .  The c o n v e n t io n a l  co n tin u u m  s o u rc e  

d u a l  beam b a c k g ro u n d  c o r r e c t i o n  s y s te m , su c h  a s  t h e  d e u te r iu m  a r c

u se d  in  t h i s  w ork w i l l  n o t  c o r r e c t  f o r  ' s t r u c t u r e d 1 b a c k g ro u n d  o r

s p e c t r a l  i n t e r f e r e n c e s .

R e c e n tly  an a lum in ium  s p e c t r a l  i n t e r f e r e n c e  a t  th e  a r s e n i c  1 9 3 .7  nm
112a b s o r p t io n  l i n e  h a s  b een  d e s c r ib e d  by R i l e y .  T h is  i n t e r f e r e n c e

+ 2+ was r e p o r t e d  t o  be from  A l l i n e s  a t  1 9 3 .4 7  and 1 9 3 .4 5  nm and  th e  A l

l i n e  a t  1 9 3 .5 8  nm on th e  a r s e n i c  1 9 3 .7  nm re s o n a n c e  l i n e  u s e d .

G iven  th e  v e ry  n a rro w  w id th s  o f  a to m ic - a b s o r p t io n  l i n e s  t h i s  seem s

a t  f i r s t  u n l i k e l y .  When i t  i s  r e c a l l e d  t h a t  a  s o l i d - s a m p l i n g

te c h n iq u e  was u s e d  and  t h a t  a lu m in iu m  was p r e s e n t  a t  l e v e l s  up  t o

a b o u t  6% i n  t h e  c o a l  (6 0 ,0 0 0  p g  g  ) i t  w i l l  be  s e e n  t h a t  v e ry

c o n s id e r a b l e  b ro a d e n in g  o f  th e  a lu m in iu m  l i n e s  can  be  e x p e c te d  and

some p ro b lem s from  o v e r la p  o f  th e  w ings o f  t h e s e  b ro a d e n e d  l i n e s

m ig h t be p o s s i b l e .

Such an i n t e r f e r e n c e  was n o t  i n d i c a t e d  by th e  c o r r e l a t i o n  c o e f f i c i e n t  

( 0 .2 2 )  shown in  T a b le  2 .7  A p o s s ib l e  e x p la n a t io n  i s  t h a t  o n ly  a  

p r o p o r t io n  o f  th e  a lu m in iu m  p r e s e n t  i n  c o a l  i s  d i g e s t e d ,  w h e re a s  th e  

c o r r e l a t i o n  was e s t a b l i s h e d  u s in g  th e  t o t a l  a lu m in iu m  c o n t e n t .
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11 3 ,1 1 4The p r e c i p i t a t i o n  o f  M g A lF s.x ^O  w ould rem ove th e  a lu m in iu m
1 OCfrom  s o l u t i o n s  o f  c o a l  p r e p a r e d  by th e  H aynes d i g e s t i o n  p ro c e d u re

and s h o u ld  th u s  e f f e c t i v e l y  re d u c e  t h i s  a lum in ium  s p e c t r a l

i n t e r f e r e n c e  t o  n e g l i g i b l e  l e v e l s .  The SEM/EDX a n a l y s i s  o f  th e

f i l t e r e d  H aynes d i g e s t i o n  r e s i d u e  f o r  a  h ig h - a s h  c o a l  (MK) i s  shown

in  F ig u re  2 .5 .  The p r e s e n c e  o f  f l u o r i d e ,  m agnesium  and  a lu m in iu m

i s  i n d i c a t e d  and a c c e p t in g  th e  p o o r  s e n s i t i v i t y  o f  t h i s  te c h n iq u e

f o r  th e  d e te r m in a t io n  o f  f l u o r i d e  i t  i s  n o t  u n r e a s o n a b le  t o  s u g g e s t

t h a t  m ost o f  th e  a lum in ium  h a s  b een  p r e c i p i t a t e d  fro m  s o l u t i o n  a s

MgAlF_.xHo0 . 
b <L

To i n v e s t i g a t e  f u r t h e r ,  5 ^ i l  o f  a  1 jjg  cm3 1 a lum in ium  s o l u t i o n

w ere added  to  a  num ber o f  lo w -a s h  c o a l s  d ig e s t e d  by th e  H aynes

p ro c e d u re  and  t h i s  r e s u l t e d  i n  l a r g e  s i g n a l  e n h a n c e m e n ts . T h is

c o n firm e d  t h a t  a lu m in iu m  a t  h ig h  c o n c e n t r a t io n s  d o es  c a u se

i n t e r f e r e n c e  a t  t h e  a r s e n i c  1 9 3 .7  nm l i n e .  A s e l e c t i o n  o f  h ig h -

a sh  c o a l s ,  i n c lu d in g  NBS r e f e r e n c e  m a t e r i a l s  w ere a n a ly s e d  a s

p r e v io u s ly  d e s c r ib e d  b u t  a t  th e  a l t e r n a t i v e  1 9 7 .2  nm re s o n a n c e  l i n e ,
112w hich  i s  r e p o r t e d  to  be f r e e  o f  a lu m in iu m  i n t e r f e r e n c e .

2 .3 .7  A n a ly s is  o f  a r s e n i c  a t  th e  1 9 7 .2  nm re s o n a n c e  l i n e

The 1 9 7 .2  nm l i n e  i s  g e n e r a l l y  l e s s  i n t e n s e  th a n  th e  1 9 3 .7  nm l i n e

and c o n s e q u e n t ly  more n o i s e  was e n c o u n te re d .  A queous c a l i b r a t i o n

s ta n d a r d s  show ed th e  l i n e a r  w o rk in g  ra n g e  to  e x te n d  to  a p p ro x im a te ly
- 1

10 n g  o f  a r s e n i c  u s in g  th e  m in i - f lo w  mode o f  25 cm3 min a rg o n  

( c . f  2 .5  ng f o r  t h e  1 9 3 .7  nm l i n e ) .  The lo w e r l i m i t  o f  t h e  u s e f u l  

w o rk in g  ra n g e  was a b o u t  2 n g , a g a in  a  f o u r - f o l d  i n c r e a s e .

S e v e r a l  h ig h - a s h  c o a l s ,  pow dered  and th e n  s l u r r i e d  a s  p r e v i o u s ly  

d e s c r ib e d  w ere  th e n  r e - a n a ly s e d  a t  1 9 7 .2  nm by s l u r r y  a to m is a t io n  

u s in g  aq u eo u s c a l i b r a t i o n  s ta n d a r d s  m atch ed  o n ly  f o r  n i c k e l  and  

m agnesium  n i t r a t e  c o n te n t .  The r e s u l t s  a r e  g iv e n  in  T a b le  2 .8 .  

C le a r ly  many o f  t h e  m ajo r  d i s c r e p a n c i e s  shown i n  T a b le s  2 .2 ,  2 .3  

and 2 .4  have been  e l i m i n a te d .  Good a g re e m e n t i s  fo u n d  w ith  v a lu e s  

o b ta in e d  by th e  s ta n d a r d  m ethod up to  and in c lu d in g  4 % m/m a lu m in iu m  

in  th e  c o a l .  I n  th e  one c a s e  w here good a g re e m e n t i s  n o t  o b t a in e d  

th e  a sh  c o n te n t  i s  so  h ig h ,  a lm o s t  40%, t h a t  p e rh a p s  c o m p le te  

c o n f id e n c e  c a n n o t  be m a in ta in e d  in  th e  h y d r id e  f o rm a t io n  s t e p  o f  

th e  BS m ethod .

47



£ o

<i>o,oo
03o
go

♦H
s
GO
G
•Po
01—Ia
toG

•H
G

O
03

eo
G

£3
G

-PO0a03

&
G

d
a>

•H
03
G0a

•HT3

S3
G0
Cw

0 i0 !
Oj
xjI
m'«
0 ?

i jto;•H }
4

0 1
G i
o ; 0

** I to
§ i§

•H 1<Hw ;<h 
0 ;  o  
G j I

£ 3O ’- 0
•H i-P 
-P jwb0.‘O:tOlCO:
•h  j
• dj - p*} G
0 
0 G.
S51
K
3)
0j
G ilO
0 *CM
■PJ

>  
0

o i o
<H CM

ID
CM

0

to
•Ht=<

rH

r H

M

<1 0  -H -P  
-P  JQ -H 
C G C H <  G)

48

En
er

gy
 

K
eV



TABLE 2.8

D e te rm in a t io n  o f  a r s e n i c  in  c o a l  u s in g  th e  1 9 7 .2  nm 

re s o n a n c e  l i n e  ( a i r - d r i e d  b a s i s )

C oal Sam ple A lum inium  Ash As p r e v io u s ly  BS m e th o d / As fo u n d
C o n te n t % "% fo u n d a t  _ p g  g~^ " a t  1 9 7 .2  nm/
m/m in  c o a l  m/m 1 9 3 .7  nm/ u g  g " 1

NBS SRM 1 6 3 2 (a ) 2 .0 6 2 1 .7 2 5 .1 9 .3 - — 1 .0 * 8 .5

NBS SRM 1635 0 .3 2 5 .2 ND .. 0 .4 2  i  0 .1 5 * 0 .7 5

KH 1 .6 7 1 1 .6 1 6 .8 9 .7 7 .7

360 3 .8 5 2 7 .5 2 5 .4 1 6 .0 1 2 .9

361 4 .1 2 2 8 .2 49 2 3 .0 2 3 .5

362 5 .7 7 3 8 .2 96 2 9 .0 39

MK 2 .7 4 1 8 .4 1 7 .7 1 6 .7  [1 8 .5 3 * 1 4 .4

CT 2 .4 6 1 6 .5 1 4 .3 7 .0  (6 .9 )'* ' 
[8 .4 3  '

8 .3

SK 2 .2 1 1 5 .7 2 2 .7 1 4 .1  ( 1 6 .6 ) ^  
[1 6 .7 3  '

1 4 .6

TY 2 .1 5 1 4 .7 2 2 .7 1 3 .2  ( 1 7 .0 V  
[ 1 7 .3 3 '

1 4 .5

1 F ig u r e s  i n  s q u a re  b r a c k e t s  o b ta in e d  by h y d r id e  g e n e r a t i o n  AAS,
s e e  r e f .  97 .

* C e r t i f i c a t e  v a lu e

•{* F ig u r e s  i n  p a r e n th e s e s  o b ta in e d  a c c o r d in g  t o  BS 1016 b u t  w i th  a
f a s t e r  b o i l i n g  r a t e .

ND N ot d e te rm in e d



A tte m p ts  t o  im prove upon th e  a g re e m e n t shown in  T a b le  2 .8  by th e  

s ta n d a r d  a d d i t i o n  m ethod o f  c a l i b r a t i o n  w ere n o t  s u c c e s s f u l .  In d e e d  

p o s i t i v e  e r r o r s  and  p o o r  p r e c i s i o n  w ere o b ta in e d  w i th  t h i s  m ethod . 

T h is  i s  p e rh a p s  n o t  s u r p r i s i n g  s in c e  th e  s u c c e s s  o f  t h e  s ta n d a r d  

a d d i t i o n  m ethod d ep en d s  upon a d d in g  a n a ly t e  in  a  fo rm  s i m i l a r  t o  

t h a t  p r e s e n t  i n  th e  s a m p le . A dding  aqu eo u s a r s e n i c  s o l u t i o n s  t o  

a  c o a l  s l u r r y  do es  n o t  m eet t h i s  c r i t e r i o n .

The r e s u l t s  p r e s e n t e d  in  T a b le  2 .8  c l e a r l y  i n d i c a t e  t h a t  a r s e n i c  

can  be d e te rm in e d  d i r e c t l y  in  a  w ide r a n g e  o f  c o a ls  u s in g  s l u r r y  

a to m is a t io n  and aqueous c a l i b r a t i o n  s t a n d a r d s ,  p r o v id in g  th e  1 9 7 .2  nm 

re s o n a n c e  l i n e  i s  u s e d .  I t  seem s l i k e l y  t h a t  a  v e ry  b ro a d e n e d  

a lum in ium  l i n e  i s  r e s p o n s i b l e  f o r  a  s p e c t r a l  i n t e r f e r e n c e  w h ich  

g iv e s  r i s e  t o  p o s i t i v e  e r r o r s  a t  th e  1 9 3 .7  nm l i n e .

C o r r e c t io n  f o r  su c h  a  s p e c t r a l  i n t e r f e r e n c e  was n o t  a c h ie v e d  u s in g  

th e  c o n v e n t io n a l  c o n tin u u m  s o u rc e  a p p ro a c h  u s e d  in  t h i s  w ork b u t  

p o s s ib l y  a  s p e c t r a l  b a c k g ro u n d  c o r r e c t i o n  d e v ic e  b a s e d  on th e  

Zeeman e f f e c t  o r  th e  S m i th - H ie f t j e  p r i n c i p l e  w ould  h av e  e l i m i n a te d  

t h i s  i n t e r f e r e n c e .  C ho ice  o f  th e  a l t e r n a t i v e  1 9 7 .2  nm r e s o n a n c e  

l i n e ,  s t i l l  p r o v id e s  a d e q u a te  s e n s i t i v i t y ,  rem oves th e  n e c e s s i t y  

t o  lo o k  a t  a l t e r n a t i v e  b a c k g ro u n d  c o r r e c t i o n  s y s te m s , and  m a rk e d ly  

e x te n d s  th e  u t i l i t y  and  v e r s a t i l i t y  o f  a  v e ry  r a p i d  a n a l y t i c a l  

p r o c e d u r e .

2 .3 .8  C h a r a c t e r i s t i c s  o f  th e  M ethod

The above r e s u l t s  u s in g  th e  1 9 3 .7  nm l i n e  show t h a t  i t  i s  n o t  

p o s s ib l e  t o  d e te rm in e  a r s e n i c  in  c o a l s  u s in g  s o l id - s a m p l in g  e l e c t r o ­

th e r m a l  a to m is a t io n  w i th  aqueous s o l u t i o n  c a l i b r a t i o n  b u t  t h a t  i t  i s  

p o s s ib l e  t o  d e te rm in e  t h e  a r s e n i c  c o n te n t  o f  c o a l s  by  c a l i b r a t i o n  

w ith  a  c o a l  o f  t h e  same ty p e  and o f  known a r s e n i c  c o n t e n t .  Such 

a r s e n i c  f i g u r e s  can  be p ro v id e d  by th e  d i g e s t i o n / c o n v e n t i o n a l  

e l e c t r o t h e r m a l  a to m is a t io n  p ro c e d u re  d e s c r ib e d  a b o v e .

The r e s u l t s  u s in g  th e  a l t e r n a t i v e  1 9 7 .2  nm re s o n a n c e  l i n e  w i th  aq u e o u s  

s o l u t i o n  c a l i b r a t i o n  f o r  c o a l  s l u r r y  a n a ly s e s ,  show v e ry  good 

a g re e m e n t w ith  c e r t i f i e d  r e f e r e n c e  c o a l  s ta n d a r d s  and  sa m p le s  a n a ly s e d  

by BS p r o c e d u r e s .  T hese  r e s u l t s  make i t  u n n e c e s s a ry  t o  i n v e s t i g a t e  

t h e  u se  o f  o t h e r  ty p e s  o f  b ac k g ro u n d  c o r r e c t i o n  s y s te m s .

50



The t o t a l  t im e  f o r  a  c o m p le te  a n a ly s i s  o f  g ro u n d  c o a l  v/as l e s s  th a n  

t e n  m in u te s .

U sing  aq u eo u s  i n j e c t i o n  o f  20 j i l  and  th e  1 m in i f lo w 1 i n t e r n a l  g a s -

f lo w  mode f o r  t h e  1 9 3 .7  nm l i n e  0 .0 5  ng  o f  a r s e n i c  gav e  an  a b s o rb a n c e

o f  0 .0 0 4 4 , w h i l s t  f o r  th e  1 9 7 .2  nm l i n e  0 .2  ng  o f  a r s e n i c  gave  th e

same a b s o rb a n c e  i . e  (1% ). When a  10% m/V s l u r r y  was u s e d  th e
-1

d e t e c t i o n  l i m i t  was l e s s  th a n  0 .5  jug g f o r  b o th  t h e s e  l i n e s .  T h u s , 

t h e  m ethod i s  w e l l  s u i t e d  t o  c o v e r  th e  n o rm a l r a n g e  o f  a r s e n i c  

c o n te n t s  o f  1 t o  25 jag g ^ fo u n d  in  c o a l .  The w o rk in g  r a n g e  can  be 

f u r t h e r  e x te n d e d  by m aking  a  more d i l u t e  s l u r r y ,  e n a b l in g  c o a l s  o f  

h ig h  a r s e n i c  c o n te n t  t o  be  d e te rm in e d .

2 .3 .9  D e te rm in a t io n  o f  s e le n iu m  in  c o a l  bv d i s s o l u t i o n  and  
e l e c t r o t h e r m a l  a to m is a t io n

T h is  t r a c e  e le m e n t  fo u n d  in  c o a l ,  i s  n o t  a n a ly s e d  on a  r o u t i n e  

b a s i s  by th e  NCB and t h e r e f o r e  a  c o m p a riso n  f o r  a c c u ra c y  o f  th e  

m ethod c o u ld  o n ly  be made w ith  th e  two NBS/SRM c o a l s .

C a l i b r a t i o n  g ra p h s  u s in g  aqueous s e le n iu m  s o l u t i o n  in  a  n i c k e l  and 

m agnesium  n i t r a t e  m a t r ix ,  w i th  and  w i th o u t  a  p la t f o r m  in  t h e  

g r a p h i t e  tu b e  f o r  th e  m in if lo w  mode a t  th e  1 9 6 .0  nm l i n e ,  a r e  

g iv e n  in  F ig u r e s  2 .6  and  2 .7 .  The g ra p h s  show an  a p p ro x im a te  

l i n e a r  w o rk in g  ra n g e  up t o  1 2 .5  n g  and 15 ng  o f  s e le n iu m  

r e s p e c t i v e l y .

A n a ly s e s  o f  c o a l s  d i g e s t e d  by th e  H aynes p r o c e d u r e 1^  a r e  g iv e n  

i n  T a b le  2 . 9 .  The r e s u l t s  c l e a r l y  show p o o r  p r e c i s i o n  f o r  c e r t a i n  

c o a l s ,  a l th o u g h  th e  v a lu e s  o b ta in e d  f o r  th e  NBS SRM 1 6 3 2 (a )  c o a l  

a r e  a c c e p ta b le  and in  good a g re e m e n t w i th  th e  c e r t i f i e d  v a lu e .

The s i g n a l  r e s p o n s e  f o r  d ig e s t e d  c o a ls  was c h a r a c t e r i s e d  by  a  

n e g a t i v e - a b s o r p t i o n ,  p re su m a b ly  c a u se d  by o v e rc o m p e n s a tio n  o f  th e  

b a c k g ro u n d  u s in g  th e  D2  a r c .  T h is  o f t e n  i n d i c a t e s  t h e  p r e s e n c e  

o f  s t r u c t u r e d ' b a c k g ro u n d , a  p ro b le m  d e s c r ib e d  in  S e c t io n  2 . 1 . 1 .

The. a b s o r p t io n  p r o f i l e  i s  i l l u s t r a t e d  i n  F ig u re  2 .8 .  T h is  

p r o f i l e  made i t  d i f f i c u l t  t o  e v a lu a te  th e  t r u e  a to m ic - a b s o r p t io n  

s i g n a l .

The fo rm a tio n  o f  v o l a t i l e  SeFg, o r  ev en  ^ S e ,  d u r in g  th e  d i g e s t i o n  

p ro c e d u re  i s  a  p o s s i b i l i t y  and c o u ld  be th e  r e a s o n  f o r  p o o r  

r e p e a t a b i l i t y  o b s e rv e d  f o r  th e  r e s u l t s  g iv e n  in  T a b le  2 .9 .



F ig u re  2 .6  A c a l i b r a t i o n  c u rv e  o f  s e le n iu m  u s in g  m in i - f lo w  
mode a t  th e  1 9 6 .0  nm l i n e

A

.3 5  '

.3 0

.2 5

A b so rb an ce

.20

.1 5

201510
S e le n iu m /n g
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Figure 2.7 A Calibration curve of selenium using a
p la t f o r m  i n s e r t  in  t h e  tu b e  and m in i - f lo w  
mode a t  th e  1 9 6 .0  nm l i n e

A b so rb an ce

15126 93
S e le n iu m /n g
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TABLE 2.9

D e te rm in a t io n  o f  s e le n iu m  in  c o a l  u s in g  th e  Haynes 

d i g e s t i o n  p ro c e d u re

C oal Sam ple C e r t .  V alue  S e le n iu m c o n te n t /y ig  g 1 ( s e p a r a t e
— __j i g g~“̂  d i g e s t s  a i r - d r i e d  b a s i s )

1 2  3

1632( a )  2 . 6  ± 0 . 7  2 . 6  3 . 3  2 . 8

1635 0 . 9  i  0 . 3  1 . 2  2 . 4

MK -  0 . 3  0 . 9  1 . 5

E -  2 . 7  0 . 5  1 . 2

F -  1 . 4  0 . 5

KH -  0 . 8  0 . 3

-  Not d e te rm in e d
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Figure 2.8 Characteristics of the absorption signal
f o r  s e le n iu m  a t  1 9 6 .0  nm u s in g  aqueous 
d i g e s t i o n  o f  c o a l

025

A bso rbance

1 cm min

1 se c o n d

a  A b s o rp tio n  s i g n a l  

b B a s e - l in e

c O v e rco m p en sa tio n  c a u se d  by d e u te r iu m  
a r c  b ac k g ro u n d  c o r r e c t i o n  sy s te m

d M easured  s i g n a l  r e s p o n s e

e C h a r t  d i r e c t i o n
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The u se  o f  s l u r r i e d  c o a l  s a m p le s , to  e l i m i n a te  p o s s ib l e  d i g e s t i o n  

p ro b le m s p ro d u c e d  ev en  l a r g e r  o v e r  c o m p e n sa tio n  o f  th e  a to m ic  -  

a b s o r p t io n  s i g n a l  th a n  t h a t  i l l u s t r a t e d  in  F ig u re  2 .8 .  T h is  

made a b s o r p t io n  m easu rem en ts  im p o s s ib le .

S p e c t r a l  i n t e r f e r e n c e  from  atom s o f  i r o n  a t  th e  s e le n iu m  1 9 6 .0  nm
115a to m ic  l i n e  h a s  been  r e p o r t e d  by S aeed  when a n a ly s in g  b lo o d  se ru m .

Such an i n t e r f e r e n c e  was c o n firm e d  by th e  a d d i t i o n  o f  i r o n  s o l u t i o n  

(2 Q .p l o f  1000 mg 1 ■L) t o  s e le n iu m  s ta n d a r d s  m atched  f o r  n i c k e l  and 

m agnesium  n i t r a t e  c o n te n t s .  T hese  a d d i t i o n s  p ro d u c e d  o v e rc o m p e n s a t io n  

o f  th e  a to m ic - a b s o r p t io n  s i g n a l  a s  shown in  F ig u re  2 .8 .

The a l t e r n a t i v e  b u t  l e s s  s e n s i t i v e  2 0 4 .0  nm l i n e  was th e n  exam ined  

u s in g  b o th  aqueous d i g e s t s  and s l u r r i e d  c o a l  s a m p le s . O ver­

c o m p e n sa tio n  o f  th e  a to m ic - a b s o r p t io n  s i g n a l  was once  a g a in  fo u n d .

A b a c k g ro u n d  m easu rem en t p ro b lem  was fo u n d  f o r  s l u r r i e d  c o a l  s a m p le s  

u s in g  an a l t e r n a t i v e  in s t r u m e n t ,  ( I n s t r u m e n ta t i o n  L a b o r a to ry  

m odel 517 , I n s t r u m e n ta t io n  L a b o ra to ry  (UK) L td , W a rr in g to n ,

C h e s h ire  WA3 7P B ). T h is  eq u ip m e n t u s e s  d e u te r iu m  a r c  b a c k g ro u n d  

c o r r e c t i o n  and  th e  a n a ly s e s  w ere p e rfo rm e d  u s in g  a  p la t f o r m  i n s e r t  

in  th e  g r a p h i t e  tu b e .

T h u s, w ith  th e  eq u ip m e n t a v a i l a b l e  a t  b o th  t h e  c o l l a b o r a t i n g  and 

s p o n s o r in g  e s t a b l i s h m e n t s ,  i t  was n o t  p o s s ib l e  to  a c h ie v e  s a t i s f a c t o r y  

b a c k g ro u n d  c o r r e c t i o n  f o r  th e  d e te r m in a t io n  o f  s e le n iu m  in  c o a l .

W ith  th e  k in d  c o - o p e r a t io n  o f  two in s t r u m e n t  m a n u f a c tu r e r s ,  b a c k ­

g ro u n d  c o r r e c t i o n  s y s te m s  t h a t  have  b een  s u g g e s te d  a s  b e in g  c a p a b le  

o f  c o m p e n sa tin g  f o r  ’ s t r u c t u r e d 1 b a c k g ro u n d  ( s e e  S e c t io n  2 .1 )  w ere  

i n v e s t i g a t e d  f o r  th e  d e te r m in a t io n  o f  s e le n iu m  in  c o a l .

2 .3 .1 0  D e te rm in a t io n  o f  s e le n iu m  in  c o a l  u s in g  e l e c t r o t h e r m a l  
a to m is a t io n  and th e  Zeeman b a c k g ro u n d  c o r r e c t i o n  s y s te m

2 .3 .1 0 .1  A n a l y t i c a l  c o n d i t io n s

A P e rk in -E lm e r  (PE) m odel 5000 a to m ic - a b s o r p t io n  s p e c t r o m e te r  

f i t t e d  w ith  g r a p h i t e  f u rn a c e  a to m is a t io n  and Zeeman b a c k g ro u n d  

c o r r e c t i o n  wras u s e d  in  th e  s tu d y .  The f o l lo w in g  p a ra m e te r s  

w ere  s e l e c t e d  a f t e r  o p t im i s a t i o n  o f  th e  s i g n a l s  o b ta in e d  f o r  

s e le n iu m  i n  s o l u t i o n s  o f  n i c k e l  and m agnesium  n i t r a t e s  (H ay n es1^ 0 

d i g e s t i o n  c o n c e n t r a t i o n s ) .

W aveleng th  1 9 6 .0  nm (EDL)
S l i t  w id th  0 .7  nm
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F u rn a c e  c o n d i t io n s

Dry 110°C ram p f o r  20 se c o n d s
110°C h o ld  f o r  20 se c o n d s

C har 800°C ram p f o r  20 se c o n d s
800°C h o ld  f o r  30 se c o n d s

A tom ise  2000°C max pow er r a t e  5 se c o n d s

Time f o r  c o m p le te  a n a l y s i s  c y c le  95 s e c o n d s .

2 .3 .1 0 .2  R e s u l t s  and  D is c u s s io n

The c a l i b r a t i o n  f o r  s e le n iu m  in  a  n i c k e l  and m agnesium  n i t r a t e

s o l u t i o n  m atrix^*"* was l i n e a r  up t o  100 y g  1 ^ . A s o l u t i o n  o f
3 —1NBS SRM 1 6 3 2 (a )  c o a l  (2g  100 cm ) was fo u n d  t o  g iv e  no 

m e a s u ra b le  s i g n a l  r e s p o n s e  f o r  a  2 0  p.1 i n j e c t i o n  i n t o  th e  

f u r n a c e .  S p ik in g  s e le n iu m  s o l u t i o n s  w i th  l a r g e  e x c e s s e s  o f  i r o n  

s o l u t i o n  p ro d u c e d  a  c o n s id e r a b l e  d e p r e s s io n  in  th e  a b s o r p t io n  

s i g n a l  v i z :
- 1

S o lu t io n  (jig 1 ) P eak  h e ig h t  m easurem ent(m m )

100 Se 111 110

100 Se + 100 Fe 67 6 8

The b a c k g ro u n d  c o r r e c t i o n  sy s te m  d id  n o t  a p p a r e n t ly  c o r r e c t  f o r  

i n t e r f e r e n c e s  from  i r o n  a to m s . When s l u r r i e d  sa m p le s  o f  

NBS SRM 1 6 3 2 (a )  c o a l  w ere a n a ly s e d ,  a  v a r i a b l e  s i g n a l  was o b ta in e d  

w h ich  c o u ld  n o t  be m ea su red . The e q u ip m e n t t r a c e s  a  b a c k ­

g ro u n d  s i g n a l  i n  a d d i t i o n  to  th e  a to m ic - a b s o r p t io n  r e s p o n s e  f o r

an e le m e n t .  T h is  b ac k g ro u n d  s i g n a l  was g r e a t e r  f o r  th e  
- 1

1 0 0  j ig  1  s e le n iu m  s o l u t i o n  th a n  f o r  th e  same am ounts o f  b o th  

s e le n iu m  and i r o n  s o l u t i o n s .  T h is  i s  n o t  e a sy  t o  e x p la in  

u n l e s s  t h e r e  was an e q u ip m e n t f a u l t .  The b a c k g ro u n d  c o r r e c t i o n  

sy s te m  was n o t  c a p a b le  o f  rem o v in g  i r o n  i n t e r f e r e n c e  a t  th e  

s e le n iu m  1 9 6 .0  nm a to m ic  l i n e ,  and c o u ld  n o t  be u s e d  f o r  th e  

a n a ly s i s  o f  c o a l  s l u r r i e s .

The d ig e s t e d  c o a l  s o l u t i o n  a p p e a re d  to  have  l o s t  s e le n iu m , 

s u p p o r t in g  th e  p o s s ib l e  fo rm a tio n  o f  v o l a t i l e  SeF0  o r  H2 Se in  

th e  d i g e s t i o n  p r o c e d u r e .

E v a lu a t in g  e q u ip m e n t u n d e r  su c h  l i m i t e d  t r i a l s  i s  n o t  s a t i s f a c t o r y  

and i t  may be t h a t  th e  in s t r u m e n t  was m a l f u n c t io n in g .  A se c o n d  

e v a lu a t io n  was c a r r i e d  o u t  some two m onths l a t e r  b u t  th e  r e s u l t s  

o b ta in e d  d id  n o t  change  th e  c o n c lu s io n s  a l r e a d y  m ade.
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2 .3 .1 1  D e te rm in a t io n  o f  s e le n iu m  in  c o a l  u s in g  th e  S m ith -  
H i e f t j e  b a c k g ro u n d  c o r r e c t i o n  sy s te m

2 .3 .1 1 .1  A n a l y t i c a l  c o n d i t io n s

An I n s t r u m e n ta t io n  L a b o ra to ry  ( IL )  m odel V ideo 2 2 , d u a l  c h a n n e l ,

d o u b le -b e am  a to m ic - a b s o r p t io n  s p e c t r o m e te r  f i t t e d  w ith  g r a p h i t e

f u r n a c e  a to m is a t io n  and b o th  S m i th - H ie f t j e  and d e u te r iu m  a r c

b a c k g ro u n d  c o r r e c t i o n  sy s te m s  was u se d  in  t h i s  s tu d y .  I  am
11.6i n d e b te d  to  o t h e r s  f o r  t h e s e  r e s u l t s  w h ich  a r e  in c lu d e d  to  

i l l u s t r a t e  th e  n a tu r e  o f  th e  p ro b le m s e n c o u n te re d  in  s e le n iu m  

d e t e r m i n a t i o n .

The eq u ip m e n t was o p t im is e d  f o r  th e  d e te r m in a t io n  o f  s e le n iu m  

u s in g  th e  m ethod p r e v io u s ly  d e s c r ib e d  in  s e c t i o n  2 .3 . 1 0 . 1 .  The

c o n d i t io n s  w ere fo u n d  to  be d i f f e r e n t  from  th o s e  u s e d  p r e v i o u s ly

w ith  th e  (PE) e q u ip m e n t.

W aveleng th  1 9 6 .0  nm

C lean  on

H ig h - f lu s h  on

P y r o l y t i c a l l y  c o a te d  tu b e  

F u rn a c e  c o n d i t io n s

T im e (s )  30 25 30 5

Temp (°C ) 79 115 800 2030 2030

Time f o r  c o m p le te  a n a l y s i s  c y c le  90 s e c o n d s

2 .3 .1 1 .2  R e s u l t s  and D is c u s s io n

The c a l i b r a t i o n  f o r  s e le n iu m  in  th e  n i c k e l  and  m agnesium  n i t r a t e
100 -1 s o l u t i o n  m a t r ix  was l i n e a r  up t o  100 y g  1 . C o a l s l u r r i e s

o n ly  w ere  exam ined  u s in g  th e  e q u ip m e n t, b e c a u s e  o f  t h e  p r e v i o u s ly  

r e p o r t e d  d i f f i c u l t y  i n  o b t a i n in g  r e p e a t a b l e  r e s u l t s  on s o l u t i o n s  

o f  c o a l  p r e p a r e d  by th e  H aynes d i g e s t i o n  p r o c e d u r e . T h e  

r e s u l t s  o b ta in e d  f o r  th e  two NBS r e f e r e n c e  c o a ls  a r e  g iv e n  in  

T a b le  2 .1 0 .  The v a lu e s  o b ta in e d  a r e  i n  r e a s o n a b le  a g re e m e n t 

w i th  th e  c e r t i f i e d  v a lu e s  and s u g g e s t  t h a t  t h i s  ty p e  o f  b a c k ­

g ro u n d  c o r r e c t i o n  sy s te m  i s  c a p a b le  o f  rem o v in g  s p e c t r a l  

i n t e r f e r e n c e  from  atom s o f  i r o n  a t  th e  1 9 6 .0  nm re s o n a n c e  l i n e .
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Table 2.10
D e te rm in a t io n  o f  s e le n iu m  u s in g  S m i th - H ie f t j e  b a c k g ro u n d  

c o r r e c t i o n  and  s l u r r i e d  c o a l  sa m p lin g

S e len iu m  c o n te n t /p g  g ( a i r - d r i e d  b a s i s )

116NBS Sam ple C e r t .  V alue  T h is  work

1 6 3 2 (a )  2 .6  ± 0 .7  1 .6

1635 0 .9  -  0 .3  1 .1
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The r e s u l t s  o b ta in e d  u s in g  th e  S m i th - H ie f t j e  sy s te m  s h o u ld  be

c o n s id e r e d  t e n t a t i v e l y  b e c a u s e  o f  th e  l i m i t e d  num ber o f  r e s u l t s

a v a i l a b l e  f o r  e v a lu a t i o n .  H ow ever, t h i s  b a c k g ro u n d  c o r r e c t i o n

d e v ic e  was a l s o  u se d  f o r  th e  d e te r m in a t io n  o f  a r s e n i c  a t  th e
1X61 9 3 .7  nm a to m ic  l i n e  u s in g  c o a l  s l u r r i e s .  The r e p o r t e d

a lu m in iu m  s p e c t r a l  i n t e r f e r e n c e  a t  t h i s  l i n e  was c o m p le te ly  

e l im in a te d  and th e  r e s u l t s  o b ta in e d  f o r  th e  MBS SRM c o a ls  

w ere  in  v e ry  good a g re e m e n t w i th  t h e  c e r t i f i e d  v a lu e s .

G r a p h ic a l  p l o t s  i l l u s t r a t i n g  t h i s  w ork a r e  g iv e n  i n  F ig u re  2 .9 .

I t  a p p e a r s  t h a t  t h e  S m i th - H ie f t j e  sy s te m  d o es  have  a  g r e a t e r  

p o t e n t i a l  f o r  a p p l i c a t i o n  to  th e  d i r e c t  d e te r m in a t io n  o f  s e le n iu m  

in  c o a l  th a n  th e  Zeeman m ethod o f  b ac k g ro u n d  c o r r e c t i o n ,  b u t  I  

was n o t  c o n v in c e d  t h a t  th e  Zeeman eq u ip m e n t was in d e e d  f u n c t i o n in g  

c o r r e c t l y .

2 .4  CONCLUSION

The m ethod o f  s o l id - s a m p l in g  and  e l e c t r o t h e r m a l  a to m is a t io n  

f o r  c o a l  a n a ly s i s  h a s  been  shown to  be v e ry  s u c c e s s f u l  f o r  th e  

d e te r m in a t io n  o f  a r s e n i c .  The d i f f i c u l t i e s  e n c o u n te re d  u s in g  th e  

m ethod a p p l i e d  t o  s e le n iu m , w ere  t h a t  b a c k g ro u n d  i n t e r f e r e n c e  p ro b le m s  

o c c u r r e d  u s in g  a  d e u te r iu m  a r c  a t  t h e  two m ost s e n s i t i v e  s e le n iu m  

l i n e s .

The m ethod a v o id s  d i g e s t i o n  p ro b le m s  f o r  t r a c e  m e ta l  a n a l y s i s  

o f  c o a l ,  su c h  a  p ro b lem  w ith  s e le n iu m  h a s  c l e a r l y  b e e n  i d e n t i f i e d  

in  t h i s  s tu d y .  H ow ever, th e  u s e  o f  s o l id - s a m p le s  i n c r e a s e s  m a t r ix  

c o n c e n t r a t io n s  and th e  c o n s e q u e n t ia l  a to m ic  l i n e  b ro a d e n in g  may 

g e n e r a te  b a c k g ro u n d  a b s o r p t io n  m easu rem en t p ro b le m s , p a r t i c u l a r l y  

when u s in g  a  co n tin u u m  s o u rc e  m ethod o f  c o r r e c t i o n .  The w in g s o f  

b ro a d e n e d  a to m ic  l i n e s  n e a r  to  th e  a n a ly t e  l i n e  w i l l  c a u s e  an  i n c o r r e c t  

b a c k g ro u n d  m easu rem en t when u s in g  a  co n tin u u m  s o u rc e  m eth o d .

The u se  o f  Zeeman and S m i th - H ie f t j e  b ac k g ro u n d  c o r r e c t i o n  

s y s te m s , w h ich  a r e  s u g g e s te d  a s  c a p a b le  o f  c o m p e n s a tin g  f o r  s p e c t r a l  

o v e r l a p s  and ' s t r u c t u r e d '  b a c k g ro u n d  show ed some s u c c e s s ,  p a r t i c u l a r l y  

when u s in g  th e  S m i th - H ie f t j e  p r i n c i p l e .
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F ig u re  2 .9  C om parison  o f  Dp a r c  and S m ith - H ie f t j e
b a c k g ro u n d  c o r r e c t i on f o r  th e  d e te r m in a t io n  
o f  a r s e n i c  i n s i u r r i e d  sa m p le s  o f  NBS SRM 1 6 3 2 (a )

a ) S m ith -H e if t . je  c o r r e c t i o n

A lum inium

1.0

T o ta l  S ig n a l
(a to m ic  a b s o r p t io n  + 

b a c k g ro u n d )

A b so rb an ce

0 .5

A r s e n ic

C o rre c te d -  S ig n a l  
^  ( a r s e n i c )

0 —

5 .02 .5

Time (s e c o n d s )

b ) D e u te riu m  a r c  c o r r e c t i o n

1.0

T o ta l  S ig n a l  (a to m ic
a b s o r p t io n  + b a c k g ro u n d )

A b so rb an ce

0 .5

C o r r e c te d  S ig n a l/

A lum inium

A rs e n ic

0
2 .5

Time (s e c o n d s )
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An a d d i t i o n a l  p ro b le m  in  th e  s tu d y  was th e  u n a v a i l a b i l i t y  

o f  c o a ls  w i th  a c c u r a t e l y  d e te rm in e d  s e le n iu m  c o n te n t s .

The m ethod s h o u ld ,  h o w ev er, have  a  w ide a p p l i c a t i o n  f o r  t r a c e  

m e ta l  a n a l y s i s  i n  c o a l ,  p a r t i c u l a r l y  i f  c a r e f u l  b ac k g ro u n d  c o r r e c t i o n  

and  m a t r ix  m o d i f ic a t io n  a r e ' em p loyed .
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CHAPTER 3

THE APPLICATION OF SCANNING ELECTRON MICROSCOPY AND 
ENERGY-DISPERSIVE X-RAY ANALYSIS TO POWDERED COALS
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3.1 INTRODUCTION

Coal combustion i s  l i k e ly  to be the major energy source 
well in to  the next century and there fo re  e f f i c i e n t  u t i l i s a t i o n  
as well  as environmental cons idera t ions  are ac t ive  f i e ld s  of  research .  
Sulphur,  ch lo r ine  and other  v o l a t i l e  minor and t ra ce  elements present  
in coal  can produce p o te n t i a l l y  harmful m a te r ia ls  such as sulphur 
dioxide and hydrogen ch lo r ide .  The a t t r a c t i o n s  of  d i r e c t  ins trumental  
techniques for elemental coal ana lys is  are speed and accuracy, 
achieved by e l im inat ion  of  e r ror-prone ,  time-consuming, p repara t ion  
s tages .

The scanning e lec t ro n  microscope and complementary energy-
d ispers ive  X-ray ana lys is  equipment (SEM/EDXA) can be used for

117 118 119non-des t ruc t ive  q u a n t i t a t i v e  m icro-analys is .  ’ J The technique 
i s  normally employed on highly pol ished m e ta l l i c  specimens. Recently 
energy-dispers ive  X-ray fluorescence spectroscopy was applied  for  
seam loca t ion  d i f f e r e n t i a t i o n  of  coal specimens using t ra c e  element 
c o n cen t ra t io n s .  ̂^

A micro-analys is  technique such as SEM/EDXA would be usefu l  
to demonstrate the uniform m ic ro -d i s t r ib u t io n  of  c e r t a in  elements 
found in coal ,  in p a r t i c u l a r  ch lo r ine ,  whose mode of  occurrence 
i s  no longer thought to be as a l k a l i  metal s a l t s  p resen t  in the 
mineral m a t t e r . 121,122

Q uan t i ta t ive  ana lys is  of  a range of  coals  by the SEM/EDXA 
technique i s  reported  here . Twelve elements were determined s imultaneously ,  
i . e .  ch lo r ine ,  sulphur and the major c o n s t i tu e n t s  of  coal ash.

The r e s u l t s  for  ch lo r ine  and sulphur are compared to  those obtained 
by the cu r ren t  B r i t i s h  Standard methods^^ and by those obtained 
p o ten t iom etr ica l ly  with the appropria te  i o n - s e le c t iv e  e lec t ro d es  
( I S E ) . ^ ^  For the o ther  elements,  comparisons are presented where 
possib le  with f igures  obtained by the atomic-absorption spec t roscop ic ,  
co lo r im etr ic  and gravimetr ic  analyses of  so lu t io n s  prepared from

j\ 2^
the same coals  ashed a t  813 C. Two National  Bureau of  Standards
reference coals  have a lso  been analysed. Corre la t ions  between 
these r e s u l t s ,  the conventional ash c o n t e n t ^ - 5  a n c j SEM/EDXA 

elemental sum, excluding ch lor ine  and sulphur,  are  a lso  in v e s t ig a te d  
in t h i s  chapter .
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3.2 EXPERIMENTAL

3.2.1 Instrumenta tion
3-30 ADP Scanning e lec t ron  microscope (SEM) (CamScan, Bar H i l l ,  
Cambridge).
860 Ser ies  I Energy-dispersive X-ray (EDX) ana lys is  system with so l id  
s t a t e  Si l icon (Lithium) de tec to r  (30 mm̂  ac t ive  area ,  r e so lu t io n  FWHM 
a t  3.9 keV of  135 eV a t  10,000 cps ) and fu l ly  q u a n t i t a t i v e  ZAF4/FLS 
and ZAF/PB software. (Link Systems, High Wycombe, Bucks).
Double beam atomic-absorption spectrometer ,  Model 460^
(Perkin-Elmer L td . ,  Beaconsfield,  Bucks).
Manually operated press  Type 5100-4599 (15 tonnes) (Perkin-Elmer L td . ,  
Beaconsfield, Bucks ),
Micro-mill ,  Type MS 400, Retsch Spectromil l ,  (Glen Creston, Stanmore, 
Middlesex).
C o b a l t  and mult i-element s tandards ,  Leit-C carbon dag, (Agar Aids, 
Stansted,  Essex )„
Coulter Counter Model TA I I ,  (Coulter  E lec tron ics  L td . ,  Luton Beds )• 
Carbon f ib r e  vacuum depos i t ion  equipment, (Nanotech, Pres twich ,  
Manchester).

3 .2 .2  Sample Selec t ion
Three p i l l a r  s ec t ions  of coal from the National Coal Board, East 
Midlands Region were se le c ted  to give a range of  ash c o n ten ts ,  and 
ch lor ine  contents  in  coal of  0 .2 -0 .8  percent .  The seams chosen are 
shown in the coal p i l l a r  photographs (P la tes  3 .1 ,  3.2 and 3 .3)  and 
d e t a i l s  of  the rou t ine  analyses are  given in Tables 3 .1 ,  3.2 and 3 .3 .
In add i t ion ,  two National  Bureau of  Standards refe rence  c o a l s ,  1632a 
and 1635 and s ix  well analysed bituminous coal  s tandards  were examined.

3 .2 .3  Sample Preparat ion
Each sampled coal p i l l a r  was separated in to  two approximately equal 
sec t ions  along i t s  length ,  one h a l f  being sealed in p l a s t i c  bags and 
r e ta in ed .  The other  h a l f  was sub-divided and i t s  seam p r o f i l e  and 
ana lys is  are i l l u s t r a t e d  in Tables 3.1,  3.2 and 3.3 .
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For each subsect ion two r ep resen ta t iv e  200g samples of  <212 jum goal 
plus one 200g sample o f -<2.8 mm coal were prepared. The coarser  
sample was re ta ined  for  stock whi ls t  the other  two samples were used 
for  SEM/EDX ana lys is  and B r i t i s h  Standard ch lo r ine ,  sulphur and ash 
a n a l y s i s . 123’ 124
For SEM/EDX ana lys is  250-500 mg por t ions  of  a i r - d r i e d  coal  were placed 
in a 13 mm diameter die  under vacuum, and a load of  10 tonnes applied  
for 3 minutes.  This produced a coherent  coal  d isc  of  approximately 
2-3 mm th ickness .  This d isc  was mounted on a 13 mm diameter s t e r e o -  
scan s tub using non-aqueous carbon dag (LEIT-C) which was then allowed 
to dry in a i r .  A number of  coals  prepared in t h i s  way were coated with 
a th in  film of  carbon using the carbon f ib r e  depos i t ion  equipment.

A spec ia l  holder  supplied  by the microscope manufacturer enabled a 
coba l t  re fe rence  standard  and f ive  coal d iscs  to be mounted toge ther  
in the microscope chamber. This arrangement took approximately 
15-20 minutes to pump down to the required vacuum of 10 t o r r  before 
a n a ly s is .  The t o t a l  time involved for  the mult i-element a n a ly s is  of  
a s ing le  sample of  <212 /jm coal  i s  es timated as l e s s  than 30 minutes.

Ash ana lys is  on the res idue a f t e r  in c in e ra t io n  of  se lec ted  coal
123samples a t  815 C was c a r r ied  out according to standard  procedures.

3 .2 .4  Methods of  Analysis

The method for  q u a n t i t a t i v e  ana lys is  by SEM/EDXA using a pol ished
117 118 125mult i-element standard  i s  well  documented. ’ ’

I t  i s  usual p r a c t i c e  to carbon-coat a non-meta ll ic  sample with
125a th in  film of  carbon for  q u a n t i t a t iv e  a n a ly s is .  This prevents  

build-up of  e lec t ro n s  a t  the specimen surface  and maintains s t a b i l i t y  
of  X-ray e x c i t a t i o n .  I t  a lso  reduces thermal damage and movement 
of  ions within the specimen which may change the surface  composition.

I t  was unclear  whether pressed d iscs  of  coal  powder would be s u f f i c i e n t l y  
conducting to prevent t h i s  charging e f f e c t ,  s ince coal i s  b a s ic a l ly  
eighty percent  carbon, i t  was i n i t i a l l y  assumed th a t  charging e f f e c t s  
would be n e g l ig ib le .
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Cobalt and elemental s p ec t ra  generated from polished s tandard  
m ater ia ls  were s to red  and processed using the energy-d ispers ive  
ana lys is  equipment. Two d i f f e r e n t  methods of  process ing the X- 
ray energy spec t ra  of  coal were evaluated in t h i s  s tudy.  The f i r s t  
method used cor rec ted  absolute  i n t e n s i t i e s  from the elements present

126and has been a v a i lab le  commercially for  about four years  (ZAF4/FLS).
The second method r a t i o s  the peak to  loca l  background counts for
each element and a t  the time of  wr i ting  has been av a i lab le  commercially

128 129
for only a few months (ZAF/PB). ’ The work reported  here
can be regarded th e re fo re  as evaluat ing the technique for coal 
ana lys is .

When both c a l i b r a t i o n s  were ca r r ied  out the geometry condi t ions  
were such th a t  the specimen was not t i l t e d  towards the X-ray d e te c to r .  
This po s i t io n  was chosen to give the t a k e -o f f  angle bes t  s u i te d  
to the design of  the instrument  and hence optimum X-ray c o l l e c t i o n  
e f f ic ie n c y .  However, these condi t ions  have the disadvantage th a t  
the specimen cannot be t i l t e d  without changing the azimuth, e leva t ion  
and cosine angles .

3 .2 .4 .1  ZAF4/FL5 Software

This software uses net  i n t e n s i t i e s  from the elements.  I t  was 
s e t  up for  a process ing time of  20 ^us and 20 eV per channel 
and then proceeded with according to the manufacturers i n s t r u c t i o n s .  
The elemental c a l i b r a t io n  l i s t  was chosen to  include a l l  the 
major and minor c o n s t i tu en ts  found in  coal .  A ty p i c a l  an a ly s is  
p r in t - o u t  i s  shown in Table 3.4 .  Careful  examination of  t h i s  
tab le  shows th a t  the geometry, operat ing voltage and re fe rence  
parameters are entered f i r s t .  The ZAF4/FLS software o f f e r s  
a choice of  sub-rou t ines  prompted by the words 'PROGRAM' 'OPTION' 
and 'NEXT' which allow var ious a n a ly t i c a l  opera t ions  to be 
performed. From a choice of  poss ib le  schemes for  the a n a l y t i c a l  
c a lc u la t io n s ,  an option was se lec ted  which gave one element 
by d i f f e ren ce .  Thus, a missing, i . e .  undetec table ,  element 
i s  made to account for the d i f fe rence  in  composition of  a l l  
the detected elements from one hundred percent .  The X-rays 
of  the elements hydrogen, carbon, oxygen and ni t rogen  are  a l l  
absorbed by the beryllium window (0.008 mm th ick)  of  the d e te c to r  
but of these  carbon was chosen as the 'element by d i f f e r e n c e '  
s ince the coal matrix i s  predominantly organic in na tu re .
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TABLE 3.4

Computer p r in t - o u t  of SEM/EDX ana lys is  of  coal 
using ZAF4/FLS software________________________

* 791* ZAF4/FLS REV01-LINK SYSTEMS LTD.-1978

TILT= .00/  ELEVATI0N=35.00/ AZIMUTHAL ANGLE= .00/
C0SINE= .966/ KV= 20.00/
EV/CH=20/ CALIBRATION ELMT:CO/ PEAK ENERGY(KEV)= 6.9242/ 
LABEL (20 CHAR. MAX.):26/10/83

PROGRAMr
1=DATA ANALYSIS 2=ANALYSER 3=DISK LISTING
4=EDIT STANDARD FILE 5=CHARACTERISATI0N 6=CHANGE SN0,SN1
7=SAVE/RETRIEVE PROFILE LIBRARY

PR0GRAM=1

E.D.S. ANALYSIS? YES 
OPTIONr
0=STANDARDS Or SPECTRUM TREATMENT ONLY
1=ALL ELMTS 2=1 ELMT BY DIFF. 3=1 ELMT BY STOICH.
4=ALL ELMTS,NORMALISED 3=ELMT BY STOICH., NORMALISED

0PTI0N=2 UNANALYSED ELMT: C LIVETIME=100

ELMT LINE
CL K
S K
FE K
SI K
AL K
CA K
MG K
NA K
K K
TI K
MN K
P K
C K

ANALYSE CO ?N0 
TRACK NO.(CO)=6 
COBALT 3 LIVETIME 100S 
ENERGY RES AREA

6.6 104.15 71495
6912.9 170.22 173426

TOTAL AREA= 401916 GF

ANALYSES? NO 
TRACK NO.=7 

NBS 1632 A (1)
ENERGY RES AREA

7.0 103.69 72508
TOTAL AREA= 96757

LIVETIME= 100

= 49.966

LIVETIME(SPEC)= 100
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TABLE 3.4 (continued)

FIT INDEX= .80

ELMT APP.CONC ERROR(WT8)
CL .073 .029
S 1.080 .042
FE .514 .052
SI 4.587 .064
AL 2.679 .068
CA .220 .032
MG .109 .059* <2 SIGMA*
NA .084 .085* <2 SIGMA*
K .451 .037
TI .171 .032
MN .026 .037* < 2 SIGMA*
P - .025 .052* 4 2 SIGMA*

[ 1 2 ZAF/S]
20.00 KV TILT= .00 ELEV=33.00 AZIM = .00 C0SINE= 
SPECTRUM: NBS 1632 A (1) 26/10/83
LAST ELMT BY DIFFERENCE

ELMT ZAF ?oELMT
CL 1.078 .068
S 1.123 .962
FE .879 .586
SI 1.111 4.128
AL 1.138 2.354
CA 1.092 .201
MG 1.102 .099
NA .962 .087
K 1.171 .385
TI .905 .188
MN .868 .030
P 1.595 .000
C .354 .000

TOTAL 9.088

NEXT=
1=MORE ANALYSES 2=ADD MORE ELMTS 3=STD.CALIBRATION 
4=CHANGE ELEMENTS 5=SAME ANALYSIS,CHANGE OPTION 
6=VIEW DEVIATIONS(MID SCREEN=3.6 SIGMA)

NEXT=

.966
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The c o r rec t io n s  for atomic number (Z), absorption (A) and 
125fluorescence (F) were made on the bas is  of  t h i s  assumption.

The elements to be determined, including the element by d i f f e ren ce ,  
are then entered with t h e i r  s e lec ted  X-ray l in e s  and s tandard  
numbers.

Cobalt was used as an in termediate  re ference  s tandard  in order
to compensate for  d r i f t  in instrument  operat ing condi t ions
such as the beam cu r ren t .  A spectrum of  pure coba l t  (area 

~  2scanned -  0.04 mm magnif ica t ion-^1000) was f i r s t  processed
a t  given instrument s e t t ingsand  then the unknown coal sample

2analysed for  an a rea  scanned -  0.8 mm , (= magnifica tion 200), 
taking care not to change any instrument s e t t i n g s  o ther  than the 
specimen s tage Z con t ro l  to focus the sample. This maintains 
a fixed ob jec t  to lens d is tance  which preserves  the same geometry. 
Changes in e le c t ro n  o p t i c a l  condi t ions  made i t  advisable  to 
r e - c a l i b r a t e  with coba l t  a f t e r  th ree  coal d isc  analyses .

Examination of  r e s u l t s  in Table 3.4 shows th a t  the computer
f i r s t  p r in t s  out the analysed element symbol, the apparent
concentra t ion  and the e r ro r  {% m/m) which i s  the s tandard
dev ia t ion .  When the apparent concentra t ion  i s  l e s s  than
twice the e r ro r  then ' < 2  sigma* i s  p r in ted ,  which in d ic a te s
the r e s u l t  i s  not s t a t i s t i c a l l y  s i g n i f i c a n t .  This was the
case for a number o f  elements normally determined in  rou t ine
coal  ash a n a ly s is .  The ZAF4/FLS programme performs two opera t ions
upon each unknown spectrum. F i r s t l y ,  the f i l t e r e d  l e a s t  squares  
/r_, _.126,127
CrLS; peak deconvolution rou t ine  i s  executed. This
rou t ine  f i r s t  compensates for  any d r i f t  in the spectrum, by
reference to the coba l t  s tandard ,  removes s i l i c o n  escape peaks,
then app l ies  a d i g i t a l  f i l t e r  to the spectrum. The peaks
in the r e s u l t i n g  f i l t e r e d  spectrum are then f i t t e d  using a
l e a s t  squares algorithm and a l i b r a r y  of  s tored  s tandard element
spec t ra  to determine the con tr ibu t ion  of  each element emission

127l in e  to the unknown spectrum. Secondly, the r e s u l t i n g
elemental peak areas  are co rrec ted ,  using the ZAF ro u t in e  
in the package, to y ie ld  the required elemental composition.
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The X-rays generated from the cobal t  s tandard and coal  samples 
were genera l ly  counted for  a computer l iv e - t im e  of  100 seconds 
although in  some cases longer periods were used to improve 
l im i t s  of  d e tec t ion .  The cobal t  c a l i b r a t io n  s t a t i s t i c s  were 
chosen such th a t  the average 'dead time' ( the time X-rays 
cause pulse p i le -up  in the processor)  was l e s s  than 40%.

In add i t ion  to the ZAF c o r rec t ion  f ac to rs  and the elemental
composition, the programme y ie lds  a measure of  the systematic
versus random e r ro r s  in the processed spectrum. Thus a f igu re

127of merit  for  the 'goodness of  f i t '  ( ' f i t  index ')  i s  produced 

and the r e s id u a l s  from the peak f i t  may be viewed in order  
th a t  any unexpected elements,  or regions  of  poor f i t ,  may 
be i d e n t i f i e d  and in v es t ig a te d .

3 .2 .4 .2  ZAF/PB Software

The ZAF/PB programme enables q u a n t i t a t iv e  analyses  to be es timated 
for p a r t i c l e s  and bulk specimens of  uncer ta in  geometry e .g .  
powders, depos i ts  on f i l t e r s ,  e tc .  The peak to  lo c a l  background 
r a t i o  for  each element i s  ca lcu la ted  and the r a t i o  of  these  
values to the peak to  background r a t i o s  from known s tandards  
are used in  an i t e r a t i o n  procedure to c a lc u la t e  the composition 
of  the unknown.^28,129

The advantage of  using t h i s  r a t i o  method i s  t h a t  peak to  background 
measurements are l e s s  geometry dependent.  However, s t a t i s t i c a l  
e r ro r s  in  the es t imat ion  of  background are r e l a t i v e l y  high 
and th e re fo re  the method should not be expected to give the 
same p rec is ion  as the ZAF4/FLS procedure. Table 3.5 shows 
a p r in t - o u t  of  the ZAF/PB ana lys is  procedure for  the same 
spectrum as shown in Table 3.4.

Geometry and operat ing voltage are en tered f i r s t ,  followed 
by a request  fo r ,  'Analysis  of  p a r t i c l e s ? '  In most cases  
the reply i s  'No',  the exception being for  widely d ispersed  
p a r t i c l e s  where X-ray f luorescence i s  assumed to be n e g l ig ib l e .
The fluorescence c o r rec t ion  in the ZAF procedure i s  not appl ied  
in  t h i s  case.  An ana lys is  l ive t ime of  100 seconds i s  genera l ly  
used with a matrix option,  where carbon as the chosen element,  
accounts for  the d i f fe rence  between the t o t a l  of  a l l  the  elements 
determined and one hundred percent .  Cobalt i s  used as the 
in termediate  re ference  standard as described in the ZAF4/FLS method.
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TABLE 3.5

Computer p r in t - o u t  of  SEM/EDX ana lys is  of  coal 
using ZAF/PB software__________________________

* 287* ZAFPB REV01-LINK SYSTEMS LTD.-1979

TILT= .00/  ELEVATI0N=35.00/ AZIMUTHAL ANGLE= .00/
C0SINE= .966/ KV= 20.00/
ANALYSIS OF PARTICLES7N0
EV/CH=20/ CALIBRATION ELMT:C0/ PEAK ENERGY(KEV)= 6.9242/
LABEL (20 CHAR. MAX.):15/11/83 COAL DISCS

PR0GRAM=
1=DATA ANALYSIS 2=ANALYSER 3=DISK LISTING
4=EDIT STANDARD FILE 5=CHARACTERISATI0N 6=SET SYSTEM RESOLUTION
7=PR0FILE UTILITIES
8=EDIT MATRIX FILE 9=CALCULAT0R

PR0GRAM= 1

SPECTRUM ANALYSIS? YES LIVETIME=100 
0PTI0N=
OrSPECTRUM TREATMENT ONLY 1=ALL ELMTS ANALYSED
2=ELMTS IN KNOWN MATRIX 3=ANALYSIS OF STANDARD(IN MATRIX)
4=ELMT BY STOICHIOMETRY 
10-HOLDER 11=GRID

0PTI0N=2 MATRIX NO.=2: CARBON

ELMT LINE STD
CL K 1
S K 1
FE K 1
SI K 1
AL K 1
CA K 1
MG K 1
NA K 1
K K 1
TI K 1
MN K 1
P K 1

ANALYSE CO ?N0 
TRACK NO. (CO)=6
COBALT 3 LIVETIME 100S LIVETIME= 100 I/P RATE= 4019 CPS 
ENERGY RES AREA

6.6 104.15 71495
6912.9 170.22 173426

TOTAL AREA= 401916 GF= 49.966



TABLE 3.5 (continued)

ANALYSE? NO 
TRACK NO.=7
NBS 1632 A (1) LIVETIME(SPEC)= 100

TILT= .00/  ELEV=35.00/ AZIM= .00/
ENERGY RES AREA

- 7.0 103.69 72508
TOTAL AREA= 86757 ...........  FIT INDEX= .90

4 ITERATIONS G-FACTOR= 3.544

20.00 KV TILT= .00 ELEV.=35.00 AZIM.= .00 COSINE= .966

SPECTRUM: NBS 1632 A (1) 15/11/83C0AL DISCS
ELMTS IN MATRIX: CARBON

ELMT -AREA AREA/BGND' ?̂ CONC FST
CL K 322 +- 126 .036 +- .014 .14 1.952
S K 4508 +- 172 .444 +- .018 1.67 2.726
FE K 1179 +- 117 .383 +- .038 .82 3.330
SI K 18206 +- 252 1.624 +- .036 5.14 1.509
AL K 7539 +- 190 .755 +- .025 2.93 1.455
CA K 857 +- 123 .126 +- .018 .29 1.884
MG K 194 +- 94 .031 +- .015 .14 1.451
NA K 70 +- 53 .024 +- .018 .16 1.966
K K 1692 +- 137 .220 +- .018 .52 1.632
TI K 604 +- 111 .110 +- .020 .25 2.823
MN K 66 h— 93 .018 +- .025 .04 3.149
P K -64 +- 141 -.006 +- .014 - .02 3.164
MATRIX 87.93

TOT= 100.00

NEXT=
1=M0RE ANALYSES 2=;ADD MORE ELMTS 3=GAIN CALIBRATION
4=DATA ANALYSIS 5=;CHANGE OPTION.IKEEP SAME ELMTS
6=VIEW RESIDUAL SPECTRUM 

NEXT=
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The coal ana lys is  spectrum i s  entered along with the coal  disc
geometry parameters .  The 'F i t  Index' i s  c a lcu la ted  which
i s  a measurement of  the qua l i ty  of  f i t  of  the unknown spectrum
to s to red  s tandard  peak p r o f i l e s  and i s  r e la ted  to the normalised

127
chi-squared for  the f i t .  The background r a t i o s  for  a l l  
elements are determined and these values are subjec ted  to 
an i t e r a t i v e  ca lc u la t io n  process in  which the G-factor  i . e .  
the r e l a t i v e  e f f ic ien c y  of  the bremsstrahlung product ion given 
by:-

G = CiZi
Ai

where Ci = Mass f ra c t io n  
Zi = Atomic number
Ai = Atomic weight of  element i  in  m a te r ia l

and in te r -e lem en t  co r rec t io n s  are determined* When the c a l c u l a t i o n
s tage i s  complete,  the number of  i t e r a t i o n s  and the G-factor
are  p r in ted  followed by the ana lys is  condi t ion ,  option la b e l
and the t ab le  of  r e s u l t s .  The element symbol i s  p r in ted
f i r s t ,  followed by the 'AREA' which i s  the net t o t a l  counts
a f t e r  the l e a s t  squares  f i t t i n g  rou t ine  . ± one s tandard  d ev ia t ion .
This i s  followed by the 'AREA/BGND', which i s  the r a t i o  of
deconvoluted peak area  to es timated background per KeV ± one
standard dev ia t ion ;  the percentage concentra t ion  and f i n a l l y
the FST. The FST ( fa c to r  for s tandard t rea tment)  i s  c a lc u la te d
from the s tandard  p r o f i l e s  and i s  a c o r rec t ion  f ac to r  for
the p a r t i c u l a r  s tandard  used in c a l i b r a t i o n .  As in  the ZAF4/FLS
procedure, a f t e r  the r e s u l t s  have been p r in ted  the prompt
'NEXT=' i s  i ssued .  The spectrum ana lys is  procedure i s  i l l u s t r a t e d
in Figures 3.1 and 3.2.

3 .2 .4 .3  Novel method using a Coal Standard

I t  i s  poss ib le  using the ZAF/PB software to u t i l i s e  a spectrum 
from a well ch a rac te r i s ed  reference coal as a s tandard .
This should allow more accurate  peak to background r a t i o s  
to be es timated for unknown coal m atr ices .  The procedure 
involves c o l l e c t i n g  a cobal t  spectrum and then a coal  s tandard  
spectrum for 100 seconds counting time. These s p ec t ra  are  
then processed using the option to  c a lc u la t e  FST and RST (Ratio 
for s tandard treatment)  values for  the coal s tandard .
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Fiqure 3.1 Schematic diagram of spectrum processing
— -------and data correction - ZAF/PB
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Figure 3.2 Schematic diagram of spectrum and data
processing - ZAF/PB
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The values and the percentage concentra t ion  of  the elements 
are s to red  in the s tandards  f i l e .  The ana lys is  of  unknown 
coals  i s  c a r r ie d  out as described in sec t ion  3 .2 .4 .2  except 
th a t  the peak p r o f i l e  from the coal i s  used as the s tandard .

3 .2 .3  P a r t i c l e  Size Reduction

To e s ta b l i s h  the e f f e c t  of  f ine  grinding of  coal on the p rec is io n
and accuracy of  the r e s u l t s  obtained using SEM/EDXA, approximately 
3g of  two samples (60393 and 61118) were ground s ep a ra te ly  for  
20 minutes in the micromil l .  The r e s u l t a n t  coal passed ea s i ly  
through a 45 fjm s ieve  and was then pressed in to  dup l ica te  p e l l e t s  
for an a ly s is .

3.3 RESULTS AND DISCUSSION 

3.3.1 ZAF4/FLS Programme 

3 .3 .1 .1  Chlorine

The r e s u l t s  of  d up l ica te  ch lor ine  determinations by the th ree  
chemical methods and of  th ree  s ing le  r e p l i c a t e  determinations  
by SEM/EDXA are given in  Tables 3.6 ,  3.7 and 3 .8 ,  toge ther  
with the re spec t ive  averages. The samples analysed included
29 sub-sec t ions  predominantly of  coal ( l e s s  than 50% ash)
and 12 of  d i r t  (over 50% ash con ten t ) .  Comparing the averages 
of  the th ree  chemical determinations with those of  the th ree  
SEM/EDXA determinations ,  the d i f fe rence  exceeds 0.04 percent  
for only two of  the coal sub-sec t ions  and f ive  of  the d i r t s .  
Clear ly a c a lc u la t io n  method which assumes the major r e s id u a l  
element to  be carbon w i l l  perform l e s s  s a t i s f a c t o r i l y  on samples 
conta ining more than 50% ash, but for coal  samples the o v e ra l l  
procedure can be considered to  give r e s u l t s  in very good agreement 
with t r a d i t i o n a l  methods. This very good agreement between 
bulk chemical methods and the SEM/EDXA m ic ro -an a ly t ica l  technique 
provides p o s i t iv e  evidence for  the uniform d i s t r i b u t i o n  of
ch lor ine  in  coal l i th o ty p e s ,  and i t s  probable ex is tence  in

125 -1one bonding form. The l im i t  of  de tec t ion  was about 0 .4  mg g
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3.3.1.2 Sulphur

L i t t l e  agreement i s  apparent between the t o t a l  sulphur contents
determined chemical ly  and by SEM/EDXA shown in Tables 3 .9 ,
3.10 and 3.11. The c lo s e s t  approach occurs in coal  samples
where the p y r i t i c  sulphur i s  v i r t u a l l y  absent v iz .  (samples
61109, 61112, 61113, 61119, 60389, 60392 and 60595-60601 in c lu s iv e ) .
This i s  c o n s is te n t  with the understanding th a t  organic sulphur ,
l i k e  ch lo r in e ,  i s  uniformly d i s t r i b u t e d  within the coa l ,  while
p y r i t i c  and su lphate  sulphur may occur in d i s c r e t e  a reas  of
comparatively high concentra t ion .  On the other  hand, a l l
the SEM/EDXA es t imates  are  lower than the t o t a l  sulphur determined

123by the BS 1016 high temperature method. I t  might have 
been expected th a t  the random se le c t io n  of  sample area scanned 
would give r i s e  to some abnormally high es t imates  where p y r i t i c  
p a r t i c l e s  were included in the f i e ld  of  view, but t h i s  i s  
not apparent from a cons idera t ion  of  the s e t s  of  th ree  r e p l i c a t e s  
reported for  each sample. I t  must th e re fo re  be concluded 
th a t  the p y r i t e s  i s  f a i r l y  uniformly disseminated, e i t h e r  
in i t s  n a tu ra l  occurrence or in the process  of  gr inding the 
samples to ^ 212 jjm p r io r  to ana lys is .

An explanation i s  required for the repea tab le  but very low
estimate  of  sulphur content  by SEM/EDXA when more than a t r a c e
of  p y r i t e s  i s  p resen t .  The r e p ro d u c ib i l i ty  of  the c a l i b r a t i o n
for sulphur using an i ron sulphide (FeS2 ) s tandard  was confirmed
(as shown in Table 3 .12) .  Thus the accuracy of c a l i b r a t i o n
must be queried,  t h i s  may also  explain some low r e s u l t s  obtained
for i ron  in the same coals  d e ta i l e d  below. Mineralogical
e f f e c t s  on the an a ly s is  of  samples using the s im i la r  technique

130of  X-ray f luorescence have previously been reported .  Such 
minera logical e f f e c t s  may also be presen t  here.

The l im i t  of  d e tec t ion  for  sulphur was found to be about 0 .6  mg g
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3.3.1.3 Other Elements

Tables 3.13, 3.14 and 3.13 show the percentage contents  of  s i l i c o n ,
aluminium, i ron ,  t i tan ium ,  calcium, magnesium, sodium and potassium
in each of  the 41 subsec t ions .  A comparison of  these  subsect ion
percentage contents  with those determined by s tandard  a tomic-absorption
spectroscopic ,  co lo r im e t r ic  and gravimetr ic  procedures on s o lu t io n s  

123of coal ash i s  given in Table 3.16. The agreement i s  f a i r l y  
good, although the SEM/EDXA procedure lacks s e n s i t i v i t y  for  c e r t a in  
t ra ce  elements and r e s u l t s  for  i ron and calcium are o f ten  low.
As ad d i t io n a l  checks standard  coals  NBS SRM 1632a and 1635 (Nat ional 
Bureau of  Standards,  Washington, D.C.) and f ive  refe rence  coa ls  
were subjec ted  to SEM/EDXA as well as conventional a n a ly s i s .
The r e s u l t s  shown in Tables 3.17 and 3.18 in d ic a te  good agreement 
for severa l  elements (notably ch lo r ine ,  aluminium, potassium and 
t i tanium)while  the agreement i s  poorest  for i ron ,  sulphur and 
s i l i c o n .  Again the poor agreement for  i ron  and sulphur may be 
due to e f f e c t s  caused by the presence of  i ron  p y r i t e .  The l e v e l s  
of magnesium, sodium, manganese and phosphorus observed are  genera l ly  
below the de tec t ion  l i m i t s .  The de tec t ion  l im i t s  for  the major 
and minor elements found in  coal were es timated for  counting per iods  
of  100 and 250 seconds and are l i s t e d  in  Table 3.19. Examination 
of t h i s  t a b le  shows th a t  de tec t ion  l im i t s  are improved s l i g h t l y  
by increasing  the counting time from 100 seconds to 250 seconds.

An i n t e r e s t i n g  comparison, between the ash content  as normally 
determined a t  815°C^^ and the SEM/EDXA es t imate  of  the ash-forming 
elements p resen t  can be made. The c a lcu la t io n  of  an ash content  
to rep resen t  the res idue l e f t  on combustion a t  815°C using the 
elemental composition of  the o r ig in a l  coal i s  d i f f i c u l t  because 
the proport ion of sulphur re ta ined  in the ash i s  not p r e d i c t a b l e .
Using these combustion condi t ions  a l l  the ch lo r ine  i s  v o l a t i l i s e d  
and none remains in the ash. As an a l t e r n a t iv e ,  however, the 
r e l a t io n s h ip  between the conventional ash content  and the sum 
of  the elements determined by SEM/EDXA excluding ch lo r ine  and 
sulphur a l to g e th e r  can be demonstrated as in Figure 3 .3 .  The 
c o r re l a t io n  c o e f f i c i e n t  i s  0.997.
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TABLE 3.19

Estimated de tec t ion  l im i t s  for counting periods  of  100 and 230 
seconds using ZAF4/FLS software for coal d iscs  ( a i r - d r i e d  bas is )

Counting period 100 Counting per iod 230 
seconds seconds

Element Detection l im i t  % m/m Detection l i m i t  % m/m

Cl 0.06 0.04
S 0.08 0.06
Fe 0.10 0.07
Si 0.12 0.08
A1 0.14 0.09
Ca 0.06 0.04
Mg 0.12 0.08
Na 0.16 0.11
K 0.07 0.03
Ti 0.06 0.04
Mn 0.07 0.05
P 0.10 0.07
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Figure 3.3 C a l ib ra t ion  of SEM/EDXA corrected  minor element 
composition and conventional ash content  
( c o r r e l a t io n  c o e f f i c i e n t  0.997)
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3 .3 .1 .4  Prec is ion  of  Chlorine and Sulphur Determinations

The p rec is ion  of  the SEM/EDXA technique for  ch lo r ine  and sulphur 
determinations was assessed from twenty r e p l i c a t e  analyses  of 
sample 60396, chosen for  t h i s  purpose because i t  contained p r a c t i c a l l y  
no p y r i t i c  sulphur.  The same area of  the sample d isc  was analysed 
each time, with a coba l t  c a l i b r a t io n  check a f t e r  every th ree  
sample scans.  The r e l a t i v e  standard dev ia t ions  ( c o e f f i c i e n t s  
of  v a r ia t io n )  were ca lcu la ted  to be 2.3 and 4.9 percent  for ch lo r ine  
and sulphur r e sp ec t iv e ly  (the mean values being 0.636 % m/m ch lo r ine  
and 0.711 % m/m su lphur) .

3 .3 .1 .5  Effec t  of  P a r t i c l e  Size of  Coal

To in v e s t ig a te  whether the p a r t i c l e  s iz e  of  the coal inf luenced 
the r e s u l t  of  the SEM/EDXA determination of  ch lo r ine  or sulphur 
two samples (60593 and 61118) were ground separa te ly  in  the  micro- 
m i l l .  This produced a m a te r ia l  which passed e a s i ly  through a 
45 pm s ieve ,  and p a r t i c l e  s iz e  determinations using a Coulter  
Counter have shown th a t  only ten percent  of  the coal p a r t i c l e s  
produced were in fac t  g re a te r  than 20 pm in s iz e .  Duplicate 
d iscs  prepared from each sample were analysed in the manner al ready 
described and the r e s u l t s  are given in Table 3.20.

The mean ch lo r ine  contents  (0.56 and 0.37 percent)  agree well 
with the f igu res  determined at<f212 p̂m s iz e  (means 0.55 and 0.40 
percent)  and with the means of  the th ree  chemical methods of  
ana lys is  (0.59 and 0.36 p e rcen t ) .  On the o ther  hand the es t im a tes  
of  sulphur content (means 1.43 and 2.90 percent)  are  s l i g h t l y  
lower than the corresponding f igu res  a t <212 pm (1.55 and 3.00 
percent)  and much lower than by chemical methods (1.99 and 4.84 
pe rcen t) .  Grinding to f in e r  than 45 pm can a t  l e a s t  be sa id  
to  be without e f f e c t  on the ch lor ine  determinations .  R eproduc ib i l i ty  
between d iscs  a lso  appears to be acceptable .
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TABLE 3.20

Duplicate  micro-analys is  of  coal  mil led to l e s s  than 43 jum
~ ( a i r  dr ied  bas is )

(Area analysed ~14 mm )

Sample 60393 Sample 61118

Element % m/m Element EE
Element Disc A Disc B Disc A Disc B

Cl 0.35 0.56 0.36 0.38

S 1.38 1.47 2.88 2.92
Fe 0.82 1.02 1.78 1.97
Si 0.55 0.52 0.64 0.73
A1 0.48 0.48 0.57 0.60
Ca 0.71 0.86 <0.06 <0.06
Mg 0.11 0.17 <0.12 <0.12
Na 0.15 0.21 <0.16 <0.16

Potassium, manganese, phosphorus and t i tan ium were a l l  
below the l i m i t  of  d e tec t ion .
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3.3.1.6 Effect of Sample Area Scanned

Table 3.21 l i s t s  the s in g le  determinations of  ch lo r ine  and sulphur 
made on th ree  samples (60393, 60396 and 61113) for  d i f f e r e n t  areas  

analysed in the range 1.40 x 107 pm2 to 1.41 x 101 y m ' . The 

corresponding magnif ica t ions  are also  shown. A magnif ica tion 
of  50000 was the h ighes t  a t  which acceptable  focussing could be 
achieved for  coal d iscs  under the chosen operat ing cond i t ions .
The depth of  pene t ra t ion  was not measured, but with the e le c t ro n  
beam acce le ra t in g  voltage used (20 kV) i t  would be a few pm only.

The ch lo r ine  values show no p a r t i c u l a r  t rend ,  and the r e l a t i v e  
standard dev ia t ions  are s im i la r  to those mentioned above. For 
sulphur there  i s  a downward t rend with decreasing area of  scan 
for  sample 60593 (0.99 percent  p y r i t i c  sulphur) shown in  Figure 3 .4 .  
This t rend i s  barely  no t iceab le  for  the o ther  two samples which 
contain l e s s  than 0.1 percent  p y r i t i c  sulphur.  This downward 
trend for sample 60593 can be a t t r i b u t e d  to a reduction in  the 
p y r i t i c  sulphur p resen t  in the area  analysed.

I t  would appear from the SEM/EDXA sulphur r e s u l t s  o f  the samples
in which p y r i t e s  i s  v i r t u a l l y  absent ,  t h a t  the r e s u l t s  are in
close  agreement with the organic sulphur determined by d i f f e r e n c e ,

123
using B r i t i s h  Standard methods. The p r a c t i c a l  use of  t h i s

i s  l im i ted  however, because t h e  major ity of  coals  conta in  p y r i t e s .

I t  was observed using the SEM th a t  i ron  p y r i t e  was found in  coal  
usually  as sub-micron p a r t i c l e s  or agglomerates (framboids) (P la te s
3.4 and 3 .5 ) .  I t  was impossible in the majori ty  of  cases  to  
reso lve  a f i e l d  of  view for  ana lys is  without inc lus ion  of  i ron  
p y r i t e .  Increas ing the magnification to g re a te r  than 2000 times 
for sample 60593 enabled a f i e ld  of  view to  be se le c ted  without  
p y r i t i c  in c lu s io n s ,  but t h i s  was the exception r a th e r  than the 
ru le .
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TABLE 3.21

Effec t  of  sample area scanned on ch lor ine  and sulphur 
determinations ( a i r - d r i e d  bas is )

Magnification
Area Sulphur % m/m Chlorine % m/m
jumL 60593 60596 61113 60593 60596 61113

X 30 1.40 X 107 1.74 0.75 0.71 0.56 0.63 0.44
100 3.50 X 106 1.55 0.73 0.69 0.55 0.62 0.42
200 8.80 X 105 1.47 0.74 0.69 0.53 0.61 0.43
300 1.43 X 105/. 1.68 0.70 0.71 0.55 0.63 0.45

1000 3.56 X 10 1.42 0.73 0.70 0.53 0.61 0.42
2000 8.91 X 103 0.98 0.71 0.65 0.52 0.65 0.45
5000 1.41 X 103 1.00 0.71 0.66 0.52 0.66 0.47

10000 3.52 X 102 0.95 0.64 0.71 0.58 0.61 0.43
20000 8.80 X 101 1.02 0.65 0.62 0.53 0.62 0.42
50000 1.41 X 101 1.00 0.64 • 0.63 0.54 0.64 0.40

Average 1.28 0.70 0.68 0.54 0.63 0.43
Range 0.95-

1.74
0.64-

0.75
0.62-

0.71
0.52-

0.58
0.61-

0.66
0.40-

0.47
Std. Dev 0.32 0.04 0.03 0.02 0.02 0.02
95?o
Confidence

Limits
1.28±
0.64

0.70±
0.08

0.68±
0.06

0.54±
0.04

0.63±
0.04

0.43±
0.04

Relat ive 
Std.Dev (%) 25.0 5.7 4.4 3.7 3.2 4.7
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Fiqure 3.4 Ef fec t  of  Area scanned on sulphur  and
ch lo r ine  contents  for coal sample 60593
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3.3.1.7 Effect of Coal Disc preparation pressure

The ana lys is  of  pressed d iscs  of  the same coal subjec ted to varying 
amounts of  applied  pressure  during prepara t ion  has been in v e s t ig a te d .  
The method of  p repara t ion  has been d e ta i l e d  in sec t ion  3 .2 .3 .
The r e s u l t s  of  these  analyses are given in Table 3.22.

A change in load from one to e igh t  tonnes applied  to  the d isc  
r e s u l t s  in no apparent  e f f e c t  upon the subsequent SEM/EDX analyses  
and the r e l a t i v e  standard  dev ia t ions  for ch lor ine  and sulphur 
are in good agreement with previously reported f ig u res .  All 
the d iscs  produced were coherent  and hence t h i s  sample p repara t ion  
procedure does not inf luence the SEM/EDX a n a ly t i c a l  r e s u l t .

3 .3 .1 .8  Ef fec t  of  carbon coating of  coal

The low sulphur r e s u l t s  for  coals  containing a s u b s t a n t i a l  amount 
of i ron p y r i t e  may have been due to charging of  the mineral su rface  
during an a ly s is .  To in v e s t ig a te  t h i s ,  dup l ica te  d iscs  of  samples 
61120 and 61121 (coal  p i l l a r  61) were examined. One d isc  of  each 
sample was carbon-coated using the carbon f ib re  depos i t ion  equipment. 
The th ickness  of  coat ing was not measured but as carbon has a 
low X-ray absorpt ion the reduction in X-ray emission was considered 
minimal.

The average r e s u l t s . f o r  th ree  de terminations  using the ZAF4/FLS 
software are given in Table 3.23. Carbon coating produces r e s u l t s  
which are s l i g h t l y  lower than uncoated: coal d iscs  and which show 
no improvement in accuracy when compared to chemical analyses .
These lower r e s u l t s  for  carbon-coated samples are probably due 
to the small amount of  X-ray emission absorbed by the carbon f ilm.

I t  can be seen from the r e s u l t s  in Table 3.23 t h a t  the non-conducting 
nature of  the mineral matter  in coal i s  not respons ib le  for  the 
poor ana lys is  of  c e r t a in  elements v iz .  i ron  and sulphur .  In f a c t  
aluminium and s i l i c o n ,  which are c h ie f ly  p resen t  in the mineral 
matter ,  show l i t t l e  d i f fe rence  whether the coal  d isc  has been 
coated with carbon or not.
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TABLE 3.22

Varia t ion in  SEM/EDX analyses  with load applied  to coal 
d iscs  during prepara t ion  ( <212 pm coal)  ( a i r - d r i e d  bas is )

1 7 3Chemically determined values 0.77?o Cl Chlorine
0.95% S Sulphur

^ ^ l e m e n t  
L o a a ^ .  
Applied/ 

tonnes .

Cl (?o) (Average^ S(?o) (Average) Fe(?o) (Average)

--------------------------j—

Na(?o) (Average)

1 0.73
0.71
0.71(0.72)

! 0.74 
0.75
0.75(0.75)

0.13
0.16
0.11(0.13)

0.27
0.25
0.24(0 .25)

3 0.78
0.76
0.78(0.77)

0.81
0.91
0 . 86( 0 . 86)

0.16
0.19
0.17(0.17

0.23
0.33
0.31(0.29)

i
6

ji
!

0.76
0.79
0.78(0.78)

0.83
0.85
0.76(0.81)

0.17
0.17
0.14(0.16)

0.27
0.16
0.35(0.26)

I ^
i\
i
\

0.73
0.71
0.73(0.73)

0.80
0.76
0.79(0.78)

0.20
0.14
0.13(0.16)

0.24
0.23
0 .29(0.25)

1 8i
\i
\
\

0,78 
0.76 ' 
0 .79(0.78)

0.80
0.80
0.77(0.79)

0.19
0.19
0.16(0.18)

0.29 J 
0.27 
0 .22(0 .26)

s
i

j Average 0.753 0.799 0.161 0.263
Range 0.71-0.79 0.74-0.91 0 . 11- 0.20 0.22-0.35
Std.Dev 0.030 0.048 0.026 0.048
95% Conf. 0.755 ± 0.799 ± 0.161 ± 0.263 ±1
Limits

Rel .Std.

0.060 0.096 |
i
f

j

0.052 0.096

Dev. (%) 4.0 6.0  | 
i

16.3 18.2 .

i
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TABLE 3.23

Effect of carbon coating of coal discs

Element

Average Concentration % m/m ( a i r - d r i e d  bas is )
Sample 61121D Sample 61121

Uncoated
Carbon
Coated

Digestion
AASa Uncoated Carbon

Coated
Diges tion

AASa

Cl 0.33 0.34 (0.36 j3 0.41 0.38 (0.41 £

S 2.34 2.19 (3.44)c 1.67 1.62 (2.23 )P

Fe 1.11 1.10 1.78 0.58 0.53 0.83

Si 0.51 0.46 0.51 0.26 0.25 0.31

A1 0.47 0.41 0.47 0.28 0.23 0.28

Ca, Mg, Na, K, Ti,  Mn and P were below the l i m i t  of  de tec t io n

a Result  by atomic absorption or colorimetry a f t e r  HF d ig e s t io n  of  
the coal a sh .^ 23

. 123
Analysis by BS 1016, Par t  8 .

c Analysis by BS 1016, Par t  6 . ^ ^
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3.3.2 ZAF/PB Programme

This programme has only been av a i lab le  for  a short  time and was 
not evaluated as ex tens ive ly  as the ZAF4/FLS software.  Ten 
coals  including two c e r t i f i e d  reference samples NB5 1632a and 
1633 were analysed.  Two methods of  using t h i s  software were 
inves t iga ted  and are discussed in the following s e c t io n s .

3 .3 .2 .1  Normal method using polished chemical s tandards

Five re ference  coals  and NB5 SRM 1632a and 1633 were analysed 
using ZAF/PB for  a 100 second counting timeTas described 
in sec t ion  3 .2 .4 .2 .  The r e s u l t s  for  the two NBS coals  
are given in Table 3.24 and the f ive  reference  coals  in  
Table 3.25. Chlorine r e s u l t s  are very poor with the average 
values very much higher than the chemically determined 
values . This i s  su rp r i s in g ,  one would expect t h a t  an 
element which gives good r e s u l t s  for  ZAF4/FLS would a lso  
give good r e s u l t s  for  ZAF/PB. The reason may be e r ro r  
in the c a lc u la t io n  of  peak to background r a t i o s  for  c h lo r in e .

On the other  hand, sulphur r e s u l t s  are improved compared 
to the chemical r e s u l t s ,  p a r t i c u l a r l y  in the case o f  NBS 
SRM 1632a and reference  coals  44 and 68 .

For o ther  elements,  i ron  and s i l i c o n  are s t i l l  low when 
compared to  the chemical values but g rea t ly  improved when 
compared to  ZAF4/FLS r e s u l t s .  The other  elements show 
no p a r t i c u l a r  t rend .  The de tec t ion  l im i t s  for  the elements 
determined by ZAF/PB in coal  are l i s t e d  in Table 3.26.
They are genera l ly  poorer than those found for  the corresponding 
counting periods of  100s and 250s using ZAF4/FLS. This 
i s  probably due to uncer ta in ty  in es timat ion  of  the background.
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TABLE 3.26

Estimated de tec t ion  l im i t s  for  counting periods o f  100 and
250 seconds using ZAF/PB software for coal d iscs  ( a i r - d r i e d  bas is )

Element Counting period 100s Counting period 250s
Detection l im i t  % m/m Detection l i m i t  % m/m

Cl 0.10 0.07

S 0.12 0.09
Fe 0.15 0.10
Si 0.14 0.10
A1 0.14 0.10
Ca 0.08 0.05
Mg 0.12 0.09
Na 0.24 0.16
K 0.08 0.06
Ti 0.09 0.06
Mn 0.11 0.08
P 0.08 0.06
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3.3.2.2 Novel method using a coal standard

Reference coal 39 was used as the s tandard coal for  c a l i b r a t i o n  
using the method descr ibed in sec t ion  3 .2 .4 .3 .  Eleven 
analyses of  coal 39 were then performed using the coal  
s tandard  and the r e s u l t s  are given in  Table 3.27. These 
r e s u l t s  show good agreement between the averaged values 
and the chemically determined values for  s i l i c o n ,  aluminium 
and i ron .  Sulphur and ch lo r ine  were not in such good 
agreement. The range of  values was wider than expected.
The r e s u l t s  for  the same spec t ra  analysed using the normal 
polished  chemical s tandard  method of  c a l i b r a t io n  are  given 
in Table 3.28. The accuracy using t h i s  c a l i b r a t i o n  for  
ch lo r ine ,  sulphur and i ron i s  poor and th e re fo re  i t s  use 
i s  not recommended.

Two coals  taken from p i l l a r  sec t ion  61 were analysed as 
unknowns using coal  59 as the c a l i b r a t io n  s tandard .  The 
r e s u l t s  are given in Table 3.29 and show some improvement 
compared to previous r e s u l t s ,  p a r t i c u l a r l y  for  sulphur .  
In v es t ig a t io n  using coals  as s tandards  with s im i la r  composition 
to unknowns may e f f e c t iv e ly  show the wider a p p l i c a b i l i t y  
of t h i s  novel c a l i b r a t io n  procedure.

3.4 CONCLUSIONS

A rap id ,  p rec ise  and accurate  method for  the determination 
of  ch lor ine  in coal  has been es ta b l i sh ed  using the ZAF4/FLS software
of the SEM/EDXA system, with a r e l a t i v e  s tandard  dev ia t ion  of  2.5%

1 - 1  but a de tec t ion  l im i t  of  0.4 mg g compared with 0.2 mg g for
123the B r i t i sh  Standard Eschka method.
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TABLE 3.27
Elemental Analysis of  Coal 39 using ZAF/PB software with 
Coal 39 as standard

Coal 59 Concentration % m/m ( a i r - d r i e d  bas is )
Determination Si A1 Fe S Cl

59A 0.60 0.47 1.46 2.25 0.26
59B 0.55 0.41 1.23 2.16 0.26
59C 0.56 0.47 1.36 2.20 0.28
59D 0.52 0.51 1.35 2.20 0.30
59E 0.59 0.42 1.23 2.33 0.28
59F 0.62 0.48 1.17 2.32 0.31
59G 0.61 0.41 1.17 2.32 0.29
59H 0.57 0.48 1.34 2.24 0.28
591 0.63 0.44 1.32 2.37 0.29
59J 0.60 0.50 1.28 2.30 0.27
59K 0.61 0.49 1.41 2.22 0.26

Average 0.59 0.46 1.30 2.26 0.28

Range 0.52-0.63 0 .41-0.51 1.17-1.46 2.16-2.37 0.26-0.31

Std.Dev* 0.03 0.04 0.09 0.07 0.02
95% Confidence 
Limits 0.59±0.06 0 .46±0.08 1.30±0.18 2 . 26±0.14 0 . 28±0.04
Relat ive Std. 
Dev. (?o) 5.1 8.7 6.9 3.1 7.1

Digestion
AAS 0.59 0.48 1.26 2.35 d 0.32 c

The following elements \tie re below the l i m i t  of  d e tec t ion

Concentration % m/m ( a i r - d r i e d  b a s is )L ̂  w 111 w 1 1 L Ca Mg Na K Ti Mn P
ZAF/PB value 0.08 0.16 0.24 0.07 N D N D N D

Digestion
AAS

0.07 0.03 0.08 0.06 0.02 0.003 0.004

N D -  Not determined 

cAnalysis by BS 1016 Par t 8 . ^ ^
yj 07

^Analysis by BS 1016 Part  6 .

115



TABLE 3,28

Elemental Analysis of  Goal '59 usina ZAF/PB software with 
normal polished  chemical standard

Goal 59 Concentrat ion % m/m ( a i r - d r i e d  b a s i s )
Determination Si A1 Fe S Cl

• 59A G. 66 0.65 *1.04 2.61 0.57

59B 0.60 0.58 0.88 2.51 0.57

59C r \  s  n
u .  o Z 0.65 0.97 2^56 0.62

59D 0.57 0.72 0.96 2.55 0.66

59E 0.65 . 0.59 0.88 2.72 0.63

59F 0.69 0.68 . 0.84 2.70 0.68

59G 0.68 Q.58 0.83 2.70 0.65

59H 0.63 0.67 0.95 2.60 0.62

591 0.70 •0.62 0.94. 2.76 0.64

59J 0 .66 0.71 -0.91 2.68 0  • b 0

59K 0.68 0.69 1.00 2.58 0.57

Average 0 .65 0.65 0.93 2.63 0.62

Range 0.57-G.70 0.58-0.72 0.83-1.04 2.51-2.76 0.57-0 .68

Std.Dev* 0 . u4 0.05 0.07 0.08 0.04
95% Confidence 
Limits 0.65±0.Q8 0 .65±0.1G G.93±0.14 2.63±0.16 0.62+0.08

Rela t ive  Std. 
Dev. (%) 6.2 7.7 7.5 3.0 6.5

Diges tion
AAS 0.59 0.48 1.26 2.35d G.32c

The following elements were below the l i m i t of  d e te c t io n

Concentrat ion % m/m ( a i r - d r i e d b a s i s )
L  J, w li iU nL Ca Mg Na K Ti Mn P

ZAF/PB value 6.08 0.16 0.24 0.07 i\! D N D N D

Diges tion
AAS 0.07 0.03 0.08 0.06 0.02 0.003 0.004

N D -  Not determined

A n a l y s i s  by BS 1016 Par t  8 . 123 

^Analysis by BS 1016 Par t  6.^23

116



TABLE 3.29

Determination of  elements in coals  61120 and 61121 using 
coal 59 as a s tandard  and ZAF/PB software

Coal
Sample Element

Concentration % m/m ( a i r -d r ied  bas is )
SEM/EDXA3 Digestion

AASb1 2 3 Average

61120 Cl 0.45 . 0.42. . 0.38 0.42 ( 0 .3 6 ) ^
S 3.48 3.52 3.41 3.47 ( 3 .4 4 ) d
Fe 2.13 2.22 2.15 2.17 1.78
Si 0.64 0.67 0.59 0.63 0.56
A1 0.54 0.48 0.53 0.52 0.49
Ca 0.11 0.13 <0.08 0.12 0.12
Mg 0.14 < 0.12 < 0.12 < 0.12 0.02
Na <0.24 < 0.24 <0.24 < 0.24 0.21
K < 0.08 <0.08 <0.08 < 0.08 0.08
Ti < 0 .0 9 <0.09 <0.09 <0.09 0.09

61121 Cl 0.42 0.48 0.48 0.46 ( 0 .4 1 ) c
S 2.44 2.52 2.47 2.48 ( 2 . 2 3 ) d
Fe 1.16 1.15 1.12 1.14 0.83
Si 0.36 0.31 0.32 0.33 0.31
A1 0.32 0.26 0.37 0.32 0.28
Ca <0.08 <0.08 0.08 < 0 .0 8 0.08
Mg < 0.12 < 0.12 0.12 < 0.12 < 0.01
Na <0.24 <0.24 < 0.24 < 0.24 0.21
K <0.08 <0 .08 < 0.08 < 0.08 0.02
Ti <0.09 <0.09 < 0 . 0 9 < 0 .0 9 0.04

Manganese and phosphorus were below the l im i t s  of  d e tec t io n .  

aResul ts  from t h i s  work

^Results  by atomic absorption or co lorimetry a f t e r  HF d ig e s t io n  
of  coal a s h . ^23

°Analysis by BS 1016 Par t  8 . ^ ^

^Analysis by BS 1016 Par t  6 . ^ ^
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On the other  hand, sulphur cannot be determined accura te ly  in 
coal using ZAF4/FLS except where p y r i t e s  and su lphate-su lphur  are 
v i r t u a l l y  absent .  The r e l a t i v e  standard devia t ion  for  sulphur 

i s  about 5% with a de tec t ion  l im i t  of  0.6 mg g”^ . in a coal  sample 

which conta ins  p y r i t e s  the sulphur content i s  found to  decrease 
with decreasing area scanned. The f ine ly  disseminated nature 
of  p y r i t e s  makes i t  imposs ible ,  except in i s o l a t e d  cases ,  to  analyse 
f i e ld s  of  view excluding t h i s  mineral.

The use of  a r a t i o  of  peak to background i n t e n s i t i e s  in 
the ZAF/PB software s ig n i f i c a n t l y  improves the r e s u l t s  for  sulphur.
The most accurate  sulphur  r e s u l t s  are obtained when a re fe rence  
coal i s  used as a s tandard  in  t h i s  software.

Chlorine and organic sulphur appear to respond s im i la r ly  
to SEM/EDXA in as much as the determined concentra t ions  (within 
focussing l im i ta t io n )  are v i r t u a l l y  independent of  the area analysed.

The SEM/EDXA r e s u l t s  for  ch lor ine  the re fo re  suggest t h a t  
t h i s  element i s  evenly d i s t r i b u t e d  within the organic  p a r t  of  coal 
in one bonded form.

The im pl ica t ions  of  t h i s  d i s t r i b u t i o n  are s tud ied  in g r e a te r  
d e t a i l  in  chapter  4.

The major ash forming elements found in coal can be determined 
simultaneously,  with d e tec t ion  l im i t s  ranging from 0.4 to  1.1 mg g .

A c o r re l a t io n  c o e f f i c i e n t  of  0.997 has been found for  the r e l a t io n s h ip  
between the conventional ash content and the sum of  the elements 
determined by the ZAF4/FLS software,  excluding ch lo r ine  and su lphur .

The agreement between the observed values and those obtained by 
standard procedures where the l ev e l s  of  co n s t i tu e n t  permit SEM/EDXA 
determination, i s  f a i r l y  good.

Some improvement in the accuracy of  the r e s u l t s ,  p a r t i c u l a r l y  
for ••.aluminium, s i l i c o n  and i ron was found using the ZAF/PB software .  
The use o f  a coal  standard  did not appear to improve the accuracy 
of  the r e s u l t s  for  these elements determined by ZAF/PB, but t h i s  
method may give some improvement i f  a coal with a s im i la r  elemental  
composition to unknowns i s  used as the s tandard .
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A reduction in  p a r t i c l e  s iz e  of  coal from l e s s  than 212 ûrn to 

l e s s  than 45 yum has l i t t l e  or no e f f e c t  on the elemental analyses 
obtained using the SEM/EDXA method.

The appl ied  pressure  in the range of  one to e igh t  tonnes 
used to prepare coal d i sc s ,  was found not to  a f f e c t  the SEM/EDXA 
a n a ly t i c a l  r e s u l t .

No evidence has been produced in t h i s  work to suggest t h a t  
i t  i s  necessary to carbon coat  d iscs  of  coal to obtain s a t i s f a c t o r y  
SEM/EDX a n a ly s is .

The de tec t ion  l im i t s  of  the SEM/EDXA technique are  improved 
s l i g h t l y  by increas ing  the counting time from 100s to  250s and 
a lso when using the ZAF4/FLS software ins tead  of  ZAF/PB.

The a v a i l a b i l i t y  of  the two software options  described in 
t h i s  chapter ,  g r e a t ly  increases  the v e r s a t i l i t y  and usefu lness  
of a novel technique for the d i r e c t  ana lys is  of coal powders.
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CHAPTER 4

INVESTIGATIONS INTO THE MODE OF 
OCCURRENCE OF CHLORINE IN COAL
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4.1 INTRODUCTION

This chapter  d iscusses  the l i k e ly  mode of  occurrence of  
ch lor ine  in coal mentioned b r i e f l y  in chapter 3, where accurate  
ch lor ine  analyses were achieved using SEM/EDXA. The mode of  occurrence 
and behaviour of  t ra ce  and minor elements are important when s t r a t e g i e s  
for t h e i r  removal or con t ro l  in combustion processes are  suggested.

The development of  rap id ,  s e n s i t i v e  and accurate  methods 
of coal ana lys is  i s  the main aim of t h i s  t h e s i s .  However, as these 
methods are developed the paucity  of  knowledge as to the mode of  
occurrence of  t r a c e  and minor elements i s  exposed. Thus, a second 
but important aim i s  to i n v e s t ig a te  the bonding of  elements in  
coal and hence in d ic a te  poss ib le  con tro l  s t r a t e g i e s  to minimise 
harmful e f f e c t s .  Such cons ide ra t ions  are c l e a r ly  i l l u s t r a t e d  in 
t h i s  chapter  for  the p a r t i c u l a r l y  d e le te r io u s  element c h lo r ine .

Although ch lo r ine  i s  present  in minor q u a n t i t i e s  in coal  
( le s s  than one percent  m/m) i t  i s  extremely troublesome, corroding

132,133,13
tubes and furnaces in coal combustion and coal conversion processes .
In add i t ion ,  because of  the la rge  tonnages involved in the UK (viz.
73 mil l ion  tonnes) hydrogen ch lo r ide  emissions from power-s ta t ion

135
stacks may be harmful to the environment. i t  i s  an t i c ip a te d  

th a t  ch lor ine  may soon be included in the p r ice  s t r u c tu r e  for  coal  
supplied for  e l e c t r i c i t y  production in  the UK. A monetary penal ty  
w i l l  be imposed for  high ch lor ine  content  coa ls .

The es timated increase  in ch lor ine  l ev e l s  by development 
of fu r the r  deep-mined seams, emphasises the importance of  understanding 
the forms or form in which ch lo r ine  i s  bound in coal ,  so t h a t  harmful 
environmental e f f e c t s  may be avoided.
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136 137 "1 3RE a r l i e r  researchers-  De Waele Crossley and Nelson

suggested th a t  ch lo r ine  occurs in coal in the form of  a l k a l i  ch lo r ides ,
121p r in c ip a l ly  sodium ch lo r id e .  Later s tud ies  by Edgcombe, Daybell

122 139and Pringle  and Daybell proposed th a t  ch lor ine  was not wholly

present  as inorganic  ch lo r ides  and suggested poss ib le  ion ic  ch lor ide
140 141to coal l inkages .  Skipsey 5 provided evidence for  a r e l a t io n s h ip

between ch lor ine  content of  coal and rank. He proposed th a t  the
soluble  sodium and ch lo r ine  present  in  coal were adsorbed from
hypersaline s t r a t a  waters which permeated the coal substance a f t e r
the rank p a t te rn  had been e s ta b l i sh ed .  In the USA Gluskoter and 

142Rees reported t h a t  they could not e x t r a c t  a l l  the ch lo r ine  from 
f ine ly  ground I l l i n o i s  coals  by aqueous leaching.

143More recen t  s tu d ie s  by Saunders f suggested concentra t ion  
of ch lor ine  in the v i t r i n i t e  maceral (b r igh t  coal)  with a s trong 
c o r re l a t io n  between the sodium content  of th a t  maceral and the 
water e x t r a c t a b i l i t y  of  ch lo r ine .  She suggested th a t  ch lo r ine  
i s  present  in a t  l e a s t  two forms in coal ,  one of  which i s  sodium 
ch lor ide  ' s o lu t io n '  in v i t r i n i t e  pores.  This concentra t ion  and

144even d i s t r i b u t i o n  in the v i t r i n i t e  maceral was confirmed by Spears.
• 143Chakrabarti  has put forward evidence for  the presence of  organic

chlor ine  in Indian coals  and ac tu a l ly  proposed a method for i t s
146es timat ion .  Caswell using a s i l v e r  n i t r a t e  s ta in in g  technique, 

r e l a t e d  the degree of  water l e a c h a b i l i t y  of  ch lo r ine  to the d i f f e r e n t  
coal macerals and also  showed t h a t  the e x in i t e  (du l l  coal)  and 
i n e r t i n i t e  (fusainous  coal)  r ic h  regions  allow access of  leaching 
solvents  to a g rea te r  ex ten t  than v i t r i n i t e  (b r igh t  co a l ) .

An attempt to explain  some of  the e a r l i e r  in co n s i s ten c ie s
147in the l i t e r a t u r e  i s  given by Hodges, Ladner and Martin in  a

recent  review. I t  i s  worthy of  note th a t  t h i s  review was f i r s t
148 'published i n t e r n a l ly  within the NCB wi t h  re ference  to the work

described here . Cer ta in ly  some of  the assumptions and conclusions  
drawn by Hodges from c o n f l ic t in g  l i t e r a r y  evidence are  tenuous 
without the confirmatory work reported here.



The ob jec t  of  the work described in t h i s  chapter  th e re fo re  i s  to 

resolve some of  these  inco n s is ten c ie s  in the l i t e r a t u r e ,  and the 
experiments are pr imar i ly  concerned with the presence of  ch lo r ides  
in coal and in v e s t ig a t io n s  in to  the physical and chemical c h a r a c t e r i s t i c s  
of  the ch lo r ine -coa l  bond. This study appl ies  the technique of  
elemental mapping using 5EM/EDXA to e s ta b l i s h  the l i k e ly  presence 
of m eta l l ic  ch lo r ides  in coa l .  B r i t i sh  Standard and ins trumenta l  
methods of  coal ana lys is  are  used to evaluate  ch lor ine  r e ac t io n s ,  
on heat treatment  and/or chemical t rea tment.  The aim th e re fo re  
i s  to e s ta b l i s h  the mechanism by which ch lor ine  i s  bound within 
the coal substance.

4.2 EXPERIMENTAL EQUIPMENT

3-30 ADP Scanning e lec t ron  microscope (SEM) (CamScan, Bar H i l l ,  
Cambridge.) _

860 Ser ies  I ,  Energy-dispersive X-ray (EDX) ana lys is  system with 
s o l id  s t a t e  s i l i c o n  (Lithium) de tec to r  and fu l ly  q u a n t i t a t i v e  ZAF4/FLS 
software. (Link Systems, High Wycombe, Bucks.)

Manually operated press ,  type 3100-4399 (15 tonnes) .  (Perkin Elmer 
L td . ,  Beaconsfield, Bucks.)

Micro-mill  type MS 400, Retsch Spectromil l  and 'Shat te rbox '  gr inding 
m i l l .  (Glen- Creston, Stanmore, Middlesex.)

Double beam atomic-absorption spectrometer ,  Model 460 (Perkin 
Elmer L td . ,  Beaconsfield, Bucks.)

Cobalt and Multi-element s tandards .  (Agar Aids, S tansted ,  Essex.)

Plasmaprep 100 r . f .  a c t iva ted  oxygen low-temperature asher .  (Nanotech, 
Prestwich, Manchester.)

Microwave plasma de tec to r  MPD 850, (Applied Chromatography 
Systems Ltd . ,  Luton, Bedfordshire .)

Coulter Counter Model TAII, (Coulter E lec tron ics  L td . ,  Luton, Beds.)

Gas de tec to r  tubes,  (Draeger Safety,  Chesham, Bucks.)
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4.3 STUDIES USING SCANNING ELECTRON MICROSCOPY AND ENERGY 
DISPERSIVE X-RAY ANALYSIS (SEM/EDXA)

4.3.1 Presence of  a l k a l i  metal ch lor ides  in coal

The combined techniques of  scanning e lec t ron  microscopy (SEM) 
and energy-dispers ive  X-ray ana lys is  (EDXA) were u t i l i s e d  to 
a sce r ta in  the presence of  a l k a l i  metal ch lor ides  in  f re sh ly  f rac tu red  
pieces  of  coal  ( < 6 . 4  mm) and pressed coal powders ( < 212 pm).
The examination used the f a c i l i t y  of  X-ray mapping, whereby dots  
generated from c h a r a c t e r i s t i c  X-rays of  an element coincide  with 
the s p a t i a l  d i s t r i b u t i o n  of  t h a t  element. For example, sodium 
and ch lor ine  X-ray dots  generated from a c r y s t a l  of  sodium ch lo r ide  
would have the same d i s t r i b u t i o n s  of  much higher dens i ty  than 
the background X-ray counts.

Using t h i s  technique, ch lo r ine  was found not to be as soc ia ted  
with sodium, potassium or calcium and to be evenly d i s t r i b u t e d  
in coals  of  various ranks and o r ig in s .  Micrographs o f  a ty p i c a l  
X-ray elemental map showing the ch lor ine  d i s t r i b u t i o n  and the 
micrograph of  the same f resh ly  f rac tured  surface  are  shown in 
P la te  4.1 .

In order to prove th a t  the technique of  X-ray elemental
mapping was capable of  de tec t ing  d i s c r e te  p a r t i c l e s  of  sodium
chlor ide  in  coal ,  c r y s t a l l i t e s  of  AnalaR sodium ch lo r ide  of  s iz e
le s s  than 43 pm were added to a sample of  L i t t l e t o n  Park coal ( <2 1 2  pm)
and thoroughly mixed. The admixture, having a c a lcu la ted  ch lo r in e
content of 1.22 percent  compared with 0.72 percent  (m/m) for
the coal alone, was examined as previously described.  Numerous
sodium ch lor ide  c r y s t a l l i t e s  over 10 pm in s ize  could be de tec ted ,
and some as small as 3 pm were seen. Micrographs i l l u s t r a t i n g
one of  the la rge r  p a r t i c l e s  are shown in P la te  4.2.

I t  can thus be argued th a t  i f  sodium ch lor ide  i s  p resent  as such, 
i t  must e x i s t  as p a r t i c l e s  l e ss  than 3 pm in diameter,  probably 
l e s s  than 1 pm, taking in to  account the reported de tec t ion  l i m i t  
for  the SEM/EDX a p p a ra tu s .^®
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PLATE 4 .1(a)
Scanning Electron Micrograph

• . . " • * *• *
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PLATE 4.1(b)
Chlorine X - r a y  D is t r ib u t io n  Map of same area 
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PLATE 4 .2(a)
SEM micrograph of  L i t t l e t o n  coal pressed 
disc  with 0.5?o ch lo r ine  added as sodium 
________ ch lo r ide  (<  45 urn)_______________

SODIUM X-RAV DOTS. CHLORINE X-R0Y DOTS 
0.5% Cl As NaCKs) Added To Coat Disc-. 
L'TON 455 COAL+NaCl. 3Op i ■

PLATE 4.2(b)  _ ___
As above with image enhanced sodiumZchlorine X-ray 
 ________________ d i s t r i b u t i o n  only__________________
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4.3.2 SEM/EDXA of coal powders

Independent but i n d i r e c t  evidence for the uniformity of  ch lo r ine  
d i s t r i b u t i o n  in coal has been provided by the development of  
a procedure for the q u a n t i t a t i v e  determination of ch lor ine-by  
SEM/EDXA using compressed p e l l e t s  of  powdered coal .  This procedure 
has been described in Chapter 3.

Analyses using t h i s  method were performed on severa l  a i r - d r i e d
coals  of  d i f f e r e n t  o r ig in s  and ranks. Sulphur and ch lo r ine  determined 

149by B S methods are compared to  determinations of  the same 
elements by SEM/EDXA in Table 4 .1 .  The t o t a l  SEM/EDXA elemental 
determinations are l i s t e d  in Appendix 4.1.

The r e p l i c a t e s  of  ch lo r ine  r e s u l t s  by SEM/EDXA given in Table
4.1 show good re p ro d u c ib i l i ty  and agreement with B S values .
Sulphur analyses,  however, show poor r e p ro d u c ib i l i ty  and are 
invar iab ly  lower than the chemically determined values ,  of ten  
by appreciable  amounts. These r e s u l t s  (Table 4.1) in d ic a te  t h a t  
ch lor ine  i s  uniformly d i s t r i b u t e d  within the organic p a r t  of  
coal ,  i s  independent of  the area analysed and i s  probably p resen t  
in one bonding form. On the o ther  hand, sulphur i s  known to 
occur in coal as organic,  p y r i t i c  and sulphate  sulphur forms.
SEM/EDX determinations using ZAF4/FLS software o f  an element 
present  in more than one bonding form in a coal sample, were 
shown in Chapter 3 to give inaccura te  r e s u l t s .

The r e s u l t s  l i s t e d  in Appendix 4.-1 show good p rec is ion  and 
reasonable agreement with B S values for  the other  minor elements,  
except i ron ,  which i s  found in va r iab le  amounts in coa l ,  commonly 
as i ron p y r i t e .

Thus by using the technique of  SEM/EDX ana lys is  and X-ray elemental  
mapping no p o s i t iv e  evidence for  the ex is tence of  sodium, potassium 
or calcium ch lo r ide  c r y s t a l l i t e s  was found in t h i s  wide range 
of coals .
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4.4 HEAT TREATMENT

Ths behaviour of  ch lor ine  on heat treatment of  coal  i s  
considered extens ive ly  in the following sec t ions  to a s c e r ta in  i t s  
s t a b i l i t y ,  nature of  i t s  r e lea se  and the e f f e c t s  upon the coal 
res idue.

4.4.1 Dependence on temperature of heat ing

Samples (500 mg) of  two se lec ted  coals  were heated separa te ly
in alumina boats within a tube furnace for one hour with a i r

3 1and three hours with n i t rogen ,  a t  a flow r a t e  of 500 cm min

over the temperature range 160-220°C. A t h i r d  coal was heated
for one hour in a i r  alone. The ch lor ine  loss  was es timated by
ana lys is  of  the e f f l u e n t  gas co l lec ted  in n eu t ra l i s ed  hydrogen 

149
peroxide. The re s id u a l  ch lor ine  in the coal sample was determined

149
by the high temperature BS method. The r e s u l t s  a re  given 

in  Table 4.2 and p lo t t ed  in Figure 4.1.

The ch lor ine  lo sses  for  two of  the coals  are very s im i la r  in 
a i r  and n i t rogen ,  with the threshold  temperature for  ch lo r ine  
re lea se ,  being 180°C in both cases.  The th i rd  sample, Blidworth
High Hazles coal ,  had a s l i g h t l y  lower threshold  temperature

o o
of 170 C and three  times the ch lo r ine  loss  a t  200 C of  the two

other  samples. The losses  in  a i r  agree well with f indings  of  
121Edgecombe but not the losses  in  n i t rogen .  The lo s se s  a t  

200°C in both a i r  and nit rogen confirm th a t  the majori ty  of  ch lo r in e  
evolved i s  un l ike ly  to have been derived from the decomposition 
of  a l k a l i  ch lo r ide  (eg Sodium ch lo r ide ,  m.pt 801°C, b .p t  1413°C).

Sulphur de terminations  were a lso  c a r r ied  out on the samples using- 
149BS procedures.  The lo ss  of  sulphur in the majori ty  of  cases

was l e s s  than 0.02 percent  with a maximum of O.O3 pe rcen t .
This precludes the involvement of  oxides of  sulphur with the
chlor ine  loss  under mild heat  t rea tment.  I t  a lso  c o n t r a d ic t s

142the findings of  Gluskoter and Rees.
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Figure 4.1 Loss of chlorine with temperature from
coals heated in air and nitrogen

70-

rcentage ch lor ine  
l o s t

60.

Key

Thoresby Top Hard/Air 
Thoresby Top Hard/N2 
Thoresby High Hazles/Air  
Thoresby High H a z l e s / ^  
Blidworth High Hazles/Air

5QJ

40*

180 190 200 210
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4.4.2 Dependence on time of heating

Samples (300 mg) of  th ree  se lec ted  coals  were heated separa te ly
o

in a tube furnace a t  210 ± 3 C for  per iods of between 1 and 72
hours in  a i r ,  and a lso  in  n i t rogen .  The lo ss  of  ch lo r ine  and

149sulphur were es timated by ana lys is  of the e f f lu e n t  gas and

the ch lor ine  and sulphur contents  of the re s id u a l  coa ls  were 
149

also  determined. j ^ e r e s u l t s  are given in Table 4.3 and

p lo t ted  in graphica l  form in Figures  4 .2 ,  4.3 and 4 .4 .

The r e s u l t s  show a rapid  i n i t i a l  loss  of  ch lor ine  in  a i r ,  with
a s u b s ta n t i a l  lo ss  a f t e r  72 hours.  In nit rogen the ch lo r ine
loss / t im e  curve i s  of  s im i la r  shape, and also  c h a r a c t e r i s t i c
of  the simultaneous and independent decomposition o f  a mixture 

1 50of m a te r ia ls .  The f a c t  t h a t  a loss  of  ch lo r ine  occurs

in n i t rogen tends not to support  Edgcombe's suggestion t h a t  ch lo r ine
121lo ss  involves  an oxidat ion reac t io n  mechanism. Nor i s  the re

much support for  the proposal  t h a t  organic sulphur oxid is ing  
to sulphur dioxide a s s i s t s  in the l i b e r a t i o n  of  ch lo r in e .  The 
s u b s t a n t i a l  lo ss  of  ch lo r ine  a t  t h i s  comparatively low temperature 
argues aga ins t  the presence of  a l k a l i  ch lo r ide s ,  except possib ly  
in t r a c e  amounts.

In a fu r th e r  experiment por t ions  of  two of  the same coals  were 
heated a t  210 ± 5°C in an a i r  oven for longer per iods ,  and a lso  
a f t e r  gr inding to a f in e r  p a r t i c l e  s ize  (approximately 80 percent  
between 12 and 20 jum). The r e s u l t s  are given in Table 4 .4 .

I f  ch lo r ine  were present  in  more than one bonding form, e .g .
io n ic a l ly  and covalent ly  in proport ions  suggested by the sodium/

121ch lor ine  r a t i o ,  sodium/chlorine r a t i o  = water so lub le  sodium
 (ch lo r ine  equ iva len t)

water so lub le  ch lo r ine  
one form might be expected to be s ta b le  a t  the chosen temperature 

of 210 ± 5°c and prolonged heating a t  t h i s  temperature would 
not reduce the ch lo r ine  content below a c e r t a in  minimum. The 
high proport ion which i s  ev ident ly  l o s t  suggests  t h a t  i t  occurs 
mainly in one bonding form.
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Loss of chlorine at Z1U ± 'd L in air and nitrogen

Key

Loss in a i r  
0 —0  Loss in  ni trogen

Percentage Figure 4.2 Thoresby Top Hard 
ch lor ine
Lost

40

Figure 4.3 Thoresby High Hazles

20 .

Figure 4.4 Blidworth High Hazles

80.

9*

Time/hours
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TABLE 4.4

Loss of chlorine on prolonged heating (air-dried basis)

Thoresby
coal

P a r t i c l e
s i z e /
pm

Original  
ch lor ine  
content  

% m/m

Heating
per iod /

days

Chlorine 
remaining 
a f t e r  heat ing 

% m/m

Chlorine
l o s t

0// a

Top Hard <212 0.80 4 0.12 85
M II <212 0.80 16 0.10 87
II It < 45 0.80 16 0.07 92
High Hazles <212 0.93 4 0.16 83
ii , ii < 212 0.93 16 0.12 87
ii ti < 45 0.93 16 0.08 91
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In add i t ion ,  the range of  samples heated a t  205°C was increased  to 
include coals  of  d i f f e r e n t  ranks and o r ig ins  and low ch lo r ine  
contents .  The r e s u l t s  are given in Table 4.5 and c l e a r ly  show 
th a t  the loss  of  ch lo r ine  i s  independent of  the c o a l ' s  o r ig in  
or the amount of  ch lo r ine  i t  conta ins .  The higher percentage 
loss  a t  the smal ler  p a r t i c l e  s iz e  (over 90 percent)  i s  perhaps 
an in d ica t io n  t h a t  physica l  l im i t a t io n  may be a r e ta rd in g  fac to r
a t  l a rg e r  p a r t i c l e  s i z e s .

4 .4 .3  C a lo r i f i c  value lo ss  associa ted  with loss  of 
ch lo r ine  a f t e r  heat  treatment

Any attempt to ex p lo i t  the l a b i l i t y  of the ch lo r ine  atom to reduce 
the ch lor ine  content  of  coal  by thermal treatment  (e .g  preheat ing 
of  pulver ised fuel  in a counter  cu r ren t  flow of  power s t a t i o n  
f lue  gas) would be accompanied by some reduction in  c a l o r i f i c
value, depending on the oxygen content  of  the t rea tment medium.
In order to es t imate  the losses  incurred,  s t a t i c  samples of  coal 
were heated in a i r ,  n i t rogen  and a simulated f lue  gas for  d i f f e r e n t  
periods.

Two s e t s  of  experiments were ca r r i e d  out on the two Thoresby 
coal samples, of  which the basic  ana lys is  i s  given in Table 4 .6 .

( i )  Heating in a tube-furnace

In the f i r s t  s e t ,  500 mg samples o f < 212 jum coal were heated
ind iv idua l ly  a t  210 ± 5°C in a tube furnace with a i r  or a s imulated
f lue  gas for  one hour or with ni t rogen  for th ree  hours,  a t  gas

3 -1flow r a t e s  of  500 cm min . The e f f lu e n t  gases were passed
through n e u t ra l i s e d  hydrogen peroxide and the ch lo r ine  and sulphur

149contents  determined. The re s id u a l  coal was t r a n s f e r r e d
q u a n t i t a t iv e ly  to a 15 mm diameter capsule and the c a l o r i f i c  :

149value determined.

The r e s u l t s  are  given in  Table 4 .7 .
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(ii) Heating in an air-oven

In the second s e t ,  10 g samples of  each coal were heated in an a i r -  

oven a t  210 ± 5°C for 1 hour.  The coals  were then allowed 
to e q u i l i b r a t e  with the labora tory  atmosphere, and moisture,  
ash, sulphur,  ch lo r ine  and c a l o r i f i c  value determined. The 
r e s u l t s  are shown in Table 4 .8 .

The r e s u l t s  for both coals  show an i n s ig n i f i c a n t  lo ss  of  c a l o r i f i c  
value on heating in  the tube furnace in ni t rogen for  3 hours,  with 
an approximate ch lo r ine  lo ss  of  17 percent .  In a i r ,  both in 
the tube furnace and in the oven, the lo ss  in c a l o r i f i c  value 
i s  approximately ten percen t .  Using a simulated f lue  gas of  

composition by volume of  12% CO2 , 7% 02 and 81% N2 , the c a l o r i f i c  
loss  was found to be l e s s  than 3 percent .  The corresponding 
ch lor ine  lo ss  was 21 percent  for the Top Hard and 18 percent  
for the High Hazles coa ls  re sp e c t iv e ly .  The experimental cond i t ions ,  
however, are fa r  removed from those which would occur in  power- 
s t a t i o n  p r a c t i c e ,  where mixing would be more in t im ate  and con tac t  
time much l e s s .

Laboratory sca le  t e s t s  on a dynamic ch lo r ine  r e le a se  process  
could be undertaken to study these  e f f e c t s ,  but before the p r in c ip l e  
i s  s e r ious ly  advanced, methods for  separa t ing  the hydrogen c h lo r id e -  
laden f lue  gas from the fuel  and deal ing with i t s  co r ros ive  
p ro p e r t ie s  must be proposed and assessed.

4 .4 .4  I d e n t i f i c a t i o n  of  e f f l u e n t  gases from the low 
temperature heat ing of  coal

I f  indeed sodium ch lo r ide  c r y s t a l l i t e s  are p resent  in coal  t h e i r  
disappearance on heat ing must be explained by occlusion in  a 
more v o l a t i l e  decomposition product ,  or by chemical r eac t io n  
to produce a more v o l a t i l e  ch lo r ine  compound e.g

i

NaCl + NH4N03  NH4C1 ^  + NaN03

These two p o s s i b i l i t i e s  are considered below.

139



of 
ch

lo
ri

ne
 

an
d 

ca
lo

ri
fi

c 
va

lu
e 

in 
an 

ai
r-

ov
en

 
at 

21
0 

± 
5°C

 
(a

ir
-d

ri
ed

 
ba

si
s)

Ld
COC

0c
•H 0 r- cn
U  CO CM CM
O O oS
rH rH
JO
CJ

CO \o r-"
CO • •

>  O o? O ON
CJ rH r_

t_̂
Lt.

a <
•H Ot
U- '--- a  a
•H □"> a  co
U 0 JC LA T-
O 3 \ o  a
rH rH O rA rA
CO CO
CJ >

a
•H a  a
C- 0 a  no
•H 3 CO rA LA
U H  JJ. r- ia
O CO \ CM CM
H >  r~)
CO

CJ
E

£  \ CM r-
CO E • •

< <T CO
o?

0
U
3  E rA CM
4J \ • •
CO E NO I"*
•H
O aS

x

0
C  E
•H \ NO co
H E LA LA
O • •

rH o° o  a
JO
CJ

3  E CD <f
JZ \ co a
Q . E • •
rH O r-
3 oS
CO

rH
0
O
CJ

0
>> 0
JZ rH
0 XJ N
0 U  0

0 X
O X

JZ JZ
I— a. cn

O -H
h- X

140



4.4.4.1 Effluent from coal heated in air at 210 ± 5°C

The r e s u l t s  of  analysing the e f f lu e n t  gases from four coals  

in a cu r ren t  of a i r  a t  210 ± 5°c for  3 hours are given in 

Table 4 .9 . The f igures  show th a t  s u b s ta n t i a l  amounts of  
ch lor ine  were found in the n e u t ra l i s ed  hydrogen peroxide 
through which the e f f l u e n t  gases had been passed. Nei ther  
sodium nor potassium could be detected  in t h i s  s o lu t io n .
I t  follows th a t  the ch lo r ine  was not l o s t  from coal  on heat ing  
as sub-micron s iz e  p a r t i c l e s  of  sodium or potassium c h lo r id e .

The p ro b a b i l i ty  t h a t  the ch lo r ine  was evolved as hydrogen 
ch lo r ide  gas was supported by q u a l i t a t i v e  t e s t s  made with 
gas de tec to r  tubes on the atmosphere ins ide  an a ir -oven 
where about 13 g of  Thoresby High Hazles coal were spread 
out on a 20 cm diameter watch g lass  and heated a t  210 ±

3°C for  15 minutes.  Hydrogen ch lo r ide  was de tec ted  a t  
25 ppm while ch lo r ine  and ch lor ine  dioxide were undetec tab le  
(minimum d e tec tab le  concentra t ion  0.2  ppm).

4 .4 .4 .2  Formation of a v o l a t i l e  ch lo r ine -n i t roqen  compound

121 122
The hypothesis  t h a t  the ammonium ion or n i t rogen  * “ ’

was involved in the lo ss  of  ch lor ine  from coal on low temperature
heat ing was t e s t e d .  The coal  samples were t r e a t e d  in  two
ways: heat ing in an a i r  oven for  96 hours a t  210 ± 5°C,

and plasma-ashing a t  below 150°C. The res idues  and the
o r ig in a l  coals  were analysed for  t o t a l  n i t rogen  by the s tandard  

149method involving su lphuric  acid, d iges t ion  in  the presence 
of a c a t a l y s t  and steam d i s t i l l a t i o n  of  ammonia.

The r e s u l t s  are given in Table 4.10.

There i s  no apprec iable  lo ss  of  n i t rogen to account for
the known lo ss  of  ch lo r ine  a t  210 ± 5°C. Nitrogen could

not be detected  in  the plasma ash and evident ly  f ix a t io n
to n i t r a t e  does not occur with these samples under the cond i t ions
employed.
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These r e s u l t s  do not,  o f  course,  preclude the ex is tence  of 
ch lo r in e -n i t ro g en  l inkages  in the coal a t  temperatures  below 

200°C, which are e a s i ly  ruptured above th a t  temperature.

4 .4 .4 .3  Microwave plasma de tec t ion  of  chromatoqraphical ly
separated  gaseous products  from coal heated a t  210 ± 3°C

Notwithstanding the general  acceptance th a t  nearly  a l l  the 
ch lo r ine  in coal i s  l o s t  as hydrogen ch lo r ide  on hea t ing ,  
a gas chromatograph with a microwave plasma de tec to r  was used 
to id e n t i fy  any t ra ce s  of  ch lo r ine -con ta in ing  organic decomposition 
products which might a lso  be evolved.

Portions  (1 g) of  Thoresby Top Hard and High Hazles coals
were heated separa te ly  in a tube furnace a t  210 ± 3°C in  an

3 1a i r  or n i t rogen  flow of  100 cm min . The e f f lu e n t  gases

were scrubbed with d i s t i l l e d  water to remove hydrogen ch lo r id e
and then passed through a shor t  length of  Tenax gas chromatographic
adsorbent on which any organic compounds would be expected
to be r e ta in ed .  A degree of  concentra t ion  was ensured by
passing one ten th  of  the gas flow through the adsorbent for
a 20 minute per iod,  and dup l ica te  c o l l e c t io n s  were made.
Any adsorbed gases were then thermally  desorbed on to a 30 m
length of  squalane-coated c a p i l l a r y  column with a helium
c a r r i e r  as the column temperature was ra i sed  from 25 to 105°C 

/ 0 -1a t  4 C min . Detector response to carbon and ch lo r ine  
in the column e f f lu e n t  was recorded.

The same nine peaks occur in the ch lo r ine  chromatograms for  
each coal heated in a i r .  Five were t e n t a t i v e l y  i d e n t i f i e d  
as follows: ■

Dichloromethane 
Chloropropane 
Trichloromethane 
1-Chlorobutane 
Chlorobenzene
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Fewer peaks were observed when the coals  were heated in n i t rogen.  
High Hazles coal gave l a rg e r  peaks than Top Hard, but no est imate  
of concentra t ion  has been attempted, nor i s  i t  poss ib le  to 
say whether these compounds o r ig in a te  as fragments of  the 
coal s t r u c tu r e  or were formed by reac t ion  between the coal  
and the hydrogen ch lo r ide  evolved during hea t ing .  The l a t t e r  
has been shown to be un l ike ly  by passing a standard  mixture 
of  hydrocarbons in a i r  through the system in  the presence 
of a flow of  200 ppm hydrogen ch lor ide  in a i r :  no evidence
of c h lo r in a t io n  was observed.

No evidence has been found so fa r  to disprove the l a b i l e  nature  
of the ch lo r in e -co a l  bond on heat ing nor i t s  lack of  bonding 
a s soc ia t ion  with the ca t ions  present  in coal .

4 .4 .5  Loss of  ch lo r ine  on low-temperature plasma ashing

Fur ther  proof  of  the absence of  a l k a l i  ch lor ide  in coal i s  given
by the ease with which ch lo r ine  i s  re leased by ashing in  an oxygen
plasma. Using the Plasmaprep 100 equipment, 16 coals  (< 2 1 2  pm)

149
were dried in  n i t rogen  and exposed in 1-2 g amounts, spread
evenly on 9 cm diameter p e t r i - d i s h e s ,  to an atmosphere of  r a d io -
frequency exci ted  oxygen. The instrument was s e t  a t  20 wat ts
forward power, such th a t  the r e f l e c t e d  power was a minimum and
the temperature of  the sample did not exceed 150°C. Samples
were ashed to cons tant  weight for  up to 60 hours and then analysed

149for ch lor ine  using BS procedures.

The e f f e c t  of  plasma ashing on the ch lor ine  content  of  the samples 
i s  given in Table 4.11.  The average loss  of  ch lo r ine  ranged 
from 90-100 percent  and the re fo re  v i r t u a l l y  a l l  the ch lo r ine  
present  in these samples can be considered v o l a t i l e  under these  ; 
condi t ions .

4 .4 .6  Determination of  'Organic'  ch lor ine  in coal

151 152
This method ’ d i f f e r e n t i a t e s  between inorganic  ch lo r ine  
(as in c r y s t a l l i n e  sodium ch lor ide)  and organic ch lo r ine  (as 
in t r i c h lo ro p h e n o l ) . I t  has been appl ied to the two Thoresby 
coal samples.
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The p r in c ip le  involved i s  the r e le a se  o f  c h lo r in e  compounds by

thermal decomposition in  a hydrogen/ammonia atmosphere, followed
by t o t a l  conversion to hydrogen c h lo r id e  in  the presence of
a n icke l  c a t a l y s t  and f ix a t io n  as ammonium ch lo r id e .  The ammonium
chlo r ide  deposited on the wal ls  of  the quar tz  reac t ion  tube i s

153disso lved  in water and t i t r a t e d  using the Volhard technique.

The r e s u l t s  are given in  Table 4.12.

The r e s u l t s  of  the c a l i b r a t i o n  t e s t s  show t h a t  the procedure 
i s  capable of  d i f f e r e n t i a t i n g  between organic  ( t r ich lorophenol)  
and inorganic  ch lo r ine  (sodium c h lo r id e ) ,  and to  be v i r t u a l l y  
unaffected by the presence of  p y r i t e s .

In both coal samples almost a l l  the ch lo r in e  p resen t  was evolved
and de tec ted  as ammonium c h lo r id e .  Omission of  the n ickel  c a t a l y s t
produced no reduct ion  in  the recovery of  ch lo r in e  from coal ,
but with t r ich lo ropheno l  about a o n e - th i rd  reduct ion  in ch lo r ine
recovered was observed. A s im i la r  r e s u l t  was apparent  using
argon/ammonia c a r r i e r  gas in s tead  of  hydrogen/ammonia. Thus
although about 70 percent  of  the ch lo r in e  in  t r ich lo ropheno l
i s  re leased  as hydrogen ch lo r ide  on hea t ing  the remainder req u i re s
reduct ion  by the c a t a l y s t ,  whereas almost a l l  the ch lo r ine  in
coal i s  evolved as hydrogen ch lo r id e .  This conclusion agrees

154with the f indings  of  Iapa lucc i  e t  a l , who condensed and analysed 

t h e ■flue  gases from a labora to ry  s ca le  p u lv e r i sed  fuel  combustor. 
These f indings  are c o n s i s t e n t  with ch lo r in e  in coal  being p re sen t  
as an organic spec ies  or v o l a t i l e  ion ic  compound y ie ld ing  hydrogen 
ch lo r ide  on hea t ing .  ^

4 .4 .7  Behaviour o f  coal  with added sodium ch lo r id e  on heat ing
and plasma ashing

This sec t ion  d iscusses  the e f f e c t  of  low temperature heat ing 
and plasma ashing upon sodium ch lo r ide  added as a con t ro l  to !
coa l ,  in  the form of  a s o l id  or in so lu t io n .

To 1 g samples of  each of  4 coals  ( ^ 2 1 2  ^m) in po rce la in  c r u c ib l e s
were added known amounts of  s o l id  sodium ch lo r id e  ( 4 45 jum) or
sodium ch lo r ide  so lu t io n .  These, together  with samples o f  the

unadul tera ted  coal ,  were heated in an a i r  oven a t  210 ± 5°C for

96 hours and the re s id u a l  ch lo r ine  con ten ts  of  the whole sample
149determined by the Eschka method.
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TABLE 4.12

Determination of 'Organic1 chlorine in coal

Results of  c a l i b r a t i o n  with Trichlorophenol (TCP)

Carr ie r  gas
Wt of 
TCP/g

Wt of 
NaCl 

Added/g

Wt of  P y r i te s  
added/g

Percentage Cl in TCP 
determined
( th e o r e t i c a l  53.9% m/m)

Using Nickel
Cata lys t

1. Hydrogen 0.10367: - _ 53.3
2. Hydrogen 0.1001 0.0870 - 53.3
3. Hydrogen 0.0533 0.0510 0.1053 52.4

Without Nickel
Cata lys t

1. Hydrogen 0.1010 - - 38.6
2. Hydrogen 0.1004 — - 37.2
3. Argon 0.1006 40.4

Results  with Coal
(0.3 g a i r - d r i e d coal ( < 63 /jm) was used for each t e s t )

Total Car r ie r ' Organic' Chlorine 'Organic '
Thoresby coal Cl Gas ch lor ine in res idue  ch lo r in e  as

sample % m/m % m/m % m/m percent  of
t o t a l

Using Nickel
Cata lys t

1. Top Hard 0.75 Hydrogen 0.72 0.03 96
2. Top Hard 0.75 Hydrogen 0.70 0.04 93
3. High Hazles 0.91 Hydrogen 0.89 0.03 98
4. High Hazles 0.91 Hydrogen 0.87 0.03 96

Without Nickel
Cata lys t

1. Top Hard 0.75 Hydrogen 0.72 0.02 96
2. Top Hard 0.75 Argon 0.75 • < 0.02  100
3. High Hazles 0.91 Hydrogen 0.90 0.03 99
4. High Hazles 0.91 Argon 0.90 0.02 99
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The results are given in Table 4.13.

Assuming th a t  the loss  of  o r ig in a l  ch lor ine  from each coal i s  
independent of  the admixture there  i s  no in d ica t io n  th a t  any 
s ig n i f i c a n t  proport ion of  the added ch lor ine  has been expel led  
under the condi t ions  of  the experiment.

After  drying in a n i t rogen  atmosphere a t  105°C fu r th e r  por t ions  
of  the 4 samples were subjec ted to ac t iva ted  oxygen decarbonisa t ion  
using the low temperature plasma ashing equipment a t  a temperature 

below 150°C for 48 hours.

The r e s u l t s  are given in Table 4.14.

Again, the re  i s  no in d ic a t io n  t h a t  any s ig n i f i c a n t  lo ss  of  added 
ch lor ine  has occurred.

The p o s s i b i l i t y  remains t h a t  some of the sodium ch lo r ide  could 
become r ea c t iv e  on heat ing or plasma ashing i f  i t  penetra ted
the micro-pores of  coal  by impregnation. This suggestion i s
considered fu r th e r  by the t e s t s  described l a t e r  in sec t io n  4 .3 .3  
of t h i s  chapter .

4.3 CHEMICAL TREATMENT

This sec t ion  descr ibes  the removal of  ch lo r ine  from coal  
and associa ted  s t r a t a  by aqueous leaching and i t s  l i k e l y  a s so c ia t io n  
with other  so luble  ca t io n s .  The p o s s i b i l i t y  of  an anion-exchange 
reac t ion  of  ch lo r ine  in  coal i s  a lso  in v es t ig a ted .  A comparison 
of  the r eac t ions  of  coal  with pola r  and non-polar so lven ts  i s  given.
The treatment of  coal with perklone and sodamide in  xylene i s  d iscussed .

The method of  vacuum impregnation of  coal with sodium 
ch lor ide  described,  has been used to in d ica te  the nature  of  the .
ch lo r ine -coa l  bond. Chemical methods of  f ix ing  the evolved hydrogen 
ch lo r ide  produced on heat ing coal have also  been assessed.

F ina l ly ,  the s ec t ion  evaluates  an X-ray radiographic  technique 
to assess  coal po ros i ty .
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TABLE 4.13
Loss of  ch lo r ine  from coals  with added sodium ch lor ide  
on heat ing a t  210 ± 5UC (air-dr-ied  bas is )

Thoresby Top Hard Thoresby High Hazles
No Solid Liquid 

Addition Addition Addition
No Solid  Liquid 

Addition Addition Addition
Chlorine in o r ig in a l  
coal % m/m

0.80 0.80 0.80 0.93 0.93 0.93

Chlorine added % m/m - 0.85 0.85 - 0.86 0.85
Total ch lo r ine  in 
mixture % m/m 0.80 1.65 1.65 0.93 1.79 1.78

Total ch lo r ine  in 
residue a f t e r  
heat ing a t  210°C 
% m/m

0.12 0.97 0.95 0.16 0.98 1.01

Net ch lor ine  loss  
% m/m 0.68 0.68 0.70 0.77 0.81 0.77

Loss of  added 
ch lor ine  % - n i l 0.02 - 0.04 n i l

Lea Hall Shallow Hem Heath Yard/Ragman
No

Addition
Solid
Addition

Liquid
Addition

No
Addition

Solid
Addition

Liquid
Addition

Chlorine in o r ig in a l  
coal % m/m 0,74 0.74 0.74 0.49 0.49 0.49

Chlorine added % m/m - 0.82 0.91 0.72 0.75
Total ch lo r ine  in 
mixture % m/m

0.74 1.56 1.65 0.49 1.21 1.24

Total ch lor ine  in 
residue a f t e r  
heat ing a t  205°C 
% m/m

0.14 0.92 1.07 0.16 0.85 0.91

Net ch lor ine  loss  
% m/m

0.60 0.64 0.58 0.33 0.36
*

0.33

Loss of  added 
ch lor ine  % - 0.04 ( - 0 . 02) - 0.03 n i l
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TABLE 4.14

Loss of  ch lor ine  on plasma-ashing coal with added 
sodium ch lor ide  ( a i r - d r i e d  bas is )

Thoresby Top Hard Thoresbv Hiah Hazles
No

Addition
Solid

Addition
Liquid
Addition

No
Addition

Solid
Addition

Liquid
Addition

Chlorine in o r ig in a l  
coal % m/m 0 . 8 0 0 . 8 0 0 . 8 0 0 . 9 3 0 . 9 3 0 . 9 3

Chlorine added % m/m - 0 . 8 7 0 . 8 5 - 0 . 8 7 0 . 8 5

Total ch lo r ine  in 
mixture % m/m 0 . 8 0 1 . 6 7 1 . 6 5 0 . 9 3 1 . 8 0 1 . 7 8

Total ch lor ine  in 
plasma ash % m/m 0 . 0 3 0 . 8 7 0 . 8 5 0 . 0 3 0 . 8 6 0 . 8 5

Net ch lor ine  lo ss  
% m/m 0 . 7 7 0 . 8 0 0 . 8 0 0 . 9 0 0 . 9 4 0 . 9 3

Loss of added 
ch lor ine  % - 0 . 0 3 0 . 0 3 - 0 . 0 4 0 . 0 3

Lea Hall Shallow Hem Heath Yard/Ragman
No Solid Liquid No Solid  Liquid

Addition Addition Addition Addition Addition Addition

Chlorine in  o r ig in a l  
coal % m/m 0 . 7 4 0 . 7 4 0 . 7 4 0 . 4 9 0 . 4 9 0 . 4 9

Chlorine added % m/m 0 . 8 1 0 . 9 1 - 0 . 7 4 0 . 7 7

Total ch lo r ine  in 
mixture % m/m 0 . 7 4 1 . 5 5 1 . 6 5 0 . 4 9 1 . 2 3 1 . 2 6

Total ch lo r ine  in
plasma ash % m/m < 0 . 0 2 0 . 8 0  • 0 . 8 9 < 0 . 0 2 0 . 7 2 0 . 7 9

Net ch lor ine  loss
?o m/m 0 . 7 4 0 . 7 5 0 . 7 6 0 . 4 9 0 . 5 1 . 0 . 4 7

Loss of  added 
chlor ine  % 0 . 0 1 0 . 0 2 -

i

0 . 0 2 n i l
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4.5.1 Aqueous leaching experiments

These have been designed to  c l a s s i f y  the ease with which ch lo r ine  
can be leached from coal and a lso  i t s  poss ib le  r e l a t io n s h ip  
with water so luble  sodium or o ther  ca t ions .

4 .5 .1 .1  Standard t e s t  for  the c l a s s i f i c a t i o n  of  the aqueous 
l e a c h a b i l i t y  of  ch lor ine  from coal

A se le c t io n  of  coals  from the UK c o a l f i e ld s  of  the NCB were
c l a s s i f i e d  according to  the ease with which ch lo r ine  could
be removed by leaching .  The method developed involved placing
a r ep re se n ta t iv e  200 g of  J" by 1/ 8" f ra c t io n  of  coal  in
a s t a i n l e s s  s t e e l  basket and suspending t h i s  in a two l i t r e
beaker,  conta ining one l i t r e  of  d i s t i l l e d  water.  The basket
was shaken manually for  5 minutes and the l iq u id  s t i r r e d
using a magnetic s t i r r e r  for 24 hours.  After  10, 120 and
1440 minutes 100 cm"* of  the suspension were ab s t rac ted  by
means of  a p i p e t t e .  The suspension was f i l t e r e d  to  remove
f ine  coal and the ch lo r ide  content  of  the f i l t r a t e  determined 

153
by Mohr's method.

The r e s u l t s  of  these  t e s t s  are  given in  Table 4.15 and d isplayed 
as a bar cha r t  in Figure 4 .5 .  The basic  a n a ly t i c a l  data  
r e l a t in g  to the coals  used i s  given in Appendix 4 .2 .

C la s s i f i c a t i o n  using the t o t a l  ex t rac t io n  of  ch lo r ine  a f t e r  
24 hours i s  not easy although i t  has been suggested t h a t  
coals  could be separated  in to  two d i s t i n c t  types: the so
ca l led  'easy '  to  leach coals  ty p i f i e d  by Lea Hall Shallow 
and the ' d i f f i c u l t '  to leach coals  ty p i f i e d  by Cortonwood 
S i lks tone .  Cer ta in ly  a coal seam with l e s s  than twenty 
percent of  i t s  t o t a l  ch lo r ine  ex t r a c tab le  a f t e r  24 hours j
using the t e s t  could be considered as ' d i f f i c u l t '  to  leach.

The a n a ly t i c a l  r e p ro d u c ib i l i ty  of  the In ch in g  t e s t  for  nine 
coal samples was assessed using independent analyses  from 
the NCB Western Area Laboratory and the Central  E l e c t r i c i t y  
Board's Research Establ ishment .  The r e s u l t s  given in Table 4.16 
and displayed in the form of  a bar cha r t  in Figure 4.6 show 
exce l len t  agreement.



TABLE 4 . 1 5

24 hour leaching tests on k " x 1/8" coal samples (air-dried basis)

Colliery/Seam
Total 
chlorine 

% m /m

Leaching
time/
mins

Chlorine
leached

0/
/O

Water solubles % m/m 
Cl Na K Ca Mg

Florence/Rowhurst 0.99 10 2.7 0.027 0.011 < 0.001 0.004 <0.001
120 5.7 0.056 0.025 0.001 0.010 0.002

1440 9.1 0.090 0.039 0.006 0.019 0.003

Cortonwood/Silkstone 0.11 10 3.6 0.004 0.002 <0.001 <0.001 <0.001
120 6.4 0.007 0.005 < 0.001 <0.001 < 0.001

1440 8.7 0.010 0.008 <0.001 <0.001 <0.001
South Durham/'C' Seam 0.25 10 1.4 0.004 0.003 < 0.001 < 0.001 < 0.001

120 2.6 0.007 0.004 <0.001 0.001 < 0.001
1440 4.0 0.010 0.007 0.001 0.002 < 0.001

Cadley Hill 0.45 10 3.1 0.014 0.010 <0.001 0.003 0.001
(Bright Coal) 120 9.8 0.044 0.029 0.001 0.008 0.003

1440 23.4 0.106 0.065 0.001 0.019 0.009

Cadley Hill 0.39 10 4.6 0.018 0.012 <0.001 0.002 <0.001
(Dull Coal) 120 13.3 0.052 0.033 0.001 0.004 0.002

1440 25.2 0.098 0.062 0.001 0.009 0.004

T ilmanstone/Milyard 0.13 10 21.5 0.028 0.014 < 0.001 0.004 < 0.001
120 33.1 0.043 0.021 <0.001 0.009 0.001

1440 33.5 0.047 0.021 < 0.001 0.013 0.001

Lea Hall/Shallow 0.97 10 5.7 0.056 0.027 0.001 0.005 <0.001
120 16.3 0.158 0.078 0.002 0.013 <0.001

1440 35.2 0.343 0.164 0.003 0.026 0.004

Babbington/Blackshale 0.45 10 5.6 0.025 0.015 <0.001 0.003 <0.001
120 12.0 0.054 0.024 0.001 0.006 0.001

1440 21.7 0.098 0.044 0.001 0.010 0.003

Babbington/Tupton 0.76 10 11.1 0.084 0.035 <0.001 0.011 0.023
120 21.4 0.163 0.063 < 0.001 0.021 0.049
1440 32.1 0.244 0.102 0.001 0.041 0.008

Bilsthorpe/Low Main 0.74 10 12.0 0.089 0.040 <0.001 0.010 0.002
120 18.6 0.138 0.061 <0.001 0.018 0.004

1440 27.7 0.205 0.086 <0.001 0.035 0.006

Bilsthorpe/Parkgate 0.70 10 8.0 0.056 0.023 <0.001 0.005 0.001
120 16.6 0.116 0.106 <0.001 0.013 0.003

1440 35.9 0.251 0.240 0.001 0.036 0.006
Thoresby/Top Hard3 0.80 10 2.9 0.023 0.010 <0.001 0.002 0.001

120 6.3 0.051 0.023 <0.001 0.006 0.001
1440 18.8 0.151 0.071 0.001 0.019 0.005

Thoresby/Top Hard*3 * 0.89 10 10.0 0.089 0.046 0.001 0.009 0.002
120 22.8 0.203 0.110 0.002 0.027 0.005

1440 42.5 0.379 0.178 0.004 0.044 0.008

Thoresby/Top Hardb 0.84 10 14.6 0.123 0.056 0.001 0.016 0.003
(Resampled) 120 31.1 0.261 0.110 0.002 0.034 0.006

1440 48.6 0.408 0.172 0.003 0.063 0.010

Thoresby/High Hazles3 0.93 10 6.5 0.060 0.030 < 0.001 0.009 0.002
120 16.1 0.150 0.075 0.001 0.020 0.005
1440 36.1 0.336 0.173 0.001 0.048 0.P08

Thoresby/High Hazles*3 1.02 10 7.4 0.075 0.037 0.002 0.009 0.002
120 21.6 0.220 0.104 0.004 0.027 0.005

1440 44.6 0.455 0.208 0.009 0.062 0.010

Thoresby/Parkgate 0.73 10 9.5 0.069 0.029 <0.001 0.006i 0.001
120 18.5 0.135 0.062 0.001 0.015 0.003

1440 31.3 0.229 0.107 0.001 0.033 0.005

* Sample suspected to be contaminated with Dust Suppression water 

a Sampled in July 1980

k Sampled in June 1982

NB Water soluble iron was less than 0.1 mgl-1 in all the samples
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At the same time i t  seemed prudent to examine seam consis tency .  
Therefore, th ree  seams were sampled and analysed by the standard  
t e s t  approximately two years a f t e r  t h e i r  f i r s t  assessment.
The r e s u l t s  are given in Table 4.17 and displayed in  the form 
of  a bar cha r t  in Figure 4.7 .

Although good agreement i s  obtained for  the two 'easy to leach '  
seams (Thoresby High Hazles and Lea Hall Shallow) the Thoresby 
Top Hard seam r e s u l t s  appear anomalous. The resample taken 
for  t h i s  seam (March 1982) confirmed th a t  i t s  c l a s s i f i c a t i o n  
had changed from ' d i f f i c u l t '  to 'e asy '  to leach.

This tends to d i s c r e d i t  any attempt to c l a s s i f y  coal seams
according to  t h e i r  t e a c h a b i l i t y  with water or to propose leaching

156
mechanisms as suggested by Bettleheim and Hann which can 

be genera l ly  accepted for  a seam.

4 .5 .1 .2  Sodium to ch lo r ine  r a t i o  (SCR)

The above r a t i o  i s  ca lcu la ted  for coal using the percentage 
aqueous e x t r ac t io n s  of  ch lor ine  and sodium, the r a t i o  being 
given by:

Water so lub le  sodium (ch lor ine  equiva lent)
Water so luble  ch lor ine

I f  ch lo r ine  were p resen t  wholly or ch ie f ly  as sodium ch lo r ide
then t h i s  r a t i o  would approach or equal un i ty .  A number of

121 157researchers  ’ have suggested th a t  a l l  ch lo r ine  can be
ex trac ted  from coal with water providing the coal has been
f ine ly  ground but t h i s  i s  contrary  to the f indings  of  Gluskoter  

142and Rees. In order to c l a r i f y  the p o s i t ion  (and es t im ate
SCRs), about ten grammes of  ten coals  of  var ious ranks and 
o r ig in s  were ground separa te ly  for  f i f t e e n  minutes in  a ' shatterbox. '  
Using a Coulter  Counter the mean p a r t i c l e  s iz e  of  these  u l t r a f i n e

i

coals  was found to be approximately 10 jum.

Finely ground coal  (2.5g) was refluxed with deionised water (100 cm^) 

for 90 minutes.  The r e s u l t i n g  suspension was cooled and f i l t e r e d .  
The f i l t r a t e  and washings were then made up to 250 cm  ̂ in  a graduated 

f la sk .
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TABLE 4.17

Comparison of  l e a c h a b i l i t y  of  g" x 1/ 8" coal samples from 
three  seams taken a t  d i f f e r e n t  times

Coll ie ry Seam Date
Sampled

Total 
ch lor ine  

% m/m

Chlorine 
a f t e r  24

O'/0

leached
hours

Thoresby High Hazles July 1980 0.93 36.1
High Hazles February 1982 1.02 44.6

Thoresby Top Hard July 1980 0.80 18.8
Top Hard February 1982 0.89 42.5
Top Hard
N Resample March 1982 0.84 48.6

Lea Hall Shallow July 1979 0.61 37.4
Shallow March 1982 0.97 35.2
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Figure 4.7 Comparison of  l e a c h a b i l i ty  of x 1/8" samples 
from three  seams taken a t  d i f f e r e n t  times

A Percentage ch lor ine  
leached5 0

40-

30-

2 0 .

10  . CM00os CMCOos
CMCOos OSoCOos

oCOOs ce

CJ00QOCOLd
ooCOLdU.

Lea HallThoresbyThoresby
High Hazles Top Hard Shallow
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Aliquots of  t h i s  so lu t io n  were taken for the determination
153

of ch lo r ide  (Mohr t i t r a t i o n )  sodium, potassium, calcium 
and i ron (atomic absorption spectrometry).  The r e s u l t s  
and the ca lcu la ted  SCRs are given in Table 4.18.

Chlorine was q u a n t i t a t i v e ly  ex trac ted  from a l l  the coal 
samples examined. The SCRs ranged from 0.196 to 0.559, 
providing fu r th e r  evidence th a t  ch lor ine  i s  not p resen t  in 
coal ch ie f ly  as sodium ch lo r ide .  In add i t ion ,  the so lub le  
ca t ions  sodium, potassium, calcium and magnesium do not 
s to ich io m e t r ic a l ly  balance the soluble  ch lor ide  ions ( i . e  

TCC ra t io ^  ) except for  Cadley H i l l  b r ig h t  coa l .  The e l e c t r o -  
n e u t r a l i t y  i s  presumably maintained by hydrogen ions (H+).
This adds support to Daybell and P r i n g l e s ^ 2  suggestion as 

to the presence of  ch lo r ide  ion,  held by ion-exchange l inkages  
to coal .  This p o s s i b i l i t y  w i l l  be examined in more d e t a i l  
in a l a t e r  s ec t io n .

* TCCR = Total water so luble  a l k a l i  ca t ions  (ch lo r ine
______________________________ equivalent)

water soluble  ch lor ine

4 .5 .1 .3  Presence of  sodium ch lor ide  in  fusa in-enr iched  coal  sec t io n s

I t  was decided to a s c e r t a in  the e f f e c t  of  water leaching
samples from the East Midlands Coalf ie ld  of  fusa in-enr iched
coals  ground to  ^ 212 pm. Fusainous coal i s  very porous,
powdery and water should th e re fo re  ingress  i t s  micropore
s t ru c tu re  e a s i ly .  Seven coals  were a i r - d r i e d  and t h e i r  proximate

1 4 9composition d e t e r m i n e d ( T a b l e  4 .19 .)  Representat ive
20g increments of  these coals  were then leached with 100 cm^

of d i s t i l l e d  water in  a stoppered 250 cm  ̂ conica l  f la sk .  A

few drops of  methylated s p i r i t  were added as a wet t ing agent
and the coals  were continuously s t i r r e d  using a magnetic s t i r r e r
for  a 24-hour period.  The samples were f i l t e r e d  using a Whatman
541 f i l t e r  paper under vacuum and the f i l t r a t e  analysed for

153chlor ine  by Mohr’s method, sodium and potassium by flame 
photometry and calcium and magnesium by atomic-absorption 
spectrometry. The r e s u l t s  on an a i r - d r i e d  coal bas is  and 
the ca lcu la ted  sodium to ch lor ine  r a t i o s  (SCR) are given in  
Table 4.20.
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The t o t a l  ch lor ine  contents  of  four of the samples are very much 
higher than normally found in  bituminous coals  from the East 
Midlands c o a l f i e ld  and the SCRs range from 0.63-0.81 with 
a mean value of  0.71.

SEM/EDX elemental mapping described in sec t ion  4.3 .1 showed 
the presence of  sodium ch lo r ide  c r y s t a l l i t e s  in the samples; 
one such p a r t i c l e ,  approximately 30 ^m in  diameter i s  shown 
in P la te  4 .3 .  Q uant i ta t ive  es t imates  of  the samples using 
SEM/EDXA are given in Table 4.21.  The r e s u l t s  of  plasma- 
ashing on two of  the samples (Oller ton Parkgate and Sherwood 
Deep Hard/Piper) are given in Table 4.22. These r e s u l t s  are  
in d ic a t iv e  of the presence of  sodium ch lor ide  c r y s t a l l i t e s  
in varying proport ions  in  fusain-enriched  coal s e c t io n s .

Comparing the t o t a l  ch lo r ine  contents  given' in Table 4.20
with those in Table 4.21 the r e s u l t s  for  Calverton Low B r ig h t /
Brinsley and Sherwood Deep Hard/Piper seams appear odd, on
the bas is  t h a t  the SEM/EDXA r e s u l t s  are usually  lower than
chemical r e s u l t s  when the determinant i s  present  in more than

123
one chemical form. The SEM/EDXA f igure  i s  an average of  
measurements made on severa l  d i f f e r e n t  areas  of the sample, 
and in these two cases  the explanation may be t h a t  the a reas  
examined contained ch lo r ine  predominantly in  one form, i . e .  
sodium ch lo r ide .

4 .3 .1 .4  Presence of  sodium ch lor ide  in mudrock and sandstone 
roof  and f loor  s t r a t a  associa ted  with coal measures

I f  the ch lo r ine  p resen t  in coal has been derived from con tac t  
with hypersal ine  s t r a t a  water a f t e r  the rank has been e s ta b l i s h e d ,  
as suggested by Skipsey140’ 141 then sodium ch lo r ide  should 
be found in  the s t r a t a  assoc ia ted  with coal measures. The 
t e s t s  descr ibed in  t h i s  s ec t ion  are  designed to e s t a b l i s h  ;
t h i s  presence.

To determine the t o t a l  water so luble  ions,  twelve samples 
of  roof  and f lo o r  sandstone, s i l t s t o n e  and mudrock were ground 
to < 212 jum, a i r - d r i e d  and then leached with d i s t i l l e d  water 
as described in the previous sec t io n .  The r e s u l t s  a re  given 
in Table 4.23.  The r e s u l t s  of  plasma ashing four of  these  
samples are given in Table 4.24.
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PLATE 4 .3(a)
Scanning Electron Micrograph

S O D I U M  X-R.RV DOTS, 
F U S A I N  U I T H  A R E A  OF O L L E R T O N  P A R K G A T E .

C H L O R I N E  X >- R A V D O T S .  N a C l  C O N C E N T R A T I O N .
3 Op 1

PLATE 4.3(b)
Sodium and Chlorine X-rav 
D is t r ib u t io n  of same area
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TABLE 4.22

Chlorine re ta in ed  in  fusain-enriched  coal samples
a f t e r  plasma ashing for  48 hours a t  < 1 5 0  C ( a i r - d r i e d  bas is )

Colliery/Seam
Water soluble  

ch lor ine  
% m/m

Total 
ch lor ine  

% m/m

Percentage
ch lo r ine
re ta ined

Plasma 
ash 

% m/m

Oller ton/Parkgate 2.21 2.56 57.4 20.5

Sherwood/Deep Hard/ 
1s t  Piper 3.56 4.08 66.2 19.7
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TABLE 4.24

Chlorine re ta ined  in  roof  and f loor  s t r a t a  a f t e r  
plasma ashing for 48 hours a t<150°C ( a i r - d r i e d  bas is )

P i l l a r
sec t ion

no.

Sample

Descrip t ion

Chlorine 
Total Retained r e ta in e d -  

ch lo r ine  ch lor ine  percentage 
So m/m ^ m/m of o r ig in a l

Water 
Ash so luble  

So m/m ch lo r ine  
So m/m

81273
82210

82094

83373

Sandstone
Sandstone

Sandstone

Mudstone

0.46
0.41

0.43

0.42

0.41
0.36
0.40

0.38

0.18
0.16

89 86.4 0.49
93 95.1 0.37

89 95.2 0.39

40 63.7 0.28



Extrapolat ion of f igu res  from Table 4.23 p lo t t ed  in  Figure 4.8 
shows th a t  as the carbonaceous nature of  these s t r a t a  samples 
increases  then the water ex t rac tab le  ch lo r ine  as a percentage 
of  the t o t a l  decreases.  The ca lcu la ted  SCR's range from 
0.78-1.25 with a mean value of  0.98.

Table 4.24 shows th a t  on plasma ashing the four se le c ted  samples
the majori ty  of  ch lo r ine  present  i s  re ta in ed  in the ash in
a l l  but sample 83575. This mudstone sample i s  . .atypical
i e .  carbonaceous with an ash content of  63.7 percen t .  These
r e s u l t s  suggest  t h a t  a l l  the water so luble  ch lo r ide  presen t
i s  assoc ia ted  with sodium, presumably as sodium ch lo r ide  so lu t io n
in the pore water.  SEM/EDX examination of  the samples demonstrated
the presence of  sodium ch lor ide  c r y s t a l l i t e s .  A c l u s t e r
of  such c r y s t a l l i t e s  i s  i l l u s t r a t e d  in  P la te  4.4 the sm al les t
having a diameter of  approximately 2 urn. These r e s u l t s  and

140 141those in s ec t ion  4 .5 .1 .3  support the previous assumption 1 

t h a t  ch lo r ine  in coal has been derived, in p a r t ,  from contac t  
with perco la t ing  b r ine ,  subsequent to  the c o a l ' s  formation.

4 .5 .1 .5  Leaching c h a r a c t e r i s t i c s  of  low ash and low ch lo r in e  coals

In order to determine i f  sodium could be water ex t rac ted  from 
coal in  excess of  the water ex t r a c tab le  ch lo r ide  the following 
t e s t  was performed.

Six samples of  low ash and low ch lor ine  p i l l a r  s ec t io n  coal
samples, were ground to ^45 pm using the Retsch Spect romil l .
Ground material (20 g) was placed in  a 250 cm  ̂ conica l  f la sk

and 100 cm-̂  of  d i s t i l l e d  water added, plus a few drops of
methylated s p i r i t .  The f la sk  was stoppered and the con ten ts
magnet ically s t i r r e d  for  24 hours.  The suspension was f i l t e r e d
under vacuum using a Whatman 542 f i l t e r  paper and the so lub le
sodium, ch lo r ine  and potassium determined on the f i l t r a t e  •
as described in sec t ion  4 .5 .1 .3 .  The r e s u l t s  are  given in
Table 4.25.  As expected the water so luble  ch lo r ide  i s  low.
The water so luble  sodium and potassium are a lso  very low.

I t  would follow the re fo re  t h a t  low ch lor ine  coals  would have
low water e x t r ac ta b le  sodium contents  and possib ly  low t o t a l

117,122,139
sodium contents  as suggested by e a r l i e r  workers.
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PLATE 4 .4(a)
Scanning Electron Micrograph showing NaCl C r y s t a l l i t e s

SODIUM X-RflV DOTS . CHLORINE X-RHV.DQTS. 
SANDSTONE (FINE) ,
P/S 81273 (ROOF). 3p ■— i

PLATE 4.4(b)
Sodium and Chlorine X-ray 
D is t r ib u t io n  of  same area
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TABLE 4.25

Leaching of  low ch lo r ine  coals  to assess  
sodium-chlorine r a t i o  (SCR) ( a i r - d r i e d  bas is )

Coal
sample
number

Ash 
?o m/m

Chlorine in 
o r ig in a l Water so luble  analyses  % m/m
coal % m/m Cl Na K SCR

77888 8.2 0.09 0.02 0.01 0.001 0.90
77928 13.8 0.09 0.03 0.02 0.001 1.03
77929 8.5 0.07 0.03 0.02 0.001 1.24
77930 6.7 0.06 0.03 0.02 0.001 0.98
77931 7.2 0.08 0.03 0.01 0.001 0.77
77932 10.6 0.04 0.03 0.02 0.005 1.30
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Although the SCR's may be in d ica t iv e  as to the presence of  sodium 
chlor ide  c r y s t a l l i t e s  in these coa ls ,  none could be i d e n t i f i e d  
using SEM/EDXA.

4 .5 .2  Anion-exchange property of  the ch lo r ine -coa l  bond

I f  the ch lo r in e -co a l  bond exhib i ted  an anion exchange reac t io n  with a 
weakly basic  property i t  would be exchanged by the following 
anions in  order  of  r e a c t i v i t y :

OH > P04 3 > S04 2 > C l '

whereas i f  the ch lo r in e -co a l  bond exhib i ted  a s t rongly  bas ic  
anion exchange property ,  i t  would not be displaced by hydroxyl 
and the order of  r e a c t i v i t y  would be:

3_ v  2"  vP04 >  S04 >  Cl >  OH

The ten  coals  se lec ted  as re ference  samples were ground to  l e s s  
than 212 /urn and t r e a te d  with so lu t io n s  of  0 . 01- 1.00 molar sodium 
hydroxide, ammonium hydroxide, n i t r i c ,  sulphuric  and phosphoric 
acids as descr ibed below.

The a i r - d r i e d  coal  (2g of  ^  212 /jm) was magnetically s t i r r e d
for two hours in a stoppered 500 cm3 f la sk  with 100 cm3 of  d i s t i l l e d

water (or aqueous reagent)  plus a few drops of  methylated s p i r i t
as a wetting agent.  The suspension was vacuum f i l t e r e d  and
the water e x t r a c t  t i t r a t e d  for  ch lor ide  content  by Volhard's  

153method . The ch lo r ine  content of  the f i l t e r e d  coal res idue
149was determined on an a i r - d r i e d  bas is  by the Eschka method.

The percentage ch lo r ine  ex t rac ted  or exchanged was then ca lc u la t e d .
The r e s u l t s  given in Table 4.26 are not in d ic a t iv e  of  any anion-
exchange property ,  a t  the p a r t i c l e  s iz e  examined. This f inding

158agrees with u n p u b l i s h e d  s tud ie s  by Peterson and Brown.

I t  i s  i n t e r e s t i n g  to note t h a t  for  Cadley H i l l ,  Thoresby and 
Lea Hall samples the use of  sulphuric  and phosphoric ac ids  e x t r a c t s  
l e s s  ch lor ine  than d i s t i l l e d  water alone. I t  may be t h a t  the 
mechanism of  leaching with water i s  d i f f e r e n t  for  c e r t a in  coals  
in  the presence of  these  la rge  and highly charged ions.
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I t  i s  l i k e ly  th a t  the so lva t ion  of the ch lo r ine -coa l  bond w i l l  
be r e s t r i c t e d  by the a c c e s s i b i l i t y  of  ch lor ine  to the so lvent  
and hence i s  dependent on the pore s ize  of  coal .  I t  has been 
confirmed, however, t h a t  f ine  grinding of  coal enables a l l  the 
ch lor ine  to be ex t rac ted  by d i s t i l l e d  water alone, (see s ec t ion  
4 .5 .1 .2 )

4 .5 .3  S o lu b i l i ty  of  ch lo r ide  in pola r  and non-polar so lven ts

I f  ch lor ine  were a t tached  to  ni t rogen in  coal  as an amine hydro-
122ch lo r ide ,  quaternary or pyr id ine  s a l t , i . e . as a s t rongly  

ionic  compound, then i t  would be expected to be in so lub le  in 
non-polar so lven ts .

Samples of  the two Thoresby coals  (2g o f ^212 ^m) were magnetical ly

s t i r r e d  for  2 hours in a stoppered 500 cm^ f la sk  with 100 cm^

of each so lvent  (d ie th y l  e the r  and water) plus  5 drops of  e thanol
as a wett ing agent.  The so lu t io n s  were f i l t e r e d  and the water

153e x t r a c t  t i t r a t e d  for  ch lo r ide  content by Mohr's method. The

d ie thy l  e ther  e x t r a c t  was evaporated on alumina and the ch lo r ide
149determined by the high temperature method, as were the ch lo r in e  

contents  of  the o r ig in a l  coals  and the res idues  a f t e r  e x t r a c t io n .

The r e s u l t s  are given in  Table 4.27.

The f igures  in d ica te  t h a t  none of  the ch lo r ine  presen t  in the 
coals  examined i s  so luble  in cold d ie thy l  e th e r .  This evidence 
confirms th a t  the ch lo r in e -co a l  bond i s  s t rongly  io n ic .

4 .5 .3 .1  Reaction of  coal with sodamide in xylene 
(Tschi tschibabin  reac t ion)

I f  ch lor ine  i s  bonded to  coal covalently  then p o la r i s a t i o n  
of  the carbon-chlor ine  bond might be expected. Such a bond 
could ex h ib i t  nuc leophi l ic  s u b s t i t u t i o n  and hence displacement i 

of ch lo r ine .  The following experiment was used to  e s t a b l i s h  
i f  such a reac t io n  occurred.
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+ NaX

Two se le c te d  coals  were ref luxed for 3 hours with a xylene/ 
sodamide mixture in a soxh le t - type  arrangement ( Tschitschibabin 
r e a c t i o n ) .

The genera l  scheme of  t h i s  reac t io n  i s :

VS Boiling
+ NaNH2  >

- . xylene^ Sodamide 7

where X = halogen

The r e s u l t s  of  ana lys is  of  these samples a re  given in Table 4.28,  
and they do not show any apprec iable  lo ss  o f  ch lo r in e  by 
t h i s  t rea tment .  The a t tack  on the c h lo r in e -c o a l  bond by 
sodamide in  xylene would be by nu c leo p h i l ic  s u b s t i t u t i o n  
and th e re fo re  t h i s  does not occur. The s l i g h t  reduction 
in sulphur content  i s  a t t r i b u t e d  to the d i s s o lu t io n  in bo i l ing  
xylene of  some organic compounds p resen t  in  coa l .

The evidence so fa r  suggests  t h a t  the probable  mechanism 
of  attachment of  ch lo r ine  to coal  i s  ad d i t io n ,  producing 
a loose ion ic  l inkage.

4 .3 .3 .2  Reaction of  coal  with perklone

The e f f e c t  of  t r e a t i n g  coal with a ch lo r in a te d  hydrocarbon 
has been determined in the following t e s t .  Perklone was 
the s e le c te d  so lvent  because of  i t s  common use in  g rav i ty  

separa t ion  procedures for coa l .

A sample of  Calverton Low Bright  coal ( ^ 2 1 2  pm) was soaked 
in  Perklone (bo i l ing  poin t  121°C) a t  room temperature for 
24 hours and then dr ied  above p e rk lo n e 's  b o i l in g  point  a t  

130°c for  24 hours.  A sample o f  un t rea ted  coal  was a lso  

dr ied  a t  130°C for 24 hours and both samples were then analyse?!. 

The r e s u l t s  are given in Table 4.29.  The s ig n i f i c a n c e  of  
r e s u l t s  from one sample only should not be over-es t imated ,  
but i t  would appear t h a t  the t r e a te d  coal  r e ta in e d  33 percent  
more ch lo r ine  than the un trea ted  coal when both were heated 

above the bo i l in g  poin t  of perklone.  No explanat ion  of  th i s  
phenomenon i s  given here and i t  i s  suggested th a t  more coal  
samples and o ther  ch lo r ina ted  hydrocarbon so lven ts  could 
be examined s im i la r ly .
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TABLE 4.28

Reaction of  coal with sodamide in xylene (Tschi tschibabin)

Chlorine content  % m/ma
Coal

Orig ina l
After  re f lux ing  
in xylene 

( 3 hours)

After  re f lux ing  
in xylene with 
NaNH9 (3 hours)

Thoresby Top Hard 0.78 0.76 0.73

Thoresby High 
Hazles 0.82 0.78 0.74

Sulphur Content % m/m

Coal
Original

After  re f lux ing  
in xylene 

( 3 hours)

After  re f lu x in g  
in xylene with 
NaNH2 (3 hours)

Thoresby Top Hard 1.01 0.89 0.93

Thoresby High 
Hazles 1.19 0.99 1.04

a High temperature BS 1016^^
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In add i t ion  the thermal c h a r a c t e r i s t i c s  of  ch lo r ina ted  coals  
could be asce r ta ined .

4 .5 .4  Radiographic assessment of  coal porosi ty

Porosity  c l e a r ly  plays an important p a r t  in the absorption of 
ch lor ine  within the c o a l ' s  s t r u c tu r e  and in the f a c i l i t a t i o n  
of  removal by leaching.  Whilst  the t e s t  for leaching described 
in 4 .5 .1 .1  i s  s a t i s f a c t o r y  in p r a c t i c e ,  an a l t e r n a t iv e  and l e s s  
time-consuming method of  demonstrating d i f fe rences  in p o ro s i ty ,  
and perhaps of  c l a s s i f y in g  coals  for  l e a c h a b i l i t y , has been 
inv es t ig a ted .

160 161Beeching in  1938 1 showed th a t  samples of  coal  standing

in contac t  with so lu t io n s  of  lead s a l t s  and subsequently X-rayed 
a t  55 Kv, 50 mA for  0.15 seconds produced d e f i n i t e  and d i s t i n c t  
impregnation p a t t e r n s .  He appl ied the technique to a number 
of  d i f f e r e n t  coal  types and ca lcu la ted  a mean pore rad ius  from 
the t h e o r e t i c a l  equat ion:

h2 = £ £   1
a

Where h = height so lu t io n  r is en  •. (cm) 
t  = time (secs)
r  = mean pore rad ius  (cm)

A
T = surface  tension  of  so lu t ion  (dynes cm )

q_ = v i sc o s i ty  of  so lu t ion  (poises)

Samples of  coal from d i f f e r e n t  sub-sec t ions  of  Thoresby Top
Hard and High Hazles were taken from various p o s i t io n s  within
the seam. Pieces of  coal  were prepared from the subsec t ion
with approximately the following dimensions:-  6j  cm wide, cm high
and 1 cm th ick ,  a l l  with t h e i r  bases p a r a l l e l  to the bedding \
plane.  These samples were stood v e r t i c a l l y  in Pyrex beakers ,
(125 cm^) arranged in batches of  twelve on perspex shelves  and 
X-rayed. The samples were then removed, 10 cm  ̂ of  40 percent  
lead n i t r a t e  so lu t ion  was added to each beaker and the coal  samples 
replaced c a r e fu l ly  in the so lu t io n .  The beakers were covered 
to prevent evaporation and X-rayed i n i t i a l l y  a t  f requent  i n t e r v a l s ,  
and then l e s s  f requent ly ,  over a period of  seven- days.
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A qui te  remarkable d i f fe rence  in impregnation r a t e  i s  observed 
between these two coal seams. A photograph of a batch of  twelve 
seam sub-sec t ions  in contact  with lead n i t r a t e  for 7 days i s  
shown in P la te  4.5 with P la te  4.6 showing a comparison between 
a Top Hard sample and a High Hazles sample. Impregnation of 
the High Hazles coal was complete in 20 minutes w hi ls t  the Top 
Hard coal was impregnated to  only a quar te r  of  i t s  height  a f t e r  
7 days. D ef in i te  d is tances  of  impregnation could be measured 
from the X-ray con tac t  p r in t s  and using equation 1 the mean 
pore radius  was ca lcu la ted  for  both coals .  P la te  4.7 shows 
ty p ica l  contact  p r i n t s  of  X-ray p la t e s  for two of  the samples 
(ac tua l  s i z e ) ,  before and a f t e r  impregnation.

Calcula t ions  using equat ion 1

( i )  Top Hard Coal: mean pore radius  r  = (1 )2 x 8 x 0.033 - 3 8 x 10"®
86400 x 80 cm

( i i )  High Hazles Coal: mean pore radius
r = ( 6 .5 ) 2 x 8 x 0.033 = 1.2 x 10“4cm

1200 x 80

The p rec ise  numerical values are of  course unimportant and are 
obviously not a t ru e  measure of  pore s ize  s ince  t h i s  c a l c u l a t i o n  
would include any macro-f issur ing  within the samples, but the 
s ig n i f i c a n t  point  i s  t h a t  the two coals  d i f f e r  by severa l  orders  
of magnitude. This d i f fe rence  may be compared with the d i f f e ren ce  
between the ch lo r ine  l e a c h a b i l i t i e s  of  the Top Hard and High 
Hazles coalc ,  determined on the £ x 1/8 inch f r a c t io n  from 
the whole seam sec t ion  ( l e s s  d i r t )  by the procedure described 
e a r l i e r^ ( s e e  Table 4.15 and Figure 4 .5 ) .  The f igu res  are  19 
and 36 percent  r e sp e c t iv e ly .

At the very l e a s t  the method shows a s t r i k i n g  d i f fe ren ce  in
the way specimens from two seams absorb concentrated lead n i t r a t e  ;<
so lu t ion .

The general  a p p l i c a b i l i t y  of  t h i s  method to c l a s s i f y  coal  seams 
in order of l e a c h a b i l i t y  has been te s te d  by using nine seam 
samples from the East Midlands c o a l f i e ld .  The r e s u l t s  are  
given in Table 4.30.
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T/H T/H T/H T/H
M M J J

T/H T/H T/H T/H
J F F F

H/H H/H H/H H/H
D D A A

PLATE 4.5
Subsections  in contac t  with lead n i t r a t e  

so lu t ion  for 7 days

T/H = Top Hard 
H/H = High Hazles

$i

if|P*'>vV.:f % i-3

PLATE 4.6
Thoresby Top Hard 
Subsection J

Thoresby High Hazles
Subsection A

Thoresby coals  a f t e r  contact  for 7 days in 
lead n i t r a t e  so lu t ion
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PLATE 4 . 7  ( a )
T h o r e s b y  Top Hard  Th o r e s b y  Hi gh  H a z l e s
S u b s e c t i o n  J  S u b s e c t i o n  F

X - r a y  F i l m  c o n t a c t  p r i n t s  b e f o r e  a d d i t i o n  o f  
l e a d  n i t r a t e  s o l u t i o n  f o r  7 d a y s

PLATE 4 . 7  ( b )

T h o r e s b y  Top Hard T h o r e s b y  Hi gh  H a z l e s
S u b s e c t i o n  J S u b s e c t i o n  F

X - r a y  f i l m  c o n t a c t  p r i n t s  a f t e r  a d d i t i o n  o f  
l e a d  n i t r a t e  s o l u t i o n  f o r  7 d a y s
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TABLE 4.30

X-ray radiographic examination of coal

Sample
No.

Colliery Seam Sub­
section

Estimated mean 
pore radius 

./cm

Average pore 
radius 
/cm

Leachability 
order from 
estimated 
pore radius

Standard
leachability

O'
/O

Leachability 
order from 
standard 
leachability

1 Babbington Blackshale J
J
F
B
B

4.8 x 10“7 
3.4 x 10-5 
(4% sulphur -
2.3 x 10"7
1.4 x 10-4

. 4 x 10"5 

not measurable)

4 21.7 10

2 Babbington Tupton E
C
C
B
B

Canneloid
2.8 x 10~5
2.8 x 10"5
1.1 x 10“4
1.1 x 10~4

7 x 10-5 2 32.1 4

3 Bevercotes Parkgate H
H

4.7 x 10~7 
8.6 x 10"8

3 x 10-7 10 30.4 6

4 Bilsthorpe Low Main J
J
E
E

9.8 x 10~6 
1.5 x 10*5
5.8 x 10“7
4.8 x 10"7

6 x 10"6 6 27.7 9

5 Bilsthorpe Parkgate P
P
L
L

9.8 x 10“  ̂
1.6 x 10~9 
8.0 x 10-5 
5.3 x 10"6

5 x 10~5 3 35.9 ‘ 2

6 Ollerton Parkgate M
M
K
K

3.2 x 10“8 3 x 10*7 
(Not measurable)
6.1 x 10”7 
2.4 x 10"7

8 29.1 7

7 Rufford High Hazles E
E
B
B

4.7 x 10~7 
8.6 x 10"8
1.4 x 10~6
2.4 x 10-7

5 x 10*7 10 34.6 3

8 Thoresby High Hazles F
D
A

1.2 x 10-4
1.2 x 10’4
1.2 x 10"4

1 x 10~4 1 36.1 1

9 Thoresby Parkgate E
E
C
C

3.7 x 10-5
3.8 x 10-5
5.3 x 10~6
3.4 x 10~7

2 x 10-5 5 31.3 5

10 Thoresby Top Hard M
J
F

GO 
00 

GO 
1 

1 
1 

o 
o 

o
X

X
X

 

CO 
GO 

GO 

r*\ 
l*N 

1*̂

4 x 10"8 11 18.8 11

11 Welbeck Top Hard I
I

5.0 x 10"6
5.0 x 10“6

5 x 10"6 7 28.9 8
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This t a b l e  a t tem pts  to compare the order  of  l e a c h a b i l i t y  by 
the s tandard  procedure described in sec t io n  4 .5 .1 .1  with the 
es timated  average mean pore rad ius  c a lc u la te d  using the X-ray 
method. The r e s u l t s  although ex h ib i t in g  the same general  p a t t e rn  
show s e v e ra l  anomalies which prevent a s a t i s f a c t o r y  c o r r e l a t i o n .  
(Figure  4 . 9 ) .  The anomalies may be due to the presence of  d i f f e r e n t  
l i t h o t y p e s  with in  the seam.

The need to  t e s t  specimens from a t  l e a s t  each l i th o ty p e  of coal 
p re sen t  in  the seam has been in v e s t ig a te d .  A sub-sec t ion  taken 
from the  Babbington Tupton seam showed no p en e t ra t io n  of  lead 
s a l t  even a f t e r  seven days, but the o v e ra l l  seam's l e a c h a b i l i t y  
by the s tandard  t e s t  was f a i r l y  good. Examination of  t h i s  
su b -sec t io n  alone using the s tandard  t e s t  ( 4 .5 .1 .1 )  produced 
a very low c h lo r in e  e x t r a c t io n .  The s tandard  leaching t e s t  r e s u l t s  
for t h i s  su b -sec t io n  and two o ther  Babbington sub -sec t ions  are 
given in  Table 4.31 and d isplayed in the form of  a bar cha r t  
i n  Figure  4 .10 .  The bas ic  analyses  for  these  sub -sec t ions  
are  given in  Appendix 4 .3 .  The X-ray film con tac t  p r in t s  for  
su b -sec t io n s  E and C are  a lso  shown in P la te  4 .8 .  Examination 
of  Table 4.31 shows th a t  sub -sec t ions  B and C have very s im i la r  
leaching c h a r a c t e r i s t i c s  w h i l s t  those for  sub -sec t ion  E are  much 
lower. The r e s u l t s  in Appendix 4.3 show a d i f f e r e n c e  in  bas ic  
a n a ly s i s  for  sub -sec t ion  E when compared to  an a ly s i s  for sub­
s ec t io n  B and C and i t  was l a t e r  e s ta b l i s h e d  t h a t  sub-sec t ion  
E was in  f a c t  composed of  cannel coa l .

The assessment of  ch lo r ine  e x t r a c t a b i l i t y  for  the seam as a whole
e i t h e r  by the s tandard  t e s t  or by the X-ray rad iographic  method
must th e r e fo re  give due weight to  the d i f f e r i n g  e x t r a c t a b i l i t i e s
o f  the d i f f e r e n t  l i t h o ty p e s  p re sen t .  A f u r th e r  problem using
the X-ray rad iographic  technique i s  the presence of  d i r t  bands
or p y r i t e s  in the sample. Such in c lu s io n s  obscure the radiographic
r e p re s e n ta t io n  and make measurement of  the lead s a l t ' s  p e n e t r a t io n

d i f f i c u l t .  I t  i s  th e re fo re  necessary to s e l e c t  low ash, low
sulphur samples to ob ta in  the bes t  r e s u l t s .  Despite  these d i f f i c u l t i e s
and the ev iden t ly  complex nature  of  the pore system in coal

156e s ta b l i s h e d  by Bet tleheim and Hann ° i t  i s  s t i l l  thought t h a t  
the method gives  a rapid  guide to a s u b s e c t io n ' s  l e a c h a b i l i t y  
and a c l e a r  p i c tu r e  of  the macrofissur ing p re se n t .
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Figure 4.9 Estimated mean pore radius (lead nitrate test)
compared with r e s u l t s  using the s tandard 
l e a c h a b i l i t y  t e s t .

Mean pore 
radius  /cm 
(log sca le )  

1 x 1CT?
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Slope
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,-60.437 
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0 0
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Figure 4.10 Comparison of  the l e a c h a b i l i t y  of various
subsect ions  taken from Babbington Tupton seam
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PLATE 4.8 (a)
Babbinqton Tupton Babbington Tupton
Subsection E . Subsection C

X-ray film con tac t  p r in t s  before add i t ion  of 
lead n i t r a t e  so lu t ion  for  7 days

PLATE 4.
Babbington Tupton 
Subsection E

Babbington Tupton 
Subsection C

X-ray film contac t  p r in t s  a f t e r  add i t ion  of 
lead n i t r a t e  so lu t ion  for 7 days
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The com plications explained above however, do not allow the  method 
to  be used u n iv e rsa l ly  or in d isc r im in a te ly  for the assessment 
of le a c h a b i l i ty .  The v a r ia t io n  within subsections of a seam 
may explain  the discrepancy already mentioned when the s tandard  
leaching t e s t  was repeated on d i f f e r e n t  samples of the Thoresby 
Top Hard seam (see se c t io n  4 .5 .1 .1 ) .  This observation  throws 
in to  d isa r ray  any attem pt to  c la s s i f y  coal seams according to  
t h e i r  l e a c h a b i l i ty  with water.

4 .5 .5  Impregnation of coal with sodium ch lo r ide

The p o s s ib i l i t y  th a t  sodium ch lo r id e  might re a c t  w ith in  the  micropore 
s t ru c tu re  o f  co a l ,  mentioned in  sec t io n  4 .4 .7 ,  has been in v e s t ig a te d  
by impregnating coal with sodium ch lo r id e  so lu t io n  under vacuum.
The coals  examined included samples which had prev iously  been 
leached with water using the s tandard t e s t  to  remove so lu b le  
ch lo r in e .  I t  was thought th a t  treatm ent with sodium c h lo r id e  
so lu tio n  should a t  l e a s t  rep lace  t h i s  water so lub le  ch lo r id e .

In add ition  the use of ra d io a c tiv e  ch lo r ine  as a r a d io t r a c e r  
in  the vacuum impregnation experiment and the involvement of 
n itrogen  in  the bonding mechanism of ch lo r in e  to  co a l ,  are  assessed . 
The fa te  of sodium asso c ia ted  with ch lo r id e  in  the impregnation 
reac t io n  i s  a lso  determined.

4 .5 .5 .1  Sodium ch lo r id e  introduced by so lu t io n  
impregnation under vacuum

Duplicate samples (10 g) of a i r -d r ie d  coal ( 4 2 1 2  pm) were 
placed in  round-bottomed f la sk s  (125 cm^) with s id e  arms.

The f la sk s  were evacuated for 48 hours and the i n t e r n a l  p ressu re  
measured using a P ira n i  gauge. The vacuum approached 10 Torr 
for each sample before impregnation. The s ide  arm of  the  j 
f la sk  was sealed  and quickly immersed in  20?o NaCl s o lu t io n  
prepared with de-aera ted  d i s t i l l e d  water. The se a l  was 
broken and the so lu t io n  completely f i l l e d  the f la s k .  The 
side  arm was resea led  and the f la sk  conten ts  l e f t  for 16 days 
for the sodium ch lo r id e  so lu t io n  to  impregnate the co a l .
The con ten ts  were vacuum f i l t e r e d  and the coal a i r - d r i e d  
for 2 days. Each sample was then thoroughly mixed and the  
following t e s t s  performed.
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1) Moisture, ash and Eschka ch lo rine  con ten ts  0f 

impregnated and unimpregnated samples.

2) Plasma ashing of each sample a t  a temperature 
below 150°C followed by Eschka ch lo r ine  
determ ination on the res idue .

3) Heating samples a t  210 ± 5°C for 36 days and determining 
the ch lo r in e  content of the residue by the Eschka method.

4) Q u a l i ta t iv e  and q u a n t i ta t iv e  examination by SEM/EDXA.

The r e s u l t s  are  given in  Tables 4.32 -  4.36.

1) Take-up of ch lo r in e  on impregnation

Examination of Table 4.32 shows th a t  the leached coal samples 
impregnate to  a g re a te r  degree than the unleached co a ls ,  
the amount of ch lo r in e  take-up varying in  the range 2.0 -  3.5 
percent (m/m), with a corresponding increase  in  815°C ash 
content of 0.5 -  1.0 percent (m/m).

2) Loss of ch lo r in e  in  plasma-ashing

The r e s u l t s  of plasma ashing leached and unleached impregnated
coals  (Table 4.33) show th a t  about 20-25 percent of  the  e x t ra
ch lo rine  take-up on impregnation i s  l o s t  from unleached samples
and 25-30 percent from previously  leached samples. The ch lo r id e
ion in  so lu t io n  has ev iden tly  reac ted  with the coal substance
to form e i th e r  an add it ion  or s u b s t i tu t io n  product which
re a d ily  lo se s  ch lo r in e  on plasma ashing. The work c a r r ie d
out in  sec t io n  4 .5 .3 .1  suggests  th a t  the most l ik e ly  method
of attachment o f  ch lo r in e  to  coal i s  ad d it io n ,  to  produce
a loose io n ic  linkage . An a l t e r n a t iv e  theory th a t  some
sodium ch lo r id e  remains in  the micro-pore s t r u c tu r e  of the  j

143coal as a ' l i q u id  so lu t io n '  seems unnecessary to  account 
for i t s  presence, s ince  a t  some stage of the evapora tion /d ry ing  
process sodium ch lo r ide  would be deposited  on the coal su rface  
and behave as the s a l t .
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162 163The c l a s s i c a l  work of Freeh and Cedergren ’ who used 

both experimental r e s u l t s  and thermodynamic c a lc u la t io n s  
to  estim ate  hydrogen ch lo r id e  lo sses  from ch lo r id e  impregnated 
g raph ite  furnace tubes (GFAAS) when they were heated to  high 
tem peratures, might expla in  the decomposition of sodium 
c h lo r id e .  However, the reac t io n s  involved are complex and 
because of in te r fe re n c e s  of o ther ions not a l l  elements behaved 
in  the experiments q u ite  the same as was p red ic ted  by c a lc u la t io n .  
The l ik e l ih o o d  of such equilibrium  reac t io n s  occurring  a t  
150°C during plasma ashing or a t  203°C in an a ir-oven  seems 
very remote.

Some of the 70-80 percent added ch lo rine  not l o s t  on plasma 
ashing can re a d i ly  be id e n t i f i e d  as NaCl c r y s t a l l i t e s  on 
the su rface  of coal using SEM/EDX a n a ly s is .

N itrogen-contain ing  groups might be the means o f  attachment 
of ch lo r id e  ions to  form an 'o rg an ic ' s a l t .  I f  t h i s  were 
so, a g re a te r  s u s c e p t ib i l i ty  to  ch lo r ide  impregnation and/or 
subsequent lo ss  of ch lo r in e  on plasma ashing (or heating  

a t  210°C in  a i r )  might be observed in  coa ls  of g re a te r  n itrogen  
con ten t,  or more p a r t ic u la r ly  in  coals  of g re a te r  'b a s i c '  
n itrogen  con ten t.  This suggestion i s  explored l a t e r  in  
t h i s  se c t io n .

3) Loss of ch lo r in e  on prolonged heating

Taking in to  account the lo ss  of ch lo r ine  from coal a t  210 ± 3°C 
over extended heating  periods (Table 4.4) i t  was assumed 
for c a lc u la t io n  (Table 4.34) th a t  90 percent of the  o r ig in a l  
ch lo rine  p resen t in  coal would be l o s t  on heating  a f t e r  36 
days. The r e s u l t s  (Table 4 .35 ) ,  although in c o n s is te n t ,  
show once again a lo ss  o f  some of the impregnated ch lo r in e 4

i
for each sample. Although e r ro rs  due to  sample t r a n s f e r  
were elim inated  in  t h i s  t e s t  and in  the plasma ashing t e s t ,  
agreement between d u p lica tes  i s  not good.
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TABLE 4.34

Estimated loss of chlorine from untreated Thoresby
coals on prolonged heating (air-dried basis)

Assume 90 percent of the  o r ig in a l  ch lo rine  i s  l o s t  a f t e r  
heating a t  210 ± 3°C for 36 days (see Table 4.4)

Sample
No. Thoresby coal

Chlorine 
content 

% m/m

Estimated c h lo r in e  
lo ss  a f t e r  36 days 

% m/m

1 High Hazles 0.87 0.78

2 Top Hard 0.81 0.73
3 High Hazles leached 0.38 0.52
4 Top Hard leached 0.61 0.55
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4) Quantitative examination by 5EM/EDX analysis

With a few exceptions, mainly in  the case of sodium, agreement 
between r e p l ic a te  analyses by the SEM/EDX a n a ly s is  technique 
(Table 4.36) i s  reasonably good. Agreement between Eschka 
and SEM es tim ates  of  ch lo r in e  content for the unimpregnated 
coals  (samples 1-4 in c lu s iv e )  i s  very good (c f .  Table 4.32) 
but for the remainder the SEM figu res  are  only about h a l f  
those determined by Eschka.

Discrepancies of t h i s  kind are not unknown in  the s im ila r
technique of X-ray fluorescence an a ly s is  when the element
sought e x i s t s  in  more than one bonding form in the  m ate r ia l

130under examination. Sodium ch lo r ide  c r y s t a l l i t e s  were

shown to be p resen t by SEM/EDXA and the presence of the  l a b i l e  
form was prove.n by i t s  lo ss  on low-temperature hea tin g , and 
plasma ashing. A s im ila r  e f f e c t  was observed in  the case 
of sulphur in  the previous chap te r ,  when using the  same SEM/EDXA 
method the Eschka es tim ates  showed more sign of agreement 
in  the absence of p y r i t i c  and 'su lp h a te '  su lphur.

4 .3 .3 .2  Involvement of n itrogen  in  the high vacuum
impregnation of coal using aqueous sodium c h lo r id e

To assess  the poss ib le  involvement of n itrogen  in  the impregnation 
reac tio n  mentioned previously  in  4 .5 .5 .1 ,  twelve carbonaceous 
samples were impregnated as described in  th a t  s e c t io n ,  except 
th a t  the f la sk s  were evacuated for a reduced time o f  seven 
hours. The s e le c te d  samples covered a range of n itrogen  
contents  and analyses of t h e i r  plasma ashes are  given in  
Table 4.37.
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The r e s u l t s  of  the analyses of these samples a f t e r  impregnation 
and the e f f e c t  of plasma ashing them are given in  Table 4 .38.
The r e s u l t s  of heating  the impregnated samples in  an a ir-oven  
a t  210 ± 3°C appear in  Table 4.39. The SEM/EDXA r e s u l t s  
for the coals  before and a f t e r  impregnation are given in  Table 
4.40 with the  ab s tra c te d  average r e s u l t s  for c h lo r in e ,  sodium 
and sulphur given in  Table 4.41. Ash analyses o f  a l l  the 

samples a f t e r ' i n c i n e r a t i o n  a t  813°C are  shown in  Table 4 .42.

I t  can be seen from Table 4.37 th a t  the  amount of c h lo r in e  
re ta in ed  in  the samples on plasma ashing ranged from le s s  
than 0.02 percent to  a maximum of 0.04 percen t.

Analyses a f t e r  impregnation (Table 4.38) showed th a t  the  c h lo r in e  
taken up by the samples ranged from 1.97 percent for Daw Mill 
coal to  9.3 percent fo r -g ra p h i te .  On subsequent plasma ashing 
an average lo ss  of 20 percent of the added ch lo r in e  was found, 
the maximum lo ss  being 49 percent for the a c t iv a te d  charcoal 
sample. These r e s u l t s  confirm the previous f ind ings  th a t  
a proportion  of the ch lo r in e  added to  coal as NaCl, on impregnation 
becomes uns tab le  and i s  l o s t  on plasma ashing. The uptake 
of ch lo r in e  does not r e l a t e  to  the n itrogen  content o f  the 
samples ( c o r re la t io n  c o e f f ic ie n t  0 .39 ).  The sample o f  a c t iv a te d  
charcoal l o s t  approximately 30 percent of  i t s  added ch lo r in e  
on plasma ashing with a n itrogen  content much lower than the 
Thoresby coal samples (3 and 6 percent lo s s ) .  These observa tions  
do not support the hypothesis  th a t  the mechanism binding c h lo r in e  
to  coal involves n itrogen . The most l ik e ly  method o f  attachment 
i s  by so rp tio n  of ions in to  the coal s t r u c tu r e .

Examination of Table 4.39 shows th a t  the average lo ss  o f  added 
c h lo r in e ,  on heating  the samples a t  210 ± 5°C for 16 days ; 

i s  approximately 8 pe rcen t,  the range being from n i l  fo r  the 
Yorkshire I coal to  27 percent for ac t iv a te d  charcoa l.  Although 
the lo sse s  are sm aller than those obtained by plasma ashing , 
th i s  i s  not su rp r is in g  s ince  during the l a t t e r  process  a l l  
the carbonaceous m atter i s  destroyed. However, the r e s u l t s  
do show the same trend  as ind ica ted  in  Figure 4 .11.
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TABLE 4,41

SEM/EDXA of o r ig in a l  s e le c te d  samples used in 
impregnation t e s t s  ( a i r - d r i e d  b as is )

Sample
No. Sample Average 

Chlorine 
% m/m

Average 
Sodium 

% m/m

Average 
Sulphur 

So m/m

1 Thoresby High Hazles coal 0.90 0.36 1.05
2 Thoresby Top Hard coal 0.83 0.30 0.81
3 Thoresby High Hazles leached coal 0.39 0.18 0.82
4 Thoresby Top Hard leached coal 0.60 0.20 0.80
5 Manvers (6643D) coal 0.22 C 0.12 1.25
6 Yorkshire I coal 0.33 <.0.12 0.93
7 Yorkshire I I  coal 0.11 4 0.12 0.64
8 Daw M ill (7140D) coal 0.22 0.19 1.14
9 Russian A nthracite  coal 0.12 <.0.12 1.71
10 German Brown coal 0.12 <.0.12 4.0.10
11 Activated Charcoal — - -

12 Graphite 0.06 <0.12 4.0.10

SEM/EDXA of impregnated se le c te d  samples ( a i r - d r ie d  b a s is )

13 Thoresby High Hazles coal 1.57 1.04 0.81
14 Thoresby Top Hard coal 1.86 1.01 0.74
15 Thoresby High Hazles leached coal 1.54 1.10 0.76
16 Thoresby Top Hard leached coal 1.85 1.02 0.80
17 Manvers (6645D) coal 1.15 0.77 1.09
18 Yorkshire I coal 1.13 0.75 0.77
19 Yorkshire I I  coal 1.19 0.84 0.60
20 Daw Mill (7140D) coal 1.22 0.92 0.99
21 Russian A nthracite  coal 2.26 1.79 0.39
22 German Brown coal 2.00 3.80 0.11
23 A ctivated Charcoal - — -

24* Graphite 10.80 7.61 c  0.10

Not determined
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The anomalous nature  of the German brown coal (sample number 22) 
may be a t t r ib u te d  to  i t s  high calcium content (see Table 4 .4 2 ) .
I t  i s  shown l a t e r  in  t h i s  chapter (sec tio n  4 .5 .6 .2) th a t  calcium 
oxide has some success in  f ix ing  ch lo r ine  as calcium c h lo r id e  
a t  low tem peratures (205°C).

The SEM/EDX analyses given in  Tables 4.40 and 4.41 show th a t  
a f t e r  impregnation the elemental co ncen tra tions ,  excepting 
sodium and c h lo r in e ,  decrease; and th a t  t o t a l  ch lo r in e  analyses 
on the impregnated samples compared with chemical method r e s u l t s  
are  low, an observation  th a t  has been mentioned e a r l i e r .
The analyses of the samples ashed a t  815°C given in  Table 4.42 
show a range of elemental compositions and i t  i s  i n t e r e s t in g  
to  note th a t  Russian a n th ra c i te  r e ta in s  approximately 5 percen t 
ch lo r ine  a f t e r  ashing a t  t h i s  tem perature. The chemical 
a t tack  on platinum c ru c ib le s  a t  815°C by the German brown 
coal impregnated sample (number 22) demonstrates the highly 
co rros ive  nature  of calcium oxide and sodium ch lo r id e  m ixtures.

I t  should be borne in  mind in  considering  impregnation r e s u l t s  
th a t  sodium ch lo r id e  may remain on the su rface  of co a l .

This problem of s u p e r f ic ia l  sodium ch lo r id e  has prompted the 

suggestion to  use ra d io a c tiv e  36c i  i n sodium ch lo r id e  so lu t io n  

to  in v e s t ig a te  fu r th e r  the  exchange of ch lo r ine  in  the  c h lo r in e -  
coal r e a c t io n .  An attem pt to  perform such experiments i s  described  
in  a subsequent s e c t io n .

4 .5 .5 .3  Water e x tra c t io n  of carbonaceous samples before  and 
a f t e r  impregnation with aqueous sodium c h lo r id e

When coal or carbonaceous samples are impregnated with sodium 
ch lo ride  so lu t io n  a proportion  of the ch lo r id e  added to  the

i

coal becomes unstab le  a t  low tem perature. The -fate o f  the  !
sodium asso c ia ted  with the ch lo r id e  under these cond it ions  
has not yet been e s ta b lish e d .
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Samples of coal and a c t iv a te d  charcoal were impregnated using
the s tandard procedure and the ch lo rine  conten ts  of the o r ig in a l
and impregnated samples determined by the Eschka method.
Subsamples of each (500 mg) were placed in  a con ica l f la sk

(100 cm^) and d i s t i l l e d  water (30 cm^), plus a few drops of

methylated s p i r i t  were added.. The f la sk  was stoppered and
i t s  con ten ts  m agnetically  s t i r r e d  for 24 hours. The suspension
was cen tr ifuged  for 30 minutes a t  3000 r .p .m . and the supernatan t

1 5 3l iq u id  analysed for ch lo r id e  by Mohr's method and for sodium 
by flame photometry. The r e s u l t s  are given in Table 4.43.
The SCR r a t io  allowing for the water so lub le  sodium and c h lo r in e
o r ig in a l ly  p resen t in  the coals  can be seen to  be un ity  for
the impregnated samples, suggesting th a t  sodium remains in
the coal a f t e r  impregnation, probably as adsorbed ions , and
both sodium and l a b i l e  ch lo r id e  ions thus introduced are  a c c e ss ib le
to subsequent w ater-leach ing .

This conclusion may be used to  fu r th e r  the arguments fo r the
suggestion th a t  sodium ch lo r id e  so lu t io n  re s id e s  in  the  c o a l ' s  

143microstruct.ure . However t h i s  theory exp la ins  n e i th e r  
the low tem perature i n s t a b i l i t y  of ch lo rine  but not sodium, 
nor the d i f f e r e n t  water e x tra c t io n  c h a r a c te r i s t i c s  of c h lo r in e  
compared with sodium. The most l ik e ly  explanation  i s  th a t  
ch lo r ide  ions are  adsorbed onto re a c t iv e  s i t e s  w ith in  c o a l ' s  
m icros truc tu re  producing a loose ion ic  bond, unassocia ted  
with sodium. The physica l and chemical evidence so fa r  e s ta b lish e d  
suggests th a t  the vas t m ajority  of ch lo r in e  i s  p resen t in  
coal in  t h i s  form.

4 .5 .5 .4  Vaccum impregnation of coals  using ^C 1  in  sodium 
ch lo r id e  so lu t io n  as a rad io ac tiv e  t r a c e r

The radiochem istry  f a c i l i t i e s  a t  S heff ie ld  City Poly technic  '
have been used to  impregnate four coal samples s im ultaneously  

with rad io ac tiv e  ^ C 1 in  a 20 percent sodium ch lo r id e  s o lu t io n .

36C1 i s  an em itte r  of negative beta  p a r t i c l e s  (Emax = 0.714 MeV) 

with a long h a l f - l i f e  of 3 x 10^ years.
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Small q u a n t i t ie s  of  coal (~ 5 0 0  mg) were impregnated with ^ c i  

in  20 percent sodium ch lo r id e  so lu t io n  under the same vacuum 
conditions  as described previously  (sec t io n  4 .5 .5 .1 ) .  A photograph 
of the apparatus used for evacuation i s  shown in  P la te  4 .9 .
The vacuum pump of the Nanotech Plasmaprep 100 plasma ashing 
u n i t  was used to  evacuate the glassware. A fter f i l t r a t i o n  
and a i r  drying, increments of approximately 100 mg of the 
rad io ac t iv e  samples were counted using an end-window geiger 
d e te c to r .  These increments were then plasma ashed fo r  48 
hours to cons tan t weight with frequent s t i r r i n g  to  ensure 
complete decarbon isa tion  of the sample. The plasma ash was 
counted under the same geometry cond itions  as those for the 
coal and the  percentage change in  r a d io a c t iv i ty  c a lc u la te d .
In add it ion  the ra d io a c t iv e  sodium ch lo r id e  so lu t io n  was counted 
using a l iq u id  c e l l  ge iger counter before and a f t e r  impregnation 
of coa l .  The procedure was repeated on the same four coal 
samples to  give d u p l ic a te s ,  using the f i l t e r e d  ra d io a c t iv e  
so lu t io n  from the f i r s t  impregnation t e s t .

The r e s u l t s  fo r  the f i r s t  impregnation t e s t  are given in  Table 4 .44. 
The second t e s t  r e s u l t s  have been r e je c te d  from fu r th e r  d iscu ss io n  
because o f  lo ss  o f  vacuum p r io r  to  impregnation. The r e s u l t s  
for the f i r s t  t e s t  are  in c o n s is te n t ;  o f  ten samples plasma 
ashed, f iv e  demonstrated a lo ss  in  r a d io a c t iv i ty  w h ils t  f iv e  
showed an apparent gain in  r a d io a c t iv i ty .  The poor r e p e a ta b i l i ty  
for the determ ination of the percentage plasma ash i s  a t t r i b u t e d  
to  inhomogeneity and in s u f f ic ie n t  a i r -d ry in g  of the  coal samples.

The apparent increase  in  r a d io a c t iv i ty  o f  the sodium ch lo r id e  
so lu tio n  a f t e r  impregnation a t  f i r s t  seems su rp r is in g  but 
th i s  can be explained by so rp tion  o f  water molecules by coa l .j
under the cond itions  of impregnation. Attempts to  r e l a t e
the percentage increase  in  so lu t io n  count r a te  to  the BS percentage

149moisture holding capacity  of the coa ls  were unsuccessfu l.
The u ltim ate  vacuum requirement for th i s  BS t e s t  i s  a t  l e a s t
two orders of magnitude lower than those used for the impregnation
experiment.
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PLASMAPREP 100

PLATE 4 . 9

A p p a r a t u s  u s e d  t o  i m p r e g n a t e  c o a l s  w i t h  r a d i o a c t i v e  
c h l o r i n e  ( G l a s s w a r e )  and  N a n o t e c h  P l a s m a p r e p  100 

p l a s m a  a s h i n g  u n i t

1

Key

a P y r e x  i m p r e g n a t i o n  g l a s s w a r e

b N a n o t e c h  P l a s m a p r e p  100 • 
i n s t r u m e n t

c P l a s m a  a s h i n g  c h a m b e r  s h o w i n g  
a s h  c r u c i b l e s

d P i r a n i  vacuum g a u g e

213



TABLE 4.44

F i r s t  impregnation t e s t  -  counting r e s u l t s  before and 
a f t e r  plasma ashing

SOLIDS

Sample
No.

Coal
Plasma 

ash 
% m/m

Corrected 
Cpm before 
ashing

Corrected 
Cpm a f t e r  
ashing

Change
O'/O

Average
change

0'/O

1 Thoresby Top Hard 10.25
11.30

17977
16275

17411
14687

-  3.2
-  9.8

-  6.5

2 Thoresby High 
Hazles

11.24
9.93

10141
10083

7804
8423

-  23.1
-  16.5 -  19.8

3 Thoresby Top Hard 
leached

13.93
17.25

7.16

14473
19192
10082

18138
25311
18461

+ 25.3 
+ 32.0 
+ 83.0

+ 46.8

4 Thoresby High 
Hazles leached

14.22
11.85
7.74

11073
8861
2867

13346
9693
2107

+ 20.5 
+ 9 .4  

-  26.5
+ 1.1

SOLUTIONS

O rig inal sodium ch lo r id e  so lu t io n  25353 Cpm

Cpm Increase
F i l te re d so lu t io n from coal sample 1 29350 15.8
F i l te re d so lu t io n from coal sample 2 31857 25.7
F i l te re d so lu t io n from coal sample 3 30828 21.6
F i l te re d so lu t io n from coal sample 4 28190 11.2
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The problems causing inconsis tency  in  r e s u l t s  fo r  counting
s o l id  ra d io a c t iv e  coal and ash samples are  two-fold} f i r s t l y
the very high p ro p o rtio n  o f  sodium ch lo r id e  th a t  does not
re a c t  w ith in  the  coal m ic ro s tru c tu re  but remains on the coa l su rface
and secondly and probably more im portan tly , the d if fe re n c e
in  p T  abso rp tion  by coal and coal ash m atr ice s .

I t  i s  p o ss ib le  th a t  these  problems may be overcome by using 
a more d i lu te  sodium c h lo r id e  so lu t io n  for impregnation and 
fusion o f  ra d io a c t iv e  coal and coal ash with Eschka mixture 

and subsequent r e le a se  o f  the ^C 1 in to  so lu t io n  using n i t r i c  
ac id .  .

Summarising the behaviour of sodium ch lo r id e  added to  c o a l ,  
the evidence here and in  sec t io n  4 .4 .7  supports  a hypothesis  
th a t  i t  w i l l  r e t a in  i t s  'in o rg a n ic ' p ro p e r t ie s  as a s ta b le  
c r y s t a l l i n e  s o l id  u n less  i t  can find i t s  way in to  the micropore 
s t ru c tu re  of the c o a l .  I f  t h i s  i s  accomplished by impregnation 
with a s o lu t io n  under vacuum a t  l e a s t  20 percen t w i l l  be converted 
to a l a b i l e  form. The proportion  may be much h ig h e r ,  as 
some i f  not a l l  o f  the balance of 80 percen t e x i s t s  as a s u p e r f i c i a l  
lay e r  o f  s a l t  l e f t  by evaporation of the w ater. This l a b i l e  
form of c h lo r in e  i s  not bonded to sodium or n i tro g en  in  c o a l .

4 .5 .6  Retention o f  ch lo r in e  in  coal as ch lo r id e  by the 
ad d it io n  of chemical f ix a t iv e s

The v o l a t i l e  na tu re  o f  c h lo r in e  p resen t in  coal i s  w ell e s ta b l i s h e d .
The next four s e c t io n s  d iscu ss  the p o s s ib i l i t y  o f  t r e a t in g  coal 
with chemical a d d i t iv e s  in  order to f ix  the evolved c h lo r in e  
as a s ta b le  ino rgan ic  ch lo r id e .

4 .5 .6 .1  Addition of potassium carbonate

The idea th a t  an a l k a l i  such as s o l id  ground potassium carbonate
\

added to  coal might in c rease  the c h lo r in e  r e te n t io n  in  the  ' 
residue a f t e r  plasma ashing via reac t io n  with hydrogen c h lo r id e  
was examined. Ground potassium carbonate (5 p e rcen t m/m) 
was added to  a sample o f  Thoresby High Hazles coa l and mixed 
using a s p a tu la .  This admixture was then sub jec ted  to  plasma 
ashing for a period  of 3 days to ensure complete d eca rb o n isa t io n  
of the sample. The res idue  was analysed for c h lo r in e  co n ten t 
and examined using the SEM/EDXA equipment.
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The results are given in Table 4.45

A s l ig h t  increase  in  r e te n t io n  of ch lo r ine  was observed, but no 
potassium ch lo r id e  c r y s t a l l i t e s  could be id e n t i f i e d  with the  
SEM/EDX equipment. Iap a lu cc i  e t  a l  in  th e i r  work on c h lo r in e  
in  coal combustion using a p i l o t  p lan t  pu lverised  fue l combustor- 
r ig  found an in c rease  in  ch lo r ine  re ta in ed  in  coal from 4 .4  -  
18.9 percent on ad d it io n  of 1.6 percent by weight of potassium 
carbonate . This fundamental reac t io n  to  form a s a l t  would 
be expected to  occur more re a d i ly  provided the coal and carbonate 
were in t im a te ly  mixed, say in  a f lu id is e d  bed environment.

4 .5 .6 .2  Addition of calcium oxide

I t  seems reasonable to  suggest th a t  calcium oxide ground to  
^  45 ^m and added to  coal may f ix  some o f  the ch lo r in e  as 

calcium ch lo r id e  during low temperature in c in e ra t io n .  This 
was te s te d  using samples of Thoresby Top Hard and High Hazles 
coa ls  with added amounts of  calcium oxide a t  co ncen tra tions  
of 5.0?o, 1.0?o, 0.5?o and 0.1 % m/m. Four 2g samples were prepared 
for each coal a t  the sp e c if ie d  concen tra tions  and placed in  
glazed po rce la in  c ru c ib le s .  These were then heated in  an 
a ir-oven  a t  205 ± 5°C for 16 days. A co n tro l  sample without 
any add it io n  of calcium oxide was a lso  heated under the  same 
cond itions  for 16 days. A fter t h i s  period two samples were 
re ta in e d ,  one fo r SEM/EDX examination and the o ther fo r  Eschka 
ch lo r ine  determ ination . The th i rd  sample was sub jec ted  to  
fu r th e r  heating  a t  500°C for 2 \  hours and the fourth  to  ashing 
a t  815°C for 1j hours.

Using the SEM/EDXA equipment c r y s t a l l i t e s  of calcium ch lo r id e  
were id e n t i f i e d  in  a l l  samples heated a t  205 ± 5°C where calcium 
oxide ad d it io n s  had been made. The amount increased  as the 
percentage calcium oxide add ition  increased . An example 
of such a c r y s t a l l i t e  can be seen in  P la te  4.10.
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TABLE 4.45

Retention of chlorine in plasma ashing with potassium carbonate

Thoresby coal
Chlorine 
content 

% m/m

Chlorine re ta in ed  
in  plasma ash 
based on o r ig in a l  

coal % m/m

Percentage of 
o r ig in a l  ch lo r in e  

re ta in e d

High Hazles 0.91 0.03 3.3

High Hazles +
k2co3(s ) 0.89 0.09 10.1
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PLATE 4.10 (a) 

Scanning E lectron Micrograph

• -  .^ S a B S S ik : ^  •

• • h .  • ••  **•• r  ♦ , .

• : -S #  ‘. V : v1^'ifĉ V ;?  'v  •• •
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PLATE 4.10 (b)
As above showing calcium and ch lo rine  X-ray d i s t r ib u t io n -
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Chlorine con ten ts  of samples heated a t  205°c, 500°C and ashed 

a t  815°C were determined by the Eschka method and the r e s u l t s  
are given in  Table 4 .46. These r e s u l t s  show a c h lo r in e  r e te n t io n  
of approximately 75?o and 45?o a t  205 ± 5°C for 5% and 1% m/m 
calcium oxide ad d it io n s  re sp e c t iv e ly .  However, concen tra tio n s  
of calcium oxide add it io n  of 0 . 5 ? o  and 0 . 1  % m/m gave ch lo r in e  
re te n t io n s  of 30?o and 20?o re sp e c t iv e ly .  The c h lo r in e  r e te n t io n  
for these  coals  without any calcium oxide add it ion  was about
1 2 ? o .

Further heating  a f t e r  f ix a t io n  a t  205 ± 5°C re su l te d  in  decomposition 

of the calcium c h lo r id e .  Appreciable ch lo r ine  r e te n t io n s  
were only found for the  5% calcium oxide add it io n s  a f t e r  fu r th e r  
heating a t  500°C and 815°C.

Although the r e s u l t s  show promise for the low tem perature 

(205 ± 5°C) f ix a t io n  of ch lo r in e  as calcium ch lo r id e ,  calcium 

ch lo r id e  (m.pt. 772°C) i s  unstab le  a t  the higher tem peratures 
l ik e ly  to  be encountered in  p r a c t i c a l  combustion p rocesses .
High calcium concen tra tions  would c o n tr ib u te  to  fu r th e r  co rros ion  
problems by the  formation of a lkali-bonded dep o s its  in  b o i le r  
tubes.

4 .5 .6 .3  Addition of iro n  powder-

F ire s id e  furnace corrosion  can be due to  the re a c t io n  with
134 13!

s te e l  l in in g s  of hydrogen ch lo r id e  under a reducing atmosphere. 9 

A suggestion th a t  iron  powder mixed with coal p r io r  to  combustion 
may p r e f e r e n t i a l ly  r e a c t  with hydrogen ch lo r id e  and so reduce 
corrosion  was in v e s t ig a te d .

Duplicate samples of Thoresby Top Hard and High Hazles co a ls  
were prepared with iron  powder ( < 212 ûm) ad d it io n s  to  give 
concen tra tions  of 5?o ,  1?£, 0 . 5 ? o  m/m as described in  4 . 5 . 6 .2 .  .
These samples toge ther  with co n tro ls  having no a d d it io n s  were 

heated in  an a ir-oven  a t  205 ± 5°C for 16 days followed by 

Eschka determ ination of ch lo r in e  con ten ts .  The r e s u l t s  are  
given in  Table 4.47.
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TABLE 4.47

Retention of chlorine in coal by addition of iron powder

C o a l/o r ig in a l 
to ta l  c h lo r in e  

% m/m

Iro n  powder 
a d d itio n  

?a m/m

Retained c h lo r in e  
in  coa l a f te r  16 
days © 205 ± 5°C 

% m/m

Percentage o f 
o r ig in a l  c h lo r in e  
re ta in e d

Thoresby Top Hard n i l 0 . 2 0 24
0.84 0.5 0 . 2 0 24

1 . 0 0 . 2 2 27
5.0 0.25 30

Thoresby High n i l 0 . 2 2 21
Hazles 0.5 0 . 2 2 21

1 . 0 2 1 . 0 0 . 2 2 21
5.0 0.23 23
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The re te n tio n  was increased by a maximum o f 6?o which c le a r ly  

shows th a t under these co n d itio n s  an in s ig n if ic a n t  amount 

o f c h lo r in e  is  'f ix e d *  as c h lo r id e .

This p re lim in a ry  te s t  does not match the co n d itio n s  under 

which f ir e s id e  furnace co rros ion  takes p lace in  p ra c tic e  i . e .  

under reducing co n d itio n s  and h igher tem peratures. Hence 

the re s u lts  may be those expected under o x id is in g  c o n d itio n s , 

and fu r th e r  te s ts  in  co n d itio n s  more ak in  to  those found in  

p ra c tic e  may g ive  encouragement.

4 .5 .6 .4 A d d itio n  o f molar calcium  aceta te  s o lu t io n

Recently reported  s tu d ies  using molar calcium  aceta te  trea tm ent

o f coals to  f i x  su lphur on combustion have been reported  as 
164success fu l. A s im ila r  treatm ent to  f i x  c h lo r in e  in  coa l 

was in v e s tig a te d .

Samples o f  Thoresby Top Hard and High Hazles coa ls (15g) ground 

to  <^45 jum were soaked in  molar calcium  aceta te  s o lu t io n  fo r  

48 hours fo llow ed  by d ry ing  a t 110°C fo r  3 hours. From th is  

tre a te d  and homogenised sample th ree  1g increments o f each coa l 

were heated in  the fo llo w in g  way:

1. In  an a ir-o ve n  a t 203 ± 3°C fo r  16 days.

2. In  a m u ffle  furnace a t 500°C fo r  3 hours.
o

3. In  a m u ffle  furnace a t 815 C fo r  2 hours.

Two o f the 1g increments were used fo r  Eschka c h lo r in e  de te rm in a tions

and the re s u lts  are l is te d  in  Table 4 .48 . The th i r d  increm ent 

was examined fo r  c r y s ta l l i t e s  o f  calcium  c h lo r id e  using the 

SEM/EDX mapping f a c i l i t y .

The re s u lts  in d ic a te  a very m arginal increase in  c h lo r in e  !

re te n tio n  when the tre a te d  coa ls were heated a t 205 ± 5°C 

compared w ith  un treated  coa ls . However, a t the two h ighe r 

temperatures some s t a b i l i t y  o f calcium  c h lo r id e  is  shown.

The reason may be th a t calcium  in  s o lu t io n  has been bound 

to  the coa l surface by a c a tio n  exchange mechanism. Thus 

the c h lo r in e  evolved on heating  is  more s tro n g ly  he ld to  the 

coa l surface by re a c tio n  w ith  the ca lc ium , which m ight have 
penetrated the pore s tru c tu re  to  some e x te n t.
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In  the case o f  su lphur re te n tio n  in  coa l by calcium  aceta te  
164trea tm ent, i t  was reported  th a t bitum inous coa ls needed

to  be m ild ly  ox id ised  a t 205 ± 10°C in  order to  ion  exchange 
165calcium  before  soaking in  ammoniated calcium  aceta te  fo r  

48 hours. Obviously these samples could not be preheated 

in  a s im ila r  way as th is  would re s u lt  in  loss  o f  c h lo r in e .

This absence o f a coa l o x id a tio n  pre treatm ent stage could 

be a major fa c to r  in  the poor to ta l  c h lo r in e  re te n tio n  found 

in  th is  experim ent. Examination o f the residues a f te r  heating  

by SEM/EDXA showed many areas o f calcium  co n cen tra tio n .

However c h lo r in e  was not seen to  be associa ted w ith  these 

areas, p o ss ib ly  due to  the calcium  c h lo r id e  produced being 

o f a p a r t ic le  s ize  le ss  than 1 j jm.

4.6 CONCLUSIONS

The SEM/EDXA in s tru m e n ta l technique has been used to  show 

the absence o f  metal c h lo r id e  c r y s ta l l i t e s  in  co a l, o the r than in  

trace  amounts, the exception being fu sa in -e n riched  se c tio n s . The 

re s u lts  o f  EDX a n a lys is  o f  coa l powders, w ith  and w ith o u t a d d itio n s  

o f sodium c h lo r id e , has suggested th a t c h lo r in e  is  c h ie f ly  p resent 

in  coa l in  one bonding form.

C h lo rine  in  coa l is  very la b i le  to  heat trea tm en t, hydrogen 

c h lo r id e  m ainly being evolved a t temperatures above 170°C in  both 

a ir  and n itro ge n  atmospheres. Sulphur in  coa l appears not be invo lved  

in  th is  mechanism o f c h lo r in e  re lease . The c h lo r in e  lo s s /t im e  curve 

shows a ra p id  i n i t i a l  loss  o f  c h lo r in e  th a t is  c h a ra c te r is t ic  o f 

the simultaneous and independent decomposition o f  a m ix tu re  o f  m a te r ia ls . 

The loss o f c h lo r in e  on heating  is  dependent on the p a r t ic le  s ize  

o f the co a l, inc re a s ing  w ith  decreasing p a r t ic le  s iz e .
4

Heating coa l in  a i r  to  remove c h lo r in e  produces a s ig n i f ic a n t  

loss  o f  c a lo r i f i c  value (CV); th is  lo ss  o f  CV is  reduced when heating  

occurs in  n itro g e n  or a s im ulated f lu e  gas, a lthough the c h lo r in e  

losses are s im ila r .
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There is  no evidence fo r  the re lease o f n itro g e n  in  the

mechanism o f c h lo r in e  re lease when coa l is  heated. However, traces

o f f iv e  organ ic c h lo r in e  compounds have been te n ta t iv e ly  id e n t i f ie d

in  the 205°C therm al decomposition products from co a l. Plasma ashing
o

o f coa l in  oxygen a t temperatures below 150 C removes a l l  the c h lo r in e .

A method fo r  the de te rm ina tion  o f  'o rg a n ic ' c h lo r in e  in  coa l has 

been successfu l in  d i f fe r e n t ia t in g  between sodium c h lo r id e  and t r ic h lo r o -  

phenol but is  not a p p lica b le  to  coa l because a l l  the c h lo r in e  is  

evolved on heating  as hydrogen c h lo r id e  w itho u t using a c a ta ly s t .

A standard te s t  to  assess the aqueous c h lo r in e  le a c h a b il i ty  

o f coa l seams has been shown to  be rep roduc ib le  a n a ly t ic a l ly  but 

due to  v a r ia t io n  in  p ro p o rtio n s  o f  l ith o ty p e s  in  a seam from one 

place to  another, u t i l i t y  in  the c la s s i f ic a t io n  o f  coa ls is  l im ite d .  

However, th is  work confirm s th a t c h lo r in e  can be q u a n t ita t iv e ly  removed 

by aqueous leach ing  o f f in e ly  ground coa l but th a t i t  is  not 

s to ic h io m e tr ic a lly  associa ted w ith  water so lub le  sodium or o the r 

a lk a l i  ca tions  as shown by SCR and TCCR va lues.

Sodium c h lo r id e  has been id e n t i f ie d  in  ro o f and f lo o r  s t ra ta  

associated w ith  coa l seams and fu sa in  enriched coa l s e c tio n s . This 

lends credence to  the suggestion th a t c h lo r in e  has been deposited 

in  coa l a f te r  the rank has been e s ta b lish e d , (ep igenes is) v ia  h ype rsa line  

s tra ta  w aters.

Low c h lo r in e  coa ls have been found to  con ta in  low water 

so lub le  sodium con ten ts . Water so lu b le  sodium in  excess o f  water 

so lub le  c h lo r id e  was th e re fo re  not e s ta b lish e d .

At a p a r t ic le  s ize  o f  less  than 212 ĵm no anion-exchange 

p roperty  o f  the c h lo r in e  to  coa l bond has been found.

The c h lo r in e  present in  f in e ly  ground coa l is  in s o lu b le
f

in  d ie th y l e ther and is  not chem ica lly  a ttacked by sodamide in  b o il in g  

xylene, in d ic a t in g  th a t c h lo r in e  in  coa l is  not bound c o v a le n tly  

and does not p a r t ic ip a te  in  a n u c le o p h ilic  s u b s t itu t io n  re a c tio n .
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A ground coa l sample, a f te r  soaking in  perk lone, (C C^ = CCl^) b o il in g  

p o in t 121°C, was found to  re ta in  approxim ately f i f t y  percent more 

c h lo r in e  a f te r  subsequent heating  above the b .p t .  o f perk lone fo r  

24 hours, than a sample o f  un treated  coa l heated under the same 

c o n d itio n s . This te s t  shows th a t the coal substance p rov ides some 

ho ld ing  mechanism fo r  the c h lo r in a te d  so lve n t.

The d if fe r e n t  a b i l i t i e s  o f  coa l sec tions  to  absorb lead 

n it r a te  s o lu t io n  and subsequent X-ray rad iog raph ic  s tu d ie s , have 

been used to  estim ate  values o f  mean pore r a d i i  and c h lo r in e  le a c h a b il i ty  

o f coa l samples. The re s u lts  obta ined have been compared to  re s u lts  

obtained using the standard leach ing  te s t  fo r  the same co a ls . D espite  

the complex nature o f  the pore s tru c tu re  in  co a l, the X-ray ra d io g rap h ic  

te s t  g ives a ra p id  guide to  a coa l subsections le a c h a b il i ty  and 

a c le a r p ic tu re  o f  the m acro fissu ring  p resen t. U t i l i t y  is  however 

l im ite d  by the p re v io u s ly  mentioned v a r ia t io n  in  p ro p o rtio n s  o f 

l ith o ty p e s  in  a seam from one p lace to  another.

High vacuum im pregnation o f  coa l w ith  aqueous sodium c h lo r id e  

has shown th a t c h lo r in e  is  not bonded to  n itro ge n  in  c o a l. The 

same te s t  shows th a t a p ro p o rtio n  o f the added c h lo r in e  becomes 

unstab le a t low temperatures and on plasma ashing below 150°C.

Water e x tra c tio n s  o f aqueous sodium c h lo r id e  impregnated c o a l, has 

demonstrated th a t sodium remains in  coa l a f te r  im pregnation, probab ly 

as adsorbed ion s . The use o f  ^C 1  ( in  aqueous sodium c h lo r id e )  

as a ra d io tra c e r in  the vacuum im pregnation o f  coa l has been unsuccessfu l, 

mainly because o f  the very h igh p ro p o rtio n  o f surface  sodium c h lo r id e  

con ta in ing  ra d io a c tiv e  c h lo r in e  and secondly, the d if fe re n c e  in  

absorp tion  by coa l and coa l ash m a trices . I t  has been proven th a t 

sodium c h lo r id e  re ta in s  i t s  'in o rg a n ic ' p ro p e rtie s  as a s ta b le  

c r y s ta l l in e  s o lid  unless i t  can f in d  i t s  way in to  the m icropore s tru c tu re  

o f  the co a l. I f  th is  is  accomplished by im pregnation w ith  sodium 

ch lo r id e  s o lu t io n  under vacuum, then a p ro p o rtio n  o f  the sodium c h lo r id e  

w i l l  be converted to  a la b i le  form.
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A d d itions  o f  chemicals to  coa l in  order to  f i x  the c h lo r in e  

evolved a t low temperatures as organ ic c h lo rid e s  has met w ith  mixed 

success. Calcium oxide is  the most successfu l but the re s u lt in g  

calcium  c h lo r id e  is  unstab le  a t the h igher temperatures l ik e ly  to  

be found in  coa l combustion processes. High calcium  co ncen tra tion s  

would c o n tr ib u te  to  co rros ion  problems by the fo rm ation  o f a lk a l i -  

bonded deposits  in  b o ile r  tubes.

Summarising a l l  the work, the lik e lih o o d  is  th a t c h lo r in e  

is  present in  one form, u n ifo rm ly  d is t r ib u te d  and lin k e d  io n ic a l ly  

to  the coa l substance but s u f f ic ie n t ly  la b i le  to  be evolved m ain ly 

as hydrogen c h lo r id e  a t temperatures above about 170°C. I t  has no 

p a r t ic u la r  re la t io n s h ip  w ith  n itro g e n , sodium or o ther a lk a l i / a lk a l in e  

earth  m etals.

At th is  stage, i t  is  c le a r th a t some long -he ld  views concerning 

the form in  which c h lo r in e  is  bound in  coa l have been d isp roved .

The accurate and p rec ise  in s tru m e n ta l a n a lys is  o f  coa l is  

s t i l l  the main aim o f th is  s tudy. However, th is  chapter c le a r ly  

i l lu s t r a te s  th a t knowledge o f the mode o f  occurrence o f  d e le te r io u s  

elements is  im portan t, i f  coa l s c ie n t is ts  and fu e l te c h n o lo g is ts  are 

to  make f u l l  use o f a n a ly t ic a l re s u lts  in  modern u t i l i s a t io n  and 

environm ental s tu d ie s .
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APPENDIX 4.1

SEM/EDXA of selected coals (air-dried basis)

FLORENCE ROWHURST

Element Element Average BS 1016
% m/m % m/m value 1^9

% m/m

Cl 0.98 0.97 0.98 0.98 0.99

s 0.49 0.53 0.50 0.51 0.59

Si 0.79 0.79 0.85 0.81 1 . 1 1

A1 0.89 0.83 0.91 0 . 8 8 1 . 0 1

Fe 0.32 0.30 0.27 0.30 0.47

Ca 0.43 0.50 0.46 0.46 0.82

Mg 0 . 1 0 < 0 . 1 0 4 0 . 1 0 4 0 . 1 0 0 . 2 2

Na 0.23 0.18 0 . 2 1 0 . 2 1 0.14

K < 0 . 1 0 < 0 . 1 0 < 0 . 1 0 < 0 . 1 0 0 . 0 2

T i < 0 . 1 0 C O .10 40.10 < 0 . 1 0 0.03

T o ta l 4.35 4.31 4.33 4.33

C0RT0NW00D/SILKST0NE

Cl 0 . 1 2 0 . 1 2 0 . 1 1 0 . 1 2 0 . 1 1

S 0.95 1 . 0 2 0.97 0.98 1.50

Si 0.65 0.79 0.72 0.72 1.27

A1 0.54 0 . 6 8 0.62 0.61 1 . 0 0

Fe 0.44 Qv43 0.45 0.44 0.90
Ca 4  0 . 1 0 4  0 . 1 0 4  0 . 1 0 < 0 . 1 0 0.04

Mg < 0 . 1 0 0 . 1 1 < 0 . 1 0 < 0 . 1 0 0.04

Na < 0 . 1 0 < 0 . 1 0  ̂ 0 . 1 0 < 0 . 1 0 0.04
K 0 . 1 0 0.15 0.13 0.13 0.17

T i < 0 . 1 0 < 0 . 1 0 < 0 . 1 0 < 0 . 1 0 0.03

T o ta l 2.92 3.30 3.10 3.11
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APPENDIX 4.1 (continued)

SOUTH DURHAM 'C ' SEAM

Element Element 
% m/m

Average 
% m/m

BS 1016 
va lue 149

% m/m

Cl 0.25 0.24 0.24 0.24 0.25

S 0.57 0.61 0.63 0.60 0.92

Si 0.35 0.34 0.37 0.35 0.39

A1 0.29 0.33 0.35 0.32 0.27

Fe 0.28 0.23 0.15 0 . 2 2 0.33

Ca a Q. 1 0 < 0 . 1 0 A 0.10 A 0.10 0.07

Mg A 0.10 < 0 . 1 0 A 0.10 A 0 . 1 0 0.04

Na A 0 . 1 0 0.18 0.14 0 . 1 1 0.06

K A 0 . 1 0 < 0 . 1 0 < 0 . 1 0 < 0 . 1 0 0 . 0 2

T i A 0 . 1 0 < 0 . 1 0 < 0 . 1 0 A O .10 0 . 0 1

To ta l 1.84 2.07 2.05 1.99

CADLEY HILL (BRIGHT COAL)

Cl 0.42 0.44 0.43 0.43 0.45

S 1.33 1.34 1.34 1.34 3.02

Si 0.48 0.46 0.52 0.49 0.51

A1 0.43 0.48 0.46 0.46 0.61

Fe 0.64 0.70 0.57 0.63 1.60

Ca 0.28 0.27 0.27 0.27 0.30

Mg AO .10 A0.10 CO.10 AO .10 0 . 1 1

Na 0 . 1 0 0.14 0 . 1 0 0 . 1 1 0.13 j

K A  0.10 A O .10 A 0 . 1 0 A  0.10 0.03

T i A 0 . 1 0 A  0.10 CO.10 A  0. 10 0 . 0 2

Tota l 3.80 3.95 3.81 3.85



APPENDIX 4.1 (continued)

CADLEY HILL (DULL COAL)

Element Element Average BS 1016
?o m/m % m/m value

% m/m

Cl 0.37 0.37 0.37 0.37 0.39

s 1.15 1.28 1.18 1 . 2 0 2.33

Si 0.48 0.53 0.49 0.50 0.60

A1 0.40 0.48 0.45 0.44 0.51

Fe 0.46 0.51 0.38 0.45 1.04

Ca < 0.-10 0 . 1 1 4  0 . 1 0 4 0 .1 0 0 . 1 0

Mg < 0 . 1 0 4 0 .1 0 <  0 . 1 0 4.0.10 0.03

Na 0.19 0 . 1 1 0 . 1 2 0.14 0 . 1 0

K < 0 . 1 0 4 0 .1 0 4  0 . 1 0 4  0 . 1 0 0 . 0 2

T i 4. 0 . 10 - 0 . 1 0 4 0 .1 0 4  0 . 1 0 0 . 0 2

Tota l 3.21 3.51 3.09 3.27

TILMANSTONE MILYARD

Cl 0 . 1 2 0 . 1 0 0 . 1 0 0 . 1 1 0.13

S 0 . 8 6 0.82 0 . 8 8 0.85 1.50

Si 0.72 0 . 6 6 0.71 0.70 0.77

A1 0.67 0.62 0.73 0.67 0 . 6 6

Fe 0.25 0 . 2 1 0.29 0.25 0.72

Ca 0 . 1 0 4 0 .1 0 *0 . 1 0 40 .10 0.13

Mg < 0 . 1 0 .4 0 .1 0  , < 0 . 1 0 < 0 . 1 0 0.04

Na 0 . 1 0 < 0 . 1 0 0.17 < 0 . 1 0 0.16

K 4 0 .1 0 4 0 . 1 0 <  0 . 1 0 < 0 . 1 0 0.06

T i < 0 . 1 0 4  0 . 1 0 < 0 . 1 0 <  0 . 1 0 0 . 0 2

T o ta l 2.94 2.63 3.09 2.87

230



APPENDIX 4.1 (continued)

THORESBY TOP HARD

Element Element 
% m/m

Average 
% m/m

BS 1016 
value 149

% m/m

Cl 0.81 0.83 0.83 0.83 0.89

S 0.73 0.71 0.73 0.72 0.87

S i 2.43 2.33 2.60 2.52 2.67

A1 1.90 1.87 1.89 1.89 1.62

Fe 0.28 0.36 0.24 0.31 1.40

Ca 0.19 0 . 2 0 0.19 0.19 0.24

Mg < 0 . 1 0 ,£ 0 . 1 0 0 . 1 2 -£0 . 1 0 0.09

Na 0.34 0 . 2 0 0.40 0.31 0.33

K 0.36 0.37 0.47 0.40 0.29

T i 0 . 1 1 <£ 0 . 1 0 0 . 1 1 < 0 . 1 0 0.08

T o ta l 7.26 7.20 7.61 7.36

THORESBY TOP HARD RESAMPLE

Cl 0.83 0.85 0.83 0.84 0.84

S 0 . 8 6 0.94 0.80 0.87 1.31

Si 0.64 0.63 0.65 0.64 0 . 8 8

A1 0.60 0 . 6 6 0.71 0 . 6 6 0 . 8 6

Fe 0.24 0.27 0 . 2 1 0.24 0.58

Ca 0.13 0.14 0.13 0.13 0.18

Mg < 0 . 1 0 . < 0 . 1 0 < 0 . 1 0 < 0 . 1 0 0.04

Na 0.24 0.27 0.32 0.28 0.29

K < 0 . 1 0 < 0 . 1 0 < 0 . 1 0 < 0 . 1 0 0 . 0 2

T i < 0 . 1 0 < 0 . 1 0 < 0 . 1 0 < 0 . 1 0 0.05

T o ta l 3.68 3.87 3.71 3.75
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APPENDIX 4.1 (continued)

THORESBY HIGH HAZLES

Element Element 
% m/m

Average 
% m/m

BS 1016 
value 

% m/m

Cl 1 . 0 0 0.97 1.03 1 . 0 0 1 . 0 2

S 0.90 0.95 0.98 0.94 1 . 0 2

Si 0.87 0.95 0.95 0.92 0.70

A1 0.63 0.70 0.70 0 . 6 8 0.46

Fe 0.69 0.64 0 . 6 8 0.67 0 . 8 6

Ca 0.48 0.54 0.49 0.50 0.79

Mg 0.13 £ 0 . 1 0 0 . 1 2 £.0 . 1 0 £ 0 . 0 2

Na 0.27 0.24 0.43 0.31 0.29

K 0 . 1 2 0.14 0.15 0.14 0.09

T i -  0 . 1 0 4 0 . 1 0 £ 0 . 1 0 £ 0 . 1 0 £.0 . 0 2

T o ta l 5.14 5.21 5.62 5.32

LEA HALL SHALLOW

Cl 0.95 1 . 0 1 0.99 0.98 0.97

S 0.73 0.75 0.78 0.75 1 . 2 2

Si 0.29 0.27 0.27 0.28 0.44

A1 0.41 0.38 0.31 0.37 0.39

Fe £ 0 . 1 0 0.13 £ 0 . 1 0 £ 0 . 1 0 0.44

Ca 0 . 1 2 0.17 0.17- 0.15 0.18

Mg £  0 . 1 0 .<£0 . 1 0 £ 0 . 1 0 £  0 . 1 0 0.05

Na 0.34 ■ 0.37 0.31 0.34 0 . 2 0

K £  0 . 1 0 £ 0 . 1 0 £ 0 . 1 0 £ 0 . 1 0 0 . 0 2

T i £ 0 . 1 0 £  0 . 1 0 £ 0 . 1 0 £  0 . 1 0 0 . 0 2

T o ta l 3.06 3.28 3.07 ' 3.13

Both Mn and P <0.10?o m/m in  a l l  the coals analysed
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CHAPTER 5

QUANTITATIVE MULTI-ELEMENT ANALYSIS OF COAL 

POWDERS BY WAVELENGTH -  DISPERSIVE AUTOMATED 

X-RAY FLUORESCENCE SPECTROMETRY
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5.1 INTRODUCTION

The successfu l use o f an energy-(o r non-) d isp e rs ive  technique 

fo r  the a n a lys is  o f coa l powders using c h a ra c te r is t ic  X-rays obta ined 

by d ire c t  e x c ita t io n  using e le c tro n s , has been described in  Chapter 3.

The use o f X-ray e x c ita t io n  to  produce secondary (o r f lu o re s c e n t) 

ra d ia tio n  fo r  coa l a n a lys is  would be a t t r a c t iv e  fo r  seve ra l reasons:

( i )  m u lti-e lem en t techn ique;

( i i )  good s e n s i t iv i t y  down to  trace  le v e ls  in  co a l;

( i i i )  m inimal and n o n -d e s tru c tive  sample p re pa ra tio n ;

( iv )  background is  low because i t  is  from a b a s ic a lly  carbon 

m a tr ix ,

(v ) the technique is  h ig h ly  su ite d  fo r  automation to  g ive  

a la rg e  th rough-pu t o f  ro u tin e  samples,

The theory o f X-ray fluorescence is  adequately described

in  s u ita b le  te x ts ^ ^ » ^ ^ » ^ ®  but a b r ie f  in tro d u c tio n  to  XRF spectroscop ic

a na lys is  is  g iven here. Bombardment o f coa l by X-rays e je c ts  e le c tro n s

from the inn e r s h e lls  o f  atoms which then em it secondary X-rays

(flu o re sce n ce ). The wavelength o f  the e x c it in g  ra d ia t io n  must be

chosen to  produce flu o re sce n t ra d ia t io n  (u s u a lly  L to  K s h e ll t r a n s it io n s )

o f the elements o f  in te re s t .  The geometry to  g ive  maximum in te n s ity

requ ires  both the ta rg e t (source o f e x c ita t io n  X -rays) and the spectrom eter

to  be as c lose to  the sample as p o ss ib le . The energy-d isp e rs ive

method p re v io u s ly  described in  Chapter 3 used a s i l ic o n  ( l i th iu m )

d e tec to r and an e le c tro n ic  analyser to  measure d ir e c t ly  each e lem enta l

X-ray by v ir tu e  o f i t s  energy. In  a wavelength d isp e rs ive  method

the flu o re sce n t X-rays are d if f ra c te d  from a se lected  c ry s ta l according
166to  the Bragg equation.

where

n X = 2 d sin  0

n = an in teg er (usually  1-4)

9 = d if f ra c t in g  angle

d = la t t ic e  spacing o f c ry s ta l

X  = wavelength
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Alignment o f the d e te c to r to  the d if f r a c t io n  angle 9 ensures

th a t i t  fu n c tio n s  as a monochromator and th e re fo re  rece ives on ly

X-rays o f a s in g le  wavelength i . e .  a fix e d  channel ins tru m en t. In

a sequen tia l ins trum en t, a polychrom ator a lte rn a t iv e ly  measures a

range o f wavelengths. R ota tion  o f the c ry s ta l and the d e te c to r on

the Rowland C irc le  enables the Bragg angles fo r  se lected  elements

to  be obtained in  sequence. Various types o f c ry s ta ls  and d e te c to rs
1 6 6  1 6 7  1 6 8are used in  X-ray spectrom eters. ’ , Some f i r s t  o rder l in e s

(n = 1) can have the same Bragg angle as second, th ir d  and fo u r th  

order l in e s  (n = 2, 3 and 4) thus c re a tin g  an in te r fe re n c e  problem.

The energy o f  a h igher o rder l in e  is  fa r  g rea te r than a f i r s t  o rder 

l in e  and th e re fo re  the am plitude o f  the pulses i t  produces is  g re a te r, 

enabling i t  to  be separated e le c t ro n ic a lly  by p u lse -h e ig h t d is c r im in a t io n . 

I f  the same order l in e s  overlap  then an a lte rn a t iv e  t r a n s i t io n  l in e  

fo r  one o f the elements must be se lec ted .

The N a tiona l Coal Board fin d s  i t  necessary to  analyse coa l

ro u t in e ly  fo r  su lphu r, c h lo r in e , phosphorus and ash conten ts by BS 
149methods. The number o f  samples va rie s  from c o a lf ie ld  to  c o a lf ie ld

but ty p ic a l numbers per week fo r  the East Midlands Region which g ives 

an a n a ly t ic a l se rv ice  to  33 c o l l ie r ie s  are : su lphur 600; c h lo r in e

600; phosphorus 80; ash 1300. The e f fo r t  requ ired  fo r  such numbers 

o f chemical de te rm ina tions by la b o u r- in te n s iv e  methods becomes p ro h ib it iv e  

in  the face o f in c reas ing  pressure on cos ts .

The use o f an automated X-ray fluorescence method fo r  coa l

ana lys is  would g ive  obvious b e n e fits  and the p o s s ib i l i t y  has a lready 
1 6 9been discussed. The use o f XRF fo r  p roduction  and q u a li ty  c o n tro l

1 7 0  1 7 1m onitoring  in  o ther f ie ld s  is  a lready w e ll e s tab lished  * »
1 7 2and i t s  s u i t a b i l i t y  fo r  automation accepted. X-ray fluorescence

in  m e ta llu rg ic a l and m inera l a na lys is  has been shown to  be p re c ise  
173and accurate.

The main problem w ith  q u a n t ita t iv e  XRF a n a lys is  is  th a t

e lem ental flu o re sce n t y ie ld  is  in fluenced  by s e lf-a b s o rp tio n  and

by absorp tion  or enhancement e ffe c ts  o f the sample m a tr ix .166,167,168

S yn the tic  matrix-matched standards fo r  coa l are v i r t u a l ly  im possib le  
174to  produce. The use o f a 'fundamental param eters' approach to

175c a lc u la te  th e o re t ic a l c o rre c tio n  constants is  complex and would 

re q u ire  extensive  chemical ana lys is  and computation o f data .
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The accurate XRF a n a lys is  o f powders is  a lso  in flu e n ce d
17 c 1 7 7  1 7 R 1 "5H 1 AA

by p a r t ic le  s ize  e ffe c ts  1 1 and m ine ra lo g ica l e f fe c ts .  ’

An accurate X-ray method fo r  the a na lys is  o f su lphu r, c h lo r in e  and
179other elements in  American brown coa l has been reported  by K iss .

However, the co ncen tra tion  le v e ls  reported  fo r  su lphur and c h lo r in e

were much lower than are commonly found in  coals mined in  the UK.
180Kuhn and Henderson, have reported  a successfu l wavelength d is p e rs iv e

XRF system to  determ ine 21 minor and tra ce  elements in  co a l. A lte rn a t iv e ly ,  
181 182some authors ’ have suggested the use o f th in  f i lm s  fo r  coa l 

ana lys is  using XRF techniques in  order to  avoid com p lica tions  w ith  

m a trix  e f fe c ts .

I t  was decided in  th is  study, to  in v e s tig a te  the use o f 

a s u ite  o f w e ll analysed coa ls and m u lt ip le  regress ion  a n a lys is  to  

de rive  XRF c a lib ra t io n  equations fo r  su lphur, c h lo r in e , phosphorus 

and ash and eva luate  th e ir  performance by analys ing 'unknown' co a ls .

5.2 EXPERIMENTAL

5.2.1 Ins trum en ta tion

72000S, computer c o n tro lle d , X-ray wavelength d isp e rs ive  vacuum

spectrom eter w ith  carbon, sodium, magnesium, aluminium, s i l ic o n ,

phosphorus, su lphu r, c h lo r in e , potassium, ca lc ium , t ita n iu m , manganese,

iro n  and rhodium fix e d  channels. In  a d d it io n  the ins trum en t is

supplied  w ith  a t ita n iu m  e x te rn a l standard and programmable scanner

w ith  LiF and PET c ry s ta ls  to  cover the a n a ly t ic a l range 0 .85 -7 .20  
e
Angstroms, (A pp lied  Research L a bo ra to ries , Luton, B e d fo rd sh ire ). 

H ydrau lic  press, type HTP 40, Herzog, (App lied  Research L a b o ra to rie s , 

Luton, B e d fo rd sh ire ).

High Vacuum Pump, type E2M18, (Edwards High Vacuum, Crawley, West 

Sussex).

Vacuum oven, type 0400, (Townson and Mercer, Runcorn, C hesh ire ). 

M ic ro m ill,  Type M5400, Retsch S p e c tro m ill, (Glen C reston, Stanmore, 

M idd lesex).
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5 .2 .2  Sample s e le c tio n

72 com m ercially graded coa ls represen ting  a t le a s t 2 samples from

each o f 35 c o l l ie r ie s  in  the East Midlands Region were chosen

fo r  c a lib ra t io n  w ith  a fu r th e r  10 0  coa ls from 6 c o l l ie r ie s  in
183the reg ion  being used as unknowns. The ana lys is  o f  the c a lib ra t io n

149coals using BS methods is  given in  Appendix 5 .1 . The ranges 

o f the main q u a lity  parameters fo r  the coa ls are g iven in  Table 5 .1 . 

These coa ls are m ainly supp lied  to  the domestic, in d u s t r ia l  and 

power generation markets.

5 .2 .3  Sample p repa ra tion

The coa l samples were crushed to  less  than 212 îm (72 BS mesh) 

and approxim ate ly 8g o f each coa l were pressed in to  a p e l le t  in  

a 40 mm diam eter s te e l r in g  a t 18 tonnes per square inch  fo r  25 

seconds using a Herzog press, w itho u t a b ind ing  agent or backing 

m a te r ia l. The inh e re n t m oisture undoubtedly acts as the b ind ing  

agent. The coa l samples were then subjected to  a vacuum o f 10 

Torr fo r  a minimum o f 1 i hours a t room temperature in  a vacuum 

oven, before being presented to  the X-ray spectrom eter. This 

vacuum p re -trea tm en t removes surface m oisture and v o la t i le  gases 

from coa l which g re a t ly  increases the th rough-pu t o f  samples fo r  

ro u tin e  opera tion  o f  the spectrom eter.

5 .2 .4  Method o f c a lib ra t io n  and ana lys is

The X-ray spectrom eter was c a lib ra te d  by regress ing  the X-ray

in te n s ity  o f the ana ly te  aga inst i t s  concen tra tion  determined 
149by BS methods. The c a lc u la tio n  then used an e m p ir ica l c o rre c t io n

procedure which minim ised the in flu e n ce  o f in te r fe r in g  elements 

on an ana ly te  in  a multi-component m a tr ix . This m u lt i- v a r ia b le  

regression  a n a lys is  was performed on the in te n s it ie s  and co n ce n tra tio n s  

o f the ana ly te  and c o rre c tio n s  fo r  in te r fe r in g  elements were then 

made by the use o f e ith e r  th e ir  known concen tra tions  or measured 

in te n s it ie s .  The method is  pu re ly  mathematical and is  performed 

by the computer (D ig i ta l  PDP 1103/L 64k Bytes o f read w r ite  memory 

and 10m Bytes o f s to re ) ,  which c o n tro ls  both a n a lys is  and data 

processing in  the spectrom eter. For th is  reason extreme care must be 

exercised in  in te rp re ta t io n  o f the mathematical parameters generated, 

i f  meaningful c o rre c tio n s  and re s u lts  are to  be ob ta ined.
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TABLE 5.1

Range o f main q u a lity  parameters fo r  the c a lib ra t io n  coa ls 
(a ir -d r ie d  b a s iiT

minimum ?o m/m maximum % m/m mean % m/m

Phosphorus 0.002 0.074 0.0183

Sulphur 0.75 3.28 1.73

C hlo rine  0.15 0.71 0.41

Ash 2.8 24.8 12.37

M oisture 2.4 9 .4  5.20

V o la t i le  M atte r 23.2 35.7 31.95

Fixed Carbon 36.9 59.8 51.7

Rank 400 800 N A

N A -  Not a p p lica b le
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From the mathematical models a v a ila b le , two were considered as sim ple

and s u ita b le  fo r  coa l a n a ly s is ; one which uses the in te n s ity  o f
184in te r fe r in g  elements to  compute co rre c tio n s  (Lucas-Tooth) and

one which uses the concen tra tio n  o f in te r fe r in g  elements to  compute
185 186co rre c tio n s  (T ra ill-L a c h a n c e ). 9 The la t t e r  model re q u ire s

fa r  more extensive  chemical ana lys is  o f samples and computation 

o f data.

The mathematical a lgo rithm s fo r  these methods o f c o rre c tio n  are 

given below:

1) Lucas-Tooth

Ci  -  (Ao + Ax I i  +  A2 I i 2 ) ( 1 +  < K n I n + < L n I n 2)

2) T ra ill-L ach a n ce

Ci  = (Ao +  A-I I i  + A2 1 . 2 )  (1 +  ^  Kncn + ^

where = concen tra tion  o f ana ly te
A0 = in te rc e p t o f  c a lib ra t io n  curve

Â | = slope o f c a lib ra t io n  curve

-  second order c o e f f ic ie n t  o f c a lib ra t io n  curve 

CR = concen tra tio n  o f in te r fe r in g  elements

I n = in te n s it ie s  o f in te r fe r in g  elements

Kn ,Ln = m a trix  c o rre c tio n  c o e ff ic ie n ts

The model proposed by Lucas-Tooth req u ire s  the measurement and

c o rre c tio n  o f  background in te n s it ie s  fo r  the in te r fe r in g  elements

in  the m a trix  i f  accurate co rre c tio n s  are to  be made. Since

a w e ll analysed s u ite  o f  coa ls was a v a ila b le  the T ra ill-L a ch a n ce

concen tra tion  model was evaluated e x te n s ive ly  in  th is  s tudy.

The se lected  in te fe r in g  elements which gave the best c a l ib ra t io n
149curves fo r  XRF in te n s ity  aga inst chemical com position fo r  c h lo r in e , 

su lphu r, phosphorus and ash are l is te d  below:
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Element/parameter determined In te r fe r in g  elements used in  
regress ion  equation fo r  c a lib ra t io n

Ash (rhodium b a cksca tte r)

Phosphorus

C hlorine

Sulphur

Carbon, aluminium, potassium 

and rhodium backscattered ra d ia t io n  

Iro n , s i l ic o n ,  t ita n iu m , magnesium 

and calcium

S ilic o n , rhodium backscattered 

ra d ia t io n , potassium and aluminium 

S ilic o n , potassium and carbon

The combination o f in te r fe r in g  elements fo r  each ana ly te  was se lec ted  

to  g ive  the smallest standard e rro r  o f the estim ate  o f  the c a lib ra t io n  

curve and the sm a lles t standard d e v ia tio n  o f d iffe re n c e s  between 

XRF estim ates and chem ica lly  analysed unknowns.

I t  should be understood th a t in  the case o f rhodium the measured

X-ray ra d ia t io n  is  backsca tte r from the coa l surface  and is  th e re fo re

not fluorescence. The degree o f backscatte r is  in v e rs e ly  p ro p o rtio n a l

to  the ash conten t o f  co a l, the lower the ash content the g re a te r

the degree o f ba cksca tte r. As expla ined in  Chapter 3 the c a lc u la t io n
o 1 4 9

o f an ash conten t to  represent the residue on combustion a t 813 C 

using X-ray a n a lys is  o f  the o r ig in a l coa l is  d i f f i c u l t  because 

the p ro p o rtio n  o f su lphur re ta ine d  in  the ash is  not p re d ic ta b le .

For th is  reason c lose  agreement is  not to  be expected.

The vacuum p re -tre a te d  coa l p e lle ts  were ro ta te d  and presented 

to  the spectrom eter v ia  a 36 sample exchanger. The whole process 

o f ana lys is  and data hand ling was automated, the in p u t being through 

the VDU or p r in te r  keyboards. The X-ray e x c ita t io n  used a 2.7 kW
'i

rhodium tube operated a t 50 kV and 40 mA a t a vacuum o f 10 T o rr.

The counting co n d itio n  was se t fo r  12 m il l io n  counts o f  the t ita n iu m

e x te rn a l standard which approximated to  30 seconds re a l- t im e . 

Spectrometer d r i f t  was ad justed each day using fused l i th iu m  metaborate 

bead standards which produced accu ra te ly  known in te n s i t ie s .  The 

in te n s ity  le v e ls  in  these standards covered the normal element 

counting ranges found in  the coa ls to  be analysed.
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3.3 RESULTS AND DISCUSSION

5.3.1 Precision of XRF analysis of pressed coal pellets

The re s u lts  o f 90 or 100 de term inations on each o f th ree  coa l 

p e lle ts ,  using a l l  the fix e d  channels a v a ila b le  in  the spectrom eter, 

are given in  Table 5 .2 . The instrum ent analysed the coa l p e l le t  

fo r  a l l  the elements s im u ltaneous ly , waited 60 seconds and then 

repeated the analyses. The samples examined covered a range 

o f m ajor, minor and tra ce  elem ental concen tra tions found in  

com m ercially graded coa ls from the East Midlands Region.

The re s u lts  show a h igh degree o f  p re c is io n  when using X-ray 

fluorescence fo r  the a n a lys is  o f the same coa l p e l le t .  The R e la tive  

Standard D ev ia tion  (RSD) fo r  phosphorus ranged from 0.26 to  1 .62; 

su lphur 0.15 to  0 .31 ; c h lo r in e  0.34 to  0.49 and rhodium backsca tte r 

0 .1 7 -to  1.65. The poorest RSD values were found fo r  sodium, 

m agnesium ,silicon and tita n iu m  when these elements were present 

in  trace  concen tra tions  in  co a l.

In  a d d it io n , fo r  two coa l samples ten p e lle ts  o f  each were prepared 

and analysed s e q u e n tia lly . The re s u lts  g iven in  Table 5.3 show 

e x c e lle n t re p e a ta b il i ty  fo r  the de te rm ina tions o f c h lo r in e , su lphu r, 

phosphorus and rhodium backsca tte r in  the two samples examined.

In  the case o f phosphorus th is  good p re c is io n  is  obta ined even 

a t tra ce  le v e l concen tra tions .

The re s u lts  presented in  Table 5.2 and 5.3 c le a r ly  show th a t X- 

ray fluorescence when app lied  to  the elem ental a n a lys is  o f  pressed 

coa l powders is  a very p re c ise  technique.

5 .3 .2  Accuracy o f  coa l a n a lys is  by XRF compared to  BS a n a ly t ic a l 
methods

As expla ined in  the in tro d u c tio n  to  th is  th e s is , coa l is  analysed
149ro u t in e ly  by B r i t is h  Standard Methods and the accuracy o f 

any proposed new a n a ly t ic a l technique i f  i t  is  to  ga in credence 

must be assessed aga inst the es tab lished  chemical procedures.

The BS methods quote re p e a ta b il i ty  and re p ro d u c ib i l i ty  c r i t e r ia  

fo r  a n a lys is  i . e  p re c is io n ; the former being the accepted to le ran ce  

between d u p lica te s  by the same a n a lys t in  the same la b o ra to ry , 

the la t t e r  being the accepted to le ran ce  between d u p lica te s  from 

d if fe re n t  la b o ra to r ie s . These BS to le rance  values are g iven 

in  Table 5 .4 .
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TABLE 5.3

The re p e a ta b il i ty  o f analys ing  ten d if fe re n t  p e lle ts  fo r
two se lected  coals

Coal X

P e lle t No. C h lo rine Sulphur Phosphorus Rhodium

% m/m % m/m % m/m
backsca tte r ash 

% m/m

1 0.193 2 . 1 1 0 0.0601 18.272

2 0.193 2.115 0.0598 18.209

3 0.193 2.109 0.0602 18.123

4 0.193 2.116 0.0594 18.155

3 0.192 2 . 1 1 0 0.0591 18.172

6 0.192 2 . 1 2 1 0.0592 18.139

7 0.193 2.109 0.0603 18.398

8 0.193 2.109 0.0597 18.170

9 0.192 2 . 1 1 2 0.0601 18.316

10 0.193 2.113 0.0594 18.445

Mean 0.1927 2.1124 JL  05973 18.240

SD 0.000483 0.00395 0.000437 0.000483

RSD % 0.25 0.19 0.73 0.62

Chemical v a lu e 1H 0.18

Coal

2.41

Y

0.060 19.13

1 0.302 1.464 0.0041 2.867

2 0.301 1.460 0.0042 2.916

3 0.300 1.458 0.0039 2.867

4 0.299 1.457 0.0038 2.822

5 0.299 1.455 0.0035 2.852

6 0.300 1.457 0.0044 2.826

7 0.300 1.454 0.0040 2.877

8 0.299 1.456 0.0042 2.820

9 0.298 1.458 0.0037 2.844

10 0.300 1.460 0.0040 2.810
Mean 0.2998 1.4579 0.00398 2.850

SD 0.00113 0.00288 0.000266 0.0326

RSD % 0.38 0 . 2 0 6.67 1.14

Chemical v a lu e ^ ^ 0.29 1.52 0,003 2 . 8 6
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TABLE 5.4

B r it is h  Standard to le ran ce  fo r  d u p lica te  analyses fo r  su lphur 
c h lo r in e , phosphorus and ash

Element/parameter .P rec is ion  o f
a s in g le  
re s u lt  (± 2cr)

R e p e a ta b ility  
% m/m 

( ts  n )

R e p ro d u c ib ility  
% m/m 

( ts  >T2 )

Sulphur ± 0.035

C hlorine  C^0.4?o') ± 0.014

C hlorine  (^0.4?o) ± 0.035

Phosphorus (^0.02?o) ± 0.000135 

Phosphorus & 0.02% )  ±?% o f  value 

Ash ( 410.0%) ± 0 .1 0

Ash (10-20.0?o) ± 0.135

Ash ( 720.0%) ± 0 .1 7

0.05 

0.02  

0.05 

0.002 
1 0% o f value 

0.15 

0.20  

0.25

0 . 1 0  

0.02  

0.05 

0.005 

25% o f value 

0.3 

0 .4  

0.5
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To evaluate  the accuracy of  the XRF ana lys is  procedure 99 coa ls  were
analysed for  sulphur,  ch lo r ine ,  phosphorus and ash contents  by 

149BS methods. The coals  se lec ted  were from two c o l l i e r i e s  from 
each of  the th ree  Areas in  the East Midlands Region. They were 
prepared and analysed using XRF as described in  s ec t ion  5 .2 .3  
and 5 .2 .4 .  The r e s u l t s  of  these analyses are given in  Table 5.5 , 
with the ca lcu la ted  mean and standard devia t ions  of  the d i f f e ren ces  
between BS and XRF methods given in Table 5.6 .  These elemental 
ana lys is  r e s u l t s  are  discussed in d iv idua l ly .

5 .3 .2 .1  Chlorine

The r e s u l t s  and c a lc u la t io n s  in Tables 5.5 and 5.6 show the 
accuracy of  ch lo r ine  ana lys is  by XRF to be very good. The 
l a r g e s t  Standard Deviation (SD) of  the d i f fe rences  between 
BS and XRF methods i s  0.022 for  TY coals ,  with a mean SD of 
the d i f fe ren ces  of  0.021 for  a l l  the 99 coa ls .  The h ighes t  
mean d i f fe rence  between the two methods of  -0.03 was found 
for the TL coa ls .  This ex ce l len t  agreement between chemical 
methods and the XRF a n a ly t i c a l  technique i s  fu r th e r  support ing 
evidence for  the uniform d i s t r i b u t i o n  and mode of  occurrence 
of  ch lor ine  in coal described in d e t a i l  in Chapter 4.

5 .3 .2 .2  Sulphur

The agreement between the two methods for  the t o t a l  sulphur 
contents  for  coal samples from TY, WP and PL c o l l i e r i e s  i s  
good. These th ree  c o l l i e r i e s  are r ep re se n ta t iv e  of  the th ree  
Areas in the East Midlands Region. The agreement for  CN,
TL and ON samples which are equal ly  r e p re sen ta t iv e  i s  poor 
and the reason for  t h i s  may be the presence of  d i f f e r e n t  forms 
of  sulphur in  coal^already discussed in t h i s  t h e s i s .  Attempts 
to id e n t i fy  the poss ib le  d i f fe rence  in XRF y ie ld s  between 
organic and p y r i t i c  sulphur have been made. For t h i s  purpose 
standard mixtures of  accura te ly  known sulphur con ten ts  were 
made up, using su lp h an i l i c  acid to represen t  organic su lphur ,  
i ron p y r i t e s  ( l e s s  than 212 pm) for p y r i t i c  sulphur and sucrose 
as a carbonaceous base.
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TABLE 5 . 5

Comparison of BS chemical determinations (Lab) with XRF determinations 
for sulphur, chlorine, phosphorus and ash (air-dried basis)

Sample Sulphur % m/m Chlorine % m/m Phosphorus % m/m Ash % m/m
No. Lab XRF S Lab XRF £> Cl Lab XRF ^  P Lab XRF

TY 1 1.58 1.53 - .05 0.80 0.81 .01 0.014 0.018 .004 17.62 17.67 .05
TY 2 1.78 1.71 - .07 0.73 0.77 .04 0.012 0.016 .004 17.71 17.54 - .17
TY 3 1.67 1.61 - .06 0.75 0.79 .04 0.014 0.018 .004 18.73 18.62 - .11
TY 4 1.52 . 1.47 - .05 0.77 0.80 .03 0.012 0.017 .005 18.44 18.69 .25
TY 5 1.46 1.43 - .03 0.79 0.80 .01 0.016 0.017 .001 18.63 19.02 .39
TY 6 1.43 1.39 - .04 0.77 0.81 .04 0.018 0.020 .002 18.93 19.16 .23
TY 7 1.52 1.41 - .09 0.79 0.82 .03 0.014 0.017 .003 19.12 19.42 .30
TY 8 1.33 1.26 - .07 0.80 0.79 - .01 0.017 0.022 .005 21.47 21.89 0.42
TY 9 1.47 1.35 - .12 0.77 0.79 .02 0.016 0.019 .003 20.91 21.05 .14
TY 10 1.43 1.34 - .09 0.73 0.78 .05 0.016 0.021 .005 19.21 19.07 - .14
TY 11 1.63 1.60 - .03 0.76 0.78 .02 0.014 0.016 .002 16.05 16.35 .30
TY 12 1.40 1.34 - .06 0.79 0.82 .03 0.014 0.018 .004 19.66 19.41 - .25
TY 13 1.50 1.40 - .10 0.79 0.80 .01 0.013 0.018 .005 20.42 20.31 - .11
TY 14 1.62 1.48 - .14 0.79 0.78 - .01 0.012 0.017 .005 21.30 21.27 - .03
TY 15 1.49 1.47 - .02 0.81 0.83 .02 0.013 0.016 .003 17.59 17.70 .11
TY 16 1.58 1.54 - .04 0.83 0.81 - .02 0.012 0.015 .003 19.48 18.87 - .61
TY 17 1.56 1.46 - .10 0.80 0.80 - 0.014 0.018 .004 19.74 20.30 .56
TY 18 1.68 1.58 - .10 0.77 0.76 - .01 0.013 0.016 .003 18.27 18.14 - .13
TY 19 1.50 1.38 - .12 0.79 0.77 - .02 0.016 0.020 .004 21.20 20.68 - .52
TY 20 1.72 1.60 - .12 0.78 0.76 - .02 0.016 0.017 .001 19.85 19.05 - .80

ON 1 2.18 2.24 .06 0.73 0.70 - .03 0.005 0.005 - 8.38 8.20 - .18
ON 2 2.15 2.32 .17 0.73 0.71 - .02 0.005 0.006 .001 10.02 9.96 - .06
ON 3 2.15 2.29 .14 0.69 0.69 - 0.006 0.006 - 10.43 10.26 - .17
ON 4 2.12 2.24 .12 0.79 0.75 - .04 0.006 0.007 .001 11.28 11.05 - .23
ON 5 2.11 2.28 .17 0.73 0.71 - .02 0.006 0.006 - 10.12 9.62 - .50
ON 6 2.11 2.21 .10 0.73 0.69 - .04 0.006 0.006 - 9.54 9.03 - .51
ON 7 2.16 2.26 .10 0.68 0.66 - .02 0.007 0.006 - .001 10.60 10.12 - .48
ON 8 2.15 2.20 .05 0.74 0.72 - .02 0.006 0.008 .002 11.57 12.20 .63
ON 9 2.14 2.28 .14 0.69 0.71 .02 0.006 0.007 0.001 10.71 10.93 .22
ON 10 2.32 2.33 .01 0.73 0.71 - .02 0.006 0.007 .001 11.67 11.88 .21
ON 11 2.14 2.28 .14 0.71 0.70 - .01 0.006 0.006 - 8.77 8.90 .13
ON 12 2.20 2.36 .16 0.72 0.70 - .02 0.006 0.006 - 8.95 9.18 .23
ON 13 2.21 2.35 .14 0.71 0.70 - .01 0.006 0.006 - 9.27 9.77 .50
ON 14 2.07 2.33 .26 0.70 0.67 - .03 0.006 0.006 - 8.61 9.03 .42
ON 15 2.12 2.33 .21 0.71 0.70 - .01 0.005 0.006 .001 9.46 9.58 .12
ON 16 2.20 2.30 .10 0.73 0.72 - .01 0.006 0.007 .001 10.53 10.55 .02
ON 17 2.23 2.40 .17 0.69 0.66 - .03 0.005 0.005 - 7.90 7.80 - .10
ON 18 2.26 2.37 .11 0.70 0.68 - .02 0.005 0.005 - 8.47 8.12 - .35
ON 19 2.27 2.35 .08 0.72 0.72 - 0.005 0.005 - 8.91 9.12 .21
ON 20 2.23 2.38 .05 0.75 0.71 - .04 0.006 0.006 - 9.57 9.56 - .01
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TABLE 5 . 5 (continued)

Sample
No.

Sulphur % m/m Chlorine % m/m Phosphorus % Im/m Ash % im/m
Lab XRF A s Lab XRF A  Cl Lab XRF P Lab XRF Ash

TL 1 1.75 1.98 .23 0.39 0.36 _ .03 0.005 0.003 — .002 4.11 4.23 .12
TL 2 1.73 1.93 .20 0.35 0.31 - .04 0.003 0.002 - .001 3.49 3.52 .03
TL 4 1.84 2.08 .24 0.37 0.33 - .04 0.003 0.002 - .001 3.64 3.42 - .22
TL 5 1.78 1.93 .15 0.32 0.31 - .01 0.003 0.002 - .001 3.18 3.18 -

TL 7 1.82 2.02 .20 0.35 0.32 - .03 0.003 0.002 - .001 3.84 3.84 -
TL 13 1.83 2.00 .17 0.28 0.35 - .03 0.003 0.002 - .001 3.83 3.67 - .16
TL 14 1.96 2.23 .27 0.37 0.33 - .04 0.003 0.002 - .001 3.87 3.68 - .19
TL 15 1.93 1.88 .15 0.35 0.32 - .03 0.003 0.002 .001 3.41 3.52 .11
TL 18 1.86 2.16 .30 0.39 0.34 - .05 0.003 0.002 - .001 4.05 4.09 .04
TL 20 1.77 2.06 .29 0.36 0.32 - .04 0.005 0.004 - .001 4.39 4.40 .01

CN 1 1.54 1.92 .38 0.57 0.53 _ .04 0.014 0.006 - .008 4.62 3.84 - .78
CN 3 1.50 1.90 .40 0.57 0.53 - .04 0.014 0.006 - .008 4.57 4.04 - .53
CN 6 1.41 1.85 .44 0.55 0.53 - .02 0.015 0.007 - .008 4.61 4.25 - .36
CN 7 1.49 1.85 .36 0.54 0.52 - .02 0.013 0.006 - .007 4.63 4.13 - .40
CN 8 1.63 1.99 .36 0.53 0.51 - .02 0.015 0.006 - .009 4.82 4.14 - .68
CN 9 1.57 1.93 .36 0.54 0.53 - .01 0.016 0.006 - .010 4.41 3.57 - .84
CN 12 1.60 2.08 .48 0.54 0.52 - .02 0.022 0.010 - .012 5.78 5.00 - .78
CN 14 1.40 1.76 .36 0.57 0.54 - .03 0.016 0.008 - .008 4.32 4.15 - .17
CN 16 1.49 1.70 .21 0.57 0.54 - .03 0.015 0.007 - .008 4.66 4.15 - .51
CN 19 1.42 1.68 .26 0.53 0.52 - .01 0.015 0.009 .006 5.81 5.97 .16

WP 2 1.28 1.32 .04 0.41 0.41 _ 0.023 0.019 _ .004 12.99 13.07 .08
WP 4 1.09 1.10 .01 0.41 0.41 - 0.032 0.027 - .005 12.74 13.19 .45
WP 5 1.08 1.15 .07 0.45 0.44 - .01 0.023 0.021 - .002 10.45 11.03 .58
WP 6 1.33 1.36 .03 0.39 0.38 - .01 0.021 0.021 - 11.85 12.32 .47
WP 7 1.23 1.27 .04 0.40 0.41 .01 0.024 0.026 .002 12.41 12.47 .06
WP 9 1.18 1.16 - .02 0.38 0.37 - .01 0.027 0.026 - .001 11.74 11.21 - .53
WP 10 1.00 1.03 .03 0.43 0.41 - .02 0.026 0.022 - .004 9.25 9.33 .08
WP 11 1.31 1.36 .05 0.41 0.42 .01 0.025 0.022 - .003 12.50 12.48 - .02
WP 12 0.98 0.98 - 0.45 0.45 - 0.028 0.022 - .006 10.27 10.25 - .02
WP 13 1.33 1.41 .08 0.35 0.38 .03 0.025 0.021 - .004 10.68 10.55 - .13
WP 14 1.06 1.06 - 0.43 0.40 - .03 0.025 0.026 .001 12.24 12.00 - .24
WP 15 1.07 1.06 - .01 0.43 0.42 - .01 0.030 0.028 - .002 13.00 12.44 - .56
WP 16 1.22 1.25 .03 0.41 0.39 - .02 0.024 0.025 .001 13.85 13.70 - .15
WP 17 1.23 1.27 .04 0.40 0.41 .01 0.023 0.020 - .003 11.80 11.70 - .10
WP 18 1.13 1.13 - 0.39 0.40 .01 0.029 0.024 - .005 10.24 9.89 - .35
WP 19 1.39 1.49 .10 0.40 0.40 - 0.019 0.018 - .001 12.03 12.70 .67
WP 20 1.62 1.75 .13 0.38 0.38 - . 0.016 0.015 - .001 12.31 12.72 .41
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TABLE 5 . 5 (continued)

Sample
No.

Sulphur % m/m Chlorine % m/m Phosphorus % m/m Ash % m/m
Lab XRF A  s Lab XRF A  Cl Lab XRF A  P Lab XRF £>.Arf>

PL 1 2.19 2.23 .04 0.38 0.39 .01 0.014 0.014 . 15.12 16.13 1.01
PL 2 1.98 2.02 .04 0.40 0.41 .01 0.016 0.017 .001 17.49 17.54 .05
PL 3 2.40 2.35 - .05 0.38 0.38 - 0.015 0.015 - 20.44 19.28 1.16
PL 4 2.47 2.45 - .02 0.38 0.38 - 0.014 0.013 -- .001 17.11 16.88 - .23
PL 5 2.20 2.13 - .07 0.43 0.42 ■- .01 0.018 0.017 ■- .001 20.32 19.66 - .76
PL 6 2.32 2.26 - .06 0.36 0.36 - 0.015 0.016 .001 22.48 20.67 - 1.81
PL 7 2.37 2.45 .08 0.42 0.41 -- .01 0.010 0.011 .001 15.05 15.04 - .01
PL 8 2.50 2.50 - 0.38 0.38 - 0.012 0.012 - 18.30 17.71 - .61
PL 9 2.50 2.58 .08 0.39 0.38 -- .01 0.013 0.012 ■- .001 16.22 15.72 - .50
PL 10 2.11 2.28 .17 0.38 0.38 - 0.013 0.012 -- .001 14.00 13.66 - .34
PL 11 2.10 2.29 .19 0.35 0.36 .01 0.016 0.016 - 17.95 17.86 - .09
PL 12 2.38 2.43 .05 0.40 0.40 - 0.009 0.012 .003 15.46 15.26 - .20
PL 13 2.27 2.28 .01 0.42 0.42 - 0.013 0.012 -- .001 13.69 13.38 - .31
PL 14 2.31 2.36 .05 0.40 0.39 -- .01 0.010 0.012 .002 15.34 15.38 .04
PL 15 2.20 2.24 .04 0.34 0.34 ■ - 0.014 0.016 .002 21.44 20.27 - 1.17
PL 16 2.33 2.23 - .10 0.36 0.37 .01 0.014 0.016 .002 19.89 19.04 1 00 \s\

PL 17 2.39 2.29 - .10 0.37 0.37 - 0.013 0.015 .002 19.55 18.87 - .68
PL 18 2.09 2.15 .06 0.40 0.42 .02 0.009 0.013 .004 15.28 14.68 - .60
PL 19 2.34 2.27 - .07 0.38 0.36 -- .02 0.014 0.017 .003 19.62 19.22 - .40
PL 20 2.30 2.26 - .04 0.40 0.39 -■ .01 0.011 0.014 .003 18.50 17.68 - .82
PL 21 2.29 2.19 - .10 0.38 0.37 -■ .01 0.012 0.016 ' .004 19.78 18.96 - .82
PL 22 2.41 2.33 - .08 0.40 0.39 -• .01 0.013 0.015 .002 17.66 17.24 - .42
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TABLE 5.6

Calcula t ion of mean and standard devia t ion  of  the d i f fe ren ces  
between chemical and XRF r e s u l t s  given in Table 5.5

Coll ie ry
code

Sulphur Ch lo r ine  Phosphorus
m/m m/m m/m

Ash 
% m/m

TY Number N 20
Mean X -  .075
Standard dev ia t ion  
of  d i f fe rences

o' n-1 .03547

20
.013

.0225

20
.005

.001277

20
0.005

0.3559

ON Number N 20
Mean X 0.124
Standard dev ia t ion  
of  d i f fe rences

# n -1 .05915

20
-  .0205

.01191

20
.00035

.006708

20
.005

.3273

TL Number N 10 10
Mean X .22 .034
Standard dev ia t ion  
of  d i f fe rences

o' n-1 .05518

CN Number N 10 10
Mean X 0.361 -  0.024
Standard devia t ion  
of  d i f fe rences

o'n-1 .07838

WP Number N 17 17
Mean X 0.03647 -  0.00235
Standard devia t ion  
of  d i f fe rences

o'n-1 0.04046 0.01437

PL Number N 22 22
Mean X 0 .0 1 1 8 2 -0 .0 0 1 3 6
Standard devia t ion  
of d i f fe ren ces

o'n-1 0.08238 0.009409

10 10 
.0011 -  .026

.01075 .0003162 .1213

10 10 
-  0.0084 -  0.489

0.01075 0.001657 0.31246

17 17
-  0.00218 0.04118

0.00235 0.36990

22 22
0.001136 -  0.38

0.00167 .6391

Total Number N 99
Mean X 0.0761
Standard devia t ion  
of  d i f fe ren ces

o'n-1 0.1429

99
0.00768

0.02094

99
-  0.000303

0.00361

99
-  0.1223

0.4556
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Two ranges of samples from 0.5 to 5.0 percent by weight of  sulphur 
were prepared, one of  organic and one of p y r i t i c  sulphur .  The 
absolu te  i n t e n s i t i e s  measured using the XRF spectrometer ,  
are given in Table 5.7 and p lo t ted  in f igure  5.1.  I t  can 
be seen from these  r e s u l t s  t h a t  the in t e n s i t y  of the X-ray 
f luorescence produced from p y r i t i c  sulphur i s  only approximately 
a quar te r  of  t h a t  from the organic form. Whatever the reason 
(absorption of  r a d ia t io n  by i ron  atoms being the most l i k e l y )  
t h i s  discrepancy probably accounts for  the d i f f i c u l t y  experienced 
in obtaining s a t i s f a c t o r y  accuracy in the XRF determination 
of  sulphur in  coal samples in which the r e l a t i v e  con ten ts  
of organic and p y r i t i c  sulphur are var ied and unknown.

In an ad d i t io n a l  t e s t ,  0.2g of  i ron  p y r i t e  (355 pm -  212 pm) 
was ground in the micromill  with 10g of  sucrose for  per iods  
of  0, 5, 10, 15, 20 and 60 minutes.  Each ground sample was 
pressed in to  a p e l l e t  and the absolute  i n t e n s i t y  of  i ron  and 
sulphur measured using the X-ray spectrometer.  The r e s u l t s  
given in  Table 5.8 and p lo t te d  in  Figure 5.2 show a rap id  
increase  in XRF i n t e n s i ty  for  sulphur and iron for  up to 
20 minutes grinding.

The e f f e c t  of  grinding coal would reduce the p a r t i c l e  s iz e  
of  p y r i t e  and hence increase  the XRF sulphur i n t e n s i t y  obtained 
from th a t  mineral.  The f ine  grinding of  coal does not e f f e c t  
the XRF in t e n s i t y  generated from organic sulphur.  Fine gr inding 
of  coal ( l e s s  than 212 pm in s ize )  to l e s s  than 10 pm, in  
add i t ion  to homogenising the sample should bring the  two XRF 
i n t e n s i t i e s  from organic and p y r i t i c  sulphur in c lo se r  agreement. 
This would produce a more accurate  c a l i b r a t io n  of  XRF i n t e n s i t y  
agains t  BS sulphur concen tra t ion .  The in te r f e r e n c e  c o r re c t io n s  
applied,  p a r t i c u l a r l y  for i ron ,  would be smaller and t h i s  should 
r e s u l t  in improved es t imates  of  sulphur in 'unknown' c o a l s .
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TABLE 5.7

Absolute i n t e n s i t i e s  for  given percentages of determined 
sulphur occurring in  two d i f f e r e n t  forms determined by XRF

Percentage sulphur m/m Absolute i n t e n s i t y  (counts sec 1
x 103 )

organic sulphur p y r i t i c  sulphur

0.50 504 113
1.00 . 928 232
1.50 1383 354
2.00 1835 441
2.50 2187 541
3.00 2613 632
3.50 3139 758
4.00 3748 867
4.50 4086 983
5.00 4526 1109

Coef f ic ien t  of  c o r re l a t io n  0.9989 0.9991
In te rce p t  12.6667 8.73
Gradient of  l i n e  902 216
Standard e r ro r  of  es timate
about the l i n e  68.42 14.51

254



Fi
gu

re
 

5.
1 

A
bs

ol
ut

e 
in

te
ns

it
ie

s 
fo

r 
gi

ve
n 

pe
rc

en
ta

ge
s 

of 
su

lp
hu

r 
0̂0

0 
oc

cu
rr

in
g 

as 
or

ga
ni

c 
or 

py
ri

ti
c 

fo
rm

 
in 

su
cr

os
e

C D  O

W 03

oaa<r
aaa

aaa
CS|

oaa

255



TABLE 5.8

Absolute XRF i n t e n s i t i e s  for  Q.2g of  i ron p y r i t e  (355 jum -  212 pm) 
ground with 10g of  sucrose for  d i f f e r e n t  time i n t e r v a l s

Time of  gr inding of  Absolute XRF i n t e n s i t y  (counts^sec-1
mixture (minutes) x 10 )

Sulphur Iron

0 117 247
5 158 234

10 174 391
15 227 497
20 269 595
60 340 691
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A fusion technique such as t h a t  recen t ly  descr ibed by Weber,
187Van Willigen and Van der Linden would convert the sulphur 

to a s ing le  chemical form. Such sample p repara t ion  methods 
would remove minera logica l  e f f e c t s  in XRF ana lys is  but are 
time consuming, in troduce poss ib le  v o l a t i l i s a t i o n  lo sses  and 
defea t  the objec t  of  rapid  ana lys is  d i r e c t ly  upon coal  powder.

The p o s s i b i l i t y  of  s e le c t in g  groups of  coals  in r e spec t  of  
t h e i r  area  of  o r ig in  or seam for  c a l i b r a t io n  should not be 
discounted. . This would f a c i l i t a t e  the c lose r  agreement in 
chemical composition of  'unknowns' and c a l ib r a t io n  coals  i . e  
improved 'matrix matching ' .  Such c a l ib r a t io n s  and the  f ine  
grinding of  coal should be explored to improve the accuracy 
of  the determination of  sulphur in coal by X-ray f luorescence.

5 .3 .2 .3  Phosphorus

Excluding the CN coals  which appear anomalous the r e s u l t s  
of cpmparing XRF analyses  with chemical analyses for  phosphorus 
given in  Table 3.3 are good and the l a r g e s t  ind iv idua l  d i f f e re n c e  
found between the two methods i s  0.005 percent .  The SD of  
the d i f fe rence  between XRF and BS methods of  an a ly s is  for  
a l l  the 99 coals  i s  0.0036. These r e s u l t s  are considered 
s a t i s f a c to r y  for  rou t ine  ana lys is  of  phosphorus by XRF, although 
the problem with CN coals  needs fu r the r  in v e s t ig a t io n .  I t  
i s  not unreasonable to  assume th a t  a background measurement 
and co r rec t ion  for d i f f e r e n t  coal matr ices ,  might improve 
the accuracy of  phosphorus determination by XRF and t h i s  might 
a lso be the problem with the CN coals ,

5 .3 .2 .4  Ash

The r e s u l t s  obtained using rhodium backscat tered X-ray r a d i a t io n  
for assessment of  ash, given in Tables 5.5 and 5.6 show an 
SD of the d i f fe rence  between XRF and BS methods of  0.456 for  
a l l  the 99 coa ls .  Accepting the high degree of  p rec i s io n  
of  the BS es t imate  of  ash given in Table 5.4 these r e s u l t s  
cannot be considered as s a t i s f a c t o r y .  The accuracy of  the r e s u l t s  
obtained using t h i s  XRF method might be usefu l  for  o n - l in e  q u a l i ty  
con tro l  monitoring and the NCB are in v es t ig a t in g  the use of  such

258



a simple XRF technique for  t h i s  purpose. The es t imat ion  of  
ash or b e t t e r  s t i l l  the mineral matter content  of  coa l ,  using 
XRF t o t a l  elemental ana lys is  should be more accurate  and a 
high degree of  c o r r e l a t i o n  using SEM/EDXA and BS ash determination 
has al ready been shown in Chapter 3. Despite the problems 
described in sec t ion  3 .2 .4 .  the p o te n t i a l  usefu lness  of  t h i s  
method for  ash determination d i r e c t ly  on whole coal i s  c l e a r ly  
ind ica ted .

3.4 CONCLUSIONS

The use of  an automated wavelength d ispe rs ive  XRF technique 
for the determination of  twelve elements in pressed coal powders 
has been shown to be very p rec i se .  This high degree of  p rec is ion  
i s  a lso obtained for  sulphur,  ch lo r ine ,  phosphorus and ash determinations
on ten different-  pressed p e l l e t s  of  the same coal .

The XRF method developed has a lso been shown to be very 
accurate  and s u i ta b ly  s e n s i t i v e  for  the ana lys is  of  ch lo r ine  and 
phosphorus in  a range of  commercially graded coals  from the East 
Midlands Region of  the NCB.

On the other  hand, sulphur was only determined accura te ly
for approximately - f i f ty  percent  of  the unknown samples analysed.
The reason for t h i s  has been id e n t i f i e d  to be the d i f f e r e n t  X-ray 
f luorescent  y ie lds  obtained from organic and inorganic  sulphur forms 
known to e x i s t  in  coal in unknown and va r iab le  amounts. The cause 
of t h i s  d i f fe rence  i s  most l i k e ly  the absorption of  X-ray r a d i a t io n  
by atoms of  i ron .  An improvement in accuracy of  ana lys is  of^unknowns^ 
would be obtained by matching the forms of  sulphur in the c a l i b r a t i o n  
and unknown coals  more p rec ise ly  and a lso  by f in e r  grinding of  coal 
to homogenize these  sulphur forms.
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The ash determination inves t iga ted  in t h i s  work attempted 
to r e l a t e  the backsca t te red  X-ray r ad ia t io n  from rhodium to the BS 
method of  ash determination.  The X-ray method although p rec ise  
was not s u f f i c i e n t l y  accura te  for  s a le s  q u a l i ty  assessment but would 
be acceptable  for on- l ine  washery qua l i ty  co n t ro l .  The use of 
comprehensive X-ray elemental ana lys is  of  coal would r equ i re  a d e ta i l e d  
chemical ana lys is  of  the c a l i b r a t io n  coals  but should give more accura te  
r e s u l t s ,  p a r t i c u l a r l y  i f  the X-ray i n t e n s i t i e s  were r e l a t e d  to the 
mineral matter composition r a th e r  than the ash determination.

The XRF ana lys is  of  coal  powders has th e re fo re  been i d e n t i f i e d  
as a v e r s a t i l e  and very powerful technique for  rou t ine  coal  ana lys is  
giving acceptable p rec is ion  and accuracy.
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CHAPTER 6

THE MULTI-ELEMENT ANALYSIS OF SOLUTIONS OF COAL ASH 
USING INDUCTIVELY COUPLED PLASMA -  OPTICAL EMISSION

SPECTROSCOPY
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6.1 INTRODUCTION

The opera t iona l  problems encountered in coal combustion 
and u t i l i s a t i o n  make i t  necessary to id e n t i fy  the chemical composition 
of  coal ashes. The analyses of  samples decarbonised a t  low temperatures 
are also  used to  provide valuable information concerning the elemental 
composition of  coal .

Many authors  have attempted to r e l a t e  ash composition to
188the physical  and chemical c h a r a c t e r i s t i c s  of  coa l .  Bickelhaupt

has shown th a t  the elemental composition of  f ly -ash  in f luences  i t s
e l e c t r i c a l  r e s i s t i v i t y  and thus cons iderably e f f e c t s  the ease with
which i t  can be co l lec ted  by the e l e c t r o s t a t i c  p r e c i p i t a to r s  used
a t  power s t a t i o n s .  The chemical composition of  coal ash and i t s
r e l a t io n s h ip  to high-temperature f i r e s i d e  corrosion and fouling

137 189 191of b o i l e r s  have been considered by severa l  au thora  9

The understanding of  t r a ce  element chemistry in coal combustion
has been increased by an a ly s is  of  both bulk and ind iv idua l  p a r t i c l e s  

192-194of ash. However, without doubt the most usefu l  a p p l ic a t io n
for the chemical ana lys is  of  coal and coke ashes i s  the assessment
of  fusion,  soften ing  and s lagging c h a r a c t e r i s t i c s  of  the ash generated

2 6  1 9 5  1 9 7in  pulver ised fuel  combustors.  ’ 1 The NCB uses the determination

of the s i l i c a  r a t io *  described in Modern Power S ta t ion  P r a c t i c e ^ ^

as one of  a number of  in d ic a to r s  of  high temperature behaviour
of  mineral matter .  This r a t i o  i s  used in  conjunction with the

149ash fusion t e s t  ou t l ined  in  BS 1016 to  assess  the fusion c h a r a c t e r i s t i c s  

of  ash. The use of  the elemental ana lys is  of ash w i l l  become of  
increasing importance with the advent of  modern technologies  such 
as f lu id i s ed  bed combustion.

Inductive ly  Coupled Plasma-Optical Emission Spectroscopy
(ICP-OES) i s  a r e l a t i v e l y  new rou t ine  a n a ly t i c a l  technique,  f i r s t

199reported by Greenfie ld  in 1964 and considered by severa l  authors
? nn 201to be complementary to Atomic-Absorption Spectrometry. ’ A

b r i e f  desc r ip t ion  of  the technique i s  presented here but the reader
2 0 2  2 0 3  2 0 &i s  r e fe r red  to more d e ta i l ed  reviews. ’

* s i l i c a  r a t i o  = J o  S i02 x 100

J o  S i02 +  J o  F^O^ +  ? o  CaO + J~o MgO
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The ICP i s  a highly ion ised ,  very hot gas reaching temperatures  

of  6000 - 10000°K. I t  i s  sus ta ined  in a quartz torch by an induct ion  
c o i l  generated by a powerful radio-frequency generator .  A schematic 
drawing of a plasma torch showing the th ree  separate  gas flows i s  
i l l u s t r a t e d  in Figure 6.1.  The coolant  gas prevents the plasma 
melting the torch ,  the plasma gas su s ta in s  the plasma and the c a r r i e r  
gas t r a n sp o r t s  the sample aerosol  in to  the plasma.

The discharge of  a Tesla c o i l  in troduces  seed e le c t ro n s  in to  
the plasma argon and the o s c i l l a t i n g  magnetic f i e ld  of  the induct ion  
c o i l  acce le ra te s  these  e lec t ro n s  in an annular (toroidal) path so t h a t  
they gain s u f f i c i e n t  energy to  ion ise  the argon, thereby producing 
more e lec t ro n s .  As the radio-f requency i s  continuously applied  
the plasma becomes s e l f - s u s t a i n in g .

The ICP-0E5 technique,  with i t s  high temperature and r e l a t i v e l y  
long res idence time of  sample within the plasma, ensures almost 
t o t a l  breakdown of  the analy te  species  and i s  th e re fo re  a very e f f i c i e n t  
atom source. As the sample i s  confined to the narrow c e n t r a l  channel 
which i s  ex te rn a l ly  heated by the surrounding plasma i t  has a r e l a t i v e l y  
uniform r a d i a l  temperature d i s t r i b u t i o n .  Thus, the plasma i s  s a id ,  
to be ' o p t i c a l l y  t h i n '  which minimises,  ' s e l f - a b s o rp t io n '  and ' s e l f -  
r e v e r s a l '  phenomena explained in Chapter 2. This c h a r a c t e r i s t i c  
r e s u l t s  in  la rge  l i n e a r  dynamic working ranges.

In the instrument  used in t h i s  study the l iq u id  sample i s  
converted to an aerosol  by the nebu l ise r  and then passes  in to  the 
spray chamber where an impact bead removes the l a rg e r  d ro p le t s .
The f ine  aerosol  i s  t ranspor ted  by the c a r r i e r  gas through the c e n t r a l  
tube of  the torch in to  the plasma. In the plasma the sample i s  
atomised and the atoms are ra i sed  to  higher  energy l e v e l s .  These 
exci ted atoms then emit e lectromagnet ic  r ad ia t io n  of  c h a r a c t e r i s t i c  
wavelengths which pass through the op t ics  and s l i t s  of  the spectrometer .

The electromagnetic r a d ia t io n  i s  d i f f r a c t e d  from the g ra t ing  onto 
the secondary s l i t  frame behind which the pho tom ult ip l ie r  tubes 
are mounted. These convert the electromagnet ic  energy to e l e c t r i c a l  
s igna ls  r e l a t i v e  to the i n t e n s i t y  of  the elemental emission. A schematic 
rep resen ta t ion  of  the sequen t ia l  ICP spectrometer used in  t h i s ’study i s  shown 
in Figure 6.2
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Figure 6.1 A cross section of the torch

p lasm a  a rg o n

in d u c t io n  c o i l

Sam ple a e r o s o l  i n  c a r r i e r  a rg o n  
fro m  n e b u l i s e r
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The ICP-0E5 technique has been appl ied  su ccess fu l ly  by Walsh 

for  the de termina tion  of  major, minor and t ra ce  elements in geo log ica l

samples.  The use of  ICP-OES for the ana lys is  of  coal ash i s  r e l a t i v e l y  
206although Nadkarni desc r ibes  i t s  usefulness  for the comprehensive

elemental an a ly s is  of  coal  and f ly  ash a f t e r  d ig e s t io n  in a Parr
207bomb. Wilkinson, Ebdon and Jackson have used the technique

to  analyse coal  s l u r r i e s  and s i l i c a t e  rock powders sprayed d i r e c t l y
208in to  the plasma and Kin, Zerezghi and Caruso for  the d i r e c t  i n j e c t i o n  

and a n a ly s i s  of  NB5 coal f ly  ash.

The method ou t l in ed  here describes  a r ap id ,  simple d ig e s t io n  

procedure for  the analysis- of  the major and minor c o n s t i t u e n t s  of  
coal ash by ICP-OES.

6.2 EXPERIMENTAL

6.2.1  Equipment

Model 3520 vacuum s e q u e n t ia l  ICP-OE spectrometer ,  (Applied 

Research Labora to r ie s ,  Luton, Bedfordshire .)  See Figure 6.2  
100 cm^ 'Nalgene'  co n ta in e rs  (Fisons S c i e n t i f i c  Equipment, 
Loughborough, L e ic e s t e r s h i r e )  or 100 cm  ̂ t e f lo n  con ta ine rs  

(Cowie S c i e n t i f i c  Limited, Middlesborough, Cleveland).
Agate p e s t l e  and mortar (Gallenkamp Limited, Loughborogh, 
L e ic e s t e r sh i r e )
100 cm^ ’Gradplex'  volumetric f la sks  (Fisons S c i e n t i f i c  
Equipment, Loughborough, L e ic e s t e r s h i r e ) .

Grade 'A' g l a s s  p i p e t t e s  (Fisons  S c i e n t i f i c  Equipment, Loughborough 
L e ic e s te r sh i r e )

100 cm^ PTFE p i p e t t e  (Fisons S c i e n t i f i c  Equipment, Loughborough 
L e i c e s t e r s h i r e ) .

6 .2 .2  Reagents

All chemicals were obtained from BDH Chemicals, Poole, Dorse t .  
Hydrofluoric  acid 48?o v/v AnalaR grade 
Boric acid  s o lu t io n  4% w/v AnalaR grade

Standard s o lu t io n s ,  ( s i l i c o n ,  aluminium, calcium, magnesium, 

i ron ,  t i t an ium ,  sodium, potassium and manganese), 1000 jjg ml 

Spectrosol  grade.

Sodium su lphate ,Na2S0^ A r i s t a r  grade
Potassium dihydrogen orthophosphate,KH2PO4 A r i s t a r  grade 
N i t r i c  ac id  Sp. g rav i ty  1.42 A r i s ta r  grade
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6.2 .3  Digestion of  ash for Inductively  Coupled Plasma 
Optical Emission Spectroscopy

A small sample of  ash was hand-ground in a p e s t l e  and mortar 
so t h a t  i t  a l l  passed through a 240 BS mesh s ieve and then ig n i ted  
a t  815°C.^^  A weighed increment of  t h i s  ash (30 mg ± 0.01 mg) 
was t r a n s f e r r e d  to a 100 cm  ̂ te f lo n  con ta iner ,  one or two drops 
of  deionised water were added and the conta iner  swir led to ensure 
complete wett ing of  the ash. Hydrofluoric acid (2.5 cm^) was 
added c a re fu l ly  using a PTFE p ip e t t e  and the con ta iner  sealed 
and placed in  an a i r  oven a t  105-110°C for  t h i r t y  minutes.  The 
conta iner  was allowed to cool completely and bor ic  ac id  so lu t io n  
added (65 cm^). The bor ic  acid complexes with the excess hydrof luor ic  
acid to produce a f luorobora te  complex. This complex a t t ack s  
b o r o s i l i c a t e  g lass  and thus the use of  polypropylene ^gradplex^ 
f la sks  i s  recommended. The conta iner  was sealed  and shaken 
to ensure complete d i s s o lu t io n  of  ash and prec ipa ted  f lu o r id e s .
The conta iner  may be re turned  to the oven a t  t h i s  s tage  for  a 
fu r the r  t h i r t y  minutes i f  d i s so lu t io n  was found to  be incomplete.
I f  t h i s  s t i l l  does not r e s u l t  in d i s so lu t io n ,  then the ash u s u a l ly  

has not been ground as s p ec i f ied  and the procedure should be 
commenced again. Experience in using t h i s  d iges t ion  method 
rou t ine ly  for  s ix  years has shown t h i s  to be a very in f requent  
problem. The cooled so lu t ion  was q u a n t i t a t i v e ly  t r a n s f e r r e d

to a 100 cm^ Gradplex volumetric f lask  and the n icke l  so lu t io n
3 —1 (5 cm of  400 yytg ml” so lu t io n  in 5?o v/v A r i s ta r  n i t r i c  ac id)

added as an i n t e r n a l  s tandard .  The contents  of  the f la sk  were
f in a l l y  made up to 100 cm  ̂ using deionised water.

6 .2 .4  Development of  ICP-OES a n a ly t i c a l  parameters and 
c a l i b r a t i o n  of  the spectrometer

6 .2 .4 .1  Spectra l  cons ide ra t ions

The major and minor elements and s p e c t r a l l i n e s  i n i t i a l l y  
examined for  c a l i b r a t io n  are l i s t e d  below:
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Sil icon
Aluminium
Calcium
Magnesium
Iron
Titanium
Manganese
Sodium
Potassium
Phosphorus
Sulphur

251.611 nm 

308.215 nm 
317.933 nm 
279.553 nm 
259.940 nm 
334.441 nm 
257.610 nm 
589.592 nm 
766.490 nm 
178.287 nm 
180.731 nm

atomic l i n e  
atomic l i n e  
ionic  l i n e

it ii
it ii

it ti

atomic l i n e
it ii

ion ic  l i n e

The s p e c t r a l  l i n e s  were scanned to obta in t h e i r  exact wavelength 
pos i t ion  and an i l l u s t r a t i o n  of  such a scan for  t i tan ium  
i s  given in  Figure 6.3 As can be seen from t h i s  f igure  
a t i tanium doublet was obtained and so an a l t e r n a t iv e  l i n e  
for t i tanium a t  337.280 was located  and scanned.

The s p e c t r a l  l i n e s  were then examined for  s p e c t r a l  i n t e r f e r e n c e s
-1by spraying separa te ly  1000 j i g  ml so lu t ions  of  each of  the

other  ten elements and noting any observed changes in  i n t e n s i t y .
An increase  in i n t e n s i t y  above the background was found a t

_1
the sulphur l i n e  when 1000yug ml calcium so lu t io n  was sprayed. 
The in te r f e re n c e  was a t t r i b u t e d  to the calcium 180.75 nm ion ic  
l i n e .  A graphics  p lo t  showing t h i s  in t e r f e re n c e  i s  given 
in Figure 6 .4 .  The a l t e r n a t iv e  sulphur l i n e  a t  182.033 nm 
was examined and found to be free  from in te r f e r e n c e .  A blank 
so lu t ion  and a so lu t io n  with a concentra t ion  to cover the 
maximum an t i c ip a te d ,  were then sprayed to enable the a t t e n u a to r  
s e t t i n g s  of  the de tec to r  to be se lec ted .
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Figure 6.4 Interference of the calcium 180.75 nm line on sulphur
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6.2.4.2 Calibration

The use of  an aqueous c a l ib r a t io n  gave r e s u l t s  for c e r t i f i e d  
standards in poor agreement with t h e i r  c e r t i f i e d  va lues.
This i s  not s u rp r i s in g ,  accepting the e f f e c t  of  v i s c o s i ty  
upon the absolu te  i n t e n s i t i e s  obtained by the ICP-OES technique.  
The use of  s tandards  matrix-matched for  hydrof luor ic  and boric  
acids gave a s a t i s f a c t o r y  c a l ib r a t io n  for  a l l  elements except 
aluminium. The aluminium r e s u l t s  were found to  be approximately 
e igh t  percent  low when compared to c e r t i f i e d  values .  The 
most s a t i s f a c t o r y  c a l i b r a t i o n  was f i n a l l y  obtained by taking 
increments of  th ree  c e r t i f i e d  reference m a te r ia l s ,  two NCB 
c e r t i f i e d  ash samples and 'B la s t  Furnace Slag'  (BCS 367, Bureau 
of  Analysed Samples Limited, Middlesborough, Cleveland) to 
produce c a l i b r a t i o n  graphs for  s i l i c o n ,  aluminium, i ron ,  calcium 
and magnesium. The remaining s ix  elements were c a l i b r a t e d  
using BDH spec t roso l  so lu t io n s  matrix matched for  hydrof luor ic  
and bor ic  acid con ten ts .  The reason for the improved c a l i b r a t i o n  
when using standard  re fe rence  m ate r ia ls  may be t h a t  seve ra l  
elements in the ash d iges t  ( p a r t i c u l a r ly  aluminium) p r e c i p i t a t e  
as f lu o r id es  but d isso lve  when complexed with the bor ic  ac id  
so lu t ion .  These elements are the re fo re  in a d i f f e r e n t  chemical 
form to t h a t  in  the BDH spec t roso l  so lu t ion  matrix matched 
for hydrof luor ic  and bor ic  acid con ten ts .

In rou t ine  operat ion of  the instrument the sample t r a n sp o r t  
system was found to be extremely temperature s e n s i t i v e  and 
so i t  was decided for  c a l i b r a t io n  and ana lys is  to  use an i n t e r n a l  
standard to  r a t i o  element i n t e n s i t i e s .  The i n t e r n a l  s tandard 

, should only occur in coal in t ra ce  amounts, not i n t e r f e r e  
with the se le c ted  elements or be i n t e r f e r e d  with i t s e l f  by 
the elements p resen t .  I t  should then compensate for  changes 
in s e n s i t i v i t y  caused by the ICP sample t r a n sp o r t  system.
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Three elements for  use as an i n t e rn a l  standard were in v e s t ig a ted :
zirconium, lanthanum and n icke l .  Zirconium gave problems
with frequent blockage of  the nebul iser  and lanthanum gave
e r r a t i c  i n t e n s i t i e s  p a r t i c u l a r l y  for s i l i c o n  and aluminium,
probably due to the complex emission spectrum of  lanthanum.
Nickel has the advantage th a t  an atomic l i n e  a t  232.003 nm
can be used to r a t i o  the atomic analyte  l i n e s ,  w h i l s t  an ion ic
l i n e  a t  231.604 nm can be used to r a t i o  the ion ic  analy te

—1l i n e s .  For t h i s  purpose, 20yUg ml"* of  the sp ec t ro so l  n icke l  
so lu t ion  were added to the c a l i b r a t io n  s tandards  and samples 
before making up to 100 ml. The use of  n ickel  as an i n t e r n a l  
reference s tandard ,  gave exce l len t  r e s u l t s  without any opera t iona l  
problems and was th e re fo re  evaluated in  t h i s  s tudy.

I t  should be noted th a t  so lu t io n s  used for  ICP an a ly s is  should 
be f ree  from p a r t i c u l a t e  matter  when using conventional n eb u l i se r s  
and i f  necessary, f i l t r a t i o n  with a Whatman 341 hardened ash le ss  
paper i s  recommended. The o r ig in a l  t e f lo n  con ta ine rs  used 
were found to d i s t o r t  s l i g h t l y  in the a ir -oven but re tu rned  
to t h e i r  o r ig in a l  shape on cooling. However, the l a t e s t  ves se ls  
purchased d i s to r t e d  badly and were found to be th in -w a l led  
and weigh much l e s s  than the 50g of  the o r ig in a l  s a t i s f a c t o r y  
ones. An a l t e r n a t iv e  supply i s  the re fo re  suggested in  sec t io n
6 .2.1 and no problems of  d i s t o r t i o n  with these con ta ine rs  
have been found.

The d iges t ion  procedure described in sec t ion  6 .2 .3  i s  improved 
by the add i t ion  of  a few m i l l i l i t r e s  of  concentrated n i t r i c  
and/or hydrochloric acids  for ash samples which are  very high 
in  i ron ,  calcium or phosphorus. Such samples are  in  f a c t  a ty p i c a l  
but high calcium contents  could be present  in the ash from 
f lu id i s e d  bed combustors.
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6.2.5 Routine operation of the ICP spectrometer for ash analysis

At the  s ta r t  o f the day the plasma is  ig n ite d , a llowed to  s ta b i l is e  

fo r  approxim ate ly fo r t y - f iv e  minutes and the spectrom eter c a lib ra te d  

according to  the m anufacturers in s tru c t io n s . The c a lib ra t io n  

is  d r if t - c o r re c te d  by spraying a standard a t the top o f  the c a lib ra t io n  

range and a b lank s o lu t io n  fo r  each element. As a fu r th e r  check 

to  ensure th a t no problems have occurred in  the d r i f t  c o rre c t io n  

a w e ll analysed standard ash s o lu t io n  is  then sprayed. I f  the 

re s u lts  from th is  standard are s a t is f a c to r y ^ t s \ f T  percent o f 

the mean percentage*) then unknown s o lu tio n s  are analysed. The 

a n a lys is  cyc le  fo r  eleven elements takes ten minutes to  complete 

per sample and the performance o f  the instrum ent is  m onitored 

by a n a lys is  o f  the re fe rence ash a f te r  every ten samples.

Sample id e n t i f ic a t io n  and data processing in s tru c t io n s  are in p u t 

v ia  the VDU te rm in a l. I t  was found necessary to  use a p re - in te g ra t io n  

tim e o f 30 seconds and th ree  de te rm ina tions o f  f iv e  seconds 

in te g ra t io n  fo r  each element. The re s u lts  are then d isp layed  

on the VDU or p r in te d -o u t using the te rm in a l.

The ne b u lise r and spray chamber are rinsed  fo r  2 o r 3 minutes 

w ith  n i t r i c  ac id  (5?o m/m) a f te r  each sample a n a ly s is . Th is was 

found to  reduce d ra m a tic a lly  n e bu lise r blockage which is  caused 

by the h igh s a l t  con cen tra tion  (3?o m/v) in  the ana ly te  s o lu t io n s .

I t  was a lso  found th a t continued spraying o f the a na ly te  s o lu t io n  

caused deposits  o f  b o ric  ac id  to  b u ild  up w ith in  the in n e r channel 

o f the quartz  to rc h . This lead to  poor p re c is io n  and an excessive 

depos ition  o f  s a lt  re s u lte d  in  the plasma being e x tin gu ish e d .

*  t  = students t  fo r  95?o confidence l im i t s

s = standard d e v ia tio n  ca lcu la te d  fo r  the element
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6.3 RESULTS AND DISCUSSION

A to ta l  o f e ighteen c e r t i f ie d  standard m a te ria ls  or standard 

re fe rence samples have been analysed using the rap id  ICP-OES method 

described. The re s u lts  obta ined using th ree  separate analyses o f 

a s in g le  sample d ig e s t are g iven in  Table 6 .1 . The s t a t i s t i c a l  

e va lua tion  o f the d iffe re n c e s  between the ICP re s u lts  and the re fe rence  

values fo r  each separate sample are given in  Table 6 .2 , w h ils t  the in d iv id u a l 

element comparisons are g iven in  Table 6 .3 . For these s t a t i s t i c a l  

app ra isa ls  samples 1633(a) and 1633 have been excluded because o f 

the la rg e  number o f  u n c e r t if ie d  values used fo r  comparison.

The re s u lts  fo r  a l l  eleven element de te rm ina tions are in  

e x c e lle n t agreement w ith  standard va lues. The best Standard D ev ia tio n  

(SD) o f  the d iffe re n c e s  was found fo r  phosphorus pentoxide (0.0187) 

and the poorest fo r  alumina (0 .6932). Samples o f  BCS No. 315 f i r e b r ic k  

and CA 6427E gave the best SD o f the d iffe re n c e s  fo r  the to ta l  e lem enta l 

ana lys is  (0 .160 ), w h ils t  the poorest SD was found fo r  sample CA 6429E 

(0 .502).

The p re c is io n  o f  the method was assessed by ten re p lic a te  

d ig e s tio n s  and analyses o f a w e ll mixed ty p ic a l East M idlands Regional 

coal ash. The d ig e s tio n  and analyses were c a rr ie d  out on d i f fe r e n t  

days. The day to  day d r i f t  o f  the spectrom eter is  compensated by 

the use o f a top and bottom standard fo r  each o f the c a lib ra t io n  

elements. The re s u lts  o f  these analyses are g iven in  Table 6 .4 .

Manganese oxide showed no d e v ia tio n  fo r  ten de te rm ina tions

and the poorest R e la tive  Standard D ev ia tion  was found fo r  su lphur

(6 .4  p e rcen t). The p re c is io n  o f  the de te rm ina tions o f  s i l i c a ,  alumina

and the o ther ana ly te  elements is  considered to  be e x c e lle n t and

compares very favourab ly  w ith  B r i t is h  Standard Method re p e a ta b i l i ty  
149c r i t e r ia .  The ICP-OES method has been subm itted to  the B r i t is h

Standards In s t i t u t io n  fo r  acceptance.
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The e f fe c t  o f  a d ig e s tio n  time on completeness o f s o lu t io n  

and s t a b i l i t y  o f the d ig e s t has been in ve s tig a te d  by the an a lys is  

o f  a high su lphate ash, d igested  fo r  periods va ry ing  between 10  m inutes 

to  18 hours. The re s u lts  are given in  Table 6 .5 . A l l  the elements, 

except su lphur are s ta b le  fo r  up to  eighteen hours d ig e s tio n  tim e. 

Sulphur may be lo s t  in  d ig e s tio n , i f  periods in  excess o f two hours 

are used. Iro n  is  the on ly element not com plete ly d igested  in  ten 

minutes and th e re fo re  the d ig e s tio n  time o f t h i r t y  minutes used in  

Section 6 .2 .3  is  considered as most s u ita b le .

The method is  id e a lly  su ite d  to  cover the co ncen tra tio n  

le v e ls  norm ally found in  coa l ashes w ith  adequate s e n s i t iv i t y  fo r  

the accurate a n a lys is  o f the minor elements (0.1 percent m/m). In  

ro u tin e  opera tion  i t  has been found th a t t h i r t y  ash analyses can 

be completed in  a working day w ith  the same accuracy as BS procedures 

but w ith  a t le a s t a f iv e fo ld  increase in  th roughput. The method 

should be s u ita b le  fo r  extension to  trace  element de te rm ina tions 

in  coal ash and th is  is  to  be in v e s tig a te d .

6.4 CONCLUSIONS

The ICP-OES method has been shown to  be both accurate and 

prec ise  fo r  the de te rm ina tion  o f eleven major and minor elements 

in  coal ash. The method g ives a t le a s t a f iv e fo ld  increase in  sample 

throughput over cu rre n t BS procedures w itho u t loss  in  accuracy or 

p re c is io n . The use o f  n ic k e l as an in te rn a l re fe rence standard 

precludes the a n a lys is  o f samples co n ta in ing  major or minor le v e ls  

o f n ic k e l.  The d ig e s tio n  and a n a lys is  procedure described should 

be s u ita b le  fo r  the de te rm ina tion  o f tra ce  elements (except n ic k e l)  

in  coal ashes. The method has been subm itted to  the B r i t is h  Standards 

In s t i tu t io n  fo r  acceptance as an improved a n a ly t ic a l technique fo r  

the ana lys is  o f  the major and minor co n s titu e n ts  o f coa l and coke 

ashes.
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The c o n s tra in ts  app lied  to  coa l an a lys is  la b o ra to r ie s  in  

terms o f s t a f f  and costs continue to  increase, The a n a lys is  o f coal 

is  a branch o f a n a ly t ic a l chem istry which s u ffe rs  from la b o u r- in te n s iv e  

'w e t1 chemical procedures. The B r i t is h  Standard In s t i t u t io n  methods 

fo r  coal ana lys is  are geared to  u n iv e rs a lly  a p p lica b le , sim ple and 

inexpensive methods. The in tro d u c tio n  o f new ins tru m e n ta l methods 

re q u ir in g  high i n i t i a l  c a p ita l o u tla y  has not been rece ived  w ith  

much enthusiasm. Such methods o f ana lys is  re q u ire  la rg e  sample throughputs 

before they become cos t e f fe c t iv e .  Other reasons fo r  th is  la ck  o f 

enthusiasm have been th a t the new methods proposed to  date have lacked 

e ith e r  s e n s i t iv i t y ,  p re c is io n  or accuracy, or are t o t a l ly  unsu ited  

fo r  ro u tin e  a n a lys is  o f  la rg e  numbers o f  samples. The work reported  

here demonstrates th a t w ith  a h igh i n i t i a l  c a p ita l o u tla y  the gap 

between the ins tru m e n ta l a n a ly t ic a l chemist and t r a d i t io n a l  coa l s c ie n t is t  

can be bridged.

The aim o f th is  study has been to  id e n t i fy  prom ising new . 

a n a ly t ic a l methodologies th a t can be used by coa l a n a lys is  la b o ra to r ie s  

fo r  the de te rm ina tion  o f  minor and trace  elements in  coa l and coa l 

ash. To reduce o p e ra tio n a l tim e and expense, the techniques se lec ted  

fo r  study were ones which re q u ire  minimal sample p re p a ra tio n .

The methods considered to  have the re q u is ite  s e n s i t iv i t y ,  

speed o f ana lys is  w ith  acceptable p re c is io n  and accuracy and very 

o fte n  in co rp o ra tin g  m u lti-e le m en t c a p a b il i t ie s  are:

( i )  a tom ic-abso rp tion  spectrom etry using e le c tro th e rm a l 

a tom isa tion  and coa l s lu r r ie s ;

( i i )  scanning e le c tro n  microscopy and ene rgy-d ispe rs ive  

X-ray m u lti-e lem e n t ana lys is  o f  coa l powders;

( i i i )  q u a n t ita t iv e  m u lti-e lem en t a na lys is  o f coa l powders by

wavelength d isp e rs ive  automated X-ray flu roescence spectrom etry ;

( iv )  m u lti-e lem en t o p t ic a l emission spectrom etry o f  s o lu t io n s  

o f coa l ash using an in d u c tiv e ly  coupled plasma.
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Each o f these techniques is  described and evaluated in  

separate chapters in  th is  th e s is . An a ppra isa l o f th e ir  usefu lness 

fo r  coa l ana lys is  is  given in  the conclusions a t the end o f each chapte r.

The a tom ic-abso rp tion  spec trom etric  e le c tro th e rm a l a tom isa tion  

technique fo r  the d ire c t  a n a lys is  o f  coa l s lu r r ie s  is  shown to  be 

very successfu l fo r  the de te rm ina tion  o f  a rsen ic  in  tra ce  amounts.

The method developed has been subm itted to  the B r i t is h  Standards In s t i t u t io n  

fo r  acceptance. The problems encountered w ith  background c o rre c tio n  

systems when using so lid -sa m p ling  and e lec tro the rm a l a tom isa tion  are 

c r i t i c a l l y  d iscussed. The background problems are h ig h - lig h te d  when 

the proposed methodology is  app lied  fo r  the de te rm ina tion  o f  selenium 

in  co a l. However, p ro v id in g  th a t accurate background c o rre c tio n s  

are made and m a trix  m o d ifica tio n s  to  the coal are employed c a re fu l ly ,  

the method should have a wide a p p lic a tio n  fo r  accurate tra ce  element 

a n a lys is .

A scanning e le c tro n  microscopy and energy-d ispe rs ive  X- 

ray ana lys is  technique fo r  the de te rm ina tion  o f minor elements in  

coa l is  shown to  be ra p id  and p re c ise . I t s  accuracy fo r  the p a r t ic u la r ly  

d e le te r io u s  element c h lo r in e  is  in  very good agreement w ith  B r i t is h  

Standard methods. The analyses o f e ig h t o ther minor elements are 

in  reasonable agreement w ith  re s u lts  using conven tiona l ashing, d ig e s tio n  

and flame a tom ic-abso rp tion  techniques. The de te rm ina tion  o f  su lphur 

is  not in  such good agreement and th is  is  a t t r ib u te d  to  the d i f fe r e n t  

m ine ra lo g ica l forms o f th is  element present in  coa l.

The use o f an automated w ave leng th-d ispers ive  X-ray flu o re s c e n t 

technique fo r  the d ire c t  a n a lys is  o f  pressed p e lle ts  o f  coa l powders 

a lso g ives inaccura te  re s u lts  fo r  su lphu r. The reason is  id e n t i f ie d  

to  be d if fe re n t  X-ray flu o re sce n t y ie ld s  obtained from organ ic  and 

ino rgan ic  su lphur forms known to  e x is t  in  coa l in  u n p red ic tab le  and 

v a ria b le  amounts. The p re c is io n  and accuracy fo r  the d e te rm ina tio n  

o f  c h lo r in e  and phosphorus when compared to  B r i t is h  Standard methods 

are e x c e lle n t. I t s  use is  suggested fo r  the o n - lin e  m on ito ring  o f 

the m inera l com position o f coal (which can be re la te d  to  ash c o n te n t) .
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The XRF technique is  id e n t i f ie d  as a v e rs a t i le  and p rec ise  method 

fo r  ro u tin e  coa l a n a lys is . I t  is  poss ib le  th a t the inaccurac ies  

obtained in  the XRF de te rm ina tion  o f su lphur may be overcome by more 

c a re fu l s e le c tio n  o f the c a lib ra t io n  coals to  g ive  a h igher degree 

o f 'm a tr ix  matching' and/or f in e  g rin d in g  o f co a l. The prospects 

o f th is  technique fo r  ra p id , accurate and p rec ise  simultaneous m u lt i­

element a n a lys is  o f  coa l powders is  c le a r ly  i l lu s t r a te d  in  th is  s tudy.

In d u c tiv e ly  coupled plasma o p tic a l emission spectroscopy 

is  the most re c e n tly  developed technique evaluated. A ra p id  method 

using th is  technique is  o u tlin e d  fo r  the de te rm ina tion  o f  eleven minor 

elements present in  a s o lu t io n  o f coa l ash. The method has a lso  been 

subm itted fo r  acceptance by the B r i t is h  Standards In s t i t u t io n .  The 

procedure described is  v e rs a t i le ,  should be w ide ly  acceptable and 

e a s ily  extended fo r  tra ce  e lem ental ana lys is  o f coa l or coke ashes.

Although not the main aim o f the th e s is , an understanding 

o f the e ffe c ts  o f minor and tra ce  elements in  coa l combustion or u t i l i s a t io n  

is  necessary and the mode o f occurrence o f these elements is  very 

o ften  im po rtan t, when s tra te g ie s  fo r  th e ir  c o n tro l or removal are 

to  be p os tu la ted . Chapter 4 o f  th is  th e s is  is  devoted to  s tu d ies  

in to  the mode o f occurrence o f a p a r t ic u la r ly  d e le te r io u s  element, 

c h lo r in e  found in  co a l. The importance o f such s tu d ie s , i f  coa l 

s c ie n t is ts  and fu e l te ch n o lo g is ts  are to  make use o f the a n a ly t ic a l 

re s u lts  in  u t i l i s a t io n  and environm ental f ie ld s ,  are i l lu s t r a te d  by 

the work reported  in  th is  chapte r. I t  is  c le a r th a t some lon g -h e ld  

views concerning the form in  which c h lo r in e  is  bound in  coa l are d isp roved . 

The l ik e lih o o d  is  th a t c h lo r in e  is  present in  one form, u n ifo rm ly  

d is t r ib u te d  and lin k e d  io n ic a l ly  to  the coa l substance but s u f f ic ie n t ly  

la b i le  to  be evolved as hydrogen c h lo r id e  a t low tem peratures. I t  

has no p a r t ic u la r  re la t io n s h ip  w ith  the n itro g e n , sodium or o the r 

a lk a l i /a lk a l in e  ea rth  metals present in  coa l.
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A l l  the techniques evaluated can be expected to  make a 

s ig n if ic a n t  c o n tr ib u tio n  to  the a n a ly t ic a l work o f coal la b o ra to r ie s  

re q u ir in g  to  analyse a ccu ra te ly  la rg e  numbers o f  samples. None o f 

the methods can be regarded as able to  perform a l l  the tra ce  and minor 

element de te rm ina tions requ ired  and they should th e re fo re  be regarded 

as complementary in  ach ieving  the aim o f ra p id , p rec ise  and accurate 

ana lys is  o f co a l.
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