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Measurement of emit ted X-rays is f ind ing  widespread acceptance a s  an a n a l y t i c a l  
t o o l  f o r  determining minor and t r a c e  elements i n  c o a l  and coa l - re la ted  mater ia l s .  
Because t h e  method r e q u i r e s  a s h o r t  time f o r  a n a l y s i s  and can determine concentra- 
t i o n s  ranging from a few p a r t s  p e r  mi l l ion  up t o  100% i n  a s i n g l e  sample, it is  a 
d e s i r a b l e  a l t e r n a t i v e  t o  many o t h e r  techniques (1). 

Following t h e  development of t h e  method of Rose e t  a l .  ( 2 ) ,  accura te  analyses  
of  c o a l  ash have been r o u t i n e l y  performed f o r  s e v e r a l  years .  Methods f o r  X-ray 
a n a l y s i s  of whole c o a l ,  however, d e s p i t e  e a r l i e r  work by Sweatman e t  a l .  ( 3 1 ,  have 
developed more slowly (4,5,6,7). Recent improvements i n  equipment, e s p e c i a l l y  
innovat ions i n  d e t e c t o r s  and e x c i t a t i o n  sources ,  have brought about  renewed i n t e r e s t  
i n  t h e  technique. 

Two types of spec t roscopic  systems a r e  now a v a i l a b l e .  One is t h e  wave-length 
d i s p e r s i v e  u n i t  which u s e s  c r y s t a l s  with var ious  l a t t i c e  spacings t o  d i f f r a c t  and 
s e p a r a t e  the X-rays emit ted from exci ted  samples. A goniometer is then used i n  con- 
junc t ion  with e i t h e r  a gas-flow o r  a s c i n t i l l a t i o n  d e t e c t o r  t o  measure t h e  angle  and 
i n t e n s i t y  of t h e  emit ted r a d i a t i o n .  The second type  of system c o n s i s t s  of a s o l i d  
s t a t e  de tec tor ,  e i t h e r  l i th ium-dr i f ted  s i l i c o n  or  i n t r i n s i c  germanium, connected to 
a multichannel ana lyzer .  A t y p i c a l  d e t e c t o r ,  with r e s o l u t i o n  of 140ev t o  160ev, 
produces pulses  whose ampli tudes can be separa ted  and q u a n t i f i e d  f o r  most X-rays. 
These systems, t h e r e f o r e ,  a r e  capable of simultaneous multi-elemental analyses  over 
a wide range o f  energ ies .  

The X-ray tube, both with and without  f i l t e r s ,  i s  a common e x c i t a t i o n  source,  
b u t  a number of o t h e r  k inds  of sources  a r e  u s e f u l .  In  systems where p o r t a b i l i t y  i s  
d e s i r a b l e ,  i so tope  sources  a r e  commonly used with s o l i d  s t a t e  d e t e c t o r s .  These 
sources  give n e a r l y  mono-chromatic e x c i t i n g  r a d i a t i o n  which means t h a t  background 
c o r r e c t i o n s  a r e  smaller  f o r  e f f e c t s  due t o  s c a t t e r e d  r a d i a t i o n  and background. 
of i so topes  l i m i t s  t h e i r  u s e f u l  l i f e .  bu t  sources  such a s  americium 241 (used with 
secondary t a r g e t s )  can provide  resonably s t a b l e  e x c i t a t i o n  f o r  many years .  Exci ta t ion  
by e l e c t r o n  probe,  i o n  probe,  scanning e l e c t r o n  microscopy, e t c . ,  i s  now widely used 
f o r  X-ray ana lys i s .  Energe t ic  pro tons ,  a l s o  used to  induce X-ray emission, have t h e  
a d d i t i o n a l  advantage of producing g a m a  r a d i a t i o n ,  which increases  t h e  number of 
elements t h a t  can be determined (8) .  

Decay 

Regardless of t h e  type  of spectrometer or t h e  e x c i t i n g  source used, a number of 
o t h e r  problems must be solved before  accura te  a n a l y s i s  of  coa l  and i t s  r e l a t e d  pro- 
duc ts  can be obtained.  Foremost among these  i s  t h e  problem of  adequate s tandards.  
A t  p r e s e n t  only two c e r t i f i e d  s tandards  a r e  a v a i l a b l e ,  one f o r  t r a c e  elements i n  coa l  
and one f o r  trace elements  i n  f l y  ash. This  means t h a t  each labora tory  m u s t  produce 
its own set of s tandards.  Mathematical c o r r e c t i o n  procedures may be appl ied  ins tead  
b u t  they  a r e  u n s a t i s f a c t o r y  when t h e r e  a r e  l a r g e  v a r i a t i o n s  i n  matr ix .  
major problem i s  t h e  a c q u i s i t i o n  of  r e p r e s e n t a t i v e  samples f o r  a n a l y s i s .  
is perhaps the s imples t  m a t e r i a l  t o  sample b u t  s t i l l  p r e s e n t s  problems due t o  inhomo- 
genei ty .  Var ia t ions  w i t h i n  t h e  c o a l  seam o r  feed s tock  may l i m i t  p r e c i s i o n  t o  5% 
(9), and t h e  presence of d i s c r e t e  mineral p a r t i c l e s  may r e s u l t  i n  even g r e a t e r  e r r o r s  
(10). Coal-related m a t e r i a l s  - e .g .  chars ,  ashes ,  res idues ,  and products  from 
l i q u e f a c t i o n  and g a s i f i c a t i o n  processes  - vary g r e a t l y  depending upon temperature ,  

The second 
Coal i t s e l f ,  

68 



1 

. -  

‘I 

physical location in the system, processing time, and other factors. These materials 
may range from nearly totally inorganic minerals to wholly organic liquids; occasion- 
ally a very viscous slurry that is almost impossible to homogenize is encountered. 

The great variability of these materials causes not only sampling difficulties 
but also significant analytical problems. 
matrix variations, which are normally handled in one of three ways. One solution is 
to Prepare a sufficient number of standards so that every conceivable matrix can be 
very closely matched. Though this is not impossible, it is usually impractical for 
most laboratories. 

x-ray analysis is highly dependent upon 

A second method of handling the matrix problem is to prepare analytical samples 
in such a way as to make the variations almost insignificant. This may be done by 
dilution with an inert material (ll), by addition of a heavy adsorber ( 2 ) ,  or by 
preparation of a sample thin enough that all X-rays generated in the material will 
escape (6,s). The first two technqiues tend to raise the limit of detection of the 
trace elements in the original sample. Even though the third technique requires 
great care to prepare a uniform, representative sample, it is being used quite 
successfully by a number of laboratories. 

The third method of correcting for matrix effects employs mathematical proce- 
dures. These procedures may be divided into three groups. The first includes 
various methods for empirically measuring the mass absorption coefficient of the 
material for the radiations of interest. These methods have been reviewed exten- 
sively by Lubecke (12)  and Sparks et al. (7). In the second group of procedures, 
Compton scatter is used to estimate mass absorption coefficients (13,14,15,16,17). 
In the last group of techniques, all corrections are made mathematically from a 
knowledge of fundamental parameters (18). This method requires observation of the 
intensities of the radiation from all of the major elements in the sample. 

Although any one of the matrix correction procedures listed above may work for 
a particular analytical problem, a combination of two or even all three is justified 
in a laboratory with a wide variety of sample types. All these procedures require 
the use of a satisfactory background correction. Since the background is due not 
only to the mass absorption coefficient and to elemental concentrations of the 
sample but also to the exciting source, the detector, and the analyzing system, it 
may well be the limiting factor in the precision of analysis, especially for trace 
elements in most materials. A good discussion of these problems is presented in a 
recent review by R u s s  (19). 

The coal analyst must be familiar with all of these problems inherent in X-ray 
procedures. Most of them can be handled satisfactorily with computer programs. 
When samples are properly prepared, the analyst can handle types ranging from liquids 
to solids and from almost pure organic materials to totally inorganic minerals. Such 
samples can be analyzed ‘as is’ as long as the surface presented to the spectrometer 
is uniform, representative, and exhibits no particle-size effects. This may require 
the use of samples with particles of less than -325 mesh down to a few microns in 
size especially for the determination of elements of low atomic weight. 

precision for modern x-ray systems is approximately 5% to 25% overall, for trace 
elements, depending upon the optimization of the spectrograph for the elements of 
interest. For major and minor elements, depending upon the system used, precision 
may well be less than 1%. The elements with lower atomic numbers, i.e., Na thru Ca, 
can not be analyzed as precisely as the heavier elements, especially with energy- 
dispersive systems. 
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The l i m i t  of d e t e c t i o n  by X-ray a n a l y s i s ,  with p r e s e n t l y  a v a i l a b l e  commercial 
equipment, ranges,  f o r  c o a l  samples, from 100 f o r  sodium t o  .5 t o  4 PPM f o r  t h e  
elements  i ron through cerium (10). For those  elements of  heavier  atomic weight 
where t h e  L series X-rays are used f o r  a n a l y s i s ,  t h e  l i m i t  of d e t e c t i o n  is approx- 
imately 10. 

While prec is ion  and l i m i t  of  d e t e c t i o n  do not  n e c e s s a r i l y  i n d i c a t e  accuracy, 
with good s tandards and good programs f o r  matr ix  c o r r e c t i o n s  t h e  r e s u l t s  o f  X-ray 
a n a l y s i s  compare favorably  with r e s u l t s  by o t h e r  methods of a n a l y s i s .  Its simplic- 
i t y  and ease of  opera t ion  make it the  method of choice where a l a r g e  number of 
samples a r e  t o  be i n v e s t i g a t e d  f o r  many elements. 
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