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ABSTRACT 

Complete chemical analyses of 25 coals ,  primarily from I l l i n o i s ,  
have been made i n  the labora tor ies  of the I l l i n o i s  S t a t e  Geological Survey. 
Trace elements determined were antimony, arsenic,  beryllium, boron, bro- 
mine, cadmium, chromium, cobal t ,  copper, f luor ine ,  gallium, germanium, 
lead,  manganese, molybdenum, nickel ,  mercury, phosphorus, selenium, t i n ,  
vanadium, zinc, and zirconium. Major and minor elements determined were 
aluminum, calcium, chlorine,  i ron,  magnesium, potassium, s i l i c o n ,  su l fu r ,  
and titanium. Procedures f o r  the ana ly t ica l  methods used-neutron act iva-  
t ion ,  opt ica l  emission, atomic absorption, X-ray fluorescence, and ion- 
se lec t ive  electrode-are given i n  d e t a i l .  

Wherever possible, accuracy was evaluated by comparing r e s u l t s  
obtained by the various methods with r e su l t s  from s p l i t s  of the same coal  
samples. Further comparison were made by analyzing whole coal and i t s  low- 
and high-temperature ashes, thus permitting a thorough evaluation of t race-  
element losses resu l t ing  from v o l a t i l i z a t i o n  during sample preparation. 



Results of the various analytical procedures in general compared 

favorably, although exceptions are noted, egg,, vanadium and fluorine. Cer- 
tain techniques have been chosen as preferred methods for determining spe- 

cific elements because they are more accurate, their precision is superior, 

or they take less time for analysis. 

The investigation is continuing, and many additional coal samples 
will be analyzed. Statistical analysis of available data suggests that 

most trace elements in coal are present in quantities that approximate the 
composition of the earth's continental crust and that those elements nor- 

mally related to one another in other geological environments are also re- 
lated in the coals studied. 

INTRODUCTION 

I n  recent  yea rs ,  soc ie ty  has become increas ingly  aware of t h e  prob- 
lems t h a t  may a r i s e  i n  t h e  environment from concentrations of elements nor- 
mally present i n  only t r a c e  mounts ,  Coal combustion, along with o ther  means 
of producing energy, i s  under scrut iny as a p o t e n t i a l  source of pol lu t ion 
from v o l a t i l e  t r a c e  elements, Coal has become suspect because of t h e  general  
knowledge t h a t  a v a r i e t y  of t r a c e  elements, some of which a r e  tox ic  t o  p lant  
and animal l i f e  i n  other chemical combinations, occur i n  coal  (Goldschmidt , 
1935$ 1937). It has the re fo re  become imperative t o  develop accurate and r e l i -  
able  da ta  on t h e  amount of these  elements present i n  coa l ,  t h e i r  d i s t r i b u t i o n  
and mode of occurrence, and t h e i r  v o l a t i l i t y  during combustion of t h e  coal .  
Only with the  development of a s u f f i c i e n t l y  l a r g e  fund of such d a t a  w i l l  t h e  
general  public and t h e  agencies with t h e  r e s p o n s i b i l i t y  of protec t ing t h e  en- 
vironment be i n  a pos i t ion  t o  reach i n t e l l i g e n t  conclusions concerning u t i l i -  
za t ion of coal .  

Numerous inves t igat ions  have been conducted on t h e  chemical consti-  
t u t i o n  of coal  ash ,  and these  a r e  amply summarized i n  severa l  r e l a t i v e l y  
recent  review a r t i c l e s   ranci cis, 1961; Ode, 1963; Nicholls ,  1968; and Watt, 
1968),  which dea l  i n  pa r t  with t r a c e  elements. However, research on t r a c e  
elements has not been extensive because they occur i n  such small amounts t h a t  
t h e i r  determination i s  both cos t ly  and d i f f i c u l t ,  

Previous inves t igat ions  of t h e  concentrations of t r a c e  elements i n  
coal  have been based on analys is  of high-temperature coal  ash ( ~ u b o v i c ,  
Stadnichenko, and Sheffey , 1961, 1964, 1966, 1967 ; Abernethy , Peterson,  and 
Gibson, 1969)>  which measures t h e  oxides of t h e  elements i n  t h e  a l t e r e d  min- 
e r a l  mat ter ,  Although such inves t iga t ions ,  a r e  valuable f o r  est imating con- 
cent ra t ions  of r e f rac to ry  const i tuents  or  elements of low v o l a t i l i t y ,  they do 
not r e l i a b l y  measure t o t a l  amounts of v o l a t i l e  t r a c e  elements i n  whole coal .  
I n  t h i s  study we have determined not only t h e  amounts of t h e  t r a c e  elements 
present i n  t h e  coals  but  a l s o  t h e i r  v o l a t i l i t y  .when t h e  coals  were ashed a t  
both conventional high temperatures (up t o  850° C )  and low temperatures 
(<150° c ) .  

This repor t  discusses t h e  chemical a n a l y t i c a l  techniques developed 
f o r  determination of many of t h e  t r a c e  elements i n  coa l ,  compares t h e  r e s u l t s  



obtained by two or  more a n a l y t i c a l  methods f o r  t h e  same element, and compares 
t h e  determinations f o r  a s i n g l e  element on samples prepared a t  d i f f e r e n t  ashing 
temperatures. As a r e s u l t  of such cross-checking, a high degree of confidence 
can be placed on t h e  "recommended" or  "best" values reported.  

Analyses of 25 coals a re  reported f o r  t h e  following t r a c e  elements: 
antimony, a r sen ic ,  beryll ium, boron, bromine, cadmium, chromium, coba l t ,  cop- 
pe r ,  f l u o r i n e ,  gallium, germanium, l e a d ,  manganese, molybdenum, n icke l ,  mer- 
cury, phosphorus, selenium, t i n ,  vanadium, z inc ,  and zirconium. I n  addi t ion ,  
t h e  major and minor elements (aluminum, calcium, ch lo r ine ,  i r o n ,  magnesium, 
potassium, s i l i c o n ,  s u l f u r ,  and t i tanium) were determined. 

The inves t igat ion of p o t e n t i a l l y  v o l a t i l e  t r a c e  elements i n  coals  i s  
continuing a t  t h e  I l l i n o i s  S t a t e  Geological Survey, and f u t u r e  publ ica t ions  
w i l l  include r e s u l t s  of many more chemical analyses,  a more complete s t a t i s t i -  
c a l  handling of those  da ta  than i s  poss ib le  a t  t h i s  t ime,  and a d e t a i l e d  anal- 
y s i s  of t h e  geological  f ac to r s  t h a t  con t ro l  the  d i s t r i b u t i o n  of t h e  t r a c e  e le-  
ments i n  coal .  A s e r i e s  of prepared coal  samples may be analyzed f o r  t h e i r  
t r a c e  element content ,  t o  determine which elements can be removed from coals  
by coal  cleaning techniques. 
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COAL SAMPLE COLLECTION ADD PREPARATION 

Type and Source of Samples 

Chemical analyses of 25 coal  samples were made f o r  t h i s  study. Twenty- 
two of t h e  samples were composite f ace  channel samples co l l ec ted  i n  t h e  coal  
mines by I l l i n o i s  S t a t e  Geological Survey personnel. Each face  channel sample 
was cut  by hand with a pick and represented t h e  f u l l  height  of t h e  coal  seam, 
excluding only mineral bands, pa r t ings ,  o r  nodules over three-eighths of an inch 
th ick .  This procedure follows a long standing p rac t i ce  a t  t h e  I l l i n o i s  S t a t e  
Geological Survey and i s  based on a technique described by Holmes (1911). Three 
face  channel samples genera l ly  were col lec ted  i n  each mine, but  i n  some mines only 
two could be col lec ted .  The face  channel samples were crushed t o  pass a one- 
eighth-inch screen and then combined i n t o  a composite sample, r i f f l e d  t o  t h e  de- 
s i r e d  quant i ty .  

The coal  s a m p 1 e . i ~  comminuted f u r t h e r  t o  20 mesh (740 urn),  100 mesh 
(149 urn) , or f i n e r  , depending on t h e  a n a l y t i c a l  technique t o  be applied.  I n  



a l l  cases,  the  sample i s  subdivided i n t o  a l iquo t s  by r i f f l e  sample s p l i t t e r s  
o r  by quartering the  sample, The pa r t s  a r e  thus representa t ive  of t h e  o r ig i -  
n a l  coal  sample. 

O f  t h e  t h r e e  coal  samples t h a t  were not face  channel samples, one 
(c-15944) was a d r i l l  core of the  DeKoven Coal Member and was t r e a t e d  much 
l i k e  a face  channel sample (omit t ing  mineral bands i n  excess of three-eighths 
of an i n c h ) ;  sample C-17096 represents  t h e  production from a mine i n  Utah and 
was provided by the  coal  company; and s m p l e  C - L ~ O O ~ ,  t h e  National Bureau 
of Standards (NBS) sample SRM-1630, i s  a combination of severa l  West Virginia  
coals .  

Low-Temperature Ashing (LTA) 

A sample preparat ion technique var ious ly  i d e n t i f i e d  as  e lec t ron ic  
low-temperature ashing , radio-frequency ashing , or  oxygen-plasma ashing , was 
used i n  t h i s  study, The coal  i s  ashed i n  commercially ava i l ab le  devices,  
e i t h e r  t h e  LFE Corporation Model L T A ~ O O  or  t h e  In te rna t iona l  Plasma Corpora- 
t i o n  Model 1101. Within these  ins t rwlen t s ,  oxygen i s  passed through a high 
energy electromagnetic f i e l d  produced by a radio-frequency o s c i l l a t o r ,  The 
o s c i l l a t o r  tube operates on a frequency of 13.56 Mhz, i n  compliance with Fed- 
e r a l  Communication Commission requirements f o r  s c i e n t i f i c  and medical equip- 
ment ( G l e i t  , 1963). 

' A s  t h e  oxygen i s  passed through t h e  radio-frequency f i e l d ,  a d is -  
charge takes  place. The ac t ivated  gas plasma " i s  . . . a mixture of atomic and 
ion ic  species  as  we l l  as  e l e c t r o n i c a l l y  and v ib ra t iona l ly  exci ted  s t a t e s "  
( ~ l e i t  , 1963). The ac t ivated  oxygen passes over t h e  coal  sample, and oxida- 
t i o n  of t h e  organic matter takes  place a t  r e l a t i v e l y  low temperatures. The 
e lec t ron ics  involved are  discussed i n  a r t i c l e s  by t h e  developers of t h i s  
instrumental  technique ( G l e i t ,  1963; Gle i t  and Holland, 1962). 

Coal t o  be ashed i n  t h i s  system i s  ground t o  pass 20 mesh, and ap- 
proximately 50 grams ( g )  i s  placed i n  Pyrex boats  and dr ied  i n  a vacuum des- 
i cca to r  p r i o r  t o  being put i n t o  the  ashing chayllber, The ashing takes  place 
a t  a pressure of 1 t o  3 t o r r  with an oxygen flow r a t e  of 50 t o  100 m l  per  
minute. The plasma temperature may be var ied  by changing t h e  radio-frequency 
power l e v e l .  A t  a radio-frequency power of 100 watts  t h e  plasma temperature 
i s  approximately 70' C .  Higher temperatures a r e  reached i n  t h e  ashing cham- 
b e r s  due t o  t h e  exothermic oxidative reac t ion  between t h e  ac t iva ted  gases and 
t h e  coal .  Ashing temperature, monitored with a Raynger model LTx-28 in f ra red  
remote thermometer, was not allowed t o  exceed 150° C i n  t h i s  study. P r i o r  t o  
ana lys i s ,  the  r e s u l t i n g  low-temperature ash s m p l e s  are  hand ground i n  an 
agate mortar and, depending on t h e  a n a l y t i c a l  method used, dr ied  a t  110° C o r  
i n  a vacuum oven. 

The e f f e c t s  of low-temperature ashing and of t h e  oxidizing gas 
stream upon pure minerals and upon minerals i n  coal  have been discussed i n  
e a r l i e r  papers ( ~ l u s k o t e r  , 1965, 1967 ; Rao and Gluskoter , 1973) No oxida- 
t i o n  of minerals i n  t h e  coal  has been repor ted ,  and t h e  only changes ob- 
served a r e  those  t o  be expected a t  a temperature of 150° C and a pressure 
of 1 t o r r  . Therefore, t h e  major mineral cons t i tu ten t s  of coals-pyrite , 



k a o l i n i t e ,  i l l i t e  , quartz and calci te-are considered t o  be unaffected by 
the  radio-frequency ashing. 

Most t r a c e  elements contained i n  t h e  coal  i n  inorganic combination 
are  not v o l a t i l i z e d  during low-temperature ashing,  and many elements thought 
t o  be present  i n  organic combination a l s o  remain i n  t h e  low-temperature ash. 
The l o s s  or r e ten t ion  of various elements during low-temperature ashing i s  
discussed l a t e r  i n  t h i s  r epor t .  

Samples prepared by low-temperature ashing can have severa l  impor- 
t a n t  advantages f o r  analys is  compared t o  whole coal :  (1) no chemicals (such 
as  are  required f o r  wet-washing whole coal )  need be added during preparat ion 
because only high-purity oxygen i s  introduced, under a p a r t i a l  vacuum; ( 2 )  
t r a c e  elements i n  the  ash genera l ly  a r e  preconcentrated t o  10 or  more times 
t h e i r  amount i n  whole coal  ; and ( 3 )  subsequent a n a l y t i c a l  treatment i s  
g r e a t l y  s impl i f ied .  

Low-temperature ashing a l s o  provides samples superior  t o  those  pre- 
pared i n  a muffle furnace a t  450° t o  500Q C. The LTA technique minimizes or  
el iminates losses  of t r a c e  elements by v o l a t i l i z a t i o n .  

Certain t r a c e  elements, however, a re  a t  l e a s t  p a r t i a l l y  l o s t  during 
low-temperature ashing,  which would preclude i t s  use f o r  those elements. 
Whole coal  would then be analyzed d i r e c t l y  or combusted under various con- 
t r o l l e d  conditions. 

Trace Element V o l a t i l i t y  

Low-Temperature Coal Ash 

Because conventional high-temperature ashing i n  a muffle furnace 
r e s u l t s  i n  poss ib le  losses  of such t r a c e  elements as  Hg, Se,  Sb, and A s ,  low- 
temperature ashing i n  an oxygen atmosphere was inves t igated  as  a means of 
oxidizing organic matter without v o l a t i l i z i n g  t h e  t r a c e  elements. 

The v o l a t i l i t y  of each t r a c e  element during low-temperature plasma 
oxidation was studied by one of t h e  following procedures: 

1) Vola t i l e  combustion products ,  col lec ted  i n  cold t r a p s  (-78' C )  
i n  t h e  vacuum t r a i n  of t h e  low-temperature asher ,  a r e  analyzed. 

2 )  Whole coal  t h a t  has been subjected t o  neutron i r r a d i a t i o n  i s  
ashed and t h e  v o l a t i l e  radio-isotopes t h a t  have been co l l ec ted  i n  t h e  cold 
t r a p  of t h e  asher a r e  detected.  

3 )  Results  obtained from t h e  analys is  of whole coal  f o r  a pa r t i c -  
u l a r  t r a c e  element a re  compared with r e s u l t s  f o r  t h a t  element i n  a low-tem- 
pera ture  ash prepared from t h e  same coal  t o  determine i f  s i g n i f i c a n t  losses  
occur during the  ashing process. This procedure was a l s o  used t o  evaluate 
l o s s  of t r a c e  elements by v o l a t i l i z a t i o n  from coal  samples ashed a t  450° C.  



TABLE 1-VOLATILITY OF TRACE ELEMENTS I N  COAL 
- - - - - - - - 

Low-temperature ash: Low-temperature ash: High-temperature ash: 
elements lost elements retained elements retained? 

F (untested, Zn* VbX; 

probably 100%) 
Ni* MM* 

Co* Cr* 

in eoaY ash prepared a t  450" C .  

I- No significant osses observed i n  c o a l  ash prepared a t  300' to 700' C. 

Although our s tud ies  a r e  incomplete, t a b l e  1 summarizes t h e  r e s u l t s  
obtained thus  f a r ,  The study of t r a c e  element v o l a t i l i t y  d i c t a t e d  t h e  method 
t o  be used f o r  t h e  analys is ,  Determinations of Sb, B r ,  Hg, and F had t o  be 
ca r r i ed  out on whole coal ;  Ga, Se,  and As could be determined i n  low-tempera- 
t u r e  plasma coal  ash.; and the  remaining elements could be determined i n  high- 
temperature coal  ash, Certain types of prepared s m p l e s  a r e  b e t t e r  s u i t e d  t o  
one p a r t i c u l a r  a n a l y t i c a l  technique than t o  o the rs ,  

High-Temperature Coal Ash (HTA) 

As high-temperature coal  ash ( 4 5 0 ~  t o  5000 C )  is more e a s i l y  pre- 
pared than low-temperature coal  ash,  t r a c e  elements found t o  be re ta ined  i n  
quant i ty  i n  coal  ash prepared a t  high temperatures a r e  derived by conventional 
high-temperature coal  ashing i f  whole coal  cannot be conveniently analyzed. 
Low-temperature ash a l s o  has proved t o  be unsa t i s fac to ry  f o r  determination of 
t h e  l e s s  v o l a t i l e  t r a c e  elements by o p t i c a l  emission spectroscopy because t h e  
ash sample contains chemical compounds (high-temperature ash i s  composed of 
elemental oxides)  t h a t  behave e r r a t i c a l l y  i n  the  DC arc .  These compounds a l s o  
make comparison standards f o r  low-temperature ash exceedingly d i f f  i c u l t  t o  
prepare. Because high-temperature ash has t h e  advantage of being composed of 
elemental oxides,  ash prepared from -100 mesh coal  and ashed i n  a muffle fur-  
nace a t  4500 t o  500° C i s  used f o r  both o p t i c a l  emission methods employed i n  
t h i s  study. The ashing procedure i s  continued u n t i l  a91 carbonaceous mate r i a l  
i s  oxidized. P r io r  %o ana lys i s ,  t h e  coal  ash i s  ground i n  an agate or mul l i t e  
mortar and dr ied  a t  110° C, 

During t h e  high-tempera-ture ashing s t u d i e s ,  t h e  type of crucible  i n  
which the  coal  was ashed a f fec ted  the  apparent B c o n c e n t ~ a t i o n  i n  t h e  coal ,  
No other  t r a c e  elements were found t o  r e a c t  i n  t h i s  manner. New porcelain 
crucibles  seem t o  withdraw boron from the  coal  by some unknown mechanism 
( t a b l e  21, r e s u l t i n g  i n  a lower apparent B concentration. The ex t rac t ion  i s  
more e f f i c i e n t  a t  t h e  lower temperatures. Above 600° C,  possible v o l a t i l i z a -  
t i o n  of B occurs, When coal  samples a re  ashed i n  fused s i l i c a  c ruc ib les ,  t h e  



observed moisture-free B concentrat ions a r e  s l i g h t l y  h igher  than  t h e  r e s u l t s  
der ived  from t h e  600° C ash prepared i n  new porce la in  and a r e  e s s e n t i a l l y  t h e  
same i n  300° and 6000 C ashes of both coa ls  ( t a b l e  2 ) .  Samples ashed i n  o l d  
porce la in  c ruc ib le s  e x h i b i t  t h e  h ighes t  B concentrat ions i n  moisture-free 
c o a l ,  wi th  t h e  600' C ash having a  lower concent ra t ion  than  t h e  300° C ash. 
This may i n d i c a t e  contamination from B r e s idues  i n  t h e  o l d  po rce la in  c ruc ib le s  . 

Fused s i l i c a  c ruc ib le s  seem t o  g ive  b e s t  r e s u l t s  i n  c o a l  ash ing ,  and 
500' C seems t o  be  t h e  optimum temperature. 

METHODS OF AllJALYSIS 

During t h e  i n i t i a l  12 months of t h i s  i n v e s t i g a t i o n ,  a t  l e a s t  10 
chemists devoted nea r ly  f u l l  t ime t o  t h e  development and app l i ca t ion  of ana- 
l y t i c a l  methods f o r  t h e  determinat ion of t r a c e ,  minor, and major elements i n  
whole coa l  and coal  ash. Only minor modif icat ions were needed t o  adapt many 
e x i s t i n g  procedures t o  c o a l  o r  coa l  ash determinat ions , bu t  o the r  methods 
requi red  major changes o r  new approaches. 

Accuracy and p rec i s ion  were emphasized r e l a t i v e  t o  t h e  speed of an- 
a l y s i s .  Where poss ib l e ,  r e s u l t s  obtained from one procedure were c r i t i c a l l y  
compared wi th  those  of another ,  and ref inements  were made where necessary.  
The process has been slow because no s tandards f o r  t h e  t r a c e  element compo- 
s i t i o n  of coa l  a r e  a s  y e t  ava i l ab le .  Round-robin t e s t i n g  f o r  t h e  s tandardiza-  
t i o n  of mul t ip l e  t r a c e  element concentrat ions i n  coa l  i s  now being  sponsored 
j o i n t l y  by t h e  U. S. Environmental P ro tec t ion  Agency and t h e  Nat ional  Bureau 
of Standards. The American Socie ty  f o r  Tes t ing  and Mate r i a l s ,  Committee D-5 
on Coal and Coke, a l s o  has a  new program f o r  t h e  s t anda rd iza t ion  of methods 
f o r  determining t r a c e  elements i n  c o a l ,  The I l l i n o i s  S t a t e  Geological Survey 
i s  p a r t i c i p a t i n g  i n  both s t u d i e s .  

TABLE 2EFFECT OF CRUCIBLE TYPE ON BORON CONCENTRATION I N  COAL ASH 
( c a l c u l a t e d  t o  moisture-free coa l  b a s i s ) %  

Type of c ruc ib l e  and sample number 

New porce la in  Fused s i l i c a  Used porce la in  
Temperature C-16317 C-1603 0 C-1631.7 C-16030 C-16317 C-16030 

* Study by G. Be Dreher. Resul ts  obtained by op t i c a l  emission d i rec t - read ing  

spectrometry. 



I n  the  present  inves t iga t ion ,  s i x  independent instrumental  methods 
were used t o  analyze whole coal  and coal  ashes, Considerable overlap occurs 
i n  t h e  elements determined by each method. As t h e  inves t igat ion progresses,  
t h e  procedures t h a t  prove most p rec i se ,  accura te ,  and convenient t o  use w i l l  
be se lec ted  f o r  rout ine  ana lys i s ,  

The various a n a l y t i c a l  methods were developed by t h e  following per- 
sonnel i n  t h e  Survey" Section of Analytical  Chemistry: X-ray fluorescence 
(x-RF) by John K. W n ,  atomic absorption (M) by Peter  C .  Lindahl, o p t i c a l  
emission-direct reading (OE-DR) by Gary B. Dreher, o p t i c a l  emission-photo- 
graphic (OE-P) by John A. Schleicher,  neutron ac t iva t ion  analys is  ( N U )  by 
Joyce Kennedy Fros t ,  P a t r i c i a  M, Santoliquido,  and R. R ,  Ruch, and ion se lec-  
t i v e  e lec t rode (ISE) by Josephus Thomas, Jr. 

X-Ray Fluorescence Analysis of Whole Coal and Coal Ash 

X-ray fluorescence determinations were made on whole coal  f o r  As, 
B r ,  Pb, Zn, Cu, N i ,  P ,  C 1 ,  S ,  V, Mg, K ,  Ca, Fe, T i ,  A l ,  and S i  and on coal  
ash f o r  N i ,  P ,  V ,  Mg, K ,  Ca, Fe, T i ,  A l ,  and S i .  A P h i l l i p s  vacuum spectro- 
meter equipped with-  a  Mark I so l id - s ta te  e lec t ron ic  panel was used f o r  a l l  
analyses. 

A chromium t a r g e t  X-ray tube was employed; however, subsequent in-  
ves t iga t ions  w i l l  be made with a tungsten t a r g e t  tube ,  which w i l l  very prob- 
ably increase t h e  number of elements determined. Goniometer and other  ins t ru -  
ment s e t t i n g s  used f o r  t h e  analyses are  l i s t e d  i n  t a b l e  3 .  The preparat ion 
procedure follows. 

Low-Temperature and High-Temperature Coal Ash 

Coal ash i s  composed e n t i r e l y  of mineral mat ter ,  as opposed t o  whole 
coa l ,  which comprises mainly carbon, hydrogen, oxygen, n i t rogen,  and s u l f u r  
along with t h e  mineral mat ter ,  As such t h e  ash c rea tes  matrix problems b e s t  
handled by the  d i l u t i o n  technique described by Rose, Adler, and Flanagan (1962) 
and used extens ively  f o r  geological  samples, 

Low-temperature ash was d r i ed  i n  a vacuum oven and high-temperature 
ash was d r i ed  a t  105O C i n  a i r .  Ashes must be s tored i n  a des iccator  because 
some absorb r e l a t i v e l y  l a rge  quan t i t i e s  of water i n  a very few minutes. From 
t h e  dr ied  sample, 125 mg was weighed i n t o  a graphi te  crucible  containing 
1.0000 g of l i th ium t e t r a b o r a t e .  A depression made i n  the  t e t r a b o r a t e  p r i o r  
t o  addi t ion  of t h e  sample prevented i t s  contact  with t h e  crucible  wa l l ,  Next, 
125 mg of lanthanum oxide was added as a heavy-element absorber,  and t h e  con- 
t e n t s  of t h e  crucible  werehixed with a g lass  rod as  thoroughly as i s  poss ib le  
without scraping t h e  crucible  wal l  o r  bottom, The mixture was fused i n  a fur-  
nace f o r  1 5  minutes a t  1 0 0 0 ~  C , removed, covered with a second c ruc ib le ,  and 
allowed t o  cool t o  room temperature, The r e s u l t i n g  fused p e l l e t  was then 
weighed alone t o  determine fusion l o s s  and placed i n  t h e  grinding v i a l  of a  
No. 6 Wig-L-Bug with 2 percent by weight of Somar mix ( a  commercial mixture 
used as  a grinding and p l a s t i c i z i n g  agent) .  The sample was ground f o r  3 min- 
u t e s ,  t r ans fe r red  t o  a d i e ,  and pressed a t  40,000 p s i ,  Samples were then 
exposed t o  t h e  X-rays and t h e  various elements determined i n  t h e  usual  fashion.  



TABLE 3--X-RAY FLUORESCENCE SETTINGS FOR THE ANALYSIS OF COAL AND COAL ASH 

Pulse height 
analyzer 

Element X-ray 

Si la & KL 1 0 8 ~ 0 1  111.01 EDDT Yes 7 17 
A 1  KL3 & G: 142.44 145.95 EDDT Yes 5 12 
TI KL3 & KL 86~1.2 8 9 ~ 2  LiF no 5 1 8  
Fe KL3 & KL2 57.51 6 0 ~ 5 1  L i F  no 5 2 5  

2 Ca KL3 44,85 47.95 EDDT Yes 14 
3 

70 

K KL & KL2 50*32 53 8 90 EDDT Yes 14 2 1  

Mg KL3 13 6,69 139,69 ADP yes 4 8 
2 3 

V KL & KL2 76,533 80-93 La? no 5 16  
s a3 & KL 75 24 78,38 EDDT yes 1 2  

2 
1 8  

c1 K L ~  64,94 67 . 94 EDDT yes 11 
3 

19 

When backed wi th  an appropr ia te  m a t e r i a l ,  t h e  pressed d i s k  was a t  l e a s t  semi- 
permanent and could be used t o  g ive  q u a n t i t a t i v e  determinat ions f o r  major and 
minor elements.  

Coal i s  a heterogeneous mixture composed p r imar i ly  of organic  com- 
pounds. Inorganic c o n s t i t u e n t s  such as  p y r i t e  ( i r o n  and s u l f u r )  r a r e l y  f a l l  
sho r t  of 0.2 percent  o r  exceed 5.0 percent  of bituminous and h igher  rank 
coa l s .  Other elements vary  much l e s s  and, while  mat r ix  e f f e c t s  cannot b e  
assumed t o  be absen t ,  it i s  apparent t h a t  i n  most cases they  a r e  smal l  and 
co r rec t ions  f o r  them a r e  e a s i l y  made. 

To form t h e  coa l  d i s k  t h a t  i s  subjec ted  t o  t h e  X-rays, 2.0000 g of 
a i r -d r i ed  coa l  were placed i n  t h e  gr inding  v i a l  of a No. 6 Wig-L-Bug along 
wi th  10  percent  by weight 6f Somar mix. The mixture was gound f o r  3 minutes,  
t r a n s f e r r e d  t o  a d i e  and, wi th  a s u i t a b l e  backing,  p re s sea  i n t o  a d i s k  a t  a 
pressure  of 40,000 p s i .  The c o a l  d i s k  was d r i e d  i n  vacuum t o  prevent  l o s s e s  
t h a t  could occur i n  a drying oven. Determinations on a l l  elements except 
i r o n ,  t i t an ium,  and vanadium were performed i n  vacuum t o  avoid X-ray s c a t t e r -  
ing  due t o  adsorbed water on t h e  su r face  of" t h e  whole c o a l  d i s k ,  

Standards were prepared from chemically analyzed coals  by t h e  same 
procedure. Determinations were made i n  order  of descending p o t e n t i a l  vola- 
t i l i t y .  Some i n t e r f e r e n c e s ,  p r imar i ly  from i r o n ,  do occur and must be  d e a l t  



with individual ly  f o r  each t r a c e  element af fec ted .  One method f o r  making 
such correc t ions  i s  t o  observe and adjus t  the  e f f e c t  of adding d i f f e r e n t  
amounts of i r o n  t o  a coal  of known composition on t h e  count r a t e  of each 
element. 

The concentration of an element i n  a sasnple of unknown composition 
i s  ca lcula ted  by using a concentration/count " fac tor ,"  which i s  t h e  r a t i o  of 
t h e  background-corrected count r a t e  f o r  a  given element ( t a b l e  3 ,  2 0 angular 
s e t t i n g s )  t o  t h e  concentration of t h e  element i n  chemically analyzed stand- 
ards.  This r a t i o  i s  defined by t h e  slope of t h e  c a l i b r a t i o n  curve obtained 
from a p l o t  of t h e  count r a t e  f o r  each element i n  t h e  standards vs.  t h e  e le-  
ment's respect ive  concentration. The concentration of any element i n  a sam- 
p le  being analyzed i s  t h e  product of i t s  "factor" mul t ip l ied  by t h e  count 
r a t e .  

X-Ray Fluorescence Study o f  the Effects o f  
Different Whole Coal Particles 

A s e t  of whole coal  samples was t e s t e d  t o  determine t h e  e f f e c t  of 
p a r t i c l e  s i z e  upon the  precis ion of measurement, Samples of coal  t h a t  were 

TABLE  ABSOLUTE DIFFERENCES BETWEETJ DUPLICATE ANALYSES 
OF WHOLE COAL SIZE FRACTIONS 

Extra- Concen- 
f i n e  t r a t i o n  

Element -60 mesh -100 mesh -200 mesh -325 mesh -400 mesh mesh u n i t  



sequent ia l ly  ground t o  pass through 60,  100, 200, 325, 400 and "ex t ra  f ine"  
mesh s ieves  were used. From these  s i z e  f r a c t i o n s  dupl ica te  d isks  were 
pressed f o r  ana lys i s ,  as has been described. 

Table 4 shows t h e  absolute d i f ferences  i n  concentrat ions,  expressed 
i n  percentage or  p a r t s  per mi l l ion ,  between dupl ica te  coal  samples. The d a t a  
show t h a t  r e p l i c a t i o n  was s a t i s f a c t o r y  f o r  most determinations made on whole 
coal  s p l i t s  ground t o  pass a t  l e a s t  a  -100 mesh s ieve .  This i s  genera l ly  
t r u e  f o r  B r  and As, and a l so  fo r  Zn and Fe where concentrations a r e  low, 
Other elements ( e .g . ,  V, Ca, N i ,  and Pb) w i l l  y i e l d  more precise  values i f  
t h e  samples a r e  ground t o  -325 mesh. Further grinding,  while increas ing pre- 
c i s ion  i n  some cases ,  i s  probably unwarranted because of va r ia t ions  encoun- 
t e r e d  i n  f i e l d  samples of coal ,  Although these  s i z e  c r i t e r i a  were t e s t e d  
only i n  X-ray fluorescence determinations , they a re  probably v a l i d  f o r  any 
procedure employing whole coal  samples of 1 or  2 grams, 

Comparat ive  A n a l y s e s  

Table 5 compares whole coal  analyses made by X-ray fluorescence 
with those on coal  ash samples analyzed by t h e  B r i t i s h  Coal U t i l i z a t i o n  
Research Association ( ~ i x o n  e t  a l e  , 1964). The r e s u l t s  show t h e  X-ray method 

TABLE 5-COMPARISON OF ISGS X-RAY FLUORESCENCE ANALYSES OF 
WHOLE COAL WITH BCURA* ANALYSES 

( i n  percent)  

BCURA #4 BCVRA #5 BCURA #7 BCURA # l o  BCURA s l a g  Av . 
X-RF ,-it.* X-RF  it.* X-RF L i t , *  X-RF L i t . '  X-RF L i t . *  d i f f e  Oxide - - - - - - - - 

Mg 0 0.66 0.71 1.18 1.29 0.58 0,63 2.05 2.00 2.33 2.26 0.06 

CaO 0.73 0.77 2.47 2.54 2.31 2.30 1.24 1.29 7.89 7.91 0.04 

K2 2.45 2.38 1.94 1.95 1.38 1.39 3.68 3 .71 2.84 2.81 0.03 

-- - 

* B r i t i s h  C o a l  U t i l i z a t i o n  Research A s s o c i a t i o n  ( ~ i x o n  e t  a l . ,  1964) .  

t o  be accurate f o r  t h e  oxides l i s t e d .  Comparisons, made l a t e r  i n  t a b l e s  11 
and 1 3 ,  a l s o  ind ica te  t h a t  whole coa l  X-ray fluorescence determinations a r e  
general ly i n  good agreement with those obtained by other  methods and t h a t  
analyses of whole coal  compare very favorably with those  of coa l  ash when 
the  r e s u l t s  a r e  converted t o  a whole coal  b a s i s  from t h e  percentage of ash 
i n  t h e  coal .  

Because analyses performed by o p t i c a l  emission and atomic absorp- 
t i o n  methods a r e  made on high- and low-temperature ash,  small va r i a t ions  



from t h e  r e s u l t s  obtained on whole coa l  samples by X-ray f luorescence  a r e  t o  
be expected. For Zn and A s  ( t a b l e  ll), v a r i a t i o n s  a r e  l a r g e r  a t  h igh  concen- 
t r a t i o n s .  This  may be  due t o  sample p a r t i c l e  s i z e ,  as  X-ray f luorescence  
analyses were made on c o a l  samples ground t o  pass  a -60 mesh s i eve .  Fur ther  
s t u d i e s  a r e  now being done t o  so lve  t h i s  problem and e l iminate  it i f  poss ib l e .  

Precision 

Estimates of r e l a t i v e  s tandard dev ia t ion  (1 o )  f o r  t h e  X-ray f luo-  
rescence analyses of whole coa l  a r e :  

Op t i ca l  Emission Spectrometr ic  Analysis of High-Temperature Coal Ash 

Trace q u a n t i t i e s  of 11 elements can be  determined simultaneously and 
r a p i d l y  i n  high-temperature coa l  ash samples conta in ing  10 t o  30 percent  Fe a s  
Fe203 wi th  a Jarrel l -Ash Model 750 d i rec t - reading  emission spectrometer ,  w i th  
Fe (2483.27 A) a s  a v a r i a b l e  i n t e r n a l  s tandard .  A s  l i t t l e  as  20 mg of c o a l  
ash sample w i l l  s u f f i c e  f o r  quadrupl ica te  analyses.  The elements determined 
by t h i s  method a r e  B ,  Pb, Cu, Co, N i ,  Be, C r ,  V ,  Sn, Mo, and Ge. 

Construction o f  Calibration Curves 

Eight  s tandard  samples were prepared by adding var ious  amounts of a 
s y n t h e t i c  rock s tandard  (1000 ppm of each of t h e  elements t o  be  determined) t o  
U. S. Geological Survey standard g r a n i t e  G-2 ( a d j u s t e d  t o  a Si02:A1203 r a t i o  
of 3 : l  by add i t ion  of 379 mg of spec t roscop ica l ly  pure A1203 t o  0.50000 g of  
- 2 )  The p repa ra t ion  and r e s u l t i n g  concent ra t ions  a r e  summarized i n  t a b l e  6. 
A n i n t h  s tandard sample was l a t e r  prepared t o  increase  t h e  range of t h e  boron 
c a l i b r a t i o n  curve. To 0.50000 g of G-2 and 379 mg of Al203, 6.32 mg of 
Na2B407*10H20 was added. t o  a t t a i n  a boron concent ra t ion  of 1319 ppm. 

The f i n a l  mixtures f o r  a l l  s tandard  and c o a l  ash samples included 
40 mg of s tandard  o r  coa l  a sh ,  10 mg of spec t roscop ica l ly  pure B ~ ( N o ~ ) ~ ,  and 
150 mg of SP-2X g raph i t e  pcwder. They were combined i n  a p l a s t i c  v i a l  h a l f  an 
inch  i n  diameter by 1 inch high t h a t  contained two p l a s t i c  b a l l s  an e igh th  of 
an inch i n  diameter ,  One mixture was prepared f o r  each of t h e  n ine  s tandards .  
The small  amount of ~ a ( N 0 ~ ) ~  was added t o  improve t h e  a rc ing  c h a r a c t e r i s t i c s  
and t h e  r e p r o d u c i b i l i t y  of r e s u l t s  from r e p l i c a t e  analyses.  Higher amounts of 
Ba(No3)2 (up  t o  120 rng i n  200 mg t o t a l  mixture,  40 mg of sample) decreased 
r e p r o d u c i b i l i t y .  

The amount of Fe203 present  i n  t h e  high-temperature ash samples had 
a s i g n i f i c a n t  e f f e c t  on t h e  v o l a t i l i z a t i o n  of  t h e  t r a c e  metals from t h e  



TABLE 6-CONCENTRATIONS I N  STAJYDARD MATERIALS OF G-2 BASE I N  3 :1  
Si02-A1203 MATRIX + 1000 ppm SYNTHETIC STANDARD 

Weight o f  

syn the t ic  6-32 mg 
standard (mg) o f 

added t o  0.5 m g  Na B 0 
2 4 7  

G-2 + 379 m g  

*'2O3 0.00 1.00 4.04 9.19 19-79 54.45 3 535.89 I O H ~ O  

Element Pa r t s  per m i l l i o n  

B 1.86 2.84 5.78 10.7 20.5 50.2 106 2 64 1320 

e lec t rode  during arc ing,  necess i t a t ing  construction of a  s e r i e s  of c a l i b r a t i o n  
curves f o r  the  Fe range of 10 t o  30 percent ( a s  ~ e ~ 0 3 )  i n  t h e  sample. Five 
c a l i b r a t i o n  curves were drawn f o r  each of t h e  11 t r a c e  elements t o  be deter -  
mined, with 5 percent increments of t o t a l  Fe203 i n  the  undiluted s tandards ,  
beginning with 10 percent Fe203. 

Each standard sample mixture f o r  which a c a l i b r a t i o n  curve s e r i e s  
was drawn consisted of standard mate r i a l  and Fe203 t o t a l l i n g  40 mg. Because 
standard g r a n i t e  contains n a t u r a l  i r o n ,  an adjustment between standard sample 
and added Fe203 was made f o r  each sample mixture t o  produce 40 mg containing 
t h e  des i red  f i n a l  concentrat ion of Fe203. This procedure was followed f o r  
each of t h e  f i v e  s e t s  of c a l i b r a t i o n  curves, 

I n t e r n a l  S t a n d a r d i z a t i o n  

Because an i ron  Zine was used as  t h e  va r iab le  i n t e r n a l  s tandard,  
t h e  precise  concentration of i r o n  i n  each coal  ash sample was determined by 
X-ray flyorescence analys is  of t h e  whole coal .  A response curve f o r  t h e  Fe 
2483.27 A i n t e r n a l  standard l i n e  was drawn. Six  coal  ash samples with known 
d i f fe ren t  Fe203 concentrations were arced under i d e n t i c a l  condi t ions ,  and 
t h e  r e l a t i v e  i n t e n s i t y  values of t h e  Fe i n t e r n a l  s tandard l i n e  were read 
from t h e  standardized instrument readout meter. The da ta  ( r e l a t i v e  i n t e n s i t y  
vs .  Fe203 concentrat ion) were p lo t t ed  on log-log graph paper. The response 
curve was confirmed by arc ing t h e  standard samples t h a t  contained added Fe203. 
The standardized r e l a t i v e  i n t e n s i t y  shown on t h e  response curve f o r  Fe 2483 
was s e t  on t h e  readout meter by varying a gain adjustment f o r  each sample arced, 



S t a n d a r d  C o n d i  ti ons 

The e lec t rodes  used were a thin-walled c r a t e r  e lec t rode  (with an 
outs ide  diameter of one-eighth of an inch and a c r a t e r  one-fourth of an inch 
deep; National L-3979, or  equivalent)  as t h e  sample anode, and a pointed 
counter e lec t rode  (one-eighth of an inch i n  diameter; National L-4036, or  
equivalent ) .  The a n a l y t i c a l  gap of 6 mm was surrounded by a 10 SCFH flow of 
gas 80 percent argon and 20 percent oxygen, operated a t  a shor t -c i rcu i t  cur- 
r en t  of 15 amperes d . ~ .  f o r  65 seconds burning a sample charge of 1 5  mg. 
The proportions i n  t h e  sample mixture were 4 :1:15 ( sample : B ~ ( N O ~ )  2 :graphite 
powder) f o r  standard and coal  ash samples. 

The wavelengths of t h e  a n a l y t i c a l  l i n e s  used a r e  l i s t e d  i n  t a b l e  7. 

TABLE 7-ANALYTICAL WAVELENGTHS AND RELATIVE STANDARD DEVIATIONS FOR 
THE DETEJXMINATION OF TRACE ELEMENTS I N  HIGH-TEMPERATURE 

COAL ASH BY DIRECT-READING SPECTROMETRY 

Average r e l a t i v e  Range of r e l a t i v e  
Analytical standard standard 

Element wavelength ( a )  devia t ion  ( % )  devia t ion  ($ ) 

2496.8 (second order )  

2833 07 

3273.96 

3453.50 

3414.76 

Compara ti ve A n a l y s e s  

The r e s u l t s ,  which a re  ca lcula ted  back t o  a whole coal  b a s i s ,  a r e  
genera l ly  i n  agreement with r e s u l t s  obtained by other  methods of analysis- 
atomic absorption spectrometry, X-ray fluorescence spectrometry and photo- 
graphic o p t i c a l  emission spectroscopy ( t a b l e  11). The atomic absorption 
method uses a low-temperature coal  ash,  t h e  X-ray fluorescence method uses 
raw coa l ,  and t h e  o p t i c a l  emission spectrographic method uses high-tempera- 
t u r e  coal  ash. 



Table 7 l i s t s  t h e  average r e l a t i v e  standard deviat ions and t h e i r  
ranges f o r  each element, Most of t h e  coal  ash samples contain t i n  i n  concen- 
t r a t i o n s  l e s s  than t h e  detec t ion l i m i t ,  making t h e  r e l a t i v e  standard devia- 
t i o n s  f o r  t i n  of l i t t l e  value.  Because the  a n a l y t i c a l  l i n e  f o r  germanium i s  
weak, a small change i n  t h e  number of germanium atoms emit t ing  a t  t h a t  wave- 
length i n  t h e  a rc  during t h e  arcing period produces a r e l a t i v e l y  l a r g e  change 
i n  l i n e  i n t e n s i t y .  Germanium concentrations found i n  t h e  coal  ash samples 
have o f ten  been near t h e  detec t ion l i m i t ,  and when t h a t  i s  t r u e  a small 
change i n  r e l a t i v e  l i n e  i n t e n s i t y  a l s o  produces a r e l a t i v e l y  l a r g e  change i n  
t h e  corresponding observed concentrat ion,  

Optical  Emission Spectrographic Analysis of High-Temperature Coal Ash 

Samples of coal  ash ign i t ed  t o  500° C were analyzed by t h e  photo- 
graphic method of emission spectrography with a Jarrell-Ash 3.4 m B e r t  gra t -  
ing spectrograph. The elements so determined were : B ,  Mn,  C r  , Ge , Pb , Be, 
Mo, V ,  Cu, Zn, Z r ,  Co, and N i .  Analyses of Ag and B i  were attempted but  
could not be detected,  

Construction o f  Calibration Curves 

Because of t h e  high concentrations of many t r a c e  elements i n  coal  
ash and t h e  i n a b i l i t y  of t h e  photographic p l a t e  t o  record accura te ly  t h e  
l a rge  amount of l i g h t  emit ted,  a 6 percent n e u t r a l  f i l t e r  was inse r t ed  i n  t h e  
l i g h t  path of t h e  spectrograph t o  a t tenuate  t h e  emitted l i g h t .  Synthetic 
standards containing 1, 10 ,  50, 100, 250, 500, and 1000 ppm of t h e  elements 
t o  be determined were prepared (from commercially avai lable  mixtures) i n  a 
base matrix having a 3 : l  silica-to-alumina r a t i o .  To these  standards was 
added 10 percent Fe203, so t h a t  the  f i n a l  concentrat ion of elements t o  be 
determined was 0.9,  9 ,  45 ,  90, 225, 450, m d  900 ppm. 

The f i r s t  two standards were too  low i n  concentrat ion t o  b e  meas- 
ured. Ten mg of t h e  higher concentrat ion standards was mixed i n  r e p l i c a t e  
with 10 mg of graphi te  and arced t o  completion plus 10 seconds (about 150 
seconds). The transmissions of the  a t tenuated l i n e s ,  as recorded on an 8 x 
10 inch Eastman Spectrum Analysis #1 photographic p l a t e ,  were measured on a 
densitometer-comparator, and the  values converted t o  t h e i r  Se ide l  values.  

The Seidel  values were p l o t t e d  against  concentrat ion  on semi-log 
paper and t h e  r e s u l t a n t  curves t r ans fe r red  t o  a ca lcu la t ing  board. After  
a t tenuat ion,  t h e  background was ba re ly  dense enough t o  overcome emulsion 
i n e r t i a ,  so  no background correc t ions  were made. 

Standard Conditions 

The sample e lec t rodes  used were graphi te  (ASTM No. S-13) ; t h e  
counter-electrodes were one-eighth-inch tapered rods rounded t o  a radius  
of one-thirty-second of an inch a t  t h e  t i p .  Current used was 11 amps t r u e  
a t  220 v o l t s .  The e lec t rode spacing was 4 mm, and t h e  a n a l y t i c a l  gap was 
surrounded by a 1 4  SCFH laminar flow of 80 percent argon and 20 percent 
oxygen. The photographic p l a t e s  were developed i n  Eastman D-19 developer 
f o r  3.0 minutes, shortstopped i n  11 percent a c e t i c  ac id  f o r  30 seconds, and 
f ixed  f o r  4 minutes i n  Eastman Fixer.  The p l a t e s  were washed i n  running 



t a p  water f o r  20 minutes, r insed i n  deionized water ,  and dried.  Wavelengths 
of a n a l y t i c a l  l i n e s  used a r e  given i n  t a b l e  8. 

Ag and B i  were sought, but  i n  no case was a  B i  l i n e  observed. In  
a  number of ash samples an extremely f a i n t  Ag l i n e  was seen, bu t  t h e  amount 
present  was t o o  small t o  be measured accurately.  In  addi t ion ,  many samples 
contained high Zn concentrations outs ide  the  analys is  l imi ta t ions  of t h i s  
photographic method. 

TABLE 8-ANALYTICAL WAVELENGTHS AND RELATIVE STANDARD 
DEVIATIONS FOR THE DETERMINATION OF TRACE ELEMENTS 

I N  HIGH-TEWERATURE COAL ASH BY PHOTOGRAPHIC 
OPTICAL EMISSION 

Element 
Analyt ical  

wavelength ( 8 )  

Relat ive 
standard 

devia t ion  ($ )  

Comparat ive  A n a l y s e s  

Although t h e  precis ion values ( t a b l e  8 )  ind ica te  a  r e l a t i v e l y  high 
e r r o r  f o r  the  method, averages of r ep l i ca t ions  showed general ly good agree- 
ment with o ther  methods of analys is  when a l l  values were ca lcula ted  t o  t h e  
whole coal  b a s i s  ( t a b l e  11). This was p a r t i c u l a r l y  t r u e  when t h e  concentra- 
t i o n s  were i n  t h e  lower ranges-25 ppm or  l e s s ,  However, a t  o r  near 100 ppm, 
agreement with other methods was poor. The p a r t i c u l a r l y  poor precis ion ob- 
t a ined  f o r  V and Z r  i s  unexplained, 



Atomic Absorption Analysis of Coal Ash 

Atomic absorption methods f o r  t h e  determination of Cd, Cu, N i  , Pb, 
and Zn i n  both low- and high-temperature coal  ash have been extensively inves- 
t iga ted .  Both types of coal  ash samples can be r e a d i l y  analyzed by atomic ab- 
sorpt ion spectrophotometry when an ac id  d iges t ion bomb i s  used f o r  sample 
treatment. 

Atomic absorption measurements were made using a Beckman Model 1301 
Atomic Absorption Accessory with a Beckman DB-G Grating Spectrophotorneter. 
Measurements were recorded on a Beckman Model 1005 Linear-Log Ten-Inch Poten- 
t iomet r i c  Recorder, which was coupled with a Beckman 73490 Scale Expander. A 
Beckrnan 100410 Autolam Burner was used with an air-acetylene flame, Standard, 
s ing le  element, hollow cathode lamps were used. 

The diges t ion bomb technique f o r  t h e  decomposition of s i l i c a t e s  
 ernas as , 1968) and aluminosil icates ( ~ u c k l e ~  and Cranston, 1971) was modified 
and found applicable t o  t h e  decomposition of low- and high-temperature coal  
ash samples. 

Reagents and Construction of Calibration Curves 

A l l  reagents used were ACS c e r t i f i e d  reagent grade chemicals. Stand- 
ard stock solut ions  were prepared from high-purity metals.  A standard stock 
solut ion of each element-Cd, Cu, N i  , Pb, and Zn-was prepared t o  give a metal 
ion concentration of 100 ppm. Calibrat ion standards prepared from d i l u t e d  
stock solut ions  containing 1 . 4  percent V/v aqua r e g i a ,  1 percent V/vHF, and 1 
percent W / ~  H3B03 were made up, so  t h a t  t h e  standards matched the  sample solu- 
t i o n s  obtained by the  decomposition method. 

Sample Decompositi~n Procedure 

The decomposition of low-temperature and high-temperature coal  ash 
was ca r r i ed  out i n  a Parr  4745 ac id  d iges t ion bomb. 

Approximately 0.1 g of a low- or  high-temperature coal  ash-previous- 
l y  ground i p  an agate or mul l i t e  mortar and dr ied  a t  1 1 0 O  C f o r  severa l  hours- 
was t r ans fe r red  t o  t h e  Teflon cup of t h e  decomposition vesse l .  The low-temper- 
a tu re  ash sample was t r e a t e d  with 1 .0  ml of concentrated H C 1  and then heated t o  
dryness on a steam t a b l e .  The H C 1  treatment was omitted f o r  high-temperature 
ash samples. Both types of samples were then wetted with 0.7 m l  of aqua r e g i a  
(1: 3 :1 H N O ~ - H C ~ - H ~ O )  , 0.5 ml of HF was added, and t h e  ac id  d iges t ion bomb was 
closed. The bomb was heated a t  100 t o  110° C f o r  2 hours. After  it had cooled 
t o  ambient temperature, t h e  bomb was disassembled and the  decomposed sample 
t r e a t e d  with 10 m l  of a H3B03 so lu t ion  (0.05 g per m l )  t o  complex t h e  HF. The 
dissolved sample was t r ans fe r red  t o  a 50 m l  pyrex volumetric f l a s k ,  d i l u t e d  t o  
volume with deionized water ,  and placed i n  a polyethylene b o t t l e  f o r  s torage .  

Atomic Absorption Spectrophotometric Procedure 

The following a n a l y t i c a l  wavelengths were used: 228.8 nm ( ~ d )  , 
324.7 nm ( c u ) ,  232.0 nm ( ~ i ) ,  283.3 n m ( ~ b ) , a n d  213.9 nm ( ~ n ) .  Samples analyzed 
f o r  Cd a l s o  were re-aspirated a t  a nonabsorbing wavelength, 227.6 nm, f o r  back- 
ground correct ion.  Cation standards f o r  Cu, N i ,  and Zn ranging from 0.1  t o  1.0 
ppm were used. Lead standards ranging from 0 . 1 t o  5.0 ppm and cadmium standards 



ranging from 0,01 t o  0.5 ppm were prepared, I n  determinations of a l l  elements 
except Zn, t h e  sample being analyzed required no f u r t h e r  d i l u t i o n ;  f o r  Zn an 
add i t iona l  d i l u t i o n  might be necessary. Metal ion concentrations i n  t h e  sam- 
p les  were ca lcula ted  by in te rpo la t ion  from a c a l i b r a t i o n  curve of absorbance 
vs.  concentration. A new c a l i b r a t i o n  curve was constructed f o r  each s e t  of 
analys e s  . 

Comparative Anal yses 

Results  obtained by atomic absorption spectrophotometry f o r  Cd, Cu, 
Pb, and N i  concentrat ions,  expressed on t h e  whole coal  b a s i s ,  agreed we l l  with 
r e s u l t s  obtained by t h e  o ther  a n a l y t i c a l  methods used i n  t h i s  study. Atomic 
absorption r e s u l t s  f o r  low- and high-temperature ashes prepared from t h e  same 
coal  sample a l s o  compared wel l  when expressed on t h e  whole coal  bas i s .  These 
favorable comparisons indicated  t h a t  t h e  t r a c e  elements involved were not 
v o l a t i l i z e d  when these  coals a r e  ashed a t  450° t o  500° C .  

The determination of Zn i n  t h e  coals and coal  ashes s tudied present- 
ed a unique sampling problem. In  a majori ty of t h e  samples analyzed t h e  
r e s u l t s  of t h e  various a n a l y t i c a l  methods agreed w e l l ,  as d id  r e s u l t s  of t h e  
low- and high-temperature coal  ashes analyzed by atomic absorption spectro- 
photometry. However, i n  a few samples, marked va r ia t ions  i n  zinc r e s u l t s  were 
observed. The zinc content of these  coals  was a t t r i b u t e d  primari ly t o  t h e  
presence of d i s c r e t e  p a r t i c l e s  of s p h a l e r i t e  ( z ~ s ) ,  which could contr ibute  t o  
the  nonhomogeneity of a  coal  sample and thus r e s u l t  i n  s i g n i f i c a n t  va r ia t ions  
i n  zinc concentrations. The degree of coal  grinding required t o  achieve 
representa t ive  samples i s  being s tudied f u r t h e r ,  and decreased sample p a r t i -  
c l e  s i z e  may improve agreement of t h e  methods of analys is .  

Estimates of average r e l a t i v e  standard deviat ion elements determined 
by atomic absorption spectrophotometry a re  as follows: Cd ( 2 3  values)  k 10.5 
percent ,  Cu (40 values)  2 5.0 percent ,  N i  (40 values)  f. 5 . 1  percent ,  Pb (39 
values)  k 5 -7 percent ,  Zn ( 3 9  values)  2 5.7 percent .  

Neutron Activation 

Radiochemical separat ions performed on low-temperature coal  ash were 
used f o r  the  determination of Se,  As, Ga, Zn, and Cd. Analyses on whole coal  
were used t o  determine Hg , Sb , and B r  , which are  t o t a l l y  o r  p a r t i a l l y  v o l a t i l -  
ized  during low-temperature coal  oxidation.  Mn was determined by instrumental  
neutron ac t iva t ion  analys is .  

A l l  i r r a d i a t i o n s  were made i n  t h e  Universi ty of I l l i n o i s  Advanced 
TRIGA r e a c t o r ,  with a thermal neutron f l u x  of 1 . 4  x 1012 neutrons crnm2 sec-'. 
During i r r a d i a t i o n  t h e  samples and standards were ro ta ted  a t  1 rpm t o  insure  
equal neutron f lux.  

The containers used f o r  t h e  samples and standards i n  t h e  i r r a d i a t i o n s  
were two-fifths-dram polyethylene snap-cap v i a l s  t h a t  had previously been 
cleaned with deionized water and acetone. 

The y-ray counting system consisted of a  3 i n .  by 3 i n .  sodium iodide 
detec tor  connected t o  a Nuclear-Chicago 400 channel analyzer. 



Chemical y ie lds  were obtained f o r  each sample t o  determine losses  
.during radiochemical separat ions.  

Determination of Se in Low-Temperature Coal Ash 

Each sample (about 200 mg) of low-temperature coal  ash was accura te ly  
weighed i n t o  a polyethylene v i a l .  The samples and a sea led  polyethylene v i a l  
containing a comparative standard of 1 mg Se per m l  so lu t ion  (prepared by dis-  
solving spectrograde Se metal i n  n i t r i c  and hydrochloric ac ids )  were i r r a d i a t e d  
f o r  2 o r  3 hours and allowed t o  decay f o r  3 days. 

Each sample was quan t i t a t ive ly  t r ans fe r red  t o  a 100-cc round-bottomed 
d i s t i l l a t i o n  f l a s k  and 20 m l  of concentrated H C 1 ,  5 m l  of concentrated lIN03, 
5 m l  of concentrated HC104, and 3 ml of Se c a r r i e r  (conta in ing 10 mg Se per ml) 
were added. The mixture was refluxed overnight.  

The mixture was then d i s t i l l e d  down t o  a volume of about 10 m l  i n  an 
a i r  stream and the  d i s t i l l a t e  col lec ted  i n  20 m l  of d i s t i l l e d  water i n  a f l a s k  
i n  an i c e  bath.  Ten m l  of concentrated K C 1  and 12 m l  of concentrated HBr were 
added t o  the  d i s t i l l i n g  f l a s k  and d i s t i l l e d .  Second port ions of H C 1  and HBr 
were added and t h e  d i s t i l l a t i o n  was repeated.  To the  combined d i s t i l l a t e  7 m l  
of 6 percent sulfurous ac id  was added t o  p r e c i p i t a t e  r ed  amorphous Se ,  which 
was allowed t o  s e t t l e .  

The supernatant l i q u i d  was decanted through a Teflon-coated f i l t e r i n g  
apparatus containing a weighed f i l t e r  paper. Hot water was then added t o  t h e  
Se i n  t h e  beaker t o  convert it t o  gray meta l l i c  Se, which was f i l t e r e d ,  washed 
with more hot  water and acetone, a i r -dr ied  f o r  2 hours,  weighed, and then 
mounted on cardboard. 

The Se comparative standard was d i l u t e d  1:100, and 1 m l  (10 pg of Se) 
was t r ans fe r red  t o  a f l a s k  containing 3 m l  of selenium c a r r i e r ,  d i s t i l l e d ,  and 
p rec ip i t a ted  i n  t h e  same manner as  t h e  samples. Radiochemical y ie lds  of t h e  
samples and standard a r e  quan t i t a t ive .  

The samples and standard were counted f o r  t h e  a c t i v i t y  of t h e  0.121 
and 0 -136 MeV gamma rays of 7 5 ~ e ,  which has a h a l f - l i f e  of 120 days. These two 
gamma rays gave a s ing le  photopeak with t h e  3 i n .  by 3 i n .  sodium iodide detec- 
t o r  and 400 channel analyzer. 

The Se concentrat ion of t h e  low-temperature coal  ash samples was cal-  
cula ted  and, by using t h e  percentage of low-temperature ash i n  t h e  coa l ,  con- 
ver ted  t o  ppm of Se i n  whole coal .  The r e l a t i v e  standard devia t ion of a meas- 
urement i s  normally b e t t e r  than + 10 percent .  Analysis of t h e  National Bureau 
of Standards SRM-1630 f o r  Se gave the  r e s u l t  2.0 + 0.13 ppm, which compares 
favorably with t h e  provis ional  value of 2 . 1  ppm es tabl ished by the NBS. 

Determination of As in Low-Temperature Ash 

Each sample (about 200 mg) of low-temperature coal  ash was accura te ly  
weighed i n t o  a two-fifths-dram polyethylene v i a l .  The samples and a sea led  
polyethylene v i a l  containing a comparative standard of 10 rng A s  per  ml (pre-  
pared by dissolving sodium a r s e n i t e  i n  water and hydrogen peroxide) were i r r a -  
d ia ted  f o r  2 hours and allowed t o  decay overnight.  



Each sample was quan t i t a t ive ly  t r ans fe r red  t o  a  100-cc round-bottomed 
d i s t i l l a t i o n  f l a s k ,  with t h e  addi t ion  of 20 m l  of concentrated H C 1 ,  5 m l  of 
concentrated HN03, 5 ml of concentrated HC104, and 3  m l  of As c a r r i e r  (contain-  
ing  10 mg As per ml) and refluxed overnight.  

The mlxture was d i s t i l l e d  down t o  a  10-ml volume i n  an a i r  stream and 
t h e  d i s t i l l a t e  col lec ted  i n  30 m l  of d i s t i l l e d  water, Ten m l  of concentrated 
H C 1  and 12 ml of concentrated HBr were added t o  the  d i s t i l l a t i o n  f l a s k  and dis-  
t i l l e d .  Second port ions of H C 1  and HBr were added, and t h e  d i s t i l l a t i o n  
repeated. To t h e  combined d i s t i l l a t e  5 g  of sodium hypophosphite was added and 
t h e  mixture was heated t o  j u s t  below t h e  bo i l ing  point  f o r  2 t o  3 hours u n t i l  
the  so lu t ion  cleared and t h e  black As metal p r e c i p i t a t e  was completely digested.  
The As p r e c i p i t a t e  was suc t ion- f i l t e red  onto a  weighed f i l t e r  paper, washed 
with d i s t i l l e d  water and acetone, a i r -dr ied ,  weighed, and mounted on cardboard. 

The As standard was d i lu ted  1:250 with d i l u t e  H C 1  and a  1 - m l  a l iquot  
(40 pg of AS)  was t r ans fe r red  t o  a  f l a s k  containing 3 ml of As c a r r i e r ,  d is -  
t i l l e d ,  and p rec ip i t a ted  i n  t h e  same manner as t h e  samples. Radiochemical 
y ie lds  of the  sample and s t a n d u d  were quan t i t a t ive .  

The samples and standard were counted f o r  t h e  a c t i v i t y  of t h e  0.559 
MeV y-ray photopeak of 26.5 hr  7 6 ~ s  a 

The As concentration of t h e  low-temperature coal  ash samples was cal-  
culated and converted t o  a  b a s i s  of ppm i n  whole coal  from t h e  percentage of 
low-temperature ash i n  t h e  coal .  The maximum r e l a t i v e  standard deviat ion of a  
measurement i s  12 percent ,  

Determination of Ga in Low-Temperature Coal Ash 

Oven-dried samples (100 mg) were weighed i n t o  two-fifths-dram snap- 
cap polyethylene v i a l s ,  heat-sealed, and i r r a d i a t e d  f o r  2 hours along with 
standard solut ions  prepared from pure Ga metal,  

Ga ( 6  mg) and Zn (30 mg) c a r r i e r s  were added t o  t h e  i r r a d i a t e d  ash 
sample, which was then fused with NaOH i n  a  n ickel  crucible .  ( A  t r a c e r  study 
showed t h a t  no gallium i s  l o s t  during fus ion. )  When t h e  fus ion melt was d is-  
solved i n  d i s t i l l e d  water (25-50 m l ) ,  a  mixed s u l f i d e  p r e c i p i t a t e  formed. The 
so lu t ion  was f i l t e r e d ,  and t h e  pH was adjusted t o  8  with H C 1  t o  p r e c i p i t a t e  
z ~ ( o H ) ~ ,  which c a r r i e s  t h e  Ga. The hydroxide p r e c i p i t a t e  was co l l ec ted  and 
dissolved i n  8~ H C 1  ( 1 5  ml ) ,  and Ga was ext rac ted  from t h e  r e s u l t i n g  solut ion 
with isopropyl e ther  ( 1 5  ml). Ga was then back-extracted from t h e  organic 
f r a c t i o n  with d i s t i l l e d  water ( 1 5  ml) . Extract ion and back-extraction were 
repeated twice,  and t h e  combined d i s t i l l e d  water f r a c t i o n s  were counted. Some 
7 6 ~ s  follows t h e  Ga, but  t h e r e  was no in ter ference  with t h e  0.832 MeV photo- 
peak of 14-hr 7 2 ~ a .  Radiochemical y ie lds  were determined by re - i r rad ia t ion  
and were wi th in  the  46-74 percent range. 

The p o s s i b i l i t y  t h a t  7 2 ~ a  might be produced during i r r a d i a t i o n  by a  
( n S p )  reac t ion  with 7 2 ~ e ,  as we l l  as by t h e  (n,-y) react ion with 7 1 ~ a ,  was in- 
ves t igated .  Two milligrams of pure Ge metal were i r r a d i a t e d  along with sam- 
ples  of coal  ash i n  a  regular  run and subsequently counted. No radiochemical 
separat ion was needed ' for  the  Ge metal ,  as t h e r e  i s  no s p e c t r a l  in te r fe rence  
between Ge and Ga. Less than 0.02 micrograms of "apparent" Ga was produced i n  



Ge metal. Therefore, f o r  every p a r t  of Ge i n  coal  ash,  t h e  contr ibut ion t o  
7 2 ~ a  i s  l e s s  than 1 0 ~ ~ ~  

The average r e l a t i v e  standard deviat ion of t h e  technique was e s t i -  
mated t o  be + 8 percent ,  

Determination o f  Zn and Cd i n  Low-Temperature Coal Ash 

Oven-dried LTA samples (100 mg) were weighed i n t o  two-fifths-dram 
snap-cap polyethylene v i a l s  , heat-sealed , and i r r a d i a t e d  f o r  2 hours along 
with standard solut ions  prepared from pure Zn metal and pure C 1  metal.  

Zn (10 mg) and Cd ( 4  mg) c a r r i e r s  were added t o  t h e  i r r a d i a t e d  ash 
sample, which was then fused with NaOH ( 2  g )  i n  a n icke l  crucible .  ( A  t r a c e r  
study showed t h a t  no Zn o r  Cd i s  l o s t  during fus ion. )  The fus ion melt was 
dissolved i n  50 m l  of d i s t i l l e d  water ,  and then 25 m l  of 8M H C 1  was added so  
t h a t  t h e  r e s u l t i n g  so lu t ion  was 2M i n  H C 1 .  The so lu t ion  was then loaded onto 
a Dowex 1 x 8 (100 t o  200 mesh) anion exchange column ( 6  g r e s i n )  t h a t  has 
been pre-equil ibrated with 2 M H C 1  (30 ml) .  After t h e  column had been r insed  
with 2M H C 1  (20 m l )  , the  Zn and Cd were e lu ted  with d i s t i l l e d  water (60 ml) 
i n  t h e  same f rac t ion .  Zn was determined immediately by the  0.438 MeV photo- 
peak of 13.8 h r  6 9 m ~ n .  For Cd, a decay period (one week from t h e  time of 
i r r a d i a t i o n )  was allowed so t h a t  13.8 h r  6 9 r n ~ n  would completely decay and t h e  
2 3 9 ~ p  Compton edge would diminish; then t h e  0.523 MeV photopeak of 54 h r  115cd 
was used. Radiochemical y ie lds  were determined by re - i r rad ia t ion  and were i n  
the  80 t o  95 percent range f o r  Zn and quan t i t a t ive  f o r  Cd, The average re la -  
t i v e  standard deviat ion was + 25 percent f o r  Zn and b e t t e r  than k 10 percent 
f o r  Cd. 

Determination o f  Hg i n  Whole Coal 

From 0.6 t o  1.0 gram of coal  (hand ground t o  20 mesh and a i r -dr ied)  
was accura te ly  weighed i n t o  a two-fifths-dran polyethylene snap-cap v i a l .  
Hand grinding of coal  samples t o  only 20 mesh was used t o  avoid excessive 
heating and poss ib le  l o s s  of v o l a t i l e  elements. A 1 , O  m l  a l iquo t  of a 10.3 
mg per m l  standard so lu t ion  of ~ g + +  ( a s  n i t r a t e )  was sealed i n  a s i m i l a r  
polyethylene v i a l .  Samples and standard were simultaneously i r r a d i a t e d  f o r  
2 hours. One day was allowed f o r  t h e  p r e f e r e n t i a l  decay of shor ter - l ived 
radioisotopes (such as 2 q ~ a ,  3 l ~ i ,  56Mn) t o  f a c i l i t a t e  handling of t h e  
samples . 

Each sample was mixed 1-to-1 with 60-mesh Norton Alundum RR ( ~ 1 ~ 0 ~ )  , 
t r ans fe r red  t o  a 4-inch porcelain boat  i is her Combax, s i z e  A ) ,  and covered 
with Alundum. The boa t ,  previously impregnated with 2-rng Hg++ c a r r i e r  ( a s  
n i t r a t e )  , was placed i n  a 1-inch-diameter Vycor tube and t h e  contents then 
cornbusted slowly with a Bunsen burner ( ~ 5 0 0 ~ - 6 0 0 0  c ) ~  with an oxygen flow 
through t h e  tube of about 50 t o  75 m l  per minute. The gaseous and v o l a t i l i z e d  
products were bubbled through two consecutive 100 m l  vacuum t r a p s ,  each con- 
t a i n i n g  20 ml of a 3.25 pH sodium aceta te-acet ic  ac id  buf fe r  so lu t ion  ( ~ i n k l e ,  
Leong, and Ward, 1966),  40 m l  of sa tu ra ted  bromine water ,  and 30 mg KgC+ ( a s  
n i t r a t e ) .  The combustion process required about 1 hour t o  insure  con t ro l l ed ,  
thorough burning and e f f i c i e n t  t r a n s f e r  t o  t h e  t r a p s .  (NOTE: Sample should 
be burned very gradually, as there i s  danger o f  violent explosion.) Approxi- 
mately 250 m l  of 2M H C 1  was used t o  wash t h e  glassware, including t h e  Vycor 
tube ,  thoroughly and was then combined with t h e  t r a p  solut ions .  



The r e s u l t i n g  so lu t ion  ( ~ 4 5 0  m l )  was then passed through a  column 
1 cm i n  diameter t h a t  contained 3.5 m l  of Dowex 2  i n  t h e  chlor ide  form. After  
radioact ive  in ter ferences  were e lu ted  with 40 m l  water and 40 m l  of 2M H C 1 ,  
t h e  r e s i n  was t r ans fe r red  t o  a  100-ml polystyrene b o t t l e ,  allowed t o  s e t t l e  
uniformly, and then counted f o r  1 9 7 ~ g  (t% = 65 hours,  77 keV gamma r a y ) .  

A 0.10-ml a l iquo t  of t h e  i r r a d i a t e d  standard was d i l u t e d  t o  100 m l  
with 2M HN03. One m l  of t h e  d i lu ted  so lu t ion  was immediately p ipe t t ed  i n t o  a 
porcelain boat (a l ready impregnated with 2  mg inac t ive  H ~ + + )  and allowed t o  
dry. About 1 g of inac t ive  coa l  was mixed with Alundum, put i n t o  t h e  b o a t ,  
covered with Alundum, and burned i n  t h e  same manner as  the  i r r a d i a t e d  samples. 

The over-al l  recovery of Hg i n  the  process was 67 2 1 5  percent .  The 
amount of Hg i n  a  sample was ca lcula ted  by comparing t h e  height  of t h e  photo- 
peak of t h e  sample t o  t h a t  of t h e  standard. The average r e l a t i v e  standard 
devia t ion of t h e  method was + 20 percent and t h e  detec t ion l i m i t  was 0  . O 1  ppm 
f o r  1-gram samples and 2-hour i r r a d i a t i o n s .  

Table 9  compares our values t o  preferred values derived from a  U. S. 
Bureau of Mines round-robin study ( ~ c h l e s i n g e r  and Schultz,  1972). The accuracy 
of t h i s  method i s  shown t o  be excel lent .  

TABLE 9-COMPARISON OF Hg VALUES WITH PUBLISHED DATA* 

Coal  l o c a t i o n  
B e s t  v a l u e  IS  GS 

( P P ~  ) ( P P ~ )  

Belmont Go., Ohio 

H a r r i s o n  Co., Ohio 

J e f f e r s o n  Co., Ohio 

Kanawha Co . , W . V i r g i n i a  

Washington  Go., P e n n s y l v a n i a  

Clay  Co., I n d i a n a  

Muhlenberg Co. , Kentucky 

Rosebud Co, , Montana 

Henry Co., M i s s o u r i  

Montrose Co., Colorado  

Navajo Co., Ar izona  

NBS SRM- 1630 (West V i r g i n i a )  

* S c h l e s i n g e r  and S c h u l t z ,  1972. 

Determination of Sb in Whole Coal 

From 0.6 t o  1.0 g of coal  was hand ground, weighed, and i r r a d i a t e d  
with a standard i n  a  manner s imi lar  t o  t h a t  described i n  t h e  Hg procedure. 



The i r r a d i a t e d  sample, Q LOO mg benzoic ac id ,  and from 10 t o  30 mg of accura te ly  
weighed Sb203 c a r r i e r ,  were f i r e d  with 25 atmospheres of oxygen i n  a Parr  
bomb. 

The contents of t h e  bomb were r insed  i n t o  a beaker with concentrated 
H C 1  and digested on a hot  p l a t e  f o r  1 hour, The mixture was f i l t e r e d .  The 
f i l t e r  paper and contents were vigorously heated with 100 m l  of 1.M KOH and 4 
m l  30 percent H202 f o r  2 hours and then cooled and f i l t e r e d .  

The f i l t r a t e s  were combined, d i l u t e d  t o  N I O O O  m l  and H2S passed 
through. The s u l f i d e  p r e c i p i t a t e  was f i l t e r e d ,  dissolved i n  20 m l  aqua r e g i a  
and evaporated t o  dryness. The residue was t r e a t e d  with 1 g of NH20HeHC1, 
dissolved i n  2 m l  of 4~ H C 1 ,  and evaporated t o  dryness. 

The residue was dissolved i n  1 m l  of 0.5M NH4SCN-2M H C 1  ( ~ a m a ~ u c h i  
e t  a l . ,  1969) and loaded on a Dowex 2 column ( N 5 ml i n  SCN- form). The col- 
umn was then e lu ted  with 1 5  m l  of 0.5M NH4SCN-0. 5 M  H C 1  ( t o  remove AS) and then 
10 m l  of 0.005M NH4SCN-0,5M HC1.  The Sb f r a c t i o n  was e lu ted  with 150 m l  of 
2N H2S04. F i f t y  milligrams of concentrated H C 1  was added t o  t h e  e lua te .  

The so lu t ion  was counted f o r  1 2 2 ~ b  (t% = 2.8 day, 0.56 MeV y-ray). 
Radiochemical y ie lds  were determined by r e - i r r a d i a t i o n  and ranged from 30 t o  
55 percent .  The average r e l a t i v e  standard devia t ion of t h e  method was k 20 
percent.  

Determination of B r  i n  Whole Coal 

From 0.6 t o  1.0 g of coal  (hand ground t o  20 mesh and a i r -dr ied)  
was accura te ly  weighed i n t o  a two-fifths-dram polyethylene snap-cap v i a l .  A 
1.0-ml standard (111 pg B r )  of NH4Br  was sealed i n  a s imi la r  v i a l .  Samples 
and standards were simultaneously i r r a d i a t e d  f o r  2 hours. About 1 day was 
allowed f o r  the  decay of shorter- l ived radioisotopes .  

Each sample was mixed 1 t o  1 with 60-mesh Norton Alundum RR ( ~ 1 ~ 0 ~ )  
and t r ans fe r red  t o  a 4-inch procelain boat .  Twenty mg B r  as  a  NH4Br  so lu t ion  
was added t o  t h e  boat  and allowed t o  dry. The contents of t h e  boat were then 
covered with Alundum. The boat was placed i n  a 1-inch Vycor tube and the  con- 
t e n t s  combusted slowly with a Bunsen burner ( ~ 5 0 0 0 - 6 0 0 0  C )  i n  an oxygen-flow 
system, with t h e  flow r a t e  about 50 t o  75 m l  per  minute. The gaseous and 
v o l a t i l i z e d  products were bubbled through two consecutive t r a p s  containing 3 M  
NaOH or  KOH. The f i r s t  t r a p  contained 200 m l  and t h e  second contained 80 m l .  
(NOTE : Sample should be burned very gradual1 y , as there i s  danger o f  violent 
explosion. ) 

After  combustion, a l l  t h e  glassware was washed with K20 and t h e  wash 
l i q u i d  combined with t h e  a l k a l i  t r a p  solut ions .  The combined solut ions  were 
counted f o r  8 2 ~ r  (t% = 36 hours,  0.56 MeV y-ray). 

A 5-ml  a l iquo t  was re - i r rad ia ted  f o r  chemical y i e l d  determination, 
which varied from 49 t o  77 percent.  The average r e l a t i v e  standard devia t ion 
was + 10 percent.  



Instrumental Neutron Activation Analysis o f  Mn i n  Whole Coal 

From 0.6 t o  1 .0  g of coa l  (hand ground t o  20 mesh and a i r -d r i ed)  
was accura te ly  weighed i n t o  two-fifths-dram polyethylene snap-cap v i a l s .  A 
1.0-ml solut ion containing a known amount of Mn+2 (from 100-200 vg) was heat- 
sealed i n t o  a s imi la r  v i a l .  Samples and standard were simultaneously i r r a d i -  
a ted  f o r  only 1 5  minutes i n  a thermal neutron f l u x  of about 0.7 x 1012 neu- 
t rons  emm2 sec-l , 

After  approximately 2 hours were allowed f o r  the  p r e f e r e n t i a l  decay 
of the  shor te r  l i v e d  radioisotopes ( e . g . ,  3 1 ~ i  and 3 8 ~ 1 ) ,  t h e  samples were 
t r ans fe r red  t o  uni r radia ted  conta iners ,  counted, and compared with t h e  stand- 
ard f o r  56Mn (t% = 2.6 hours,  0.84 MeV y-ray).  

The average r e l a t i v e  standard deviat ion of t h i s  instrumental  tech- 
nique was f 4 percent.  

Ion-Selective Electrode Method f o r  Determination of F i n  Whole Coal 

A l-gram coal  sample, ground t o  pass a 100-mesh screen,  was mixed 
with about 0.25 g benzoic ac id  (primary standard) and placed i n  a fused 
quartz sample holder wi th in  a Parr  combustion bomb t h a t  contained 5 ml of 
1 N  NaOH. The bomb was pressurized t o  about 28 atmospheres and f i r e d .  A t  
l e a s t  15 minutes were allowed t o  elapse before t h e  bomb was depressurized. 
Three approximate 5-ml a l iquo t s  of d i s t i l l e d  water were used t o  r i n s e  t h e  
bomb contents i n t o  a 50-ml p l a s t i c  beaker (plast ic-ware was used from here  
on) .  

The beaker contents were magnetically s t i r r e d  with a Teflon b a r  
while the  pH was adjusted t o  5.2-5.5 with 0.5N H2S04.  h he i n i t i a l  pH before 
ajustment was about 7.0. ) The beaker was then placed i n  a hot  water bath f o r  
about 10 minutes , removed, and again s t i r r e d  t o  dr ive  off  most of t h e  d is -  
solved C02. Five m l  of 1 M  sodium c i t r a t e - c i t r i c  acid buffer  (PH 6.3)  contain- 
ing 0.2M KN03 was added t o  t h e  beaker contents .  The t o t a l  volume was adjusted 
t o  50 m l  with d i s t i l l e d  water and cooled t o  room temperature. A t  t h i s  t ime,  
t h e  p o t e n t i a l  was read.  In  some cases ,  about 10 minutes were required f o r  
equilibrium t o  be reached. The F concentration was ca lcula ted  by the  known 
addit ion method (1 ml of 0.01M F was added and t h e  p o t e n t i a l  of t h e  so lu t ion  
was again read) .  

The pH i s  qu i t e  c r i t i c a l  f o r  t h e  i n i t i a l  p o t e n t i a l  reading. A t  5.0 
t o  5 . 5 ,  f i n a l  r e s u l t s  tended t o  be low because of F- complexing with H+. 
Above 6 .5 ,  f i n a l  r e s u l t s  were high because of in te r fe rence  by OH- or  HC03- a t  
1000 t o  1 concentration over the  F, 

Various coal  samples have been analyzed by t h i s  technique and, thus 
f a r ,  our F r e s u l t s  are  i n  only f a i r  agreement with those  determined by a d is -  
t i l l a t ion-co lo r imet r i c  method a t  Stewart Laboratories,  Knoxville, Tennessee 
( t a b l e  11). Five rep l i ca t ions  were made on a proposed National Bureau of 
Standards SRM coal  and a concentration of 80 f 4 ppm F was determined. Addi- 
t i o n a l  checking of t h i s  method i s  planned. 



Trace Element Detection L i m i t s  

Table 10 gives t r a c e  element detec t ion l i m i t s  f o r  each method used, 
Whole coal  de tec t ion l i m i t s  aye given f o r  those methods used i n  t h e  d i r e c t  
analys is  of raw coal .  However, it i s  not poss ib le  t o  give whole coal  detec- 
t i o n  l i m i t s  f o r  analyzed coal  ash,  because t h e  ash content of the  coals  
d i r e c t l y  a f f e c t s  the  detec t ion l i m i t ,  as ca lcula ted  t o  t h e  whole coal .  For 
t h e  methods t h a t  require  a coal  ash ,  detection? l i m i t s  a r e  given on t h e  ash 
b a s i s .  

RESULTS FOR TRACE ELEMENTS 

Results f o r  25 coals analyzed by t h e  various methods a r e  given i n  
t a b l e  11, The t a b l e  includes analyses f o r  the  d i f f e r e n t  kinds of samples 
analyzed-whole coa l ,  low-temperature ash (LTA) , and high-temperature ash 
(HTA).  Some coals have been analyzed by severa l  methods by using more than 
one type of sample. A l l  r e s u l t s  a r e  given so  t h a t  comparisons may be made ; 
concentrations i n  p a r t s  per mi l l ion  have been ca lcula ted  t o  a s i n g l e  bage, 
i . e . ,  moisture-free whole coal ,  For some elements-Hg, Sb, Ga, and Se-only 
one a n a l y t i c a l  method was used, In  such cases ,  considerable e f f o r t  was made 
t o  be reasonably c e r t a i n  t h a t  accurate r e s u l t s  were obtained ( s e e  discussion 
f o r  individual  t r a c e  elements),  

Table 12 shows our i n t e r p r e t a t i o n  of t h e  bes t  o r  "recommended" 
t r a c e  element values f o r  each coal .  When r e s u l t s  of two or  more methods a r e  
i n  good agreement, t h e  mean of these  i s  given as  t h e  "recommended" value. 
I f  discrepancies among r e s u l t s  of t h e  various methods e x i s t ,  "recommended" 
values a r e  those obtained by t h e  method deemed t o  be most accura te ,  Because 
t h i s  inves t iga t ion  i s  continuing, these  values may be a l t e r e d  as new d a t a  o r  
ref ined methods become avai lable .  

DISCUSSION OF TRACE ELEMEXTS 

Selenium ( ~ e )  

The neutron ac t iva t ion  radiochemical separa t ion technique f o r  low- 
temperature coal  ash yielded precise  values on r e p l i c a t e  samples and, t h e s e ,  
when calcula ted  t o  t h e  whole coal  b a s i s ,  compared very we l l  ( ~ e  = 2 .0 ppm) 
with the  provis ional  value f o r  SRM-1630 coal  s tandard (Se = 2 . 1  ppm) . Pre- 
l iminary comparisons with t h e  previously mentioned na t iona l  Bureau of Stand- 
ards-U. S, Environmental Protec t ion Agency round-robin coal  sample continue 
t o  ind ica te  t h a t  t h e  method i s  accurate.  The recommended Se values given i n  
t a b l e  12 were determined by t h i s  method. 

Gallium ( ~ a )  

Results  obtained f o r  Ga by t h e  radiochemical procedure developed 
f o r  low-temperature coal  ash check we l l  with da ta  given by Zubovic, 



TABm 10-SUMMARY OF DETECTION LIMITS FOR METHODS USED 
IN THIS INVESTIGATION 

ppm i n  coa l  ash ppm i n  whole coa l  

Optical  Optical  X-ray 
Atomic Neutron emis s  ion- emiss ion- Neutron f luores -  

Element absorpt ion ac t i va t i on  photographic spectrometr ic  a c t i va t i on  cence 

F Detect ion l i m i t  f o r  F by s e l ec t i ve  e lec t rode  ion = 10 ppm i n  whole coal .  
Fe 3 6 
Ga 1  
Ge 40 1-5 



Stadnichenko, and Sheffey (1964). Our axerage f o r  I l l i n o i s  coal  i s  3.6 ppm 
and Zubovic's average value i s  4 . 1  ppm. Also t h e  l i t e r a t u r e  values f o r  U. S. 
Geological Survey standard rock W - 1  range from 16 t o  20 ppm (F le i she r  , 1969) ; 
our value i s  21 ppm. Recommended values f o r  Ga ( t a b l e  12)  were determined by 
t h i s  method. 

Mercury ( ~ g )  

The radiochemical procedure previously developed ( ~ u c h ,  Gluskoter, 
and Kennedy, 1971) checked wel l  with t h e  1971 U. S. Bureau of Mines round- 
robin study ( t a b l e  9 )  , and t h e  values obtained by t h i s  method a r e  being 
reported without f u r t h e r  independent checks. 

Antimony ( Sb ) 

To determine t h e  accuracy of t h e  neutron ac t iva t ion  radiochemical 
procedure developed f o r  whole coa l ,  a coal  sample was analyzed by an inde- 
pendent instrumental  neutron ac t iva t ion  technique f o r  whole coal .  Results  
obtained by t h e  two methods compare favorably (8.9 ppm and 10 ppm, respec- 
t i v e l y )  . Several  analyses of low-temperature coal  ash f o r  Sb determination 
by another radiochemical procedure were a l s o  i n  good agreement with those 
obtained by t h e  whole coal  radiochemical separa t ion method described here in .  

Vola t i l i za t ion  s tud ies  of Sb showed t h a t  some of it was l o s t  from 
one coal  during low-temperature ashing, The radiochemical procedure f o r  
whole coal  el iminates t h e  p o s s i b i l i t y  of unpredictable Sb losses .  Recom- 
mended values obtained by t h i s  method a r e  given f n  t a b l e  12. 

Manganese (Mn) 

Mn r e s u l t s  obtained by t h e  instrumental  neutron ac t iva t ion  method 
compare wel l  with values given f o r  G-1,  W - 1 ,  and other  chemically analyzed 
rock samples, a l l  of which were rou t ine ly  analyzed along with whole coal  
samples. The value given f o r  U.S.G.S. s tandard rock G-1 i s  230 ppm Mn 
ra leis her, 1969) ; our value i s  239 ppm. For U.S.G.S. s tandard rock W - 1 ,  
F l e i s h e r t s  value i s  1320 ppm Mn; ours i s  1290 ppm. Other Mn values f o r  
coa l s ,  obtained by X-ray fluorescence and photographic o p t i c a l  emission 
methods, are  a f ac to r  of 2 o r  3 higher and have not been tabula ted .  These 
values a r e  apparently subject  t o  a high b i a s  from background in ter ferences .  
Therefore, t h e  values obtained by t h e  instrumental  neutron ac t iva t ion  method 
a r e  recommended ( t a b l e  1 2 ) .  

Arsenic (AS)  

Two methods, neutron ac t iva t ion  analys is  of LTA and X-ray Pluores- 
cence analys is  of whole coa l ,  a re  used f o r  t h e  determination of A s .  Neutron 
ac t iva t ion  r e s u l t s ,  ca lcula ted  t o  t h e  whole coal  b a s i s ,  compare we l l  with 
X-ray fluorescence values at  t h e  higher concentrations. However, we f e e l  
t h a t  t h e  l a t t e r  method f requent ly  exh ib i t s  a high b i a s  f o r  low As concentra- 
t i o n s  ( s e e  t a b l e  11 f o r  comparisons). The recommended values f o r  As ( t a b l e  
12)  a r e  those  determined by t h i s  neutron ac t iva t ion  method. 



TABLE 11-TRACE ELEMEXIT CONCENTRATIONS IN WHOLE COAL AND COAL ASHES 
AS DETERMITJED BY SEVERAL ANALYTICAL METHODS 

-- - - - - - -  - -- - - 

P a r t s  p e r  m i l l i o n ,  m o i s t u r e - f r e e  w h o l e  c o a l  

F F Hg Sb S b  Mn Ga S e  A s  A s  B r  B r  P V V V 
Whole  Whole  Whole  Whole  Whole  Whole  Whole  Whole  Whole  Whole  

c o a l  c o a l  c o a l  c o a l  L T A  c o a l  L T A  L T A  L T A  c o a l  c o a l  c o a l  c o a l  c o a l  HTA HTA 
S a m p l e  C o a l  D i s t .  

no. no .?  c o l o r .  ISE NAA NAA NAA NAA NAA NAA NAA X-RF X-RF NAA X-RF X-RF OE-DR OE-P 

6 
5 
6 
5 
6 

5 
6 
2 

5 
West  

Va . 
6 
6 
6 
6 
6 

6 
6 

De- 
Koven 

5 
5 

4 
U t a h  
6 
6 
6 

26 40 40 33 11* 
110 32 24 lZ* 
22 28 18 li* 

18 320 46 36 22 
2 1  43 36 18* 



TABLE 11-Cont h u e d  
-- - -- -- - - - - -- -- 

Par t s  per mi l l ion ,  moisture-free whole coa l  

Be Be Cu Cu Cu Cu Cu N i  N i  N i  N i  N i  N i  N i  Zn Zn Zn Zn - 
Whole Whole Whole 

HTA IPTA coa l  L T A  HTA HTA HT'A coa l  L T A  L T A  HTA HTA HTA HTA coa l  L T A  HTA HTA 

Sample Coal 
no, no.+ OE-DR OE-P X-RF AA AA OE-DR OE-P X-RF X-RF AA AA X-RF OE-DR OE-P X-RF AA AA OE-P 

5  
6 
2 

5  
West 

Va . 
6 
6  
6 
6 
6 

6  1,4 2.3 19* g 10 11 6*9 
6  1,5 1.2 ?8* 10 9  9 , s  6,6 

De- 5.9 2 - 1  28 24 27 35 
Koven 

5 2 ,o  1 14 9 7.4 8 ,7  
5 1.1 a,a 20* 8 7  8.5 5 ,8  

4 L O  1,2 20  18 14 21 6.5* 
Utah 0.5 0,2 12 8 13 805  

6 1,1 0.9 30% 21 12 15 
6 2.1 0.7 19 9 4.3* 12 
6 l e g  0.7 35* 12 22 10 

- - 
L T A  = Low-temperature ash. ISE = Ion s e l e c t i v e  e lec t rode ,  OE-P = Optical emission-photographic 

HTA = High-temperature ash, NAA = Neutron a c t i v a t i o n  ana ly s i s -  AA = Atomic absorpt ion.  

t All coals  a r e  from I l l i n o i s  unless  s t a t e  X-RF = X-ray f luorescence,  
++ Excluded f roln rec  ommended value 

i s  given, OE-DR = Optical emiss ion-d i rec t  c a l cu l a t i ons ,  
- 

D i s t ,  color .  = Dis t i l l a t i on -co lo r ime t r i c  method. reading, 



TABLE 11-Concluded 

Parts per million, moisture-free whole coal 

Cr Cr Cr Cr B C o Co Co Cd Cd Cd Cd Cd ~b Pb Pb Pb ~b Ge Ge 

WhoIe Whole 
coal LTA HTA HTA . HTA HTA HTA LTA HTA HTA HTA HTA HTA HTA coal HTA LTA LTA HTA LTA 

Sample Coal 
no, nos -t X-RF AA AA OE-DR OE-P OE-P OE-DR AA AA OE-DR OE-P OE-DR OE-DR OE-P NAA AA AA NAA ASV ASV 

6 
5 
6 
5 
6 

5 
6 
2 

5 
West 
Va . 
6 
6 
6 
6 
6 

6 
6 

De- 
Koven 

5 20 
5 84 

4 93 
Utah 15* 

6 23* 
6 22* 
6 30* 

LTA = Low-temperature ash AA = Atomic absorption, NAA = Neutron activation analysis. 
HTA = High-temperature ash. OE-DR = Optical emission-direct ASV = Anodic stripping voltammetry. 

t All coals are from Illinois unless state reading. * Excluded from recommended value 
is given. OE-P = Optical emiss ion-photographic . calculations. 

X-RF = X-ray fluorescence. 



Bromine (BY) 

Neutron a,ctivation and X-ray f"1uorescence results for Br in whole coal 
compare favorably (table 11). The X-ray fluorescence procedure is rapid, has good 
precision, and is the method of choice for the determination of Br in whole coal. 

Vanadium (v) 

Vanadium determinations made by X-ray f luorescence analy-sis of whole 
coal and by both direct-reading and photographic optical emission analysis of 
high-temperature ash exhibit a wide scatter, We believe X-ray fluorescence 
results are high and photographic optical emission results low. Our provisional 
recommended values, expressed as concentrations in whole coal, are the means of 
selected values determined by all three methods. Very high or low results were 
deleted (see table 11 for all results and table 12 for our recommended values) . 

Copper (CU) 

X-ray fluorescence, atomic absorption, and direct-reading and photo- 
graphic optical emission results compare well for Cu in whole coal, although 
X-ray fluorescence values tend to be high and those for photographic optical 
emission low (table 11). The recommended Cu values, in most cases, are the 
means of atomic absorption results for low-temperature ash and direct-reading 
optical emission results for high-temperature ash (table 12). Cu concentra- 
tions are given on the whole coal basis calculated from the percentage of low- 
or high-temperature ash in the coal. 

Nickel (NF) 

X-ray fluorescence, atomic absorption, direct-read-ing and phsto- 
graphic optical emission results for Ni agree very well when all values are 
calculated to the whole coal basis (table 11). The recommended values (table 
12) are means of results from all of these methods, 

Zinc ( ~ n )  

X-ray fluorescence, atomic absorption, and photographic optical 
emission all yield acceptable results for Zn when all values are given on the 
whole coal basis, Photographic optical emission values tend to be slightly 
lower than those of other methods, Mean values of the consistent data, dele- 
ting abnormally high or low values, are recommended (tables 11 and 12) . As 
previously mentioned, inconsistent results for high levels of Zn (like those 
for ~ b )  are associated with localized mineralization and savnple inhomogeneity 
(see also the discussion of the scanning electron microscope). Finer grinding 
of coal samples might improve agreement, 

Lead ( ~ b )  

X-ray fluorescence, atomic absorption, and photographic and direct- 
reading optical emission results for Pb are in good agreement, although the 



TABLE 12-RECOMMENDED 

Pa r t s  per  mi l l ion ,  moisture-free whole coal 
F F Ilg Sb Mn Ga Se As Be Cu N i  Zn 
Whole Whole Whole Whole Whole 
coal  coal  coal  coal  coal  LTA LTA LTA 

Sample Coal D i s t .  Rec. Rec. Rec. Rec. 
no. no.* co lor  ISE NAA NAA NAA NAA NAA NAA value value value value 

6 107 
5 112 
6 105 
5 105 
6 162 

5 103 
6 105 
2 93 
5 65 

West 123 
Va . 
6 69 
6 75 
6 101 
6 110 

6 83 

6 103 
6 130 

De- 94 
Koven 
5 104 
5 83 

4 134 
Utah 66 
6 103 
6 69 
6 138 

LTA = Low-temperature ash. NAA = Neutron a c t i v a t i o n  ana lys i s .  

* A l l  coals  a r e  from I l l i n o i s  except Rec, value = Recommended value. 

where s t a t e  i s  given. t Value includes 1600 ppm by NAA. 

ISE = Ion s e l e c t i v e  electrode.  

direct X-ray fluorescence analysis of whole coal tends to give higher results 
than the other methods, which require coal ash for analysis. Recommended values 
are means of all the data after deletion of abnormally high and low values (ta- 
bles 11 and 12), 

Germanium ( Ge ) 

Photographic and direct-reading optical emission results for Ge in 
high-temperature coal ash are in good agreement. Recommended values, with 



TRACE ELEMENT VALUES 

Pa r t s  per  mi l l ion ,  moisture-free whole coal  
Pb Ge C r  Co Cd V Br P Z r  Sn Mo B 

Whole Whole 

Sample Coal Rec. Rec. Rec. Rec. Rec. Rec, coal  coal  HTA HTA HTA HTA 

no. no.* value value value value value value X-RF X-RF OE-P OE-DR OE-DR OE-DR 

6 55 7 25 12 

5 56 15 16 2 
6 9 <4 16 3 
5 22 2.7 22 4 
6 62 25 7 

5 43 5 14 4 
6 42 12 18 6 
2 183 35 4 23 
5 8 8.9 10 0.8 

West 6 1 8 6 
Va . 
6 184 12 lg 14 

6 15 0.9 15 5 
6 8 S4 12 2 
6 8 4 11 4 
6 12 <3 10 5 

6 11 <4 55 6 
6 13 3 16 4 

De- 187 6 14 
Koven 

5 27 12 8 3 
5 65 3 

4 99 14 4 
Utah 5 1 7 1 
6 6 4 25 5 
6 8 6 7 ' 4  
6 13 1 12 15 

3 *4 
2.9 

S 0 . 4  
0.4 

22 

s0.4 
19 
0.9 

20. 6 
s 0.1 

0.8 
20 .4  

CO. 5 
1.1 

<O. 3 

0-5 
1.6 

SO. 4 

7.1 
1.6 

0.7 
<o. 2 

0.9 
50.4 

0.8 

HTA - High-temperature ash,  X-RF = X-ray fluorescence. 

* A l l  coals  a r e  from I l l i n o i s  except OE-P = Optical emiss ion-photographic . 
where s t a t e  i s  given. OE-DR = Optical  emission-direct reading. 

Rec. value = Recommended value. 

c e r t a i n  exceptions noted ( t a b l e s  11 and 12) , are  mean values of whole coal  
concentrations determined by both methods. 

Chromium ( ~ r )  

Atomic absorption r e s u l t s  f o r  C r  agree we l l  with those  obtained by 
both o p t i c a l  emission methods. Recommended values ,  ca lcula ted  t o  t h e  whole 
coal  b a s i s ,  a r e  t h e  means of r e s u l t s  from a l l  t h r e e  methods ( t a b l e s  11 and 12)  . 



Cobalt ( C O )  

Good agreement f o r  cobal t  determined i n  coal  ash was obtained using 
t h r e e  a n a l y t i c a l  methods-photographic and direct-reading o p t i c a l  emission and 
neutron activation-although photographic o p t i c a l  emission values tend t o  be 
high f o r  samples t h a t  have low concentrations. Recommended values a r e  t h e  
mean concentrat ions,  expressed on t h e  whole coal  b a s i s ,  as determined by t h e  
t h r e e  methods. Certain exclusions a r e  noted ( t a b l e s  11 and 12) . 

Cadmium ( ~ d )  

Cadmium determinations of low-temperature coal  ash samples made by us- 
ing  atomic absorption and neutron ac t iva t ion  methods a re  i n  good agreement. De- 
terminations by t h e  Universi ty of I l l i n o i s  Environmental Analytical  Laboratory 
performed by an anodic-stripping procedure agree very we l l  with atomic absorption 
determinations of Cd i n  coal  ash. Our recommended values ( t a b l e s  11, 1 2 ) ,  calcu- 
l a t e d  t o  t h e  whole coal  b a s i s ,  a r e  those  determined by atomic absorption. 

Beryllium (Be) 

Direct  reading and photographic o p t i c a l  emission methods give com- 
parable r e s u l t s  f o r  Be i n  high-temperature coal  ash. The recommended whole 
coal  values ( t a b l e  12)  a r e  an average of r e s u l t s  from both methods. 

Fluorine (F) 

Fluorine determinations were performed by Stewart Laboratories , 
Knoxville, Tennessee, and by t h e  I l l i n o i s  S t a t e  Geological Survey. The 
r e s u l t s  of t h e  Stewart Laboratories d i s t i l l a t ion-co lo r imet r i c  method do not  
check we l l  with those  performed i n  our l abora to r ies  by t h e  ion s e l e c t i v e  
e lec t rode procedure. Both values a r e  reported;  however, no recommended value 
i s  given f o r  F, Several  independent checks a r e  now underway t o  c l a r i f y  t h e  
inconsis tencies .  

Phosphorus ( P )  , Boron (B) , Zirconium ( ~ r )  , Molybdenum ( M O )  , and Tin ( ~ n )  

Each of these  elements has been determined by a s i n g l e  method only 
and no confirmation of t h e  values i s  ava i l ab le  a t  t h i s  time. Phosphorus i s  
being determined by X-ray fluorescence analys is  of whole coal ;  B ,  Z r ,  Mo, 
and Sn a r e  being determined i n  coal  ash by o p t i c a l  emission spectroscopy. 

RESULTS FOR MAJOR AND MINOR CONSTITUENTS 

Table 1 3  gives ,  i n  percent ,  X-ray f luorescence values on t h e  mois- 
ture- f ree  whole coal  b a s i s  f o r  S i ,  T i ,  A l ,  Fe, Ca, K ,  M g ,  S ,  and C 1 ;  gravi- 
metric  values a r e  given f o r  t h e  percentage of ash i n  coa l  (low- and high-tem- 
pera ture)  . Most element a 1  concentrat ions have been determined i n  both whole 
coal  and samples of low- and high-temperature ash prepared from s p l i t s  of t h e  



coal  sample. Table 13 shows t h a t  the re  i s  good agreement among r e s u l t s  ob- 
t a ined  f o r  the  t h r e e  d i f f e r e n t  coal  sample preparat ion techniques when a l l  
values a r e  expressed as  c o n c e n t r a t i ~ n s  i n  whole coal .  In  addi t ion ,  the  X-ray 
fluorescence r e s u l t s  f o r  S and C 1  agree we l l  with t h e  corresponding values 
obtained by wet-chemical (ASTM) methods. For a l l  major and minor const i tu-  
ents  except S and C 1 ,  determinations made on t h e  whole coal  a r e  preferred ,  

IDENTIFICATION OF MINERAL PHASES CONTAIW I N G  TRACE ELEMENTS 

During t h e  pas t  few years severa l  inves t igat ions  concerned with t h e  
o r i g i n ,  d i s t r i b u t i o n ,  and mode of occurrence of mineral matter i n  I l l i n o i s  
coals have been published, and severa l  of them (Gluskoter , 1967; Gluskoter, 
P ie ra rd ,  and Pfefferkorn,  1970 ; Gluskoter and Ruch, 1971; and Rao and 
Gluskoter,  1973) apply d i r e c t l y  t o  t h e  present  study. 

We expect t h a t  c e r t a i n  of t h e  t r a c e  elements determined t o  be pre- 
sent  i n  coal  by chemical analyses occur i n  d i s c r e t e  mineral phases. The iden- 
t i f i c a t i o n  of those minerals i s  an important f i r s t  s t e p  i n  preventing t h e  
heavy metals they contain from reaching the  environment, i f  t h a t  proves nec- 
essary.  It a l s o  provides a b a s i s  f o r  in te rp re t ing  a n a l y t i c a l  discrepancies.  
The f i r s t  s t e p  i n  iden t i fy ing  minerals i n  t h e  low-temperature ash of coals  i s  
genera l ly  an X-ray d i f f r a c t i o n  ana lys i s ,  but  the  technique i s  not s u f f i c i e n t l y  
s e n s i t i v e t o  i d e n t i f y  ve rysmal l  quan t i t i e s  of a mineral ,  However, by using a 
scanning e lec t ron  microscope (SEM) and t h e  nondispersive X-ray a n a l y t i c a l  equip- 
ment t h a t  i s  an accessory t o  t h e  SEM, many of t h e  minerals can be i d e n t i f i e d ,  

Sphaler i te  ( z ~ s )  has been i d e n t i f i e d  as t h e  host  mineral f o r  Cd and 
Zn i n  t h e  low-temperature ash of f i v e  d i f f e r e n t  coal  samples. Chemical analy- 
ses  of th ree  of these  samples are  included i n  t h i s  repor t  (c-16030, C-12062, 
and C-15566); t h e i r  cadmium content ranges from 0.9 ppm t o  19 pprn and t h e i r  
zinc content ranges from 213 ppm t o  1900 ppm. The s p h a l e r i t e  has been found 
i n  r e l a t i v e l y  l a r g e ,  d i s c r e t e  gra ins  ( p l .  1). A s  t h e  s p e c i f i c  g rav i ty  of 
s p h a l e r i t e  i s  g rea te r  than 4, t h e  mineral might be removed i f  t h e  coal  i s  
washed ( separated by s p e c i f i c  g rav i ty  techniques) . 

A coal  sample from Colorado (c-17097) t h a t  has a r e l a t i v e l y  high 
phosphorus content was s tudied i n  an attempt t o  i d e n t i f y  t h e  mineral phase con- 
t a i n i n g  t h e  phosphorus. A d i s t i n c t  mineral phase containing Ca i n  addi t ion  t o  
P was found i n  t h e  low-temperature ash of t h i s  coal  (pl. 1). Apat i te  (@;eneral- 
l y  carbonate-f luorapati te)  has been reported associated with c o a l s ,  and it i s  
reasonable t o  assume t h a t  t h e  mineral we have observed i s  a p a t i t e ,  

A separa te  phase containing l ead  has a l s o  been observed i n  t h e  very 
f i n e  f r a c t i o n  ( l e s s  than 74 of t h e  low-temperature ash of a sample of t h e  
DeKoven Coal Member ( C-15944) . However, because of the  nature of t h e  X-radia- 
t i o n  of Pb, S, 0 ,  and C ,  we have not been able t o  i d e n t i f y  t h e  mineral observed, 
although galena ( P ~ s )  would reasonably be expected. 

SUMMARY AND GEOCHEMICAL IMPLICATIONS 

Although some inconsistencies e x i s t  i n  da ta  obtained by d i f f e r e n t  
methods, over-al l  agreement of a n a l y t i c a l  r e s u l t s  i s  highly s a t i s f a c t o r y .  



TABLE 13-MAJOR AND MINOR CONSTITUENTS IN WHOLE COAL AND COAL ASHES 
AS DETERMINED BY X-RAY FLUORESCENCE 

Percent of moisture-free whole coal  

Sample Coal Whole Whole LTA Whole Whole Whole 
L T A t  HTAf coal LTA HTA HT A LTA HTA no. no.* coal  coa l  coal  LTA HTA coal 

6 2.46 2.48 2.47 ,070 .o70 .o70 1.22 
5 2.20 2.01 1.92 -050 .050 .050 - 96 
6 2.04 1.92 1.89 .o50 .o50 ,050 1.08 
5 2.23 2.06 2.08 .o70 ,064 .o80 1.44 
6 2.48 2.24 2.48 .066 .064 .066 1.25 

5 2-63 2.53 2.56 .055 .057 .056 95 
6 2.18 . 057 
2 75 .88 .020 .025 -39  
5 2.24 .040 

West 0 72 .048 
Va . 

6 1.95 2.00 2.17 .059 .066 .066 1.23 
6 2.79 2.53 2.70 .066 .064 ,072 1.27 
6 2.81 2.61 2.77 .072 ,064 .o60 1.35 
6 2.87 .058 
6 1.98 1 .97 2.10 .056 .053 .065 99 

6 2.54 2.49 2.65 .057 .059 .054 1.08 
6 1.79 1.96 2.00 .054 .0 j4  .061 98 

De- 2.04 .072 
Koven 

5 2.68 052 
5 2.03 L ~ O  2.08 .050 .050 .059 .88 

4 1.91 1.92 2.04 .041 ,043 .O5O 76 
Utah 1.99 ,060 

6 2 -95  .056 
6 2.45 059 
6 2.65 ,070 



TABLE 13-Concluded 

Percent of moisture-free whole coal 
K l"k? - S --- C1 

Sample Coal 
LTA 

no. no.* coal c ~ a l  L'I'X HTA 
Whole Whole % Ash ,% Ash 

HTA LTA HTA ASTMZ X-RF ASTM X-RF T m n  

5 1.88 1,83 ,173 .148 . l o 1  . l a o  3.74 
6 -142 -041 3.46 
2 . O ~ O  .059 .017 -014 4 ,79 
5 . l oo  .042 4.35 
West .078 .020 
Va . 

6 3 .157 .157 -047 .036 .046 3.83 
6 2 0 6  .192 ~ 9 7  -045 .041 .048 3.35 
6 .167 3 .148 .52 .050 -045 4.57 
6 .171 .067 4 , 2 1  
6 . 137 .145 .148 .021 .023 -018 2.55 

6 .166 -170 .166 .063 .067 .065 4.05 
6 * I37  * I53  . I47  ,040 .037 -033 3.32 

De - a 177 .040 3.37 
Koven 

5 . 141 .046 3 .68 
5 .I45 .a42 .140 -023 .o18 .o19 3.53 

4 .1.5 o .178 ~ 8 9  .007 .005 .009 4-15 
Utah . 02'2 ,026 a 71 

6 .162 .061 4.18 
6 8 159 a 044 2.65 
6 .210 .044 1.41 

* All coals are from Illinois unless f HTA = High=temperature ash. 

state is given, $ ASTM = American Society for Testing and Materials standard 

t LTA = Low-temperature ash. method for sulfur and chlorine (D271-70). 



PI. 1 - Scanning electron photomicrographs of host minerals of some trace 
elements in coal. Above: Sphalerite (ZnS) in low-temperature ash of 
Herrin (No. 6) Coal (sample C-16030). Below: Apatite (calcium phos- 
phate) in low-temperature ash of coal from Colorado (sample C-17097). 



Further improvesllents i n  methods f o r  determining V anZt F w i l l  c e r t a i n l y  r e s u l t  
from s tudies  now underway, and addi t ional  coal  analyses w i l l  permit s t a t i s t i -  
c a l  treatment of d a t a ,  which w i l l  be reported i n  a l a t e r  p u b l i c a t ~ o n .  

O f  t h e  methods used i n  t h i s  inves t iga t ion ,  a l l  have exhibi ted  appli-  
ca t ions  of spec ia l  mer i t ,  X-ray fluorescence proved t o  be  much more use fu l  
f o r  the  analys is  of whole coal  than expected, and t h i s  was espec ia l ly  t r u e  f o r  
c e r t a i n  of the  t r a c e  elements. It i s  an exceedingly use fu l  t o o l  because both 
t r a c e  and major const i tuents  can be determined i n  a s i n g l e  pressed coal  d i sk ,  
The usual  matrix e f f e c t s  associated with X-ray fluorescence analys is  a r e  v i r -  
t u a l l y  absent and a r e  e a s i l y  corrected i n  t h e  whole coal  l i g h t  matrix ( H ,  S, 
C ,  0 ,  and N ) .  However, a lack of analyzed coal  standards i s  s t i l l  a se r ious  
handicap f o r  t h i s  method, 

Neutron ac t  iivation with radiochemical separat ions , although slower 
than other methods, has proved t o  be extremely s e n s i t i v e  f o r  t h e  v o l a t i l e  
t r a c e  elements most d i f f i c u l t  t o  determine-Se, As, Ga, Hg, Sb, Cd, and Br, 
The neutron ac t iva t ion  instrumental  method has proved t o  be t h e  most rapid  
and accurate of t h e  methods used i n  t h i s  study f o r  determining Ma, 

Atomic absorption i s  a s u i t a b l e  method f o r  determining Cd, Zn, Pb, 
X i ,  and Cu i n  solut ions  of coal  ash. With ca re fu l  a t t e n t i o n  t o  operat ing de- 
t a i l  and background, t h e  method has been found t o  be v i r t u a l l y  in ter ference-  
f r e e .  

The method described f o r  o p t i c a l  emission direct-reading spectrom- 
e t r y  of high-temperature coal  ash i s  unsurpassed f o r  speed of analys is .  A l -  
though months were required f o r  c a l i b r a t i o n ,  it i s  one of t h e  most use fu l  
instrumental  methods of analys is  used during t h e  course of t h i s  inves t iga t ion .  
We a n t i c i q a t e  t h e  addi t ion  of new elements ( ~ d ,  f o r  example) t o  those now be- 
ing  determined, 

Table 1 4  gives t h e  mean values and the  standard deviat ions f o r  a l l  
major, minor, and t r a c e  const i tuents  determined f o r  t h e  I l l i n o i s  coals  ana- 
lyzed. These data  represent  only a quar ter  of t h e  t o t a l  coal  samples t h a t  a r e  
t o  be analyzed i n  the  current  inves t igat ion of t h e  occurrence and d i s t r i b u t i o n  
of p o t e n t i a l l y  v o l a t i l e  t r a c e  elements i n  coal .  Preliminary s t a t i s t i c a l  anal- 
yses of these  values have provided the  bases f o r  severa l  observations concern- 
ing  the  geochemical r e l a t i o n s  of t h e  concentrations of t h e  t r a c e  elements, 

Several  geochemists have attempted t o  determine t h e  abundance of 
chemical elements i n  t h e  e a r t h ' s  c r u s t ;  Clarke and Washington (1924) were 
among t h e  f i r s t  t o  do so. The term "clarke" i s  defined as  t h e  average per- 
centage of an element i n  t h e  e a r t h ' s  c r u s t ,  Only th ree  of t h e  t r a c e  elements 
i n  coals  shown on t a b l e  1 4  have mean values t h a t  a r e  an order of magnitude 
g rea te r  or  smaller than t h e  c larke  of those elements. Manganese (mean 54.4  
ppm, c larke  950 ppm) and phosphorous (mean 53 ppm, c larke  1050 ppm) a r e  
depleted i n  coa l ,  whereas boron (mean 113 ppm, c larke  10 ppm) i s  enriched i n  
coal .  Clarke values used here  are  from Taylor (1964). A l l  o ther  t r a c e  e le-  
ments a re  present  i n  amounts t h a t  approximate ( i . e . ,  same order of magnitude) 
t h e i r  abundances i n  t h e  e a r t h ' s  c r u s t .  

Further s t a t i s t i c a l  analyses of t h e  values determined f o r  each ele-  
ment ( c o r r e l a t i o n  of d a t a  of one element with t h a t  of every o ther  element) 
demonstrate t h e  following geochemical associa t ions :  



TABLE ÿÿ MEAN ANALYTICAL VALUES FOR ALL ILLINOIS COALS ANALYZED* 
(on moisture-free whole coal basis) 

No. of Mean value S t andard 
Const i tuent  samples t ( P P ~  ) devia t ion  

Mg 
T i  

Ash 
Organic S 
Su l f a t e  S 

P y r i t i c  S 
Nonpyritic Fe 
Ash, p y r i t e  f r e e  

Mean value 
(percent  ) 

* National Bureau of Standards coa l  SRM-1630 and a  Utah coal  were 
not included i n  t he  ca lcu la t ions .  

t Number of samples included i n  the s t a t i s t i c a l  ana lys i s .  

+ Owing t o  the r e l a t i v e l y  l a rge  number of Cd and Ge determinations 
t h a t  were equal t o  or  below the l i m i t  of de tec t ion ,  mean values 
and standard deviat ions f o r  these elements were not calculated 
a t  t h i s  time. 



1, A good pos i t ive  cor re la t ion  i s  present  between Zn and Cd. Zn 
i s  present ,  a t  l e a s t  i n  p a r t ,  as  ZnS ( s p h a l e r i t e ) ,  and Cd would be expected 
t o  s u b s t i t u t e  f o r  Zn i n  t h i s  mineral,  

2. A group of elements, most of which a r e  commonly found i n  nature 
as s u l f i d e s  ( t h e  chalcophile elements) , a r e  pos i t ive ly  cor re la ted  with each 
other-As, Sb, Hg, Pb, N i ,  Cu, Co. Gallium and Be a re  a l s o  p o s i t i v e l y  corre- 
l a t e d  with t h e  chalcophile elements. 

3 ,  Data on those elements i n  coal  ash t h a t  genera l ly  form s i l i c a t e s  
i n  n a t u r a l  environments ( t h e  l i t h o p h i l e  elements) a l s o  a r e  r e l a t e d  by p o s i t i v e  
cor re la t ion  coef f i c ien t s .  These elements, S i ,  A l ,  T i ,  and K ,  occur i n  coal  i n  
clay minerals and i n  quartz,  

4, A pos i t ive  cor re la t ion  e x i s t s  between Ca and k. Manganese com- 
monly s u b s t i t u t e s  f o r  Ca i n  c a l c i t e  ( c ~ c o ~ ) .  

Additional r e l a t i o n s  have been suggested by our preliminary s t a t i s t i -  
c a l  analyses,  but  much more de ta i l ed  analys is  and i n t e r p r e t a t i o n  w i l l  be made 
and reported following completion of t h e  chemical analyses of t h e  e n t i r e  s u i t e  
of 100 coal  samples. 
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