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FOREWORD 

A D V A N C E S I N C H E M I S T R Y S E R I E S was f ounded i n 1 9 4 9 b y the 

A m e r i c a n C h e m i c a l Society as an outlet for symposia a n d 
collections of data i n special areas of top i ca l interest that c o u l d 
not be accommodated i n the Society's journals. It provides a 
m e d i u m for symposia that w o u l d otherwise be fragmented, 
their papers d i s t r ibuted among several journals or not p u b 
l i shed at a l l . Papers are refereed cr i t i ca l ly accord ing to A C S 
ed i tor ia l standards a n d receive the careful attention a n d proc 
essing characterist ic of A C S publ icat ions . Papers p u b l i s h e d 
i n A D V A N C E S I N C H E M I S T R Y S E R I E S are o r ig ina l contr ibutions 

not p u b l i s h e d elsewhere i n who le or major part a n d inc lude 
reports of research as w e l l as reviews since symposia m a y 
embrace bo th types of presentation. 
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PREFACE 

C i n c e the late sixties, social concern about preserv ing the environment 
^ has encouraged the search for methods to convert p o l l u t i n g energy 
resources into c l ean -burn ing fuels. T h e result of this pursui t has been a 
major a n d v i t a l transformation i n the energy minerals extraction a n d 
u t i l i za t i on methods pract i ced or abused d u r i n g the energy "bonanza . " 
O f the alternate energy resources, coa l is avai lable i n abundance , easy to 
extract, a n d the technology is at h a n d to t u r n i t into pol lut ion- free fuels. 
A s the pr ice of crude o i l rises, the processing of coal a n d o i l shale is 
appear ing more a n d more economical ly attractive. H o w e v e r , the i n 
creased manufacture a n d d i s t r ibut ion of substitute fuels der ived f rom 
coa l shou ld also inc lude cautious mon i to r ing of those elements i n the 
complex coal substance w h i c h are potent ia l ly h a r m f u l to p lant a n d 
a n i m a l l i fe . 

T h e C l e a n A i r A c t of 1970 dec lared b e r y l l i u m , mercury , a n d asbestos 
as hazardous elements. O f the three, mercury is of par t i cu lar interest to 
coa l technologists. O t h e r elements that exist as trace metals i n coa l a n d 
are suspected to be potent ia l ly detr imenta l to the environment inc lude 
P b , A s , Sb, Z n , Se, M o , C o , L i , V , C r , M n , N i , etc. It is not the purpose 
of this book to create v i l la ins out of these elements, but to i l lustrate ana
l y t i c a l techniques to determine h o w and i n w h a t amounts they are released 
i n coa l conversion processes. 

Systematic efforts to study the o r ig in of minerals i n coal d i d not start 
u n t i l the early or m i d d l e thirties. T h e E n v i r o n m e n t a l Protect ion A g e n c y 
is m a i n l y responsible for s t imulat ing research to ident i fy a n d monitor 
trace elements i n coa l processing. A f t e r substantial fundamenta l study, 
the minerals contained i n coa l have been classified into syngenetic ( i n 
herent i n the o r ig ina l p lant mater ia l ) a n d epigenetic (secondary elements 
in t roduced d u r i n g coal i f ication ) elements. Subsequent revelations have 
shed considerable l ight on the organic affinity of inorganic elements con
ta ined i n the m i n e r a l matter of coal . These studies have ind i ca ted that 
the syngenetic elements have a greater affinity to organic compounds t h a n 
the epigenetic elements of coal . It w o u l d be w o r t h w h i l e to f o l l ow this 
basic approach a n d establish b y adequate exper imentat ion ( I ) the ease 
of p h y s i c a l separation i n coa l preparat ion a n d (2) the re lat ive vo la t i l i t y 
under ambient condit ions s imula t ing coal conversion processes of the 
syngenetic a n d epigenetic elements. 

ix 
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Simultaneously w i t h the efforts to determine the o r i g in of m i n e r a l 
matter i n coal , systematic efforts were u n d e r w a y to estimate the quant i ta 
t ive d i s t r ibut ion of trace a n d minor elements i n A m e r i c a n coals. T h e 
early analyses were per formed on high-temperature ashes, a n d as a 
consequence, the investigators h a d to be content w i t h de termin ing the 
nonvolat i le meta l l i c oxides. H o w e v e r , w i t h the advent of the l o w t e m 
perature asher a n d improvisat ions a n d advances i n wet chemica l , rad io 
chemica l , a n d instrumental ana ly t i ca l techniques, w e not only can analyze 
nondecomposed m i n e r a l matter but also can study the composi t ion of 
who le coal . 

T h e contents of this book can be broad ly d i v i d e d into the f o l l o w i n g 
categories : 
1. O r i g i n a n d d i s t r ibut ion of m i n e r a l matter i n coa l 
2. Qua l i ta t i ve a n d quant i tat ive analysis of trace metals i n coa l 
3. F a t e of trace metals i n coa l preparat ion a n d conversion processes 
4. T h e immunopathogen ic effects of trace metals released f rom coa l ex

tract ion a n d use 
It is m y bel ie f that the contents of this vo lume a n d the related studies 

that f o l l ow w i l l complement the rat iona l coa l u t i l i za t i on route bo th to 
produce the necessary energy a n d to protect the p lant a n d a n i m a l l i f e — a 
goal towards w h i c h w e direct our efforts so earnestly. 

Institute of Gas Technology SURESH P. BABU 
Chicago, Ill. 
August 1974 
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1 

Mineral Matter and Trace Elements in Coal 

HAROLD J. GLUSKOTER 

Illinois State Geological Survey, Urbana, Ill. 61801 

The term, "mineral matter in coal," refers to mineral phases 
or species present in coal and also to all chemical elements 
in coal that are generally considered to be inorganic. Most 
mineral matter occurs in coal as silicates, sulfides, and car
bonates. Four coals, separated into series of specific gravity 
fractions, have been analyzed. The trace elements, germa
nium, beryllium, and boron, have the greatest organic 
affinities, whereas Hg, Zr, Zn, As, Cd, Pb, Mn, and Mo are 
generally inorganically combined in the coal. Each of the 
other trace elements determined apparently occurs in both 
organic and inorganic combination. P, Ga, Sb, Ti, and V 
are more closely associated with the elements having strong 
organic affinities while Co, Ni, Se, Cr, and Cu are more 
closely associated with the elements having strong inorganic 
affinities. 

' " p h e term, " m i n e r a l matter i n coal , " is w i d e l y used, but its m e a n i n g 
A varies apprec iab ly . T h e term usual ly inc ludes a l l inorganic non-coal 

mater ia l f o u n d i n coa l as m i n e r a l phases a n d also a l l elements i n coal that 
are considered inorganic . Therefore , a l l elements i n coa l except carbon , 
hydrogen , oxygen, ni trogen, a n d sulfur are i n c l u d e d i n this b road def ini 
t ion. F o u r of these five organic elements also are f o u n d i n coals i n inor 
ganic c ombinat i on a n d therefore are part of the m i n e r a l matter. C a r b o n 
is, present i n carbonates [ C a ( F e , M g ) C 0 3 ] ; hydrogen i n free water a n d 
water of h y d r a t i o n ; oxygen i n water , oxides, carbonates, sulfates, a n d 
sil icates; a n d sul fur i n sulfides ( p r i m a r i l y pyr i te a n d marcasi te ) a n d 
sulfates. 

Interest i n m i n e r a l matter i n coal arises p r i m a r i l y because some of 
the materials m a y have detr imenta l effects d u r i n g coa l use. Because 
methods of us ing coa l are b e c o m i n g more sophist icated a n d increas ingly 
large amounts of coal are be ing used at single locations, these detr imenta l 
effects should be considered further. 
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2 T R A C E E L E M E N T S IN F U E L 

A l t h o u g h the amount of m ine ra l matter i n coals varies considerably , 
i t is no rma l ly large enough to be significant however the coa l is used. 
I n a s tudy of 65 I l l inois coals, R a o a n d Glusko te r ( J ) found the m i n e r a l 
matter content to range f rom 9.4 to 2 2 . 3 % , corresponding to an ash 
content of 7.3 and 15 .8%, respect ively. O ' G o r m a n a n d W a l k e r (2) f ound 
an even larger range (9 .05 -32 .26%) i n mine ra l matter content i n 16 
w h o l e coa l samples f rom a w i d e d i s t r ibu t ion of locations i n N o r t h 
A m e r i c a . I f 1 5 % is a reasonable estimate of the average value of m i n e r a l 
mat ter content i n coals m i n e d i n N o r t h A m e r i c a , then, unless pa r t i a l ly 
r emoved b y c leaning, that amount enters each coa l u t i l i za t ion process. 
Since approximate ly 590 X 10 6 tons of coa l were p r o d u c e d i n the U n i t e d 
States i n 1973 i t is est imated that 89 X 10 6 tons of this was no rma l ly 
unwan ted mine ra l matter. 

Interest i n m i n e r a l matter content of coa l intensified as electr ic p o w e r 
plants became larger and the boilers began to operate at h igher tempera
tures. Prob lems of fireside boi ler - tube fou l ing and corrosion, w h i c h be
came increas ingly severe at the h igher temperatures, were related to the 
sulfur, chlor ine , a lka l i , a n d ash content of the coals ( 3 ) . W i t h i n the past 
several years, the general p u b l i c has become more interested i n bo th 
air a n d water po l lu t ion . Therefore, bo th the coa l consumer a n d the pro
ducer need a more thorough knowledge of the m i n e r a l matter i n coa l 
a n d of the products and by-products of the mine ra l matter p r o d u c e d w h e n 
coa l is combusted. M u c h of this interest has been d i rec ted to the forms 
of sulfur i n coa l and coa l refuse, to the sulfur oxides fo rmed d u r i n g coa l 
combust ion , a n d to the sulfates f rom coa l oxidat ion . There has been a 
consequent d e m a n d for data re la t ing to the or ig in , d i s t r ibu t ion , a n d reac
tions of sulfur i n coal . There is also m u c h d e m a n d for data on the trace 
elements i n coals: their concentrations a n d dis t r ibut ions i n coals, their 
vola t i l i ty , and their potent ia l effects on the environment . 

M o r e recent ly, there has been m u c h concern about the possible 
effects of the m i n e r a l matter i n coa l on processes used to convert coa l to 
other fuels such as gasification, l iquefac t ion , and p roduc t ion of c lean 
so l id fuels. N o t on ly is r emov ing and d ispos ing of the mine ra l matter 
a p rob l em, bu t also the possible chemica l effects such as catalyst poison
ing , w h i c h migh t be expected i n the methanat ion of gas f rom coal , shou ld 
be considered. 

N o t a l l of the interest i n mine ra l matter i n coals is s t imulated b y its 
de t r imenta l effects d u r i n g coal use. I n several instances coa l is a source 
of des i red elements a n d materials . U r a n i u m has been p r o d u c e d f rom 
l igni te ; ge rman ium and sulfur c o u l d be p r o d u c e d f rom coal ; a n d coa l 
ash has been used for construct ion materials such as b r ick , l igh tweigh t 
aggregate, a n d road pav ing mater ia l . 
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1. G L U S K O T E R Mineral Matter and Trace Elements in Coal 3 

Minerals in Coal 

Several dozen minerals are reported i n coals, a l though most of these 
occur only sporadica l ly or i n trace amounts. T h e o v e r w h e l m i n g major i ty 
of the minerals i n coa l are i n one of four groups: a luminosi l i cates , car
bonates, sulfides, a n d s i l i ca ( q u a r t z ) ( F i g u r e 1 ) . 

Aluminosilicates—Clay Minerals. C l a y minerals are the most c o m 
m o n l y o c c u r r i n g inorganic constituents of coals a n d of the strata asso
c iated w i t h the coals. M u c h of the w o r k on clays reported i n the l i terature 
is concerned w i t h these strata, not the coals themselves. M a n y different 
c lay minerals have been reported i n coals, but the most c o m m o n are 
i l l i t e [ ( O H ) 4 K 2 ( S i 6 · A l 2 ) A l 4 0 2 o ] , kao l in i te [ ( O H ) 8 S i 4 A l 4 O 1 0 ] , a n d 
mixed- layer i l l i t e - m o n t m o r i l l o n i t e . Rao a n d Gluskoter ( 1 ) , i n an invest i 
gat ion of 65 coals f r om the I l l ino is B a s i n , reported a m e a n va lue of 5 2 % 
for c lay i n the m i n e r a l matter. O ' G o r m a n a n d W a l k e r (2 ) also f o u n d that 
the c lay minerals make u p the greater part of the m i n e r a l matter i n most 
of the coals that they studied. 

Sulfides and Sulfates. P y r i t e is the dominant sulfide m i n e r a l i n coal . 
M a r c a s i t e has also been reported f rom m a n y different coals. P y r i t e a n d 
marcasite are d imorphs , minerals that are ident i ca l i n c h e m i c a l compos i 
t i on ( F e S 2 ) bu t differ i n crysta l l ine f o r m ; pyr i t e is cub i c w h i l e marcasite 
is or thorhombic . O t h e r sulfide minerals that have been f o u n d i n coals, 
a n d sometimes i n signif icant amounts, are sphalerite ( Z n S ) a n d galena 
( P b S ) . 

Sulfates are not c o m m o n a n d often are not present at a l l i n coals 
that are fresh a n d unweathered . Pyr i t e is very susceptible to ox idat ion 
a n d decomposes to various phases of i r on sulfate minerals at r oom t e m 
perature. T h e f o l l o w i n g i r o n sulfate m i n e r a l phases are associated w i t h 
I l l ino is coals that have been subjected to ox id i z ing condit ions ( 4 ) : 

szomolnokite F e S 0 4 · H 2 0 
rozenite F e S 0 4 · 4 H 2 0 
melanterite F e S 0 4 · 7 H 2 0 
coqu imbi te F e 2 ( S 0 4 ) 3 * 9 H 2 0 
roemerite F e S 0 4 · F e 2 ( S 0 4 ) 3 · 1 2 H 2 0 
jarosite usua l ly a sod ium jarosite 

( N a , K ) F e 3 ( S 0 4 ) 2 ( O H ) 6 

Sulfides a n d sulfate minerals m a k e u p 2 5 % of the m i n e r a l matter content 
of I l l ino is coals ( 1 ). 

Carbonates. T h e carbonate minerals , i n general , v a r y w i d e l y i n c om
pos i t ion because of the extensive so l id so lut ion of c a l c i u m , magnes ium, 
i r on , manganese, etc. that is possible w i t h i n them. T h e r e is also a w i d e 
range of m i n e r a l composit ions for the carbonate minerals i n coals. T h e 
re lat ive ly pure end members , calc ite ( C a C 0 3 ) a n d siderite ( F e C 0 3 ) , 
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1. G L U S K O T E R Mineral Matter and Trace Elements in Coal 5 

have c ommonly been reported. H o w e v e r the most f requent ly reported 
carbonate minerals f rom the major i ty of the coals i n the w o r l d are do lomite 
( C a C 0 3 · M g C 0 3 ) a n d ankerite ( 2 C a C 0 3 · M g C 0 3 · F e C 0 3 ) . 

T h e r e are significant differences i n the carbonate minera logy of coals 
f r o m different parts of the w o r l d . C a l c i t e is near ly the only carbonate 
m i n e r a l observed i n I l l ino is coals ( 1 ) whereas ankerite is the dominant 
carbonate m i n e r a l i n B r i t i s h coals (5,6), a n d siderite, ankerite , a n d calc i te 
are c o m m o n i n A u s t r a l i a n coals (7). T h e carbonate minerals make u p 9 % 
of the total m i n e r a l matter content of coals f rom the I l l ino is B a s i n ( 1 ). 

Silica (Quartz) . Q u a r t z is ub iqu i tous i n a l l coals. R a o a n d Gluskoter 
( I ) reported that, on the average, 1 5 % of the m i n e r a l matter i n coals 
f r o m the I l l inois B a s i n was quartz . O ' G o r m a n a n d W a l k e r (2 ) f ound 
1 - 2 0 % quartz i n 16 who le coa l samples f r om various parts of the U n i t e d 
States. 

Mineral Matter in Coal and High-Temperature Coal Ash 

T h e m i n e r a l matter content of coa l cannot be determined q u a l i t a 
t ive ly or quant i tat ive ly f rom the ash that is f o rmed w h e n the coal is 
ox id ized . N o r m a l h igh-temperature ashing of coa l at 750°C, as designated 
b y A S T M standards ( 8 ) , causes a series of reactions i n v o l v i n g the m i n 
erals i n the coal . O f the four major m i n e r a l groups only quartz is not 
altered d u r i n g high-temperature ashing. 

Clay Minerals. T h e c lay minerals i n coa l a l l conta in water b o u n d 
w i t h i n the ir lattices. K a o l i n i t e contains 13 .96%, i l l i te 4 . 5 % , a n d mont -
mor i l l on i te 5 % b o u n d water . I n add i t i on , the montmor i l l on i te i n the 
mixed- layer clays also contains inter layer or adsorbed water. A l l of the 
water is lost d u r i n g the high-temperature ashing. 

Iron Sulfide Minerals. D u r i n g h igh-temperature ashing , the pyr i te 
minerals are ox id i zed to ferr ic oxide a n d sulfur dioxide . Some of the 
sul fur d iox ide m a y r e m a i n c o m b i n e d w i t h c a l c i u m i n the ash, b u t m u c h 
is lost. I f a l l the sul fur d iox ide were emitted d u r i n g ashing, there w o u l d 
be a 3 3 % we ight loss w i t h respect to the we ight of pyr i te or marcasite 
i n the o r ig ina l sample. 

Figure 1. Scanning electron photomicrographs of minerals from coals. The 
minerals were studied and photographed by a Cambridge Stereoscan micro
scope with an accessory energy-dispersive x-ray spectrometer at the Center 
for Electron Microscopy, University of Illinois. A. Pyrite framboids from the 
low-temperature ash of a sample from the DeKoven Coal Member. B. Pyrite: 
cast of plant cells from the low-temperature ash of a sample from the Colchester 
(No. 2) Coal Member. C . Kaolinite (left) and sphalente (right) in minerals 
from a cleat (vertical fracture), Herrin (No. 6) Coal Member. D. Calcite from 
a cleat in the Herrin (No. 6) Coal Member. E. Kaolinite "books" from a cleat 
in the Herrin (No. 6) Coal Member. F. Galena: small crystals in the low-tem

perature ash of a sample from the DeKoven Coal Member. 
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6 T R A C E E L E M E N T S I N F U E L 

Calcite. T h e c a l c i u m carbonate is ca l c ined to l ime ( C a O ) d u r i n g 
h igh- temperature ashing, w i t h a loss of carbon dioxide . T h i s results i n a 
4 4 % we ight loss. 

Quartz. T h e stable m i n e r a l quar tz ( S i 0 2 ) is the on ly major m i n e r a l 
f o u n d i n coa l w h i c h is inert d u r i n g high-temperature ashing. 

T h e changes i n the m i n e r a l matter content i n coal d u r i n g ashing 
have l o n g been recognized. A n u m b e r of workers have suggested schemes 
for ca l cu lat ing the true m i n e r a l matter content f rom determinations made 
d u r i n g the chemica l analyses of coal . P a r r ( 9 ) reported one of the earliest 
of such schemes i n w h i c h on ly the tota l sul fur a n d ash contents w e r e 
considered i n deve lop ing the conversion formulae. T h i s is s t i l l the most 
w i d e l y used procedure. A more sophist icated m e t h o d was suggested b y 
K i n g et al. (10), w h i c h considers both the carbon d iox ide loss f r om car
bonates a n d the ch lor ide decomposi t ion i n add i t i on to the factors con
s idered b y the P a r r f o rmula . F u r t h e r modif ications of these techniques 
have been suggested b y B r o w n et al. (11), Pr ing le a n d B r a d b u r n ( 5 ) , 
a n d M i l l o t (12). Recent ly G i v e n (13) discussed i n de ta i l the p r o b l e m of 
convert ing r a w c h e m i c a l ana ly t i ca l data to a pure coa l basis b y subtract
i n g the ca lcu lated m i n e r a l matter content. 

Analyses of Minerals in Coal 

Separation of Minerals from Coal. T h i s section concerns minerals i n 
the strict sense—natural ly occurr ing , inorganic substances w i t h definite 
c h e m i c a l composi t ion a n d ordered atomic ar rangement—and not i n d i 
v i d u a l chemica l elements. There have been m a n y studies i n w h i c h w o r k 
ers have ana lyzed minerals that were p i c k e d b y h a n d f r om coal seams, 
f r o m coal part ings , or f r om cleats or that were separated f rom the coa l 
b y a method based on differences i n specific gravi ty between the coal a n d 
the minerals conta ined i n it . A s a first step, these studies were important 
contr ibut ions , but i t q u i c k l y became apparent that the large amount of 
inseparable m i n e r a l matter i n coals resulted i n incomplete ana ly t i ca l data. 
I n the next stage i n this research the coals were ashed at 3 0 0 ° - 5 0 0 ° C , 
temperatures be low that of n o r m a l combust ion , or at r oom temperatures 
i n an oxygen stream. T h i s p r o v i d e d add i t i ona l in format ion , but was 
l i m i t e d because m a n y of the minerals were ox id i zed along w i t h the 
organic f ract ion. 

W i t h i n the past decade the technique of e lectronic ( rad io f requency ) 
low-temperature ashing has been used to investigate m i n e r a l matter i n 
coal . I n a low-temperature asher, oxygen is passed through a radio fre -
quency field, a n d a discharge takes place. A c t i v a t e d oxygen thus f o rmed 
passes over the coa l sample, a n d the organic matter is ox id i zed at r e la 
t ive ly l o w temperatures—usual ly less t h a n 150°C (14). 
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1. G L U S K O T E R Mineral Matter and Trace Elements in Coal 7 

T h e effects of low-temperature ashing a n d of the o x i d i z i n g gas stream 
o n the minerals i n coa l are m i n i m a l . N o ox idat ion of m i n e r a l phases 
present has been reported , a n d the only phase changes observed w e r e 
those expected at 150 ° C a n d 1 torr. Therefore , most of the major m i n 
era l constituents of coals, i n c l u d i n g pyr i te , kao l in i te , i l l i t e , quartz , a n d 
calc ite , are unaffected b y the radio frequency ashing. Recent studies of 
m i n e r a l matter i n coal w h i c h used radio frequency low-temperature ashing 
inc lude Gluskoter ( 1 5 ) , E s t e p et al. (16), W o l f e ( 1 7 ) , O ' G o r m a n a n d 
W a l k e r ( 2 ) , a n d R a o a n d Gluskoter (1). 

Identification of Minerals in Coal. O n c e the low-temperature m i n e r a l 
matter residue has been obta ined b y radio frequency ashing, the minerals 
can be identi f ied , a n d their concentrations can be determined b y a var iety 
of ins trumenta l techniques. T h e best developed, most inc lus ive , a n d 
p r o b a b l y most re l iab le method used thus far i n d i s t ingu ish ing minerals 
i n coa l is x-ray di f fract ion analysis. It has been used extensively b y 
Gluskoter (15), W o l f e (17), O ' G o r m a n a n d W a l k e r ( 2 ) , a n d R a o a n d 
Gluskoter ( I ) a n d has been somewhat successful i n q u a n t i f y i n g m i n e r a l 
analyses. 

Es tep et al. (16) used in f rared absorpt ion bands i n the region 6 5 0 -
200 c m " 1 to analyze quant i tat ive ly as w e l l as qua l i ta t ive ly for minerals 
i n low-temperature ash. O ' G o r m a n a n d W a l k e r (2 ) also a p p l i e d this 
technique i n their investigations. 

Di f f erent ia l thermal analyses ( D T A ) of minerals i n a h igh - tempera 
ture coa l ash have been reported b y W a r n e (18, 19). T h e method was 
a p p l i e d to the m i n e r a l matter fract ion of four samples b y O ' G o r m a n a n d 
W a l k e r ( 2 ) . 

E l e c t r o n microscopy, even though it has r a p i d l y increased i n p o p u 
lar i ty as a minera log i ca l research tool , has not been used extensively to 
ident i fy minerals i n coals. D u t c h e r et al. (20) reported on a l i m i t e d 
invest igat ion w h i c h used the electron probe to analyze m i n e r a l matter 
i n coal . Scanning electron microscopy w i t h an energy-dispersive x-ray 
system accessory has been used to a l i m i t e d extent to study minerals 
obta ined f r om the low-temperature ashing of coal (21, 22, 23). A study 
of 5 7 F e Mossbauer spectra i n coals b y L e f e l h o c z et al. (24) demonstrated 
the v a l i d i t y of a p p l y i n g this technique to coal a n d suggested the presence 
of h igh - sp in i r on ( I I ) i n s ix- fo ld coordinat ion i n several of the samples 
s tudied . 

Mass spectrometric investigations of isotopes i n coal a n d coal m i n 
erals have also been very l i m i t e d i n scope. Rafter (25) p u b l i s h e d sul fur 
isotope data on 27 N e w Z e a l a n d coa l samples but d i d not d r a w any 
conclusions f rom these data. S m i t h a n d Batts (26) de termined the iso-
top ic compos i t ion of sul fur i n a n u m b e r of A u s t r a l i a n coals a n d conc luded 
that, f r o m this type of data , one might deduce the or ig in of the organica l ly 
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8 T R A C E E L E M E N T S I N F U E L 

c o m b i n e d sulfur , the depth of penetrat ion of sea water into u n d e r l y i n g 
coal measures, a n d the factors contro l l ing reduct ion of sulfates to sulfides 
b y b iogenic residues. 

Investigation of Minerals in Coal in Situ. T h e coa l petrographer uses 
the opt i ca l microscope, usua l ly i n reflected l ight mode , to character ize 
the organic f ract ion (macérais) i n coals. T h e science of coa l petrography 
has deve loped a h i g h degree of prec is ion, par t i cu lar ly d u r i n g the last 25 
yrs. H o w e v e r , these techniques have not been near ly as successful i n 
invest igat ing m i n e r a l matter i n coal . Pyr i t e , because of its h i g h reflect
ance a n d its abundance i n coals, is the most l i k e l y m i n e r a l to be s tudied 
microscopica l ly . Several automated microscopes a n d image -ana lyz ing 
microscopes have been deve loped that c o u l d be used i n such a study. 
M c C a r t n e y a n d E r g u n (27) reported on an automated reflectance scan
n i n g microscope system of their o w n design a n d i n c l u d e d results of p y r i t e 
analyses. 

Geochemistry of Mineral Matter in Coal 

A s prev ious ly discussed the major p r o b l e m of obta in ing an unal tered 
minera l -matter residue has been a l lev iated somewhat b y us ing radio fre 
quency low-temperature ashing. Another serious p r o b l e m , a n d one less 
amenable to so lut ion, is the complex i ty of this system of m i n e r a l matter 
i n coal . T h e complex i ty results f r o m the variety of p h y s i c a l a n d c h e m i c a l 
condit ions i n w h i c h the coa l - forming materials were deposited a n d i n 
w h i c h the coal formed. T h e system of m i n e r a l matter i n coa l is a r e l a 
t ive ly low-temperature , low-pressure system w i t h m a n y component phases. 
It is an open system w i t h m a n y mobi le components. There is also the 
further compl i ca t i on that the system has been active a n d m a y have been 
chang ing at any t ime since its genesis ( approximate ly 300 m i l l i o n yrs for 
coals of the Pennsy lvan ian system ). A l t h o u g h the system is compl i cated , 
interpret ing i t should not be impossible , for the minerals associated w i t h 
coa l a n d w i t h a l l other sedimentary rocks are not the results of r a n d o m 
deposit ion. T h e y are the predic tab le end product of a definite set of b i o 
log i ca l , chemica l , a n d phys i ca l condit ions, w h i c h p r o v i d e d an environment 
i n w h i c h the minerals c ou ld be deposited or i n w h i c h they c o u l d form. 

T h e m i n e r a l matter a n d the ash i n coa l have often been in formal ly 
classified as inherent ( s temming f rom the p lant mater ia l i n the coal 
s w a m p ) or as adventit ious ( a d d e d after the deposit ion of the p lant m a 
ter ia l i n the s w a m p ) . T h i s classification is mis lead ing a n d diff icult to 
app ly , especial ly for those minerals that are contemporaneous w i t h the 
peat swamp but were not incorporated b y the plants. 

There are s tandard terms a p p l i e d to sediments a n d sedimentary rocks 
that can be used w i t h coa l minerals . Those minerals w h i c h were trans-
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1. G L U S K O T E R Mineral Matter and Trace Elements in Coal 9 

por ted b y water or w i n d a n d deposited i n the coa l swamp are al logenic 
or detr i ta l . A l l of the minerals w h i c h f ormed w i t h i n the coa l swamp, i n 
the peat, or i n the coa l are authigenic . T h e term syngenetic applies to the 
minerals that were contemporaneous w i t h the coal format ion , a n d e p i 
genetic refers to those w h i c h were f ormed later, such as cleat fillings. 

Chemical Analyses of Mineral Matter and Trace Elements in Coal 

Inasmuch as m i n e r a l matter has been defined broad ly to inc lude a l l 
inorganic elements i n coals, the chemica l character izat ion of m i n e r a l 
matter involves the determinat ion of m a n y elements. I n general , chem
i c a l analyses of geological materials have progressed f rom the w e t 
chemica l methods to sophist icated instrumenta l methods. T h e major 
elements i n the m i n e r a l constituents of coal , S i , A l , T i , C a , M g , F e , P , S, 
N a , K , are the same as those i n si l icate rocks a n d are often determined 
b y x-ray fluorescence spectroscopy a n d flame photometry . 

T h e m i n o r a n d trace elements i n coals are current ly determined b y 
several techniques, the most popu lar of w h i c h are op t i ca l emission a n d 
atomic absorpt ion spectroscopy. N e u t r o n act ivat ion analysis is also an 
excellent technique for de termin ing m a n y elements, but it requires a 
neutron source, usual ly an atomic reactor. I n add i t i on , x-ray fluorescence 
spectroscopy, electron spectroscopy for c h e m i c a l analyses ( E S C A ) , a n d 
spark source mass spectroscopy have been successfully a p p l i e d to the 
analyses of some minor a n d trace elements i n coal . 

U n t i l recently, chemica l analyses of coals were done on ash p r o d u c e d 
f r om the coal at re lat ive ly h i g h temperatures. T h i s was the standard 
approach for m a n y years, a n d analyses of trace elements i n coals do have 
a long history. A n early artic le on an element as rare as c a d m i u m i n coal 
was p u b l i s h e d 125 yrs ago (28). O n e l imi ta t i on of h igh-temperature 
ash sample is that volat i le elements m a y be lost d u r i n g combust ion a n d 
w i l l not be detected. A n o t h e r p r o b l e m w h i c h applies especial ly to analy 
ses for trace a n d m i n o r elements is that there have not been any coal 
standards avai lable u n t i l very recently. 

Recent comprehensive investigations i n v o l v i n g a large number of 
coal samples a n d determinations of m a n y elements i n c l u d i n g trace ele
ments have been undertaken b y the U . S . Geo l og i ca l Survey (29), the 
U . S . B u r e a u of M i n e s (30), the I l l inois State Geo l og i ca l Survey (23), 
a n d T h e Pennsy lvan ia State U n i v e r s i t y (2). 

Literature of Trace Elements and Mineral Matter in Coal 

A deta i led rev iew of the w o r l d l i terature concerned w i t h m i n e r a l 
matter a n d trace elements i n coa l is w e l l b e y o n d the scope of this chap-
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10 T R A C E E L E M E N T S I N F U E L 

ter. S u c h a rev iew w o u l d invo lve the discussion of several thousand 
books, j ournal articles, a n d other publ i cat ions a n d w o u l d itself compose 
at least a modest vo lume. H o w e v e r , the annotated b i b l i o g r a p h y at the 
e n d of this chapter lists several rev iew articles that may be of he lp to 
anyone interested i n obta in ing further in format ion on trace elements 
a n d m i n e r a l matter i n coal . 

Occurrence of Trace Elements in Coal 

T h e m o d e r n investigations of trace elements i n coals were p ioneered 
b y G o l d s c h m i d t , w h o deve loped the technique of quant i tat ive c h e m i c a l 
analysis b y opt i ca l emission spectroscopy a n d a p p l i e d it to coa l ash. I n 
these earliest works , G o l d s c h m i d t (31) was concerned w i t h the chemica l 
combinat ions of the trace elements i n coals. I n a d d i t i o n to i dent i f y ing 
trace elements i n inorganic combinat ions w i t h the minerals i n coal , he 
postulated the presence of meta l organic complexes a n d at t r ibuted the 
observed concentrations of v a n a d i u m , m o l y b d e n u m , a n d n i c k e l to the 
presence of such complexes i n coal . 

G o l d s c h m i d t (32) also in t roduced the concept of a geochemical 
classif ication of elements, i n w h i c h the elements are classified on the 
basis of their affinities a n d tendencies to occur i n minerals of a single 
group. T h e chalcophi le elements are those w h i c h commonly f o rm s u l 
fides. I n a d d i t i o n to sulfur, they inc lude Z n , C d , H g , C u , P b , A s , Sb , 
Se, a n d others. W h e n present i n coals, these elements w o u l d be expected 
to occur, at least i n part , i n sulfide minerals . Sulfides other than pyr i te 
a n d marcasite have been noted i n coals, but , except i n areas of l o ca l 
concentrat ion, they occur i n trace or minor amounts. 

T h e l i thophi le elements are those that general ly occur i n si l icate 
phases a n d inc lude among others: S i , A l , T i , K , N a , Zr , B e , a n d Y . These 
w o u l d be expected to occur i n coals i n some combinat ion w i t h the si l icate 
minera ls : kao l in i te , i l l i t e , other c lay minerals , quartz , a n d stable heavy 
detr i ta l minerals . 

T h e carbonate minerals i n coals occur p r i m a r i l y as epigenetic frac
ture fillings (c leat filling). M a g n e s i u m , i r on , a n d manganese are often 
associated w i t h the sedimentary carbonate minerals a n d w o u l d reason
ab ly be expected to be associated w i t h the cleat fillings i n coal . 

A large n u m b e r of si l icate, sulfide, a n d carbonate minerals have been 
ident i f ied f rom coal seams, a n d the elements composing them necessarily 
occur i n coals i n inorganic combinat ion . H o w e v e r , minera log i ca l invest i 
gations of coals have not general ly been quant i tat ive , a n d whether an 
element occurs on ly i n inorganic combinat i on or perhaps is also present 
i n organic combinat i on has not c ommonly been considered. 

N i c h o l l s (33) approached this p r o b l e m by p l o t t ing the analyt i ca l 
data for the concentrat ion of a s ingle element i n coal or i n coa l ash 
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1. G L U S K O T E R Mineral Matter and Trace Elements in Coal 11 

against the ash content of the coal . D i a g r a m s dep i c t ing a number of such 
points for a single coa l seam or for a group of coa l seams i n a single 
geographic area were interpreted for degree of inorganic or organic 
affinity of the element. N i c h o l l s conc luded ( 3 3 ) : 

. . . one element, boron, is largely , almost entirely , associated w i t h 
the organic f ract ion i n coals; some elements, such as b a r i u m , c h r o m i u m , 
cobalt , l ead , s tront ium, a n d v a n a d i u m are, i n the major i ty of cases, asso
c iated w i t h the inorganic f ract ion ; a n d a t h i r d group i n c l u d i n g n i c k e l , 
g a l l i u m , germanium, m o l y b d e n u m , a n d copper, m a y be associated w i t h 
either of both fractions. 
H e then s u b d i v i d e d the t h i r d group into n i c k e l a n d copper, w h i c h are 
i n inorganic combinat i on w h e n f o u n d i n large concentrations, a n d g a l l i u m , 
germanium, a n d m o l y b d e n u m , w h i c h are largely i n organic combinat i on 
w h e n f o u n d strongly concentrated. 

H o r t o n a n d A u b r e y ( 34 ) h a n d p i c k e d pure v i t r a i n samples f rom coals 
a n d separated them into five different specific gravity fractions. T h e y 
then ana lyzed these for 16 minor elements. T h e y conc luded that for the 
three vitrains they studied , b e r y l l i u m , germanium, v a n a d i u m , t i t a n i u m , 
a n d boron were contr ibuted almost ent irely b y the inherent ( organica l ly 
c o m b i n e d ) m i n e r a l matter a n d that manganese, phosphorus, a n d t i n 
were associated w i t h the adventit ious ( inorgan ica l ly c o m b i n e d ) m i n e r a l 
matter. 

A m u c h more ambit ious series of investigations of the o r g a n i c - i n 
organic affinities of trace metals i n coals was undertaken a n d reported 
o n b y Z u b o v i c a n d co-workers at the U . S . G e o l o g i c a l Survey (35, 36, 37, 
38, 39). I n the most recent art ic le , Z u b o v i c (39) l isted the f o l l o w i n g 15 
elements i n order of percent organic affinity: G e ( 8 7 ) , B e ( 8 2 ) , G a ( 7 9 ) , 
T i ( 7 8 ) , Β ( 7 7 ) , V ( 7 6 ) , N i ( 5 9 ) , C r ( 5 5 ) , C o ( 5 3 ) , Y ( 5 3 ) , M o ( 4 0 ) , 
C u ( 3 4 ) , Sn ( 2 7 ) , L a ( 3 ) , a n d Z n ( 0 ) . H e conc luded that this series 
was apparent ly re lated to the chelat ing properties of the metals. 

T h e I l l inois State Geo log i ca l Survey has recently been extensively 
invest igat ing trace elements i n coa l (23, 40). A s a part of this study four 
sets of float-sink samples were ana lyzed for a number of trace a n d m i n o r 
elements. Three coals, crushed a n d s ized to % i n . b y 28 mesh, were 
separated into six specific gravi ty fractions b y floating t h e m i n mixtures 
of perchloroethylene a n d naphtha . T h e heaviest of these six fractions 
(1.60 s ink) was then separated into two parts us ing bromoform (specific 
gravi ty 2.89). T h e fourth coa l was also separated i n perchloroethylene 
a n d naphtha , but only two fractions were analyzed , one w i t h specific 
grav i ty of less than 1.25 a n d one w i t h specific gravity heavier than 1.60. 
B y use of a technique s imi lar to that of Z u b o v i c ( 39 ) , the trace elements 
de termined i n these samples are l isted i n order of decreasing affinity for 
the c lean coa l fractions, or decreasing organic affinity ( T a b l e I ) . T h e 
sequence was determined b y compar ing ratios of the amount of an ele-
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ment i n the l ightest float f ract ion (a lways less than 1.30 specific grav i ty ) 
to the amount of the element i n the 1.60 sink fract ion. T h e n u m e r i c a l 
values thus determined are not g iven because they vary w i t h the part ic le 
size d i s t r ibut i on of the coal , the specific gravity of the l i q u i d used to 
make the first ( l ightest ) separation, a n d the size d i s t r ibut ion of the m i n 
era l fragments i n a single coal . H o w e v e r , the sequence g iven i n T a b l e I 
does indicate w h i c h elements are p r i m a r i l y i n organic combinat ion , 
w h i c h are i n inorganic combinat ion , a n d w h i c h are, apparent ly , bo th 
inorganica l ly a n d organica l ly c o m b i n e d i n coals of the I l l inois B a s i n . 

Table I. Affinity of Elements for Pure Coal and Mineral Matter 
as Determined from Float—Sink Data 

C l e a n coal—lightest 
specific g r a v i t y fract ion 
(elements i n "organic 
c ombinat i on , , ) 

Colchester Herrin 
Davis DeKoven (No. 2) (No. 6) 
Coal Coal Coal Coal 

Β G e G e G e 
G e G a Β Β 
B e B e Ρ B e 
T i T i B e Sb 
G a Sb Sb V 
Ρ C o T i M o 
V Ρ C o G a 
C r N i Se Ρ 
Sb C u G a Se 
Se Se V N i 
C o C r N i C r 
C u Μ η P b C o 
N i Z n C u C u 
Μ η Z r H g T i 
Z r V Z r Z r 
M o M o C r P b 
C d P b M n M n 
H g H g A s A s 
P b A s M o C d 
Z n C d Z n 
A s Z n H g 

M i n e r a l matter—speci f ic 
g r a v i t y greater t h a n 1.60 
(elements i n " inorganic 
combinat i on" ) 

T h e sequences shown i n T a b l e I can be d i v i d e d into several general 
groups. F i r s t , there are those elements w h i c h are always i n the group 
most closely associated w i t h the c lean coal a n d w h i c h , therefore, have 
the greatest organic affinities. These are germanium, b e r y l l i u m , a n d 
boron, w h i c h are three of the top five elements l i s ted b y Z u b o v i c (39 ) . 
A t the other end of the l ist are the elements w i t h the least affinity for 
the organic por t ion of the coal . T h e elements mercury , z i r c o n i u m , z inc , 
arsenic, a n d c a d m i u m are near the bot tom i n a l l four coals s tudied , a n d 
lead , manganese, a n d m o l y b d e n u m are near the bot tom i n three of the 
four. T h e remain ing elements, those that are apparent ly associated to 
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1. G L U S K O T E R Mineral Matter and Trace Elements in Coal 13 

v a r y i n g degrees w i t h bo th the organic a n d inorganic portions of the coals, 
can also be d i v i d e d into two groups: those elements that tend to be more 
general ly a l l i ed to the elements w i t h organic affinities (phosphorus, 
g a l l i u m , ant imony, t i tan ium, a n d v a n a d i u m ) a n d those elements that 
t end to be more inorganica l ly associated (cobalt , n i c k e l , c h r o m i u m , 
se lenium, a n d c o p p e r ) . T h i s summar ized sequence general ly agrees w i t h 
that g iven b y Z u b o v i c (39) w i t h only a few minor discrepancies. T h e 
elements l isted i n T a b l e I i n c l u d e 12 of the 15 elements discussed b y 
Z u b o v i c (39) as w e l l as nine add i t i ona l elements. 

A l t h o u g h a n element is l i s ted among those w i t h the highest organic 
affinities, its occurrence i n inorganic combinat ion i n coals is not pre 
c luded . B o r o n , w h i c h is among those f o u n d i n h i g h concentrations i n 
the cleanest coal fractions, occurs i n amounts u p to 200 p p m i n the c lay 
m i n e r a l i l l i te f rom I l l inois coals (41). S i m i l a r l y , a por t ion of those ele
ments usual ly concentrated most heav i ly i n the h i g h specific gravi ty frac
tions m a y also be i n organic combinat ion . T h i s d u a l occurrence was 
postulated for the mercury content of I l l inois coals b y R u c h et al. (42), 
a n d mercury is i n c l u d e d here w i t h the elements h a v i n g the lower organic 
affinities. 

T h e float-sink, or washab i l i ty , data can be d i sp layed as washab i l i ty 
curves a n d as histograms. W a s h a b i l i t y curves a n d histograms for a series 
of elements are g iven i n F igures 2 -5 . T h e figures are presented i n order 
of the increasing tendencies of the elements to be concentrated i n the 
heavier fractions (decreasing organic af f inity) . T h e washab i l i t y curve 
is a type of cumulat ive curve f rom w h i c h one can read the expected 
concentrat ion of an element at any g iven recovery rate of a coal , assum
i n g separation based on specific grav i ty differences. Therefore , the ab
scissa is "recovery of float coa l—percent" a n d should be app l i cab le to 
any specific gravity separation w i t h o u t regard to the m e d i u m i n w h i c h it 
is done or the method used. T h e r a w coal concentration of an element is 
read at the 1 0 0 % recovery point , a n d concentration i n the cleanest coals 
(most m i n e r a l matter-free) is read at the l ow recovery end of the curve 
( 2 0 - 3 0 % recovery ) . 

F i g u r e 2 shows the washab i l i ty curve a n d histogram for germanium 
i n a sample f rom the D a v i s C o a l M e m b e r . G e r m a n i u m is the element 
w i t h the highest organic affinity i n the coals studied. T h e negative slope 
of the curve indicates that germanium is concentrated i n the c lean coal 
fractions; this is also apparent f rom the histogram. T h e histogram i n d i 
cates that there is a h igher concentrat ion of ge rmanium i n the 1.60-2.79 
specific grav i ty f ract ion than i n the greater-than-2.79 specific gravi ty 
fract ion. A p p a r e n t l y , a greater por t ion of the g e r m a n i u m is concentrated 
w i t h the c lay minerals than w i t h the sulfide minerals , w h i c h compose the 
major i ty of the 2.79 sink fract ion. 
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0 20 40 60 80 100 
Recovery of float coal (percent) 

<l.28 1.28- 1.29- 1.31- 1.40- 1.60- >2.79 
1.29 1.31 1.40 1.60 2.79 

Specif ic gravity of coal fraction 

Figure 2. Germanium in specific gravity fractions of a 
sample from the Davis Coal Member. Upper: washa
bility curve. Lower: distribution of germanium in indi

vidual fractions. 

A l l of the washab i l i t y curves shown are d r a w n w i t h the ordinates 
the same length a n d the or ig in at zero concentrat ion so that the slopes 
can be c o m p a r e d a n d interpreted. F i g u r e 3, w h i c h shows b e r y l l i u m i n 
the D a v i s C o a l M e m b e r , presents a flat washab i l i t y curve a n d also a 
re lat ive ly u n i f o r m histogram. B e r y l l i u m is, therefore, rather evenly d is 
t r i bu ted i n the c lean coal samples a n d is also present, i n somewhat lesser 
amounts, i n the heavier sink fractions. 

N i c k e l i n a sample f rom the Colchester ( N o . 2 ) C o a l M e m b e r ( F i g 
ure 4 ) is def initely concentrated i n the heavier specific gravi ty fractions. 
H o w e v e r , the w a s h a b i l i t y curve remains w e l l above the abscissa a n d 
does not appear to approach the o r ig in i n the cleanest f ract ion (purest 
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1. GLUSKOTER Mineral Matter and Trace Elements in Coal 15 

Figure 3. Beryllium in specific gravity fractions of a 
sample from the Davis Coal Member. Upper: washa
bility curve. Lower: distribution of beryllium in indi

vidual fractions. 

coa l ) . T h i s pattern m a y be interpreted as showing n i c k e l i n organic as 
w e l l as i n inorganic combinat ion . 

T h e final washab i l i t y curve a n d histogram ( F i g u r e 5 ) are of arsenic 
i n a sample f rom the H e r r i n ( N o . 6) C o a l M e m b e r . T h e washab i l i ty 
curve shows an intense concentrat ion of arsenic i n the heavier fractions. 
T h e curve approaches the abscissa a n d i f extrapolated w o u l d intersect 
the ordinate near the or ig in . Arsen i c is one of the least organica l ly re lated 
elements i n a l l four of the coals studied. 

F igures 2 - 5 present examples of graphic representations of the or
g a n i c - i n o r g a n i c affinities of several elements i n coals. A larger n u m b e r 
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/ 

N I C K E U 

Colchester (No. 2) Coal Member 

20 40 60 80 
Recovery of float coal (percent) 

r 60 

I 1 I 

1 

<I24 1.24- 1.26- 1.30- 1.40- 1.60- >2.89 
1.26 1.30 1.40 1.60 2.89 

Specific gravity of coal fraction 

Figure 4. Nickel in specific gravity fractions of a sam
ple from the Colchester (No. 2) Coal Member. Upper: 
washability curve. Lower: distribution of nickel in indi

vidual fractions. 

of such curves for the e lemental d i s t r ibut ion of these coals a n d statistical 
summaries of major, minor , a n d trace element distr ibut ions i n 101 coals 
f r om the U n i t e d States are g iven i n R u c h et al. (40). 

Conclusions 

M i n e r a l matter i n coal , as the term is general ly used, inc ludes the 
m i n e r a l phases (species) present i n the coal seam as w e l l as those ele
ments general ly thought to be inorganic , even i f they are present i n coals 
i n organic combinat ion . T h e major minerals f ound i n coals are silicates 
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Ε 
_ 7.0 V 

ARSENIC 

Herrin (No. 6) Coal Member 

__u 
100 20 40 60 80 

Recovery of float coal (percent) 

3 1.25- 1.28- 1.33- 1.40- 1.60- : 
1.28 1.33 1.40 1.60 2.89 

Specific gravity of coal fraction 

Figure 5. Arsenic in specific gravity fractions of a sam
ple from the Herrin (No. 6) Coal Member. Upper: wash-
ability curve. Lower: distribution of arsenic in individual 

fractions. 

(kao l in i te , i l l i t e , mixed- layer c lay minerals , a n d q u a r t z ) , sulfides ( p r i 
m a r i l y pyr i te a n d marcas i tes ) , a n d carbonates (calc ite , siderite, a n d 
ankerite , or ferroan do l omi te ) . 

T h e two major problems encountered i n invest igat ing m i n e r a l matter 
i n coal are that the m i n e r a l matter a n d coal are so int imate ly m i x e d that 
phys i ca l separation of the two is not feasible i n a quant i tat ive study a n d 
that the geochemical system is extremely compl i cated a n d difficult to 
characterize. T h e first p r o b l e m is overcome i n part b y ref ining the tech-
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niques used to prepare samples for analyses ( radio frequency l ow- tem
perature ashing, for example ) , but the second p r o b l e m is an inherent 
part of the system a n d is less amenable to solution. 

T h e l i terature concerned w i t h trace elements a n d minerals i n coals 
has increased i n quant i ty as the interest i n these materials , caused b y 
concern about env ironmenta l qua l i ty a n d energy ava i lab i l i ty , has i n 
creased. A n u m b e r of excellent rev iew articles, par t i cu lar ly that b y 
W a t t (43), have been p u b l i s h e d and prov ide comprehensive summaries 
of the existing l i terature. 

F o u r I l l ino is coals, separated into series of specific gravi ty fractions, 
have been ana lyzed for 21 trace and minor elements. T h e degree to 
w h i c h an element is associated w i t h the l ightest specific gravi ty fract ion 
a n d therefore w i t h the purest coal is a measure of that e lements organic 
affinity i n coal . I f the element is concentrated i n the heaviest specific 
grav i ty fract ion, it is then i n inorganic combinat ion . G e r m a n i u m , b e r y l 
l i u m , a n d boron have been determined to have the greatest organic 
affinities, a n d H g , Zr , Z n , A s , C d , P b , M n , a n d M o are general ly inor 
ganica l ly combined . T h e other elements that were determined a l l show 
degrees of inorganic a n d organic associations, w i t h P , G a , Sb, T i , a n d V 
tend ing to be a l l i ed w i t h the other elements h a v i n g organic affinities a n d 
C o , N i , C r , Se, a n d C u more closely associated w i t h the inorganica l ly 
c o m b i n e d elements. T h i s series is very s imi lar to a series of elements i n 
coals presented i n order of decreasing organic affinities b y Z u b o v i c (39 ) . 
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Wiley and Sons, Inc., New York, 1963. 
Methods of coal analysis are given more attention than in most other 

reviews. Data on mineral matter and trace elements are reviewed, and 
116 references to them are included. 
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Trace Impurities in Coal by Wet Chemical 
Methods 

E U G E N E N. P O L L O C K 

Ledgemont Laboratory, Kennecott Copper Corp., Lexington, Mass. 02173 

In determining trace elements in coal by wet chemical 
methods, conventional atomic absorption spectroscopy 
(AAS) was used to determine Li, Be, V, Cr, Mn, Co, Ni, Cu, 
Zn, Ag, Cd, and Pb after dry ashing and acid dissolutions. 
A graphite furnace accessory was used for the flameless 
AAS determination of Bi, Se, Sn, Te, Be, Pb, As, Cd, Cr, 
Sb, and Ge. Mercury can be determined by flameless AAS 
after oxygen bomb combustion. Arsenic and antimony can be 
determined as their hydrides by AAS after low temperature 
ashing. Germanium, tin, bismuth, and tellurium can be 
determined as their hydrides by AAS after high temperature 
ashing. Selenium can be determined as its hydride by AAS 
after a special combustion procedure or after oxygen bomb 
combustion. Fluorine can be determined by specific ion 
analysis after oxygen bomb combustion. Boron can be deter
mined colorimetrically. 

A s trace impur i t ies enter the environment i n increasing quantit ies , the 
^ ^ materials that can have an important impac t on the environment 
are coming under careful scrutiny. C o a l a n d other energy sources are 
of major interest because they contain elements that can have undes irable 
phys io log i ca l effects on p lant a n d a n i m a l l i fe , such as H g , B e , Se, A s , C d , 
P b , a n d F . 

Increased env ironmenta l concern has accelerated research on the 
analysis of trace elements i n fuels i n m a n y univers i ty a n d governmental 
faci l i t ies . Because instruments such as mass spectrometers a n d nuc lear 
reactors for neutron act ivat ion analysis are avai lable , m u c h of this re 
search uses sophisticated instrumentat ion a n d techniques. H o w e v e r , the 
wet chemistry laboratory is s t i l l the on ly avai lable source of chemica l 

23 
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analysis capab i l i ty for the service laboratory of a coal m i n i n g fac i l i ty , 
even a very large coa l m i n i n g company. 

T h e coal service laboratory, w h i c h i n the past was concerned w i t h 
de termin ing the A S T M Procedures for U l t i m a t e a n d Prox imate Analys is , 
is n o w responsible for ana lyz ing trace elements i n coal . W i t h this sort 
of fac i l i ty a n d technica l s k i l l i n m i n d , our o w n wet chemica l laboratory 
devised re lat ive ly routine procedures for de termin ing trace elements i n coal 
that c o u l d have an undesirable environmental impact i n c l u d i n g H g , Be , Se, 
A s , C d , P b , F , C u , N i , Z n , C r , T e , G e , M n , Sn , B , B i , Sb, V , L i , C o , and 
A g . 

Instrumentation for a Wet Chemical Laboratory 

A l l of the instrumentat ion and the analyt i ca l chemistry skil ls that 
are needed for trace element analysis are essentially present i n the nor 
m a l wet chemistry laboratory. Necessary equipment includes the 
f o l l o w i n g : 

1. Spectrophotometer 
2. p H Meter , expanded scale w i t h fluoride electrode 
3. P a r r oxygen b o m b 
4. A t o m i c absorpt ion spectrophotometer ( A A S ) w i t h accessories 
5. F u r n a c e for h i g h temperature ashing ( Η Τ Α ) 
6. Spec ia l i zed glassware ( minor i n cost ) 
7. G e n e r a l miscellaneous glassware a n d appurtenances of the c lassi 

ca l wet laboratory. 
W h i l e our research was concerned w i t h deve lop ing wet chemica l 

methods, we conf irmed our data w i t h analyses f rom an avai lable spark 
source mass spectrometer ( S S M S ) . T h e S S M S operat ing parameters are 
g iven i n T a b l e I. T h e instrument used was an ΑΕΙ M S - 7 (1,2) e q u i p p e d 
w i t h e lectr ica l detection. It was used i n the peak swi t ch ing mode only 
to prov ide more precise analyses. 

Sample Preparation 

Samples for S S M S were prepared f rom representative portions of 
the same H T A - p r e p a r e d samples used i n the wet chemica l analyses. 
T h e Η Τ Α procedure is the f o l l owing . 

W e i g h 5 -6 g < 100 mesh coal into a porce la in cruc ib le a n d place it 
i n c o ld vented furnace. E leva te the temperature to 300°C for 0.5 hr , 
to 550°C for 0.5 hr , a n d f inal ly to 850°C for 1.0 hr . Remove the cruc ib le 
f r om the furnace a n d stir the ash w i t h a rod . R e t u r n the cruc ib le to the 
furnace at 850 ° C for 1.0 h r w i t h no vent ing . 

T h e S S M S samples are reground w i t h a boron carb ide mortar and 
pestle a n d d i l u t e d w i t h two parts of h i g h p u r i t y graphite . T h e samples 
w i t h graphite are p l a c e d i n polystyrene vials w i t h two or three % - i n . 
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2. P O L L O C K Wet Chemical Methods 25 

Table I. SSMS Operating Parameters 

Spark var iac 
Pulse repet i t ion rate (pps) 
Pulse length (μ sec) 
Source sl it 
M u l t i p l i e r sl it 
M o n i t o r exposure 
M u l t i p l i e r a n d ampli f ier gains 
Electrodes, v ibrated 

3 5 % 
100 
100 

0.002 i n . 
0.002 i n . 
0.3 nanocoulombs 

Var iab le according 
to sample elements 
and concentration 

polystyrene beads a n d m i x e d i n a spex m i l l for 20 m i n . Electrodes are 
prepared f rom the powders us ing the ΑΕΙ br ique t t ing d ie and po ly 
ethylene slugs. 

T a b l e II compares S S M S ( G ) results and convent ional solution 
atomic absorption data f rom coals ashed as descr ibed above. T h e data 
indicates reasonable i f not outstanding agreement especial ly since the 
coals were ashed separately for the S S M S a n d the A A S samples. 

Table II. Comparison of A A S and SSMS (G) (ppm) 

Cu Zn Mn 

SSMS AAS SSMS AAS SSMS AAS 

14 17 13 9 33 37 
23 16 41 45 200 193 
22 18 17 12 90 65 
33 29 22 24 101 93 
11 13 41 39 62 52 
32 29 84 12 124 96 
12 24 8 13 11 19 
38 61 660 852 143 117 
13 14 18 20 22 21 
18 18 50 36 73 49 

Ni Cr V 

SSMS AAS SSMS AAS SSMS AAS 

14 23 26 24 25 32 
23 30 20 12 21 21 
21 31 21 17 35 23 
14 21 12 16 43 24 
14 22 18 19 24 25 
28 28 19 12 24 21 

7 15 13 13 15 24 
41 81 36 31 20 40 

7 22 15 20 61 37 
15 18 37 16 27 30 
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26 T R A C E E L E M E N T S IN F U E L 

T h e selection of the correct d isso lut ion step i n coa l decomposit ion is 
v i t a l i n de termin ing trace elements. S u c h elements as copper a n d n i c k e l 
can easily be p i c k e d u p as contaminants f r o m the laboratory environment 
or reagents. O t h e r elements such as m e r c u r y a n d se lenium can be lost 
i n the dissolut ion step. T h e dissolut ion procedure i n v o l v i n g the least 
exposure to contaminat ion w i t h o u t potent ia l loss of vo lat i le components 
shou ld be used i n for each trace element. 

D r y ashing is s t i l l the s implest p r i o r treatment a n d shou ld be used 
where h i g h temperature ashing is feasible. A compar ison of wet ashing 
a n d Η Τ Α was m a d e for n ine elements. T h e results indicate no appre 
c iab le loss f r om vo la t i l i za t i on ( T a b l e I I I ) . 

Table III. Comparison of Η Τ Α and Wet Ashing 0 

Cu Mn Ni Zn Cd 

ΗΤΑ Wet ΗΤΑ Wet ΗΤΑ Wet ΗΤΑ Wet ΗΤΑ Wet 

17 16 67 64 19 15 121 110 2.8 2.8 
12 15 179 169 4 6 7 9 0.6 0.6 
50 50 122 128 84 85 1420 1450 13.1 12.8 
13 14 12 15 13 12 16 23 0.6 20.5 

9 9 8 7 7 5 17 19 <0 .5 0.5 

Pb Be Li V 

ΗΤΑ Wet ΗΤΑ Wet ΗΤΑ Wet ΗΤΑ Wet 

13 15 2.2 2.4 6.8 8.0 55 41 
8 16 0.4 0.7 9.5 11.2 10 10 

105 111 2.3 2.6 17.1 20.8 43 43 
13 18 1.6 2.2 11.8 12.8 18 22 

8 8 0.3 0.8 3.1 3.6 7 10 
α A A S data in ppm. 

Procedures for Trace Element Analysis 

T h e wet c h e m i c a l methods descr ibed b e l o w can be d i v i d e d into 
four major groups : elements that can be determined b y convent ional 
flame A A S ( L i , B e , V , C r , M n , N i , C o , C u , Z n , A g , C d , a n d P b ) , elements 
that can be de termined b y flameless A A S ( B i , Z n , Sn , T e , A s , B e , P b , C d , 
C r , Sb, a n d G e ) , elements that can be determined b y A A S after the 
evo lut ion of their vo lat i le hydr ides (5 , 6) ( A s , Sb, B i , T e , Se, G e , a n d 
S n ) , a n d a miscel laneous group ( H g , Se, F , Β ) w h i c h require spec ia l 
methods. 

Determination of L i , Be, V , C r , M n , N i , Co, C u , Zn , A g , C d , and Pb. 
C o a l samples for convent ional flame A A S can be prepared b y either wet 
ashing or b y Η Τ Α . T h e wet ashing procedure uses approx imate ly 5 g 
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2. P O L L O C K Wet Chemical Methods 27 

of coal treated w i t h a mixture of a m m o n i u m persulfate, n i t r i c a c id , a n d 
sul fur ic ac id . I n the Η Τ Α procedure , 5 g of coa l were ashed as descr ibed 
i n the procedure used for the S S M S ( G ) analysis. 

T h e ash is p l a c e d i n a 100 m l Tef lon beaker, conta in ing 5 m l of H F 
( cone. ) a n d 15 m l of H N 0 3 ( cone. ). D isso lve the ash b y w a r m i n g , then 
evaporate just to dryness. A d d water a n d 1 m l of H N 0 3 to dissolve the 
salts a n d transfer to a 100 m l vo lumetr i c flask. M a k e to vo lume w i t h 
water a n d mix . Immedia te ly transfer to a p last ic bott le a n d preserve as 
a stock solut ion for de termin ing elements w h i c h do not requ i re a spe
c i a l i z e d dissolut ion technique. 

L i , B e , V , C r , M n , N i , C o , C u , Z n , A g , C d , a n d P b can be determined 
b y d irect flame atomizat ion. I f the sample concentrat ion is not i n the 
d irect w o r k i n g range, d i l u t i o n is the pre ferred method for decreasing 
the sensit ivity of the element. T h e s tandard operat ing procedure us ing 
a i r -ace ty lene , as r e commended b y the A A S instrument manufacturer , is 
adequate for most elements. B e r y l l i u m a n d v a n a d i u m are aspirated best 
w i t h a n i trogen ox ide -acety lene flame. T h e analysis of c h r o m i u m is o p t i 
m i z e d w i t h a n i trogen ox ide -acety lene flame i n the presence of 2 % 
potass ium bisulfate. Aqueous standards conta in ing approx imate ly the 
same amounts of d isso lv ing acids a n d interference suppressants are used 
for comparison. 

Determination of Bi , Sn, Te, As, Be, Pb, C d , C r , Sb, and Ge. F o r 
laboratories h a v i n g a graphi te furnace or some s imi lar A A S accessory, 
flameless A A S provides greater sensitivities than convent ional flame p r o 
cedures for B e , C r , P b , or Z n a n d greater convenience than h y d r i d e v o l a 
t i l i za t i on procedures (5 , 6) for A s , B i , Sn , T e , Sb, or G e . A n e lectr ica l ly 
heated graphi te furnace, the P e r k i n - E l m e r H G A 2000, was used w i t h a 
P e r k i n - E l m e r A A S m o d e l 503. Stock solutions f rom the Η Τ Α ( n i t r i c a c i d -
hydrof luor ic a c i d ) d issolut ion were in t roduced i n 50 μ\ quantit ies a n d 
ign i ted under condit ions ind i ca ted i n T a b l e I V . S tandard solutions for 
these elements were treated s imi lar ly . 

Determination of As, Sb, Bi , Te, Ge, and Sn (5 , 6 ) . P lace coa l ash 
f rom the Η Τ Α procedure i n a 100 m l Tef lon beaker conta in ing 5 m l of H F 
(cone.) a n d 15 m l of H N 0 3 (cone.) W a r m to dissolve the ash a n d 
care fu l ly evaporate to dryness. A d d water a n d 1 m l of H 2 S 0 4 (cone.) 
to dissolve the salts a n d transfer to a 100 m l vo lumetr i c flask. M a k e to 
vo lume w i t h water a n d mix . Immedia te ly transfer to a p last ic bottle a n d 
preserve as a stock solut ion for those elements that can be determined 
b y h y d r i d e evolut ion. T h e hydr ides of arsenic, ant imony , b i s m u t h , a n d 
t e l l u r i u m are f o rmed b y the react ion of nascent hydrogen generated b y 
magnes ium meta l i n a T i C l 8 solution. A P e r k i n - E l m e r h i g h sensitivity 
arsenic -se lenium sampl ing system modi f ied b y replacement of the z inc 
meta l port w i t h a s imple 3- in. l ength of r u b b e r t u b i n g a n d a p i n c h c l a m p 
can be used. 

A l t e rnat ive ly , the system i n F i g u r e 1 can be used w i t h the f o l l o w i n g 
directions for arsenic, ant imony, a n d b i smuth . 
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Table IV. Parameters for the Graphite Furnace for Coal Samples" 

A s 
B e 
B i 
C d 
P b 
Sb 
Se 
Sn 
G e 
T e 

Charring 

Temp 
Element (°C) 

1450 
1200 

850 
400 
500 
800 

1250 
800 

1000 
350 

Time 
(sec) 

20 
40 
30 
20 
10 
30 
30 
10 
40 
20 

Atomizalion 

Temp 
(°C) 

2500 
2600 
2300 
2100 
2100 
2400 
2700 
2500 
2700 
2700 

10 

10 
a A l l samples were dried at 125°C for 40 sees. 
b Ό2 = deuterium background corrected. 
c E D L = electrodeless discharge lamp. 

nm 
Time WL 
(sec) 

10 
10 
10 
10 
10 
10 

Special 
Condition**' 

193.7 D 2 , E D L 
235 D 2 

223 D 2 

229 D 2 , E D L 
283 
218 D 2 

196 D 2 , E D L , N i (200 ppm) 
286 
265 
213 D 2 , E D L 

A d d an a l iquot of arsenic conta in ing u p to 0.3 /xg, or an a l iquot of 
u p to 0.6 ^g of ant imony or b i s m u t h to a 125 m l er lenmeyer flask con
t a i n i n g a Tef lon-coated s t i r r ing bar. Ad jus t the v o l u m e to 15 m l w i t h 
water. A d d 10 m l of T i C l 3 ( 1 % ) i n H C 1 (122V) a n d let stand for at 
least 5 m i n . C o n n e c t the flask to the h y d r i d e generating system a n d 
start the stirrer. W i t h the atomic absorpt ion spectrophotometer on, 
i n c l u d i n g the t r ip le slot argon entrained hydrogen burner a n d a proper ly 
zeroed recorder, open the so lenoid va lve a n d flush the system for 15 sec. 
Shut the solenoid valve a n d drop a 1-in. length of % - i n . magnes ium r o d 
into the react ion flask through the reagent orifice. Set a t imer for 1 m i n 
a n d col lect the H 2 a n d volat i le meta l hydrides . A f t e r 1 m i n , open the 
compressed air toggle va lve (preset at 5 lbs ) to pressurize the pressure 
chamber . O p e n the so lenoid va lve to expel the generated gases into 
A A S tr ip le slot burner w h i l e record ing the peak response on the recorder. 
C lose the solenoid valve , shut off the compressed a i r ? a n d depressurize 
the pressure chamber through the pressure release valve . A deuter ium 
b a c k g r o u n d accessory was used. 

T h e procedure for t e l l u r i u m is s imi lar to that used for the previous 
elements except that there is no t ime de lay i n the p r e l i m i n a r y reduct i on 
step, the co l lect ion t ime is 15 sec, a n d on ly 6 m l of t i t a n i u m tr i ch lor ide 
so lut ion is used to opt imize the determinat ion . 

G e r m a n i u m a n d t i n can also be de termined as their hydr ides . A p p r o 
pr ia te ly s i zed al iquots ( < 1.0 p p m t i n a n d < 10 p p m g e r m a n i u m ) are 
p l a c e d i n the 125 m l er lenmeyer react ion flask a n d d i l u t e d to 20 m l w i t h 
water a n d 5 m l of H 2 S 0 4 ( 1 2 N ) . A d d a Tef lon-coated s t i r r ing bar a n d 
connect the flask into the h y d r i d e generat ing system. Start the s t i r r ing 
a n d flush the system for 15 sec w i t h argon. Close the flushing system 
a n d a d d a 0.2-0.3 g pel let of N a B H 4 th rough the reagent orifice. C o l l e c t 
the gases for 10 sec, then pressurize the pressure chamber . A t the 
15-sec mark , open the exit va lve expe l l ing the H 2 a n d meta l hydr ides into 
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2. P O L L O C K Wet Chemical Methods 29 

the A A S tr ip le slot burner . C o m p a r e the g e r m a n i u m or t in content w i t h 
standards. 

T i m e factors a n d reagent parameters are the same for A s , Sb , B i , 
T e , G e , a n d Sn w h e n us ing the modi f i ed P e r k i n - E l m e r h i g h sensit ivity 
arsen i c - se l en ium sampl ing system. T h e sod ium b o r o h y d r i d e reduct ion 
can be used for arsenic, ant imony , b i smuth , a n d t e l l u r i u m as w e l l . 

Determination of Mercury, Fluorine, Boron, and Selenium. T H E 
D E T E R M I N A T I O N O F M E R C U R Y . A coa l sample is decomposed b y i g n i t i n g 
a combust ion b o m b conta in ing a d i lute n i t r i c a c i d so lut ion under 2 4 a tm 
of oxygen. A f t e r combust ion , the b o m b washings are d i l u t e d to a k n o w n 
vo lume, a n d mercury is de termined b y atomic absorpt ion spectropho
tometry us ing a flameless c o l d vapor technique. 

Transfer approx imate ly 1 g of 100 mesh X O coa l to a c lean com
bust ion cruc ib le a n d w e i g h to the nearest 0.1 m g . Transfer 10 m l of 1 0 % 

ELECTRIC 
SWITCH 

TO 
COMPRESSED AIR 

(5 psig) 

TO ARGON 
SUPPLY 

MAGNETIC 
STIRRER 

COLLECTION 
CHAMBER 
(FLEXIBLE 
PLASTIC) 

PRESSURE CHAMBER 

Figure 1. Hydride generator and sampling system 
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H N 0 3 to the b o m b , p lace the c ruc ib le i n the electrode support of the 
bomb, a n d attach the fuse w i re . Assemble the b o m b a n d a d d oxygen to 
a pressure of 24 atm (gage ) . P lace the b o m b i n the calor imeter (a c o l d 
water b a t h i n a large stainless steel beaker is also satisfactory ) a n d ign i te 
the sample us ing appropr iate safety precautions o r d i n a r i l y employed i n 
b o m b ca lor imetry work . 

A f t e r combust ion , the b o m b should be left u n d i s t u r b e d for 10 m i n 
to a l l o w temperature equ i l i b ra t i on a n d the absorpt ion of soluble 
vapors. Release the pressure s lowly a n d transfer the contents of the 
b o m b ( a n d c ruc ib l e ) to the m e r c u r y reduct i on vessel b y w a s h i n g w i t h 
1 0 % H N O 3 . R inse the b o m b , electrodes, a n d c ruc ib le thoroughly w i t h 
several sma l l washings of 1 0 % H N 0 3 . D i l u t e the contents of the reduc 
t i on vessel w i t h 1 0 % H N 0 3 to a total vo lume of 50 m l . Proceed w i t h 
the determinat ion as descr ibed under i n the stanardizat ion section be low. 
D e t e r m i n e the amount of m e r c u r y i n /xg a n d d i v i d e b y the sample we ight 
i n grams to obta in the m e r c u r y value i n p p m . 

T h i s procedure is used for s tandardizat ion . A d d an a l iquot of s tand
a r d m e r c u r y solut ion conta in ing 0.1 /xg of mercury to the mercury reduc 
t i on flask. A d d K M n 0 4 ( 3 % ) drop-wise u n t i l the p i n k color persists. 
A d j u s t the vo lume to 50 m l , then a d d i n order : 5 m l of H N O 3 ( 1 : 2 ) , 
H 2 S 0 4 ( 1 : 1 ) , a n d hydroxy lamine hydroch lor ide . W h e n the p i n k color 
fades, a d d 5 m l of the S n C l 2 ( 1 0 % ) a n d immedia te ly connect into the 
system. Start the p u m p w h i c h circulates the mercury i n the vapor phase 
through the op t i ca l ce l l i n the atomic absorpt ion spectrophotometer w i t h 
the m e r c u r y l a m p o p t i m i z e d at 253.7 n m a n d n o r m a l operat ing condit ions 
as establ ished b y the A A instrument manufacturer . Samples are r u n b y 
t a k i n g a l l or an a l iquot f rom the oxygen b o m b combust ion stock solution. 

T H E D E T E R M I N A T I O N O F F L U O R I N E . A coal sample is decomposed by 
i gn i t i on i n a combust ion b o m b conta in ing N a 3 C 0 3 so lut ion under 24 atm 
oxygen. A f t e r combust ion , the b o m b washings are d i l u t e d to a k n o w n 
vo lume a n d an a l iquot is taken to determine fluorine b y the s tandard 
O r i o n specific i o n procedure . 

Transfer approx imate ly 1 g of coa l to a combust ib le c ruc ib le a n d 
w e i g h to nearest 0.1 m g . Transfer 5 m l of N a 2 C 0 3 so lut ion ( 5 % ) to the 
b o m b , place a c ruc ib le i n the electrode support , a n d attach the fuse w i re . 
Assemble the b o m b a n d oxygen to a pressure of 24 atm. P lace the b o m b 
i n a c o ld water b a t h a n d ignite the sample us ing appropr iate safety 
precautions. 

A f t e r combust ion , the b o m b shou ld be left u n d i s t u r b e d for 10 
m i n to a l l ow temperature equ i l i b ra t i on a n d absorpt ion of the soluble 
vapors. Release the pressure s lowly a n d transfer contents of the b o m b 
( a n d c ruc ib le ) into a 25 m l vo lumetr i c flask. M a k e several sma l l w a s h 
ings w i t h water a n d a d d the rinsings to the vo lumetr i c flask. M a k e to 
v o l u m e w i t h water a n d reserve the stock solut ion i n a p last ic bottle. 

U s i n g an expanded scale p H meter, such as the O r i o n 801, p ipet 
10 m l of the stock solut ion into a smal l beaker a n d a d d 10 m l of T i s a b 
( O r i o n N o . 94-09-09 ). D e t e r m i n e the electrode potent ia l us ing a fluoride 
electrode O r i o n 94-09. C o m p a r i s o n is made b y bracket ing w i t h fluoride 
standards prepared s imi lar ly . 
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2. P O L L O C K Wet Chemical Methods 31 

T H E D E T E R M I N A T I O N O F B O R O N . A f t e r d ry ashing i n the manner used 
i n the l i t h i u m , b e r y l l i u m , etc., procedure , the ash is fused w i t h s o d i u m 
carbonate, leached i n water , a n d ac idi f ied w i t h sul fur ic ac id . T h e co lor i -
metr i c carmin i c a c i d method is then used to determine the boron. 

W e i g h approx imate ly 1 g of coa l into a p l a t i n u m cruc ib le a n d care
f u l l y ignite i n a vented oven. G r a d u a l l y increase the temperature to 
850 ° C a n d m a i n t a i n for 1 hr . Remove f r o m the oven a n d a d d 2 g of 
N a 2 C 0 3 a n d fuse for 10 m i n . L e a c h i n 25 m l of w a r m water i n Tef lon 
beaker. W h e n dissolut ion is complete, care ful ly a d d 10 m l of H 2 S 0 4 . 
Transfer to a 50 m l vo lumetr i c flask. M a k e to v o l u m e w i t h water a n d 
reserve i n a p last ic bottle. 

P lace a 5 m l a l iquot or less i n a 50 m l vo lumetr i c flask a n d make to 
5 m l v o l u m e w i t h H 2 S 0 4 ( 3 . 6M ) i f less than a 5 m l a l iquot is used. T h e 
a l iquot shou ld contain 0-100 /xg of boron. A d d 20 m l of c h i l l e d H 2 S 0 4 

( 1 8 M ) a n d s w i r l . T h e n , b y p ipet , a d d 20 m l of c a r m i n i c a c i d ( 0.92 g i n 
H 2 S 0 4 ( 1 8 M ) ). M a k e to v o l u m e w i t h H 2 S 0 4 ( 1 8 M ) a n d determine the 
absorbance i n 1 c m cells i n a spectrophotometer at 605 n m w i t h a reagent 
b lank i n the reference ce l l . C o m p a r e w i t h a s tandard curve conta in ing 
0 -100 /xg of boron. 

T H E D E T E R M I N A T I O N O F S E L E N I U M . T h e most diff icult trace element 
to determine i n coal b y wet chemica l methods is se lenium. T w o a l terna
t ive dissolut ion techniques can be u s e d — H . L . Rook's combust ion m e t h o d 
(7 ) a n d the oxygen b o m b combust ion method (4). A l s o , two alternative 
ana ly t i ca l methods can be used—the h y d r i d e evolut ion method (5 ) a n d 
the graphite furnace method . 

T o determine se lenium i n coal b y i gn i t i on i n a Parr oxygen b o m b 
conta in ing water , transfer approx imate ly 1.0 g of 100 mesh coa l to a c lean 
combust ion c ruc ib le a n d w e i g h the coal to the nearest 0.1 m g . Transfer 
10 m l water to the bomb , p lace the c ruc ib le i n the electrode support of 
the b o m b , a n d attach the fuse w i re . Assemble the b o m b a n d a d d oxygen 
to a pressure of 24 atm ( gage ). P lace the b o m b i n a co ld water b a t h a n d 
igni te the sample us ing appropr iate safety precautions o r d i n a r i l y e m 
p l o y e d i n oxygen b o m b combust ion work . A f t e r combust ion , the b o m b 
should be left und i s turbed for 10 m i n to a l l o w for temperature e q u i l i b r a 
t ion a n d absorpt ion of soluble vapors. Release the pressure s lowly a n d 
transfer the contents of the b o m b a n d cruc ib le into a 150 m l beaker w h i l e 
filtering out the solids. 

T o prov ide a stock solut ion for flameless atomic absorpt ion, a d d 25 
m l of H C 1 (cone.) a n d make the vo lume to approx imate ly 50 m l w i t h 
water . A d d 5 m l 0 .125% arsenic solution (5.0 m g ) a n d heat to b o i l i n g . 
A d d 8 m l of hypophorous a c i d ( 5 0 % ) a n d b o i l for 5 m i n . C o o l a n d 
filter through two 5/a Tef lon mi l l i po re filters. W a s h w i t h H C 1 (1 :1 ) a n d 
finally w i t h water. Place m i l l i p o r e funne l a n d Tef lon filters i n a 50 m l 
beaker. A d d two 1 m l portions of H N 0 3 d o w n the sides of the m i l l i p o r e 
funnel . T h e n heat to complete the disso lut ion of se lenium a n d arsenic. 
R inse off the funne l a n d m i l l i p o r e filters. Transfer to a 25 m l vo lumetr i c 
flask a n d a d d 10 m g . of n i c k e l as N i ( N 0 3 ) 2 . M a k e to vo lume w i t h water . 
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32 T R A C E E L E M E N T S I N F U E L 

T h i s provides a stock solut ion for flameless atomic absorpt ion us ing 50 μΐ 
al iquots . 

T h e system used was a P e r k i n - E l m e r m o d e l 503 atomic absorpt ion 
spectrophotometer a n d a P e r k i n - E l m e r graphite furnace m o d e l H G A 
2000. E v a p o r a t i o n temperature was 125 ° C , charr ing temperature was 
1250°C, a n d atomizat ion temperature was 2700 ° C . C o m p a r i s o n was 
m a d e to 25, 50, a n d 100 p p b se len ium standard solutions i n 8 % H N 0 3 

a n d 400 p p m of N i ( N 0 3 ) 2 . 

LIQUID NITROGEN 

Figure 2. Selenium combustion apparatus 

Al te rnat ive ly , the b o m b combust ion dissolut ion procedure can be 
c o m b i n e d w i t h the h y d r i d e evo lut ion m e t h o d prev ious ly descr ibed for 
arsenic, t i n , a n d b i smuth . A f t e r complet ion of the b o m b combust ion 
a n d absorpt ion of gases into the 10 m l of water , the solids are filtered out 
a n d the filtrate co l lected into a 50 m l vo lumetr i c flask containg 20 m l of 
h y d r o c h l o r i c ac id . T h i s is a suitable stock solut ion for the h y d r i d e evo lu 
t i o n method . 

Se len ium can also be separated f r o m the b u l k of the coa l samples b y 
the combust ion technique descr ibed b y H . L . Rook ( 7 ) , w h i c h was 
o r ig ina l l y used i n a neutron act ivat ion analysis. T h e equ ipment was 

Table V . Comparison of Graphite 

Be Pb As 

Furnace Std AAS Furnace Std AAS Furnace Std AAt 

D R B A 1.52 1.5 9.8 14 14.6 — 
Β 1.60 1.6 14.7 17 24.8 — C 1.50 1.6 7.4 9 32.1 — D 2.71 2.9 13.4 11 5.5 — N B S C o a l 1.24 1.4 e 30.8 30 a 5.7 5 .9 e 

F l y ash 9.56 12 t t 55 70 a 61.2 61 
α N B S , N e u t r o n activation data . 
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2. P O L L O C K Wet Chemical Methods 33 

mod i f i ed to use a quartz combust ion tube 5 % i n . l ong connected b y a 
g r o u n d glass jo int to a second section 3 % i n . long . T h e section ends 
w i t h a U - t u b e w h i c h can be immersed i n a dewar flask conta in ing l i q u i d 
n i t rogen gas or some other suitable coolant ( F i g u r e 2 ). 

F o r analyses, an 0.5 g sample is w e i g h e d into a porce la in boat a n d i n 
serted into the combust ion tube w i t h an oxygen flow of ^~30 c c / m i n . W i t h 
a c o l d trap i n place , the sample is i gn i ted b y heat ing the combust ion 
tube w i t h a meker burner . T h e coa l sample is a l l o w e d to b u r n freely, 
a n d then the temperature is ra ised to the burner m a x i m u m for 5 m i n . 
T h e combust ion tube is coo led for 5 m i n a n d separated f r o m the c o n 
denser section. T h e condenser is r emoved f r om the c o l d trap a n d a l l o w e d 
to w a r m to ambient temperature. A d d 10 m l of water to the condenser 
a n d flush into a 50 m l vo lumetr i c flask. M a k e to vo lume w i t h water a n d 
mix . T a k e an a l iquot of 15 m l or less conta in ing u p to 0.3 /*g of se len ium 
a n d proceed as i n the h y d r i d e method for arsenic, t i n , a n d b i s m u t h b y 
A A S , as prev ious ly descr ibed. 

T h e graphite furnace m e t h o d can also be used as descr ibed i n the 
b o m b combust ion procedure. T a b l e V compares graphite furnace values 
w i t h convent ional flame A A S or N B S neutron act ivat ion analyses. 

Conclusions 

A s a result of this invest igat ion of wet c h e m i c a l procedures, I be l ieve 
that a coa l service laboratory , w i t h a modest increase i n instrumentat ion , 
can essentially determine a l l the signif icant trace elements w i t h the neces
sary prec is ion a n d sensit ivity. 
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Furnace with Other Methods (ppm) 

Cd Cr Sb Ge 

Furnace Std AAS Furnace Std AAS Furnace Furnace 

0.21 1.2 19.1 19 0.14 24.9 
0.17 0.8 19.7 19 0.73 26.3 
0.14 0.8 15.9 11 1.03 21.1 
0.14 0.5 15.2 11 0.42 16.1 
0.25 0.24" 19.4 20 a 3.62 14.9 
1.45 1.45" 181 132 17.4 131.0 
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Trace Elements in Coal 
by Optical Emission Spectroscopy 

G. B. DREHER and J. A. SCHLEICHER 

Illinois State Geological Survey, Urbana, Ill. 61801 

Two quantitative emission spectrochemical methods—di
rect-reading and photographic—have been developed to 
analyze 16 trace elements in high-temperature coal ash. 
Problems such as possible loss of vanadium and molybde
num by volatilization and an apparent increase in boron 
concentration with increasing ashing temperature were 
encountered in ashing coal samples. Because natural and/or 
analyzed standards were unavailable, synthetic standards 
were prepared for the direct-reading method. U.S.G.S. 
standard granite G-2 and iron oxide were combined with 
various amounts of a mixture of silica, alumina, and 1000 ppm 
of each of the trace elements of interest. For the photographic 
method, similar mixtures were prepared without the G-2 
base. For each element, usable concentration limits, con
centration ranges on the coal basis calculated from the coal 
ash samples, and the resulting standard deviations were 
determined. 

nv i ronmenta l concern i n recent years has caused increasing awareness 
of the smal l quantit ies of substances i n our air , water , a n d food w h i c h 

can affect l i v i n g things. It has become necessary to k n o w the sources of 
these potent ia l ly toxic substances. C o a l , w h i c h is b u r n e d i n large q u a n t i 
ties annua l ly i n the U . S . to produce energy, is one such source because 
it contains trace concentrations of many possibly toxic elements that m a y 
be released to the environment i n considerable quantit ies . T o assess this 
poss ib i l i ty , concentrations of these trace constituents must be determined 
i n the who le coa l before combust ion . R e l i a b l e a n d accurate analysis 
methods are r e q u i r e d to produce the data that u l t imate ly m a y be used 
b y those charged w i t h protect ing our environment to set standards a n d 
b y coa l users to see that those standards are met. 

35 
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M e t h o d s have been deve loped at the I l l inois State G e o l o g i c a l Survey 
to determine the concentrations of 23 potent ia l ly volat i le trace elements 
i n coal . Some of the concentrations were checked b y two or more ana
l y t i c a l techniques. Analyses have been made b y five different techniques : 
neutron act ivat ion analysis, atomic absorpt ion spectrometry, x-ray fluo
rescence spectrometry, op t i ca l emission spectroscopy ( d i rect - reading a n d 
p h o t o g r a p h i c ) , a n d i on specific electrode. T h e method used determines 
whether who le coal , l ow-temperature ash, or h igh-temperature ash is 
used as the ana ly t i ca l sample. Since comparab le results for certain ele
ments were p roduced , there is a h i g h degree of confidence i n the methods 
developed. O f the two opt i ca l emission spectroscopic methods descr ibed, 
a d i rec t - read ing m e t h o d was used to analyze Sn , B , P b , C u , C o , N i , B e , 
C r , V , M o , a n d G e , a n d a photographic technique was used for B , M n , 
C r , P b , B e , V , A g , C u , Z n , Zr , C o , a n d N i . Sixteen of these elements 
were de termined i n the h igh- temperature ash of the coals, a n d eight of 
them were cross-checked b y bo th methods. T h e si lver content i n the ash 
samples ana lyzed was always very near the detect ion l i m i t , a n d a l though 
b i s m u t h was sought, i t was never detected. C o n v e n t i o n a l d.c. arc excita
t i on is used b y bo th methods. 

Quant i ta t ive spectrographic analyses for trace elements i n h i g h -
temperature ash samples of coa l have been reported b y A b e r n e t h y et al. 
( 1 ) , Z u b o v i c et ai. (2,3,4,5), R a o (6), a n d H u n t e r a n d H e a d l e e (7). W e 
felt that i t was desirable to develop add i t i ona l analysis methods, especial ly 
for the d i rec t - reading spectrometric technique , i n w h i c h smal l changes 
of some matr ix constituents m i g h t cause re lat ive ly large variat ions i n 
results because of the increased sensit ivity of the detect ion system. A 

Table I. Concentrations in Standard Materials of 
Synthetic Standard for 

Element Weight of synthetic standard (mg) added to 0.5 g 
(ppm) G-2 + 879 mg Al203 

0.00 1.00 4.04 9.19 

Β 1.86 2.84 5.78 10.7 
P b 26.7 28.5 33.9 43.0 
C u 9.95 11.8 17.3 26.6 
C o 4.55 6.40 12.0 21.3 
N i 5.95 7.79 13.4 22.6 
B e 2.23 4.08 9.67 19.0 
C r 8.37 10.2 15.8 25.0 
V 34.4 36.2 41.6 50.6 
S n 0.93 2.78 8.37 17.7 
M o 1.12 2.97 8.57 17.9 
G e 0.66 2.51 8.11 17.5 
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3. D R E H E R A N D S C H L E I C H E R Optical Emission Spectroscopy 37 

m e t h o d for si l icate analysis (8 ) was adapted for the coa l ash analyses 
b y the photographic technique. 

Experimental 

Preparation of High-Temperature Ash. T w o grams of finely g round 
coa l (—60 mesh or smal ler ) are separated f r o m the larger stock b y 
ri f f l ing, w e i g h e d into a tared , used s i l i ca c ruc ib le , a n d d r i e d i n an oven 
at 110°C for approx imate ly 3 hrs. ( G o r s u c h (9 ) a n d R u c h et al (10) 
showed that the wal ls of n e w s i l i ca crucibles reta in some trace elements 
to a greater extent d u r i n g d r y ashing than crucibles that have been used 
for several ashings.) T h e samples are coo led a n d w e i g h e d for moisture 
determinat ion. T h e we ighed , moisture-free samples are transferred to 
a c o l d muffle furnace, heated to 500°C i n 1 hr , a n d ashed at that t e m 
perature u n t i l no carbonaceous matter appears. D u r i n g ashing, the sam
ples are m i x e d w i t h a p l a t i n u m w i r e approx imate ly every hour . T h e 
samples are cooled a n d we ighed , g round i n a m u l l i t e mortar , then d r i e d 
at 110°C, a n d stored i n a desiccator over M g ( C 1 0 4 ) 2 . 

Preparation of Direct-Reading Spectrometric Standards. N o cer t i 
fied standards are yet avai lable for trace elements i n coal , a l though the 
N a t i o n a l B u r e a u of Standards is conduct ing an inter laboratory evaluat ion 
of a composite coal sample for use as a Standard Reference M a t e r i a l (11). 
It was necessary, therefore, to prepare synthetic standards. 

F o r the spectrometric method , U . S . G e o l o g i c a l Survey s tandard 
granite G - 2 is used as a base for the standard. T o 0.5 g portions of G - 2 
are added 379 m g of Specpure A 1 2 0 3 (Johnson M a t t h e y C h e m i c a l s L t d . , 
through J a r r e l l - A s h D i v i s i o n , F i s h e r Scientif ic C o . , 590 L i n c o l n St., 
W a l t h a m , Mass . 02154) to adjust the S i 0 2 : A l 2 0 3 ratio to 3:1 a n d various 
amounts of a synthetic s tandard conta in ing 1000 p p m ( w / w ) of each of 

G-2 Base in 3:1 Silica-Alumina Matrix + 1000 ppm 
Spectrometric Method 

Weight of 
Na2B,07 

Weight of synthetic standard (mg) added to 0.5 g 
G-2 + 379 mg Al203 10H2O (mg) 

19.79 5445 133.22 535.89 6.32 

20.5 50.2 106 264 
61.2 116 220 512 
45.1 101 206 504 
39.9 96.0 202 501 
41.2 97.3 203 502 
37.6 94.0 200 500 
43.6 99.5 205 503 
68.7 123 226 516 
36.4 92.8 199 500 
36.6 92.9 199 500 
36.1 92.5 199 499 

1320 
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the 11 elements be ing determined . T h e mixtures are g r o u n d i n a m u l l i t e 
mortar a n d then m i x e d i n plast ic vials 1 i n . i n diameter X 3 i n . deep that 
conta in two plast ic balls VA i n . i n d iameter for 1 hr i n a mixer m i l l . 
E i g h t standards are prepared i n this manner . A n i n t h s tandard is p re 
p a r e d s imi lar ly b y us ing 6.32 m g N a 2 B 4 0 7 · 1 0 H 2 O i n a d d i t i o n to the 
0.5 g of G - 2 a n d 379 m g A 1 2 0 3 to obta in a boron concentrat ion of 
1320 p p m . A summary of the amounts of synthetic s tandard taken a n d 
the resu l t ing trace element concentrations are g iven i n T a b l e I. 

A n array of standards is prepared so that one series of the n i n e 
prev ious ly descr ibed standards contains a total i r on oxide concentrat ion 
( i n c l u d i n g that at tr ibutable to the G - 2 ) of 1 0 % , a second series of 
standards contains a total i r o n oxide concentrat ion of 1 5 % , a n d so on 
u p to 3 0 % i r o n oxide, w i t h a total of 45 mixtures. 

F i n a l standards are p r e p a r e d b y a d d i n g 40 m g of the corresponding 
mixture to 150 m g of S P - 2 X graphite powder (Spex Industries , Inc. , B o x 
798, M e t u c h e n , N . J . 08840) a n d 10 m g of Specpure B a ( N 0 3 ) 2 a n d m i x 
i n g them w e l l i n p last ic v ia ls , Vz i n . i n diameter X 1 i n . deep, conta in ing 
two plast ic bal ls , % i n . i n diameter . M i x t u r e s of h i g h temperature ash 
samples are p r e p a r e d i n an analogous manner . F o r t y m g of f inely g r o u n d 
h igh- temperature ash is m i x e d w i t h 150 m g of S P - 2 X graphite p o w d e r 
a n d 10 Specpure B a ( N 0 3 ) 2 . 

F i f t een m g charges of s tandard or sample are w e i g h e d a n d loaded 
into t h i n - w a l l e d crater electrodes Vs i n . i n diameter , N a t i o n a l type 
L-3979 (Spex Industries , Inc . ) . A r c i n g condit ions are s h o w n i n T a b l e I I . 

Preparation of Spectrographs Standards. F o r the spectrographic 
determinations , h igh-temperature ash samples were again used ; however , 
ana ly t i ca l procedures were different out of necessity. T h e m i c r o p h o -
tometer used is capable of a greater resolut ion than the d i rec t - read ing 
spectrometer because of its inherent magni f i cat ion ( 1 7 χ ) , a l though the 
rec iproca l l inear dispersions of the spectrograph a n d spectrometer are 
very near ly the same ( 5 A / m m ). It was f ound , therefore, that the back
g r o u n d effects were less significant i n the photographic method , a l though 
i t is more t ime consuming . 

A c c o r d i n g l y , a set of synthetic standards was prepared b y m i x i n g 
c o m m e r c i a l S i 0 2 base standards conta in ing 1000 p p m of 49 elements 
(Spex Industries , Inc . #1006) w i t h corresponding 1000 p p m A 1 2 0 3 base 
standards (Spex Industries , Inc. #1007) i n the ratio of 3:1 ( S i 0 2 : A l 2 0 3 ) . 
T h i s mixture was then d i lu ted w i t h a 3:1 mixture of Specpure S i 0 2 a n d 
A 1 2 0 3 to concentrations of 1000, 500, 250, 100, 50, a n d 10 p p m . T h e 10 
p p m standard was later f o u n d to be b e l o w the l i m i t of detectabi l i ty 
under the exposure condit ions used. T o nine parts of each of these 
mixtures was a d d e d one part F e 2 0 3 , p r o d u c i n g final trace element con
centrations of 900, 450, 225, 90, 45, a n d 9 p p m . These standards were , 
i n turn , m i x e d i n a 1:1 rat io w i t h S P - 2 X graphite p o w d e r conta in ing 
0 .111% i n d i u m as i n t e r n a l s tandard. H o w e v e r , the in terna l s tandard was 
d iscont inued because i t decreased rather than increased prec is ion , p r o b 
ab ly o w i n g to the refractory nature of the matr ix . 
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3. D R E H E R A N D S C H L E I C H E R Optical Emission Spectroscopy 39 

Table II. Standard Operating Conditions 

Ins trument 

A r c current 
A r c voltage 
Electrode gap 
Exposure t ime 

Electrodes 

Elec trode 
atmosphere 

Sample charge 
A t t e n u a t i o n " 

Step sector 
E n t r a n c e sl it 

w i d t h 
E x i t sl it w i d t h 
Deve lopment 

Spectrometric 

J a r r e l l - A s h M o d e l 750 
A t o m c o u n t e r 

15 a m p (short c ircuit ) 

6 m m 
65 sec 

sample electrode, 
N a t i o n a l L-3979 

counter electrode, 
N a t i o n a l L-4036 
( A S T M C - l ) 

8 0 % argon, 2 0 % oxygen 
at 10 S C F H 

15 m g 

10 μτη 

50 μϊϊϊ 

Spectrographic 

J a r r e l l - A s h 3.4 m E b e r t 
w i t h 3-lens co l l imat ing 
system 

11 a m p (true) 
250 V D C 
4 m m 
complet ion + 10 sec 

(usual ly about 150 sec) 
sample electrode, N a t i o n a l 

L-3903 ( A S T M C-13) 
counter electrode, N a t i o n a l 

L - 4 0 3 7 ( A S T M C - l w i t h 
r a d i a l t ip ) 

8 0 % argon, 2 0 % oxygen 
at 14 S C F H 

20 m g 
neutra l densi ty filter, 

6 % Τ 
1:1.585, 8 steps 
25 Mm 

3.0 m i n i n E a s t m a n D - 1 9 , 
30 sec i n 2 . 5 % acetic 
ac id , 4.0 m i n i n E a s t 
m a n fixer 

α Because the concentrations of most trace elements in the ash were too high to be 
recorded on a total energy ignition, it was necessary to insert a neutral density filter in 
the light p a t h after the second lens of the three lens col l imating system. 

T h e samples (h igh- temperature ash) a n d standards, bo th d i l u t e d 
w i t h an equa l we ight of S P - 2 X graphite powder , were i gn i t ed spectro-
graph i ca l ly under condit ions shown i n T a b l e I I . 

Results and Discussion 

T w o types of coa l ash samples have been p r e p a r e d rout ine ly for 
analysis at the I l l ino is Geo log i ca l Survey. L o w - t e m p e r a t u r e ash samples 
(12), i n w h i c h the b u l k of the m i n e r a l matter remains unchanged , are 
prepared b y react ion of the coa l w i t h act ivated oxygen i n a rad io -
frequency field. T h e effective temperature p r o d u c e d b y this device is 
approx imate ly 150 °C . S u c h samples w e r e unsatisfactory for emission 
spectroscopic analysis. It is postulated that the presence of large ly 
unal tered m i n e r a l matter, such as carbonates, sulfides, a n d h e m i h y d r a t e d 
sulfates (12), caused the observed n o n r e p r o d u c i b i l i t y of results. H i g h -
temperature ash samples, p repared i n a muffle furnace, consisted m a i n l y 
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of oxides of the elements present i n the o r ig ina l m i n e r a l matter a n d were 
used throughout this invest igat ion. Results obta ined f rom h igh - tempera 
ture ash, ca l cu lated to the who le coal basis, compare w e l l w i t h corre
sponding results f r om low-temperature ash a n d who le coal w h e r e 
cross-checks are avai lable . (See Ref. 10.) 

Variation of Trace Element Concentration with Ashing Conditions. 
T o determine whether or not the concentrations of any of the elements 
of interest were altered w i t h increas ing ashing temperature, samples 
were ashed i n uncovered , used porce la in crucibles at 300, 400, 500, 600, 
a n d 700 °C u n t i l the carbonaceous matter was no longer apparent. T w o 
coals were s tudied , a n d trace element analyses were carr i ed out on each 
of the 10 resul t ing ash samples. T h e results are shown i n T a b l e I I I . 
N o n e of the data exhib i t losses or gains of trace element concentrat ion 
i n samples ashed between 300 a n d 700 °C, other than a ga in i n boron 
concentrat ion a n d a possible loss of lead. A loss of l ead w i t h increas ing 
temperature is expected. F o r bo th coals, the boron concentrations i n 
creased w i t h ashing temperature f r om 300 to 600 °C, then d r o p p e d 
s l ight ly between 600 a n d 700 °C. W i l l i a m s a n d V l a m i s (13) noted a 
s imi lar effect w h e n they ashed p lant mater ia l w i t h c a l c i u m hydrox ide i n 
muffle furnaces a n d also w h e n they heated c a l c i u m hydrox ide i n the same 
furnaces i n the absence of p lant mater ia l . T h e increase i n boron concen
trat ion was greater i n uncovered crucibles or dishes than i n covered. It 
was thought that boron vapor f rom the furnace wal l s condensed i n i n 
creasing amounts i n the a lka l ine mater ia l as temperatures increased for a 
g iven heat ing t ime or as heat ing times increased at a g iven temperature. 

A n o t h e r pa i r of coals was chosen to determine whether or not a 
s imi lar effect took place w h e n coa l was ashed w i t h o u t a lka l ine mater ia l . 

Table III. Concentrations (ppm) of Trace Elements 

Samples Prepared at 

Sample Number and Temperature 

C-l 6317 
Element 300°C 400°c 500°C 600°C 700°C 

Β 62 90 104 119 106 
P b 77 61 64 65 64 
C u 21 20 21 21 22 
C o 7.9 — 8.5 8.9 8.4 
N i 39 39 36 39 35 
B e 2.5 2.5 2.6 2.6 2.6 
C r 21 19 19 20 20 
V 42 45 36 40 35 
S n 4.4 <4 .2 <4 .2 <4 .2 <4 .2 
M o 12 13 9.3 10 7.6 
G e 16 16 20 17 21 
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T h e coals were ashed i n a Hosk ins electric furnace, T y p e F D 2 0 4 A , i n 
covered and uncovered p l a t i n u m crucibles at 300, 400, 500, 600, a n d 
700 ° C for 20 hrs each at a heat ing rate of 500°C /hr . T h e results, l i s ted 
i n T a b l e I V , i n d i c a t e d that the boron concentrations again increased 
w h e n the coal was ashed i n uncovered crucibles . H o w e v e r , i n covered 
crucib les , the boron concentrations r emained re lat ive ly constant u n t i l an 
ashing temperature of 700 ° C was reached. B o r o n concentrations i n the 
samples ashed i n the covered crucibles are h igher , i n most instances 
than those i n the corresponding uncovered samples. T h i s suggests that 
boron was lost f r om the samples i n the uncovered crucibles more easi ly 
at l o w temperatures than at h i g h temperatures. T h i s m a y have been 
caused b y compet ing reactions: a loss mechanism, vo lat i l i zat ion a n d / o r 
retent ion on or i n the cruc ib le wal ls a n d a react ion r e c o m b i n i n g freed 
boron w i t h the b u l k sample. T h e recombinat ion react ion c o u l d become 
more efficient than the loss mechanism at h igher temperatures i n the 
uncovered crucibles , a n d boron loss i n the covered crucibles m a y be 
prevented b y the covers, w h i c h prov ide sufficient residence t ime for the 
recombinat i on react ion to occur. T h e increase i n boron concentrat ion 
i n the covered 700 ° C ash samples is unexpla ined . 

T h e data for copper indicates that contaminat ion m a y have come 
f rom the p l a t i n u m crucibles since s imi lar concentrat ion trends were noted 
for bo th covered a n d uncovered crucibles . U n d e r the chosen ashing con
dit ions, v a n a d i u m a n d m o l y b d e n u m were apparent ly consistently 
vo la t i l i zed . 

These increasing a n d decreasing concentrat ion trends do not appear 
to be a funct ion of the spectrometric method . Cont inuous t ime vs. 
re lat ive intensity curves were prepared for the i ron in terna l s tandard 

in Moisture-Free Coal From High-Temperature Ash 
Various Temperatures 

Sample Number and Temperature 

C-16030 

300°C 400°C 500°C 600°C 700°C 

23 
43 
17 
15 
44 

2.4 
16 
37 

<2.0 
26 

9.3 

31 
49 
18 
19 
47 

2.5 
17 
32 

<2.0 
19 

7.5 

34 
46 
17 
17 
47 

2.4 
17 
33 

<2.0 
19 

8.1 

46 
44 
18 
17 
47 

2.5 
18 
30 

<1 .9 
16 

8.8 

40 
43 
17 
19 
49 

2.4 
18 
33 

<1.9 
18 

7.3 
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Table IV. Ashing Temperature Study 

Uncovered 

element 800°C 400°C 500°C 600°C 700°C 

Sample C-17601 
S n <1 .9 4.2 2.1 <1 .6 <1 .6 
Β 30 32 41 45 41 
C u 16 14 15 17 25 
C o 15 15 13 14 13 
N i 39 38 36 37 35 
B e 2.6 2.5 2.6 2.5 2.3 
C r 19 17 15 17 17 
V 32 24 19 18 18 
M o 11 7.8 5.4 5.5 4.7 
G e 5.4 5.4 5.7 5.3 5.6 

Sample C-17215 
S n 7.4 7.0 6.8 7.4 8.0 
Β 48 53 64 64 70 
C u 16 17 18 29 33 
C o 5.2 4.9 4.8 4.5 4.4 
N i 12 12 13 ir 11 
B e 5.4 5.5 5.4 5.3 5.6 
C r 23 22 22 20 20 
V 44 36 33 28 28 
M o 7.2 6.2 5.3 4.2 4.0 
G e 14 16 14 16 18 

° Same muffle furnace is used, concentrations are in p p m , on a moisture free coal basis, 
and ashing time is 20 hrs, throughout. 

l ine a n d the boron, v a n a d i u m , a n d m o l y b d e n u m lines for coal C-17601 
ashed at 300 a n d 700 ° C , covered a n d uncovered. T h e resul t ing curves 
for each spectral l ine were s imi lar regardless of the sample used, a n d i n 
each case total l ine emission was atta ined w i t h i n the 65 sec exposure 
t ime n o r m a l l y used. 

A n o t h e r study of the var ia t i on of trace element concentrations w i t h 
ashing t ime at 500 ° C i n covered a n d uncovered p l a t i n u m crucibles i n d i 
cated that ashing t ime h a d no effect ( T a b l e V ). A s prev ious ly noted, the 
loss of boron f r om the uncovered crucibles s tab i l i zed at a re la t ive ly 
constant concentrat ion i n less than 5 hrs. M o l y b d e n u m a n d v a n a d i u m , 
w h i c h show losses w i t h increas ing temperatures, show no apparent ash
i n g t ime dependence. 

Choice of an Internal Standard. O n e of the difficulties i n the spec
trometr ic trace analysis of coa l ash samples, i n a d d i t i o n to choosing a 
suitable compar ison s tandard matr ix , is choosing an interna l s tandard. 
T h e first choice i n bo th ana ly t i ca l methods was i n d i u m , w h i c h was used 
as a constant in terna l standard a d d e d to the graphite p o w d e r d i l u e n t -
buffer. T h e results obta ined h a d poor r eproduc ib i l i t y , as prev ious ly 
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With Platinum Crucibles and Covers" 

Covered 

300°C 400°C 500°C 600°C 700°C 

Sample C-17601 
<2 .4 2.9 3.6 2.5 2.6 
39 38 42 43 52 
15 15 15 18 28 
14 14 14 13 13 
39 37 37 36 35 

2.8 2.5 2.5 2.5 2.6 
15 16 17 17 18 
31 24 21 18 17 
11 8.4 6.2 5.6 4.0 

3.4 5.9 5.5 5.6 5.5 

Sample C -17215 
8.4 7.0 6.7 5.9 7.3 

78 65 77 72 93 
22 17 17 20 34 

6.4 5.0 5.3 4.7 4.6 
12 12 13 11 10 

6.6 5.5 6.0 5.3 5.6 
23 21 21 21 22 
48 37 34 27 26 

9.8 6.4 6.4 4.7 3.7 
18 14 17 15 16 

ment ioned , a n d i n bo th ana ly t i ca l methods unstandard ized data y i e l d e d 
better prec is ion than i n d i u m - s t a n d a r d i z e d data. I n the d i rec t - read ing 
procedure , i r on was chosen as a var iab le in terna l s tandard. Scott et al. 
(14), M i t c h e l l (15), a n d D a v i d s o n a n d M i t c h e l l (16), descr ibed pro 
cedures for trace elements analysis i n soils i n w h i c h the natura l ly occur
r i n g i r o n oxide is used as a var iab le interna l standard. T h e i r investigations 
resulted i n famil ies of w o r k i n g curves for cobalt a n d c h r o m i u m i n w h i c h 
the ratio of analysis l ine to s tandard l ine intensity for a g iven concentra
t ion of cobalt or c h r o m i u m decreased w i t h increas ing i ron oxide concen
trat ion. U n d e r the condit ions i n c o l u m n two of T a b l e I I , i t was f ound that 
coa l ash analyses showed a s imi lar dependence of ana ly t i ca l l ine to 
s tandard l ine ratio on i r on oxide concentration. H o w e v e r , there was no 
regular var iat ion of relat ive intensity of an ana ly t i ca l l ine alone w i t h 
increas ing i ron oxide concentrat ion except i n cases of spectral interference, 
e.g., l ead , n i c k e l , a n d m o l y b d e n u m at l o w concentrat ion levels. 

Before any standards were r u n , the response of the spectrometer to 
various concentrations of i r o n oxide was determined . T h e average re lat ive 
intensities obta ined for at least four exposures of standards conta in ing 
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Table V . Ashing Time vs. Trace Element Concentrations 
for Coal C-17601 (ppm) a 

Uncovered (hrs) Covered (hrs) 

Element 5 10.5 20.75 5 10.5 20.75 

S n 1.8 2.1 <1.6 <1.7 <1.7 <1 .7 
Β 39 38 35 47 42 44 
C u 16 18 16 17 16 17 
C o 13 14 14 14 14 15 
N i 36 38 37 37 37 38 
B e 2.4 2.5 2.8 2.4 2.5 2.8 
C r 17 19 19 17 17 19 
V 20 19 21 22 21 19 
M o 6.2 5.9 6.0 7.5 6.5 6.4 
G e 5.0 5.6 5.5 6.0 6.3 6.0 

a 5 0 0 ° C Η Τ Α , covered and uncovered P t crucibles, same muffle furnace. 

1 0 - 3 0 % i ron oxide i n 5 % increments were p lot ted against i r on oxide con
centrat ion on log- log graph paper a n d produced a straight l ine . T h i s re 
sponse curve was checked b y r u n n i n g several h igh-temperature ash sam
ples for w h i c h the i ron oxide concentrations were k n o w n . T h e average 
relat ive i r o n l ine intensities pred i c ted b y the response curve were obta ined 
w i t h i n exper imental error ( ± 1 0 % ). T h e response curve was then used to 
pred i c t re lat ive intensities for a g iven i ron oxide concentrat ion i n each 
h igh- temperature ash that contained between 10 a n d 3 0 % i ron oxide, 
a n d the appropr iate instrumenta l adjustment was m a d e to standardize 
the exposure. 

T h e tota l i r on concentrations i n the w h o l e coa l samples were deter
m i n e d b y x-ray fluorescence spectrometry, a n d the concentrations of 
i r on oxide i n the corresponding ash samples were calculated. 

T h e add i t i on of 5 % ( w / w ) of Specpure b a r i u m nitrate to the s a m p l e -
graphite mixture i m p r o v e d the prec is ion of the spectrometric analysis. 
U s e of a s m a l l d iameter , t h i n - w a l l e d crater electrode further i m p r o v e d 
the prec is ion b y r e d u c i n g the amount of space covered b y arc wander . 

Statistical Results from the Analysis Methods. Cont inuous t ime vs. 
re lat ive intensity curves were made spectrometr ica l ly for each of 11 ele
ments i n seven different coa l ash samples. T h e results showed that peak 
intensities for a l l the elements i n each sample were general ly reached 
between 50 a n d 60 sec after in i t ia t i on of the arc. T h i s behavior helps to 
exp la in w h y us ing i ron as the var iab le in terna l s tandard was successful 
for the n o r m a l l y w i d e range of volat i l i t ies represented. T h e large d i l u t i o n 
factor i n v o l v e d or a possible carrier d is t i l la t ion effect of b a r i u m nitrate 
m i g h t exp la in the almost complete absence of f ract ional vo la t i l i zat ion . 

T a b l e V I shows the ana ly t i ca l wavelengths , the concentrat ion ranges 
encountered i n the coals, average re lat ive s tandard deviations, the r e l a -
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t ive s tandard dev iat ion ranges, a n d the detect ion l imits i n the sample 
charge determined for the spectrometric method . I n most cases, these 
statistics are based on four determinations for each of 98 samples. T h e 
general ly poor prec is ion for the t i n data is p r o b a b l y attr ibutable to the 
fact that t i n concentrations were only s l ight ly above or b e l o w the detec
t i on l i m i t (·—6 p p m i n the sample charge ) . 

T a b l e V I I shows the ana ly t i ca l wavelengths chosen, the concentra
t ion ranges ca lcu lated to the who le coal , average re lat ive s tandard dev ia 
tions, a n d detect ion l imits i n ash determined b y the spectrographic 
method . 

I n the photographic procedure , the lack of a suitable in terna l s tand
a r d for exposure correct ion, the attempt to record a n d determine a l l 
elements on one general ized exposure, a n d the very h i g h concentration 
of the trace elements i n the ash ( for some samples as m u c h as 33 times 
the amount reported i n the coal ) caused a poor re lat ive s tandard dev ia 
t ion. H o w e v e r , of the 13 elements determined , only C o , N i , C r , a n d V 
were less precise than ± 2 0 % , a leve l w h i c h w e feel is suitable for a 
photographic method . 

Gluskoter a n d L i n d a h l (17), C l a r k a n d Swaine (18), a n d A b e r n e t h y 
a n d G i b s o n (19) have f ound discrete m i n e r a l particles ( such as sphaler
ite, b e ry l , or z i r con ) i n w h o l e coal samples. T h e presence of these 
m i n e r a l particles i n a coal sample pr ior to h igh-temperature ashing cou ld 
account for a h igher var iat ion i n the analyses b y either method of certain 
elements i n the ashes because of inhomogeneous d i s t r ibut ion of the re
su l t ing oxides, even after the coal ash has been ground . A n analyt i ca l 

Table VI . Statistical Results of the Spectrometric Method 

Coal Ash 

Average Relative Detection 
Con Relative Standard Limit in 

Analytical centration Standard Deviation Electrode 
Wavelength Range Deviation Range Charge 

Element (A) (ppm) (%) (%) (ppm) 

Β 2496.8 4 .6 - >224 4.1 0.5-13 0.6 
(second order) 

P b 2833.07 2 .8 - ~ 2 4 9 8.0 2.2-15 5 
C u 3273.96 4 . 5 - 69 5.4 1.3-20 2 
C o 3453.50 1.0- 42 4.1 0.5-19 2 
N i 3414.76 3 .8 - 105 4.0 0.9-11 1.5 
B e 2348.61 0 . 5 - 5.9 3.1 0.0-12 0.5 
C r 4254.35 4 . 4 - 33 3.4 0.9-10 1.5 
V 3185.40 8 .4 - —108 6.8 2.4-12 2 
S n 3034.12 1.0- 51 18.0 4.7-57 6 
M o 3170.35 < 0 . 3 - 30 5.0 1.7-12 0.2 
G e 2651.18 < 0 . 7 - 35 12.0 3.0-29 0.3 
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Table VII. Statistical Results of the Spectrographs Method 

Coal Ash 

Average Upper 
Con Relative Deter

Analytical centration Standard mination Detection 
Wavelength Range Deviation Limit Limit 

Element (A) (ppm) (%) (ppm) (ppm) 

Β 2497.7 1 1 - 325 12 — 3 0 0 0 6 85 
P b 2833.07 3 .7 - 370 9 — 3 7 0 0 6 30 
C u 3273.96 4 - 65 18 —500 50 
C o 3405.1 1.δ- 49 25 —1300* 10 
N i 3414.76 1.3- 60 24 —900 20 
B e 3130.4 0 .20 - 4.5 14 —40 2.1 
C r 2677.2 < 3 . 8 - 50 23 —1000 45 
V 3184.0 1 1 - 133 30 1200 a 60 
G e 2651.18 1.2- 117 16 430 a 30 
A g 3280.7 0 .16 - 3.7 d 26 a —1 
Z n 3345.0 7 - > 2 0 0 e —4000 100 
Z r 3392.0 8 .4 - > 2 6 3 c — 3 0 0 0 6 50 
M n 2576.1 5 .2 - > 4 0 0 1 9 e — 5 3 0 0 6 100 

° Highest concentration analyzed 
b E s t i m a t e d b y extrapolation past 1000 p p m 
c T h i s figure is meaningless because the variat ion between duplicates was so great, 

probably because of the presence of zircon particles (see text). 
d T o o few concentrations found above m i n i m u m 
e T o o m a n y concentrations found above m a x i m u m 

sample conta in ing a smal l part i c le of the oxide or ig inat ing f r om a discrete 
m i n e r a l c o u l d give a d iscern ib ly h igher result for that element only a n d 
s t i l l g ive accurate determinations of other elements. D a t a showing 
concentrations of trace elements i n 25 coals have been g iven b y R u c h 
et al (10). 
Summary 

T w o re l iab le opt i ca l emission spectroscopic methods have been de
ve loped for trace element analyses of h igh- temperature ash f r o m coa l 
samples. H o w e v e r , care must be taken i n the ashing procedure to guard 
against contaminat ion or loss of certain elements. 
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Trace Elements in Coal Dust by Spark
-Source Mass Spectrometry 

A. G. SHARKEY, JR., T. KESSLER, and R. A. FRIEDEL 

Spectro-Physics, Pittsburgh Energy Research Center, 4800 Forbes Ave., 
Pittsburgh, Penn. 15213 

Spark-source mass spectrometry has been used to determine 
trace elements in 10 pairs of respirable-range mine dusts 
and prepared coal dusts. The object of the research is to 
obtain information for correlating the incidence of coal 
workers' pneumoconiosis with the composition of mine 
dusts. Samples representing eight coal seams in Pennsyl
vania, West Virginia, Virginia, and Utah were analyzed. 
For a majority of the sample pairs, several elements includ
ing Ag, Cd, Cu, Cr, Rb, Ca, Cl, P, and Br show higher 
values in the mine dust than the coal. A limited investiga
tion of the organic material associated with the mine dusts 
indicates an additional series of highly saturated material 
not derived from the coal. 

/ ^ o a l workers ' pneumoconiosis ( C W P ) is a major hea l th h a z a r d among 
^ miners i n the A p p a l a c h i a n coal regions, d i sab l ing m a n y and com 
t r ibut ing to the death of others. It is n o w w i d e l y accepted that C W P 
results f rom the inhalat ion of coal dust, but , since the inc idence of the 
disease among miners appears to vary w i t h the region or coal b e d be ing 
m i n e d , identi f icat ion of the specific l u n g i r r i t a n t ( s ) responsible m a y he lp 
to m i n i m i z e or e l iminate the hazard . H o w e v e r , in format ion current ly 
avai lable on coal dust composi t ion is insufficient to attempt any corre la 
t ion w i t h C W P incidence . 

L e e s u m m a r i z e d the pane l discussion at a meet ing of the E n v i r o n 
menta l H e a l t h Sciences A d v i s o r y C o u n c i l w h i c h concentrated p r i m a r i l y 
on the etiology of C W P ( I ). O n e area of research recommended b y the 
pane l was w h a t component ( s ) is associated w i t h a specific rank of coa l 
that results i n increased inc idence of C W P . W a r d e n , i n discussing the 
m e d i c a l aspects of C W P , stated that "the fate of the particulates reta ined 

48 
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4. S H A R K E Y E T A L . Spark-Source Mass Spectrometry 49 

i n the l u n g is re lated to the so lubi l i ty of the part iculate , as w e l l as to its 
chemica l activit ies, surface react iv i ty , a n d i m m u n o l o g i c a l factors" ( 2 ) . 
Saffiotti a n d co-workers demonstrated i n a n i m a l tests that po lynuc lear 
aromatic compounds, such as are prevalent i n coal dust, w h e n combined 
w i t h inorganic mater ia l produce some of the most severe l u n g irritations 
( 3 ). L a n g e r a n d Selikoff showed that the chemica l composi t ion of asbes
tos fibers is altered w h e n i n contact w i t h l u n g tissue because fluids asso
c iated w i t h l u n g tissue are effective i n l eaching magnes ium f rom the 
asbestos ( 4 ) . T h e prev ious ly stated investigations ind icate that both 
organic a n d inorganic constituents of the coa l dust c o u l d have a bear ing 
on the inc idence of C W P . 

C o a l workers ' pneumoconiosis can be defined s imply as the a c c u m u 
lat ion of dust i n the l u n g a n d the react ion of l u n g tissue to the presence 
of that dust. T h e term, respirable dust, has been g iven to dust partic les 
lçss than 5 /xm i n size, a l though a few particles u p to 10 have been 
observed i n lungs. T h e respirable dust general ly has a composi t ion quite 
different f r om dust i n the same size range, w h i c h is prepared f rom coal 
f rom the same mine . Cons iderab le contaminat ion of a irborne dust can 
occur f rom other materials such as rock dust ( c a l c i u m carbonate ) , slate, 
a n d organic contaminants. T h e mine dust a n d coal dust can also differ 
i n shape factor, density, a n d other properties. 

V e r y l i t t le data have been reported on the analysis of elements i n 
who le coal and mine dusts i n part i cular . Kessler , Sharkey, and F r i e d e l 
ana lyzed trace elements i n coal f rom mines i n 10 coal seams located i n 
Pennsy lvania , W e s t V i r g i n i a , V i r g i n i a , Co l o rado , a n d U t a h ( 5 ) . S ixty-
four elements rang ing i n concentration f rom 0.01 to 41,000 p p m w t were 
determined . Several surveys pub l i shed prev ious ly have p r o v i d e d data 
on the concentrat ion of minor elements i n ashes f r om coals rather than 
a direct determinat ion on the who le coals or m i n e dusts. Previous invest i 
gations inc lude studies b y H e a d l e e a n d H u n t e r ( 6 ) , N u n n , L o v e l l , a n d 
W r i g h t ( 7 ) , Aberne thy , Peterson, and G i b s o n ( 8 ) , a n d others (9, 10, 
I I , 12). 

T h e purpose of this invest igation is to determine i f there are any 
differences i n composi t ion between samples of respirable dust col lected 
i n coal mines a n d coal dust of respirable size a n d s imi lar part ic le size 
d i s t r ibut ion prepared f rom a representative coal sample f r om the same 
mine . T h i s report hopes to prov ide survey analyses i n d i c a t i n g the gen
eral concentration leve l of m a n y trace elements i n the respirable-range 
m i n e dust, i n c l u d i n g heavy metals of h i g h current interest. M o r e precise 
data can be obta ined b y atomic absorpt ion a n d neutron act ivat ion or 
other techniques for certain trace elements showing h i g h or hazardous 
concentrations i n the mine dusts analyzed b y spark-source mass spec
trometry ( S S M S ) . T h e determinat ion of possible differences i n the 
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organic mater ia l associated w i t h the same 10 sample pairs is also part of 
this program. H i g h - r e s o l u t i o n mass spectra are i n c l u d e d to i l lustrate the 
data obtained. 

Experimental Work 

Sample Preparation. Representat ive samples for the analysis of the 
elements i n the coa l were obta ined b y the f o l l o w i n g procedure . 

400 lbs of r a w coa l were obta ined f r o m each of the seams inves
t igated. T h e r a w coa l sample was first c rushed to % X 0 i n . T h e 
crushed coal was d i v i d e d b y successive ri f f l ing to obta in a final 25-lb 
sample w h i c h was then air d r i e d a n d d i v i d e d twice to obta in a 6.25-lb 
sample. T h e 6.25-lb sample ( % X 0 i n . ) was reduced to —200 mesh b y 
g r i n d i n g on a mic ro m i l l e q u i p p e d w i t h Stel l i te blades. U s i n g a w i n d 
t u n n e l — A n d e r s o n Sampler system, the —200-mesh coa l was separated 
into the f o l l o w i n g part i c le sizes: > 9.2, 5.5-9.2, 3.3-5.5, 2.0-3.3, 1.0-2.0, 
a n d < 1.0 μτη. 

Previous w o r k has s h o w n that the 3.3-5.5 μτη coal fract ion has a 
par t i c l e size d i s t r ibut ion s imi lar to that of respirable m i n e dust co l lected 
on personal samplers d u r i n g m i n i n g operations (13). T h i s f ract ion was 
used for the spark-source analyses. T h e coals used i n this invest igat ion 
are ident i f ied i n T a b l e I. T h e respirable dusts were obta ined f rom 
personal sampler filters submit ted to the D u s t G r o u p , P i t t sburgh T e c h 
n i c a l Support Center , F e d e r a l B u r e a u of M i n e s . T h e samples were co l 
lected d u r i n g actual m i n i n g operations. 

Table I. Identification of Seams 

Sample 
No. Ranka Seam Location 

1 m v b L o w e r K i t t a n n i n g C a m b r i a C o . , P a . 
2 h v A b Powe l l t on F a y e t t e C o . , W . V a . 
3 h v A b T h i c k Freeport A l l egheny C o . , P a . 
4 h v A b P i t t s b u r g h Greene C o . , P a . 
5 h v A b P i t t s b u r g h A l l egheny C o . , P a . 
6 h v A b Sunnyside C a r b o n C o . , U t a h 
7 l v b Pocahontas N o . 4 M c D o w e l l C o . , W . V a . 
8 l vb Pocahontas N o . 3 B u c h a n a n C o . , V a . 
9 l v b Pocahontas N o . 3 B u c h a n a n C o . , \ r a . 

10 l v b Taggart Wise C o . , V a . 
° m v b = m e d i u m volatile bituminous, h v A b = high volatile A bituminous, l v b = low 

volatile bituminous. 

Instrumentation. T h e instrument used i n this invest igat ion was a 
c o m m e r c i a l M a t t a u c h - H e r z o g mass spectrometer e q u i p p e d w i t h photo 
graph i c a n d e lectr ica l detect ion systems a n d an R F spark source. T h e 
resolut ion of the instrument was 1 part i n 5,000. A l l trace elements were 
de termined f r o m mass spectra recorded on I l f o r d Q-2 photographic 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
00

4

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



4. S H A R K E Y E T A L . Spark-Source Mass Spectrometry 51 

plates. M a j o r elements were determined us ing the e lectr i ca l detect ion 
system. 

Electrode Preparation. E lectrodes were prepared b y m i x i n g the 
samples w i t h e q u a l parts of pure graphite . T o insure homogenous m i x 
i n g a n d to determine the p late sensitivity, 50 p p m i n d i u m was a d d e d as 
an in terna l s tandard to the s a m p l e - g r a p h i t e mixture . ( I n this paper , 
p p m are g iven i n terms of we ight . ) T h e mixtures were pressed into 

H 

NO 

Li Be Β C Ν 0 F 

100 100 100 ND ND ND 100 

No Mg Al Si Ρ S CI 

100 100 100 100 100 100 100 

Κ Co Sc Ti V Cr Mn Fe Co Ni Cu Zn Go Ge As Se Br 

100 100 100 100 100 100 100 100 1 0 0 100 100 100 100 100 100 100 100 

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd A g Cd In Sn Sb Te I 
Stond-

100 100 100 100 100 100 Nd 0 0 0 92 92 ord 100 9 2 85 85 

Cs Bo Lo Hf To W Re Os IT Pt Au Hg TI Pb B i Po At 

100 100 100 4 6 62 6 9 0 0 0 0 0 36 31 100 31 ND ND 

Fr Ro Ac Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Ttn Yb Lu 

NO NO NO 100 too 100 NO 100 100 85 85 85 77 77 0 62 38 

Th Po U 

92 ND 92 

Figure 1. Occurrence frequency of elements in 13 raw coals as determined 
by spark-source mass spectrometry. All quantities in %. ND = not determined. 

Ο — checked but not detected. 
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0 . 4 
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Os 
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It 
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Pt 

< 0 . 3 

Au 

<0. l 

Hg 

< 0 . 3 -
0 .5 

TI 

< 0 . l -

0 . 3 

Pb 

1-36 

Bi 

< 0 . l -
0.2 

Po 

ND 

At 

NO 

Fr 

ND 

Ro 

ND 

Ac 

NO 

Ce 
1 -30 

Pr 

Ι - Θ 
Nd 

4 - 3 6 
Pm 

NO 

Sm 
1-6 

Eu 
<0. l -

0 . 4 

Gd 

<0. l -
3 

Tb 
< 0 . l -

2 

Oy 
< 0 . l -

5 

Ho 

< 0 . Ι 
Ο . 4 

Er 
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Po 

NO 
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Figure 2. Concentration range of elements in 13 raw coals analyzed by spark-
source mass spectrometry. All quantities in ppm wt. ND — not determined. 
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electrodes i n po lyethylene slugs i n a commerc ia l isostatic die. T h e final 
electrode size was 1/16 X % i n . 

Interpretation of Spectra. F o r the analysis of trace elements, a series 
of graded photoplate exposures rang ing f rom 1 X 10~ 1 2 to 3 X 10~7 

cou lomb was made. U s i n g the same spark ing parameters a n d series of 
g raded exposures used for the samples, mass spectra were obta ined for 
the standard, U . S. G e o l o g i c a l Survey sample B C R - 1 (Basal t r o c k ) . T h e 
concentrations of 63 elements have been determined i n this sample b y 
a var ie ty of techniques, i n c l u d i n g S S M S (14). Determinat ions of the 
various elements present i n the sample spectra were made b y v i s u a l 
compar ison w i t h the spectra obta ined f rom the B C R - 1 s tandard us ing 
the f o l l ow ing expression: 

^ , ,. f , τ , Ε standard w k n o w n concentrat ion of Concentrat i on of trace element = β ^ X e l e m e n t i n s t a n d a r d 

Table II. Partial Spark-Source Mass Spectrometry Analyses of 

Dust Dust 
Seama Rank Dustb Coalc Coal Dust Coal Coal 

Ag Cd 

1 m v b 0.2 0.02 10 39 0.2 195 
2 h v A b 0.5 0.02 25 0.8 0.2 4 
3 h v A b 2 0.03 67 0.3 0.7 0.4 
4 h v A b 0.6 0.01 6 0.1 0.04 2.5 
5 h v A b 0.2 0.04 5 3 0.07 43 
6 h v A b 0.2 <0 .02 > 1 0 2 <0.1 > 2 0 
7 lvb 0.09 0.03 3 0.04 1.0 0.04 
8 l v b 0.02 0.02 1 0.7 0.2 3.5 
9 l v b 0.2 0.02 11 3 0.04 75 

10 l v b 4 0.03 133 6 0.3 20 

#6 Ca 

1 m v b 1 15 0.1 0.3 0.1 3 
2 h v A b 88 11 8 0.4 0.2 2 
3 h v A b 34 44 0.8 0.2 0.1 2 
4 h v A b 20 20 1 1.8 0.3 6 
5 h v A b 88 15 5.9 1.7 0.2 8.5 
6 h v A b 15 9 1.7 2.3 0.09 11 
7 l v b 5 1 5 0.5 0.2 2.5 
8 l vb 44 10 4.4 1.4 0.2 7 
9 l v b 88 12 7.3 1.1 0.1 11 

10 l v b 88 150 0.6 0.9 0.1 9 
a Identification of seam is given in T a b l e I. 
6 Respirable dust 
c 3.3-5.5 μτη Anderson Sampler coal fraction 
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4. S H A R K E Y E T A L . Spark-Source Mass Spectrometry 53 

where Ε is the exposure p r o d u c i n g the same b lacken ing of the photo -
plate for the same element isotope i n bo th sample a n d s tandard spectra. 

F o r example , i f the 1 χ 10" 1 0 c ou lomb exposure for 9 8 M o + 1 for a 
sample p r o d u c e d the same b lacken ing as d i d the 1 Χ 10" 1 2 c ou l omb 
exposure for 9 8 M o + 1 i n the B C R - 1 s tandard that contained 3.8 p p m of 
m o l y b d e n u m , then the concentrat ion of m o l y b d e n u m i n the sample i s : 

Ί 0 m- io X 3.8 p p m = 0.038 p p m 

M a j o r elements were determined b y magnet ic scanning of the mass range 
of interest a n d record ing the signals e lectr ical ly . Ca l cu la t i ons of the 
concentrations of the major elements were made us ing the f o l l o w i n g 
equat ion : 

mvb, h v A b , and lvBb Respirable Dusts and Coals (ppm wt) 

Dust Dust 
Dust Coal Coal Dust Coal Coal 

Cu Zr 

22 6 3.6 70 30 2.3 
18 6 3 37 28 1.3 
20 18 1.1 37 28 1.3 

560 10 56 3000 28 107 
500 150 3 1800 300 6 

45 180 0.3 370 30 12 
60 15 4 300 25 12 
18 3 6 99 30 3.3 
22 18 12 99 30 3.3 

180 180 1 740 99 7.5 

CI Ρ Br 

600 34 18 620 47 13 230 23 10 
340 25 14 470 47 10 33 2 17 

17 100 0.2 62 230 0.3 45 18 2.5 
100,000 150 667 12,000 160 75 60 0.2 300 

6,500 8 812 20,000 310 65 18 0.1 180 
170 10 17 310 310 1 30 0.4 75 
210 40 5.3 1,600 6 266 4 0.3 13 

1,000 50 20 2,100 19 111 23 18 1.3 
1,000 1,000 1 1,900 23 83 18 5 3.6 
3,100 6 517 1,900 23 83 23 0.2 115 
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Concentra t i on of peak height sample v k n o w n concentrations 
major element ~ peak height standard of element i n s tandard 

T h e same isotope is used for b o t h sample a n d standard. 
H i g h - r e s o l u t i o n mass spectra of coa l a n d mine dusts are also be ing 

obta ined to determine i f there are differences i n the organic mater ia l 
associated w i t h the two types of samples. T h e d i s t r ibut ion of c a r b o n -
hydrogen is be ing invest igated at present. 

Results and Discussion 

T o prov ide b a c k g r o u n d in format ion for the data obta ined i n this 
invest igat ion, a s u m m a r y of the spark-source determinations on 13 coals 
f rom 10 seams is g iven i n F igures 1 a n d 2. F i g u r e 1 shows the occurrence 
f requency of the 64 elements ana lyzed , a n d F i g u r e 2 gives the concen
trat ion ranges of the elements. Analyses for the i n d i v i d u a l elements were 
reported prev ious ly ( 5 ) . 

T h e elemental composit ions of the respirable dust a n d 3.3-5.5 
coal f ract ion f rom the 10 mines are s imi lar . It has been establ ished i n 
several investigations that the error of measurement of any single ele
ment b y the v i s u a l compar ison method is less than a factor of two (15 ) . 
F o r most trace elements the prec is ion is ± 2 5 % . T h e prec is ion was v e r i 
fied i n a current series of analyses i n w h i c h the concentrat ion of trace 
elements as a funct ion of part ic le size was de termined (13). T h e only 
elements showing a consistent difference for a major i ty of the respirable 
dusts a n d corresponding coal fractions f r om the various mines are g iven 
i n T a b l e I I . T h e elements showing a concentrat ion difference greater 
than a factor of two are A g , C d , Zr , R b , C a , C l , P , a n d B r . T h e major i ty 
of samples show higher concentrations of the specif ied elements i n the 
respirable dust than i n the corresponding 3.5-5.5 μτη coa l fract ion. T h e 
average ratios of the concentrat ion of the various elements i n the dust 
c ompared w i t h the coal are as fo l lows : A g , 27; C e , 36; C u , 9; Z r , 16; 
R b , 4; C a , 6; C I , 200; P . 71; a n d B r , 72. It is interest ing to note that h i g h 
dust-to-coal ratios for bo th chlor ine a n d bromine occur i n samples f rom 
seams 4, 5, a n d 10. 

Differences observed i n the organic mater ia l i n mine dust a n d coal 
f rom the same mine are i l lustrated i n F i g u r e 3. H igh - reso lu t i on mass 
spectral data for the c a r b o n - h y d r o g e n ( C - H ) distr ibutions i n less than 
74-μτη a n d 3.5-5.5 μΐη coal a n d coa l dust are shown. F o r m u l a s were 
detected for compounds w i t h C - H values i n c l u d e d i n the lines. F o r this 
par t i cu lar coal , m a n y of the C - H ratios approach 1, i n d i c a t i n g the h i g h l y 
aromat ic character of the organic mater ia l . A n a dd i t i ona l series of h i g h l y 
saturated mater ia l , not present i n the coal , was detected i n the m i n e dust. 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
00

4

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



4 . S H A R K E Y E T A L . Spark-Source Mass Spectrometry 55 
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3 0 

Figure 3. Organic material in mine dust and coal from the 
same mine 

T h e source of this saturated mater ia l is not k n o w n , b u t poss ibly i t is f r o m 
h y d r a u l i c fluids used i n u n d e r g r o u n d engines. 

Summary 

T h i s invest igat ion has shown that for the major i ty of the 10 pairs of 
dust samples invest igated, n ine elements i n c l u d i n g A g , C d , C u , Z r , R b , 
C a , C l , P , a n d B r show m u c h h igher concentrations i n the m i n e dusts 
co l lected d u r i n g m i n i n g operat ion than i n the corresponding respirable -
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range prepared coal dust. T h e increased concentrations are cons iderably 
more than the factor of two difference n o r m a l l y expected i n dupl i cate 
runs i n spark source survey analyses. T h e source(s ) of the h i g h concen
trations of these specific elements is not k n o w n but add i t i ona l data are 
r e q u i r e d before any conclusions can be d r a w n . T h e significance of the 
h i g h l y saturated series of organic compounds detected i n the m i n e dust 
is not k n o w n but data are be ing obta ined for several add i t i ona l dusts to 
ver i fy this finding. 
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Major and Minor Constituents in Siliceous 
Materials by Atomic Absorption Spectroscopy 

RICHARD B. MUTER and LARRY L. NICE 

Coal Research Bureau, West Virginia University, Morgantown, W. Va. 26506 

Siliceous materials—Si, Al, Fe, Ti, Ca, Mg, Νa, K, Mn, Ni, 
Ba, Ag, Au, Ca, Cr, Cu, Ga, In, Mo, Sb and Zn—may be 
analyzed by a lithium tetraborate fusion-acid dissolution 
technique using atomic absorption spectroscopy. Mercury, 
tin, and lead volatilize by this technique, and gold and silver 
in concentrations above 0.5 wt% cannot be held in solution. 
Coal ash is preconcentrated prior to analysis, and there is 
possible silica interference. Analytical results, where pos
sible, are compared statistically with other reported values. 

" inc reas ing nat iona l concern over the ecological and env ironmenta l effects 
A of coal combust ion coup led w i t h the desire to become more self 
sufficient i n m i n e r a l produc t i on l e d the C o a l Research B u r e a u at W e s t 
V i r g i n i a U n i v e r s i t y to examine the major a n d minor constituents i n coal 
ash. Because of the need for accurate results at the l o w trace element 
concentrations, i t was felt that atomic absorpt ion spectroscopy cou ld 
prov ide a r a p i d a n d routine method for ana ly t i ca l determinations. 

T h e in troduct ion of atomic absorpt ion spectroscopy has resulted in 
major advances i n the r a p i d analysis of m a n y elements. In i t ia l l y , atomic 
absorpt ion was a p p l i e d only to aqueous systems or to materials that c o u l d 
be read i ly so lub i l i zed . T h e r e are methods to analyze major elements i n 
such complex materials as silicates a n d vitreous siliceous coa l ashes (1-5). 
M o r e recently, l i t h i u m metaborate has been reported to be a good f luxing 
agent (6) a n d has also been used i n conjunct ion w i t h atomic absorpt ion 
analysis i n sil icate analysis ( 7 ) . T h i s paper describes a l i t h i u m tetra-
b o r a t e - a t o m i c absorpt ion ana ly t i ca l technique w h i c h is be ing used to 
analyze coal ash. 

W h i l e the amount of ash i n coal varies f r om rank to rank, the carbon 
content is re lat ive ly h i g h , a n d at least one preconcentrat ion step, ashing 

57 
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the sample , is r e q u i r e d for the l i t h i u m tetraborate technique. O n l y t w o 
of the ava i lab le ashing techniques requ i re m i n i m u m sample h a n d l i n g — 
h i g h temperature ashing ( Η Τ Α ) a n d l o w temperature ashing ( L T A ) . 
H i g h temperature ashing is the simplest to per form as it n o r m a l l y re 
quires that the coa l be heated for 2 hrs at 800°C. Unfor tunate ly some of 
the more vo lat i le trace elements such as mercury , t i n , a n d l ead are lost 
b y this technique. I n l o w temperature ashing, the coa l is heated i n an 
atomic oxygen atmosphere i n w h i c h the reactive oxygen combines w i t h 
carbon at temperatures a r o u n d 100° -150°C . T h i s temperature range is 
l o w enough that the m i n e r a l matter i n coa l is substant ia l ly unal tered b y 
ashing, but ashing t ime is increased f rom 2 hrs to 24 hrs or longer. I n 
a d d i t i o n i t has been reported that some of the more vo lat i le trace ele
ments m a y also be lost b y L T A ( 8 ) . Because a r a p i d rout ine method 
for coa l m i n e r a l matter analysis was needed, i t was felt that h i g h t e m 
perature ashing f o l l o w e d b y l i t h i u m tetraborate fusion w o u l d produce a 
sample suitable for atomic absorpt ion analysis. 

Element Standard 

S i 
A l 
F e 
T i 
C a 
M g 
N a 
Κ 
M n 
N i 
B a 
A g 
A u 
C o 
C r 
C u 
G a 
H g 

Synthet i c 3° 
Synthet i c la 

N o b l e - G 
Synthet i c 4 " 
S i - A l 
Synthet i c 1" 
S i - A l 
Synthet i c 1" 
N o b l e - G 
S i - A l 

B C R - 1 
W - l 
W - l 
W - l 
W - l 
G - 2 
S i - A l 

G - 2 
G - 2 
G - 2 

32.34 
8.12 
1.93 
1.34 
7.79 
3.98 
1.56 
0.55 
0.023 
1.0 
2.45 
0.63 
0.50 
8.48 
1.0 
0.63 
1.0 
1.57 
0.50 
1.0 
1.26 
4.34 
8.86 
1.0 

30.45 
7.45 
2.14 
1.29 
7.70 
4.09 
1.61 
0.54 
0.024 
0.969 
2.333 
0.609 
0.515 
8.49 
1.031 
0.626 
1.00 
1.599 
0.41 
0.90 
1.26 
4.30 
8.53 
0.966 

I n 
M o 
P b 
Sb 
S n 
Z n 

Synthet i c 1" 
Synthet i c 2" 
Synthet i c 2" 
S i - A l 

° Synthetic standards were not fused but were prepared from aqueous standards with 
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5. M U T E R A N D N I C E Atomic Absorption Spectroscopy 59 

Technique and Instrumentation 

Apparatus. A P e r k i n - E l m e r m o d e l 303 atomic absorpt ion spectrom
eter e q u i p p e d w i t h a D C R - 1 readout accessory a n d a strip chart recorder 
was used for a l l determinations. A B o l i n g burner was used for a l l deter
minations made i n the a i r -ace ty lene flame except for copper w h e r e a 
single-slot, high-sol ids burner was used. T h e nitrous oxide burner was 
used for refractory elements. B u r n e r a n d instrument settings used were 
those re commended b y the manufacturer 's handbook. 

Preparation of Standards. Standards for ash analysis were prepared 
f r o m commerc ia l ly avai lable pure salts i n aqueous solut ion w i t h appro 
pr iate acids add i t i on where necessary to m a t c h a c i d concentrations i n 
the samples as w e l l as to h o l d materials i n solution. Mas ter standard 
solutions were prepared so that ser ia l d i lut ions for the construct ion of 
w o r k i n g curves were possible. A constant amount of s i l i con a n d a l u m i 
n u m (equiva lent to 2 0 % S i — 5 % A l ) interference solut ion was a d d e d 
to each set of standards a long w i t h l i t h i u m tetraborate to careful ly m a t c h 

Standards Used to Check the Working Curves 

Absolute Relative Standard Coefficient of 
Error Error Deviation Variation 
(%) (%) (%) (%) 

1.89 5.84 0.77 2.52 
0.67 8.25 0.19 2.55 
0.21 10.88 0.05 2.33 
0.05 3.73 0.085 6.58 
0.09 1.16 0.13 1.69 
0.11 2.76 0.12 2.93 
0.05 3.20 0.14 8.70 
0.01 1.82 0.03 5.56 
0.001 4.35 0.004 16.67 
0.031 3.10 0.020 2.06 
0.117 4.78 0.034 1.46 
0.021 3.33 0.027 4.43 
0.015 3.00 0.012 2.33 
0.01 0.12 0.07 0.82 
0.031 3.10 0.058 5.62 
0.004 0.63 0.012 1.92 
0 0 0 0 
0.029 1.85 0.145 9.07 
0.09 18.00 0.018 4.39 
0.10 10.00 0.03 3.33 
0 0 0 0 
0.04 0.92 0.10 2.33 
0.33 3.80 0.19 2.23 
0.034 3.40 0.075 7.76 

appropriate acid , l i t h i u m tetraborate, and interference solution additions. 
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Table II. Comparison of U.S.G.S. Trace Element Concentrations 

G-2 GSP-1 AGV-1 

Reported Reported Reported 
Fusion Value Fusion Value Fusion Value 

C r 100 7 80 12.5 130 12.2 
M n 240 260 290 331 650 763 
N i 400 5.1 350 12.5 480 18.5 

sample a n d standard solution characteristics. Standards w i t h adjusted 
s i l i c o n - a l u m i n u m a n d l i t h i u m tetraborate concentrations were prepared 
i n the event that sample d i l u t i o n was needed (i.e., c a l c i u m determina
t ion) for analysis. 

Sample Preparation. T h e f o l l o w i n g method was used to prepare 
so l id samples for analysis. 

O n e tenth g of sample is a d d e d to a plast ic v i a l conta in ing 1 g of 
p r e w e i g h e d l i t h i u m tetraborate. T h e v i a l is h a n d shaken to m i x the 
mater ia l , a n d the contents are p o u r e d into a graphite cruc ib le . T h e 
mater ia l is fused at 950°C for 15 m i n i n a muffle furnace. T h e result ing 
bead is removed f rom the furnace and can either be stored i n the o r ig ina l 
v i a l or immedia te ly so lub i l i zed . T h e bead is transferred to a Tef lon 
beaker conta in ing 5 m l of 3N H C 1 , 2 m l of 2N H N 0 3 a n d 10 m l of water . 
Tef lon is used to e l iminate sod ium contaminat ion. T h e mater ia l is then 
b o i l e d u n t i l complete ly dissolved a n d immediate ly filtered into a 50 m l 
vo lumetr i c flask. H o t filtration is r e q u i r e d to prevent so l id materials f r o m 
crys ta l l i z ing out of solut ion before d i l u t i o n a n d to remove carbon partic les 
that result f rom fusion i n graphite crucibles . T h e sample is then d i l u t e d 
to vo lume, shaken, a n d then further d i l u t e d as r e q u i r e d to b r i n g the ele
ment concentrat ion to w i t h i n range of the w o r k i n g curve of interest. F o r 
the determinat ion of c a l c i u m , magnes ium, a n d b a r i u m , l anthanum ch lo 
r ide is a d d e d as a releasing agent to achieve a final l an thanum concen
trat ion of 1% as re commended b y the spectrometer manufacturer . 

Results and Discussion 

A l t h o u g h detectable concentrations for several elements c ou ld be 
f o u n d after fusion, i t is felt that the vo la t i l i ty of m e r c u r y a n d possibly 
l ead a n d t i n w o u l d m a k e their determinat ion b y l i t h i u m tetraborate fusion 
questionable. T a b l e I shows the elements selected for analysis and the 
accuracy a n d prec is ion data for the standards used to check the fusion 
method . E a c h s tandard i n T a b l e I was of k n o w n composi t ion and s i l i 
ceous i n nature. T h e standards were separately prepared 10 times so 
that a stat ist ical evaluat ion of the results c ou ld be made. T h e standards 
used were U S G S Standards G -2 , W - l , B C R - 1 , commerc ia l ly prepared 
s i l i c a - a l u m i n a based standards, and unfused synthetic standards pre 
pared b y the C o a l Research B u r e a u (9, 10, 11, 12). T h e synthetic 
standards were used because no commerc ia l ly prepared standard h a v i n g 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
00

5

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



5. M U T E R AND NICE Atomic Absorption Spectroscopy 61 

and Concentration Found by L12B4O7 Fusion (ppm) 

PCC-1 DTS-1 BCR-1 

Reported Reported 
Fusion Value Fusion Value Fusion 

Reported 
Value 

2730 
900 

2150 

2730 
959 

2339 

3750 
960 

2000 

4000 
969 

2269 

130 
1360 

280 

17.6 
1406 

15.8 

detectable concentrations of B a , A g , C o , C u , H g , P b , Sb, a n d Sn were 
avai lable . Salts of these eight elements were separately fused to deter
mine i f any dif f iculty m i g h t be expected i n ana lyz ing them b y this tech
n ique . A s expected, elements such as mercury , t in , a n d to a lesser extent, 
l ead vo la t i l i z ed d u r i n g fusion. S i lver in h i g h concentrations ( above 0 . 5 % ) 
c ou ld not be so lub i l i zed . H o w e v e r , i n l o w concentrations, bo th si lver 
a n d go ld c o u l d be fused a n d h e l d i n solution. 

Relat ive error values for the elements ranged f rom zero to a h i g h 
of 1 8 % w i t h most values be ing 5 % or less. T h e 1 8 % relat ive error was 
obta ined for i n d i u m and is attr ibutable to the l o w concentration of this 
e lement i n the solut ion analyzed . Moreover , the i n d i u m values were 
obta ined on the lower end of the w o r k i n g curve where the sensitivity is 
greatly reduced. S tandard deviations a n d coefficients of var iat ion for the 
elements of interest are at acceptable levels (less than 1% standard 
dev iat ion a n d around 5 % coefficient of var ia t ion ) for this technique. 
A g a i n it should be po inted out that the o r ig ina l purpose of the subject 
method was to develop a r a p i d rout ine analysis for the major a n d minor 
constituents i n coa l ash a n d related materials w i t h o u t the necessity of 
several preconcentrat ion steps, solvent extraction techniques, or p H 
adjustments. 

T h e app l i ca t i on of the l i t h i u m tetraborate fusion technique to the 
analysis of siliceous ashes has resulted i n over 10,000 e lemental deter
minations. W h i l e detectable go ld and si lver concentrations have been 
f ound , the results are near the detection l imits for those two elements. 

U s i n g the l i t h i u m tetraborate fusion technique, trace element con 
centrations were examined. T a b l e I I shows a comparison of results 
obta ined for a f ew trace elements w i t h other reported values (12). A s 
can be seen f rom the table , results at h igher concentrations are i n fa ir 
agreement w i t h the reported values for the three elements examined. 
Manganese compares favorab ly at a l l concentrations w h i l e c h r o m i u m a n d 
n i c k e l i n the h igher 2000 p p m range show fair agreement. E lements 
such as ant imony, tanta lum, z i r c o n i u m , go ld , a n d si lver were too l o w i n 
concentrat ion to be de termined b y this technique. 

I n order to moni tor the self-consistency of this technique , a r a w (as 
rece ived) sample was analyzed . Another port ion of the same sample 
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T R A C E E L E M E N T S IN F U E L 

Table III. Comparison of Raw Sample and Calculated Materials 
Balance for Raw Sample Analysis 

Analyzed Raw Calculated Raw 
Sample Composition Sample Composition 

Element (wt %) (wt %) 

A l 11.72 11.03 
C r 0.065 0.059 
F e 3.09 3.21 
M g 0.98 0.92 
M n 0.14 0.11 
S i 24.00 22.88 

1 

;/ A 
/ / 

J 
Ί 

I 
f / 

A 
1 

1 
1 

I > 
/ / 

/ / 
1 / 

η I ! ! I I 1 1 J 
0 2 4 6 8 10 12 14 

PPM-Mn 

Figure 1. Manganese determination illustrating silicon inter
ference 
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0.40r 

63 

P P M - F t 

Figure 2. Iron determination illustrating silicon interference 

was separated accord ing to screen size, a n d these sizes were also analyzed . 
Mater ia l s balance calculations were per fo rmed on the screened fractions. 
C h e m i c a l analysis a n d screen f ract ion percentages of each por t i on were 
used to back calculate a theoret ical r a w sample content a n d were then 
compared w i t h the actual r a w sample. T a b l e I I I shows these results a n d 
indicates that the data are self-consistent. 

A l t h o u g h pr ior research has establ ished the interference effect of 
a l u m i n u m , previous in-house studies on the atomic absorpt ion analysis 
of s i l icate materials ind i ca ted that s i l i con m a y also have an interference 
effect. T h i s interference is p r o b a b l y caused b y c o m p o u n d format ion i n 
the flame. T h e effect of s i l i con on the determinat ion of a l l of the elements 
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64 T R A C E E L E M E N T S IN F U E L 

ana lyzed b y the a i r -ace ty lene flame ( interferences should not occur w h e n 
us ing nitrous oxide—acetylene flame) was examined. I n some cases a 
depression i n absorbance was f o und w h e n s i l i con was present, a n d i n a 
f e w cases enhancement was observed. F o r example, depressions were 
f o u n d for i ron , c a l c i u m , magnes ium a n d manganese a n d enhancement 
for potass ium a n d g a l l i u m (at higher concentrat ions) . F igures 1 a n d 2 
i l lustrate the types of w o r k i n g curves obta ined a n d the effect of s i l i con 
on their slope. N o attempt was made to determine the effect of inter 
ferences other than s i l i con because trace elements were present i n such 
re lat ive ly m i n o r quantit ies that interferences f rom them were not con 
s idered a prob l em . Interferences of this type can easily be removed b y 
m a t c h i n g the concentrat ion of s i l i con a n d a l u m i n u m i n the standards to 
the concentrations general ly expected i n the u n k n o w n . 

Conclusions 

L i t h i u m tetraborate has been f o und to be an excellent fus ion agent 
enab l ing complete dissolut ion of si l icate materials i n a c i d for the analysis 
of major a n d minor constituents i n coal . C a r e f u l l y prepared standards 
m a t c h i n g the approximate concentrations of bo th the s i l i ca a n d a l u m i n a 
present i n u n k n o w n samples permi t determinations to be made w i t h pre 
c is ion a n d accuracy. T h i s method is current ly be ing used to analyze 
coa l ash a n d re lated materials . 
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X-Ray Fluorescence Analysis of Whole Coal 

JOHN K. KUHN, WILLIAM F. HARFST, and NEIL F. SHIMP 

Illinois State Geological Survey, Urbana, Ill. 61801 

X-ray fluorescence analysis proved to be rapid, simple, and 
reasonably accurate for determining the concentration of 
21 minor and trace elements in whole coal. Development 
of the method was facilitated by the availability of a set of 
samples that had been analyzed during the investigation 
of over 100 coals for trace and minor elements by optical 
emission spectroscopy, atomic absorption spectroscopy, neu
tron activation, and wet chemical techniques. Although 
major elements in coal, carbon, hydrogen, oxygen, and nitro
gen, cannot be analyzed by x-ray fluorescence, most other 
elements at levels greater than a few parts per million are 
readily determined. Tables present data supporting the con
clusion that x-ray fluorescence may be the best method for 
analyzing large numbers of coal samples. 

T l e c e n t interest i n the trace element content of coa l has increased the 
A ^ need for r a p i d a n d accurate ana ly t i ca l methods for the ir de termina
t ion . Because x-ray fluorescence analysis has demonstrated its usefulness 
i n de te rmin ing major, minor , a n d trace elements i n numerous other types 
of materials , i t was felt that this m e t h o d c o u l d be extended to trace 
element determinations i n who le coal . I n the past, such analyses were 
seriously h a m p e r e d b y the lack of s tandard samples. H o w e v e r , research 
be ing conducted i n our laboratories under the sponsorship of the U . S. 
E n v i r o n m e n t a l Protec t ion A g e n c y p r o d u c e d a large n u m b e r of coa l sam
ples for w h i c h trace elements h a d been determined b y two or more i n 
dependent ana ly t i ca l procedures, for example, op t i ca l emission, neutron 
act ivat ion , atomic absorpt ion, a n d wet chemica l methods. These coals 
were used as standards to develop an x-ray fluorescence m e t h o d that 
w o u l d determine m a n y trace a n d m ino r elements i n pressed who le coal 
samples. 

66 
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6. K U H N E T A L . X-Ray Fluorescence Analysis 67 

T h e instrument used i n this project was a P h i l l i p s m a n u a l v a c u u m 
x-ray fluorescence spectrometer. A l l analyses were made i n the A n a l y t i c a l 
C h e m i s t r y Laborator ies of the I l l inois State G e o l o g i c a l Survey. 

Preliminary Investigation of Major and Minor Elements 
in Whole Coal and Coal Ash 

T w o different types of materials , coa l ash a n d w h o l e coal , were 
ana lyzed , a n d sample preparat ion was v a r i e d accordingly . 

W h o l e coal was ground w i t h a b inder ( 10 w t % ) a n d pressed into a 
disk, w h i c h was used as the ana ly t i ca l sample. T h e b inder was a c o m 
m e r c i a l product , Somar M i x , a n d the sample was g round i n a N o . 6 
W i g - L - B u g for 3 m i n . Pellets 1% i n . i n diameter were then f o rmed at 
40,000 ps i i n a d ie des igned for that purpose. Sample preparat ion tech 
niques are g iven i n deta i l i n a previous p u b l i c a t i o n ( 1 ). 

T w o g of coal made a disk that was inf inite ly th ick , i.e., no x-rays 
penetrated the sample, for soft x-rays emitted b y l ight elements such as 
magnes ium, s i l i con , a l u m i n u m , a n d ca l c ium. H o w e v e r , for elements 
heavier than bromine , the sample we ight h a d to be increased to atta in 
inf inite sample thickness. 

T h e use of x-ray fluorescence was o r ig ina l ly in tended to obta in 
in format ion about the major element matr ix of coal ashes that were to be 
ana lyzed for trace elements b y opt i ca l emission spectroscopy. B o t h l o w -
temperature ( < 1 5 0 ° C ) a n d high-temperature ( 4 5 0 ° C ) coal ashes, pre 
p a r e d as descr ibed b y R u c h et al. ( 1 ) , were analyzed , a n d the method 
of Rose et al. (2) was adapted to determine the major a n d minor elements 
( S i , T i , A l , F e , M g , C a , K , a n d V ) . T h e instrumenta l parameters used 
for these elements are g iven i n T a b l e I. 

T o assess the v a l i d i t y of this procedure , a series of coal ashes ana lyzed 
b y the B r i t i s h C o a l U t i l i z a t i o n Research Assoc iat ion ( B C U R A ) were 
aga in ana lyzed w i t h the two types of ash prepared i n our laboratories. 
Ca l ibra t i ons for these analyses were prepared f rom U . S. Geo log i ca l S u r 
vey a n d N a t i o n a l B u r e a u of Standards rock standards, I B , G l , W l , a n d 
Nos . 78, 79, 88. T h e values determined for the B C U R A coa l ashes agreed 
excel lently w i t h results obta ined at B C U R A b y D i x o n et al. ( 3 ) . S tandard 
deviations were ca lcu lated for the dup l i ca te coal ash determinat ions : 
S i _ 0 . 0 7 % , T i — 0 . 0 1 % , A l — 0 . 0 6 % , F e — 0 . 0 5 % , M g — 0 . 0 2 % , C a - O . 0 3 % , 
Κ — 0 . 0 1 % , Ρ — 0 . 0 1 % , a n d V — 1 . 3 p p m . These deviations are comparable 
w i t h Class A wet si l icate analyses and indicate a h i g h degree of prec is ion . 

Because of these encouraging results a n d previous w o r k on b r o w n 
coals b y Sweatman et al. (4) a n d Kiss ( 5 ) , w h i c h ind i ca ted that major 
a n d m i n or elements c o u l d be determined i n who le coal , a series of 25 
coals was prepared for x-ray fluorescence analysis. F o r each coal , a 
low-temperature ash, a h igh-temperature ash, a n d the who le coa l itself 
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68 T R A C E E L E M E N T S IN F U E L 

Table I. Spectrometer Parameters (Ka x-ray) 

Back
X-Ray 

PHA Volts 
2 θ ground X-Ray 

Element Angle 2 θ Crystal Tube Base Window 

S i 108.01 111.01 E D D T C r 7 17 
A l 142.42 145.95 E D D T C r 5 17 
T i 86.12 89.12 L i F C r " 5 18 
F e 57.51 60.51 L i F C r " 5 25 
C a 44.85 47.95 E D D T C r 14 30 
Κ 50.32 53.90 E D D T C r 14 21 
M g 136.69 139.69 A D P C r 4 8 
V 76.93 80.93 L i F Cr° 5 16 
S 75.24 78.38 E D D T C r 12 18 
C l 64.94 67.94 E D D T C r 11 19 
Ρ 110.99 113.99 G e C r 9 15 
N i 48.66 50.36 L i F C r " 10 27 
C u 45.02 49.67 L i F C r " 11 28 
Z n 41.79 44.25 L i F C r " 10 22 
P b 6 28.24 31.24 L i F Cr" 22 28 
B r 29.97 35.12 L i F Cr" 25 23 
A s 34.00 37.00 L i F C r " 24 23 
C o 52.79 53.79 L i F W 13 16 
M n 62.97 63.97 L i F W 8 12 
M o 20.33 19.83 L i F W 36 40 

20.83 
C r 69.35 68.53 L i F W 7 15 

a A tungsten tube is used on these elements when already in place. 
6 L@i x -ray . 

were prepared b y the ind i ca ted procedures. W h e n a l l values w e r e con
verted to the who le coa l basis, the agreement among the three types of 
coa l materials was excellent ( T a b l e I I ) , ind i ca t ing that the s impler a n d 
more r a p i d who le coal technique is acceptable for de termin ing major 
a n d m i n o r elements. 

Determination of Trace Elements in Whole Coal 

T r a c e element determinations on w h o l e coal have been severely 
h a n d i c a p p e d b y the lack of ana lyzed standards. Because of this i t was 
necessary to prepare ca l ibrat ion curves f r om samples ana lyzed i n our 
laboratories b y independent methods. T h e accuracy of the x-ray fluores
cence method is, therefore, dependent on the accuracy of the methods 
used to analyze the ca l i b ra t ing standards. I t was too diff icult to prepare 
standards b y u n i f o r m l y a d d i n g k n o w n quantit ies of trace elements to 
g round who le coal . 

T h e l ight coa l matr ix of carbon, hydrogen , a n d oxygen a n d the r e l a 
t i ve ly s l ight var ia t i on of heavier trace elements permit their determinat ion 
w i t h m i n i m u m interferences. T h e same who le coal procedures prev ious ly 
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6. K U H N E T A L . X-Ray Fluorescence Analysis 69 

Table II. Mean Absolute Variation Between Values Determined 
From 2 5 Raw Coals and Their Ashes 

Mean Maximum 
Element Difference (%) Difference (%) 

S i 0.10 0.24 
A l 0.08 0.12 
T i 0.012 0.030 
F e 0.10 0.17 
C a 0.04 0.12 
Κ 0.02 0.04 
Ρ 0.002 0.005 
M g 0.010 0.015 

descr ibed were used, a n d the trace a n d m i n o r elements, Ρ, V , C r , M n , 
C o , N i , C u , Z n , A s , B r , M o , a n d P b , were de termined d irec t ly i n 50 
whole-coals . 

T h e accuracy of the x-ray fluorescence method was evaluated b y 
ca l cu lat ing , f r om the 50 who le coals ana lyzed , the m e a n var ia t ion of each 
element f rom its m e a n concentrat ion, determined b y the other i n d e p e n d 
ent methods prev ious ly ment ioned a n d l is ted i n T a b l e I I I . Detec t i on 

Table III. Comparative Accuracy for Whole Coal and Limits of 
Detection Based on 5 0 Samples 

Limit of 
lenient Accuracy Detection 

per cent per cent 
A l ± 0 . 0 8 0.012 
S i ± 0 . 1 0 0.016 
S ± 0 . 0 4 0.003 
C l ± 0 . 0 1 0.0015 
κ ± 0 . 0 2 0,003 
C a ± 0 . 0 4 0.0005 
M g ± 0 . 0 1 0 0.015 
F e ± 0 . 1 0 0.005 

p p m p p m 
T i ± 6 . 3 7.5 
V ± 3 . 1 2.5 
N i ± 1 . 9 3.5 
C u ± 2 . 5 1.0 
Z n ± 2 3 . 0 2.0 
A s ± 4 . 3 3.2 
P b ± 7 . 7 1.8 
B r ± 1 . 0 0.5 
Ρ ± 1 5 . 0 15.0 
C o ± 1 . 3 2.5 
M n ± 3 . 4 4.5 
C r ± 2 . 1 1.5 
M o ± 5 . 2 5.0 
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l imi t s , three s tandard deviations above background , for each element also 
are g iven i n T a b l e I I I . 

T h e re lat ive errors for a l l elements determined are g iven i n T a b l e 
I V . F o r completeness, data on m i n o r elements i n who le coa l also are 
i n c l u d e d i n the trace element tables. These data indicate the prec is ion 
obta ined for the x-ray fluorescence analysis o n replicates of 15 samples 
of who le coal g round to —325 mesh. 

Table IV. Deviation on —325 Mesh on 15 Samples of Whole Coal 

Standard Relative 
Element Deviation Deviation (%) 

per cent 
A l 0.02 1.77 
S i 0.05 1.96 
S 0.01 0.532 
C l 0.003 1.13 
κ 0.004 2.26 
C a 0.005 1.65 
M g 0.002 3.88 
F e 0.02 1.26 

p p m 
T i 4.16 0.564 
V 1.58 3.84 
N i 1.12 4.29 
C u 0.75 3.92 
Z n 3.61 1.37 
A s 0.94 2.49 
P b 1.53 2.29 
B r 0.39 2.11 
Ρ 3.41 10.92 
C o 0.43 4.79 
M n 4.14 7.53 
C r 1.14 4.35 
M o 3.11 23.9 

X-Ray Matrix Corrections for Analysis of Whole Coal 

Because of the lack of standards, variations i n analyses made b y 
other methods, a n d errors caused b y coal s a m p l i n g problems, i t was diff i 
cu l t to evaluate the need for x-ray matr ix corrections a n d to select the 
best method for a p p l y i n g them. H o w e v e r , corrections were necessary 
because some elements i n who le coal such as i r on , s i l i con , a n d sul fur m a y 
v a r y considerably . F o r these elements, corrections were a p p l i e d i n d i s 
c r iminate ly to a l l samples, because it was impossible to determine the 
po int at w h i c h matr ix variat ions r e q u i r e d a correct ion greater than the 
accuracy l imits of the method . W e elected to use the m i n i m u m n u m b e r 
of corrections compat ib le w i t h reasonably accurate results. Therefore , 
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6. K U H N E T A L . X-Ray Fluorescence Analysis 71 

the elements M g , A l , S i , P , S, C l , K , a n d M o were left uncorrected. W h i l e 
these determinations p r o b a b l y c o u l d be i m p r o v e d ( 6 ) , they were shown 
to be adequate for our purposes ( T a b l e I I ) . T h e t i t a n i u m a n d v a n a d i u m 
values were corrected by us ing the variations i n the i r on content of the 
who le coal . 

T h e method used for correct ing the other elements for matr ix v a r i a 
tions was proposed b y Sweatman et al. (4). T o t a l mass absorpt ion was 
determined b y measur ing the attenuation of the rad ia t i on i n quest ion b y 
a t h i n layer of the sample to be analyzed . T h e mass absorpt ion coefficient 
M was ca lcu lated b y M = A/W (In Cs/Cx); where A = area of sample 
( c m 2 ) , W = we ight of sample ( g ) , Cs = intensity of the s tandard 
( c o u n t s / s e c ) , a n d Cx = intensity of the s tandard ( counts / sec ) at tenu
ated b y the t h i n layer coa l elements determined. U s i n g these coefficients, 
a corrected value was obta ined for the elements determined , even w h e n 
matr ix variations were considerable. Great care was taken to press the 
coals to a u n i f o r m thickness so that the mass absorpt ion coefficient was 
affected only b y density ( for w h i c h compensat ion was made ) a n d matr ix 
considerations. 

Effect of Coal Particle Size on Analytical Precision of Trace Elements 

O u r results ind i ca ted that coals g round to —60 mesh fa i l ed to y i e l d 
a consistently acceptable prec is ion for most trace element determinations. 
Therefore , i t was necessary to evaluate the errors associated w i t h trace 
element determinations i n coals ground to various part i c le sizes. 

N i n e coals, representing a range of trace element concentrations, 
were carefuly g round to pass screens of various mesh sizes ( T a b l e V ) . 
D u p l i c a t e 2-g coal samples for each mesh size were w e i g h e d a n d then 
ground 3 m i n i n a N o . 6 W i g - L - B u g to further reduce part i c le size. T h e 
final g r i n d i n g e l iminated , as near ly as possible, any var ia t i on i n the 
pressed coal disks, w h i c h were subsequently prepared for analysis ( I ) . 
M o r e than 1000 i n d i v i d u a l determinations were made i n this study. 

T a b l e V gives the c o m b i n e d means of the differences between d u p l i 
cate trace element determinations for each coal part ic le size analyzed . 
B o t h the means of the absolute differences ( i n p p m ) a n d the means of 

Table V . Mean Error for A l l Elements at Various Coal Particle Sizes 

Mesh Size (M) ppm 
Error of Mean 

Element Concentration (%) 

- 6 0 
- 1 0 0 
- 2 0 0 
- 3 2 5 
- 4 0 0 
<400 

± 3 . 0 5 
± 2 . 1 1 
± 1 . 2 6 
± 1 . 1 2 
± 1 . 0 2 
± 0 . 9 3 

8.47 
6.38 
4.28 
2.62 
1.56 
1.40 
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72 T R A C E E L E M E N T S IN F U E L 

the re lat ive differences (absolute difference expressed as a percentage 
of the concentrat ion ) are g iven. T h e results show a progressive improve 
ment i n prec is ion w i t h decreasing coa l part i c le size. 

T h e ranges of relat ive differences between dupl i cate analyses for 
several trace elements, each i n three mesh sizes, are g iven i n T a b l e V I . 
W i t h the exception of bromine , the ranges are narrower for the —200 
a n d —325 sizes than they are for the — 60-mesh coal . 

Table VI . Range of Relative Errors for Three Particle Sizes 
of Whole Coal (%) 

Element -60 Mesh -200 Mesh -325 Mesh 

V 0.0—10.0 0 .3— 5.0 0.3—4.0 
Ρ 2.0—18.0 2.0—10.0 1.5—7.5 
N i 1.5—25.0 0.0—20.0 1.5—8.0 
C u 0.8—20.0 0.2— 1.0 0.2—1.0 
Z n 1.2—25.0 1.2—12.0 0.1—6.5 
P b 0.4—23.0 1.2— 9.5 0.4—5.0 
A s 0 .1— 6.0 0 .1— 4.0 0.0—1.5 
B r 0.0— 4.0 0.0— 3.5 0.0—3.0 

Progressive reduct ion i n coa l part ic le size f rom —60 to —400 mesh 
i m p r o v e d the prec is ion for a l l elements except bromine . T h e c o m b i n e d 
m e a n relat ive error for a l l elements was reduced be low 5 % for coa l 
g round to —200 mesh. 

These data indicate that, for most purposes, acceptable prec is ion 
can be obta ined w h e n —200-mesh coal samples are used. F u r t h e r i m 
provement is ach ieved b y g r i n d i n g the samples to —325 mesh, but this 
is unnecessary except for analyses that are to be used as standard values 
or for other spec ia l purposes. Var iat ions i n the o r ig ina l field sampl ing of 
coa l w o u l d probab ly negate any improvements i n prec is ion that might 
be ga ined f rom g r i n d i n g be l ow —325 mesh. A l t h o u g h this study applies 
d i rec t ly to x-ray fluorescence analysis of who le coal , i t should also a p p l y 
to any method i n w h i c h a l i m i t e d sample (—3 g or less) is taken for 
analysis. 

Discussion and Conclusions 

Results of analysis of who le coal samples b y x-ray fluorescence agreed 
w e l l w i t h values determined b y several other independent methods 
( T a b l e I V ). Subsequent analyses of more than 100 coals have supported 
this conclus ion, a n d the figures w i l l be p u b l i s h e d i n a f or thcoming En
vironmental Geology Note b y the I l l inois State Geo l og i ca l Survey. Some 
variations among the methods occurred w h e n concentrations of trace 
elements were h i g h , especial ly for the more coarsely g round coals. B e -
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6. K U H N E T A L . X-Ray Fluorescence Analysis 73 

cause this was true w i t h the other methods invest igated, as w e l l as w i t h 
the x-ray fluorescence method , we felt the variations resulted f rom sam
p l i n g errors caused b y discrete m i n e r a l particles, such as pyr i te a n d 
sphalerite , i n who le coal . Geologists at the I l l inois State Geo l og i ca l 
Survey have conf irmed the presence of these discrete partic les w i t h the 
scanning electron microscope. 

It is apparent f rom T a b l e I V that trace elements determined b y the 
x-ray fluorescence method are l i m i t e d to those o c curr ing i n whole coals 
at concentrations of at least a few parts per m i l l i o n . E lements such as 
selenium, mercury , a n d ant imony, w h i c h are general ly present i n who le 
coa l at levels be l ow 1 p p m , cannot be determined b y this method . T h e 
major elements i n coal , hydrogen , carbon , oxygen, a n d ni trogen, cannot 
be determined b y x-ray fluorescence, but this shou ld not i n h i b i t the use 
of the method for trace a n d m i n o r element determinations. 

O u r results indicate that x-ray fluorescence is h i g h l y useful for r a p i d 
a n d reasonably accurate analyses of who le coal for trace elements. B e 
cause of the speed a n d s impl i c i ty of the method , i t is h i g h l y adaptable 
to large-scale surveys of coal resources. A suite of 24 samples can be 
ana lyzed for 21 elements i n 3 days b y m a n u a l instrumentat ion. W h i l e 
this s imple procedure can not be used to determine certain elements, the 
t ime-saving factor over other methods (40 or 50 to 1 i n the case of 
bromine b y neutron act ivat ion) w i thout loss of accuracy m a y w e l l make 
x-ray fluorescence the method of choice for m a n y elements. I m p r o v e d 
equipment , such as nondispersive systems a n d automation , c o u l d extend 
the app l i ca t i on of x-ray analysis to a dominant posit ion for de termin ing 
trace elements i n w h o l e coal . 
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Trace Impurities in Fuels by Isotope 
Dilution Mass Spectrometry 

J. A. CARTER, R. L. WALKER, and J. R. SITES 

Oak Ridge National Laboratory, Post Office Box Y, Oak Ridge Tenn. 37830 

Spark source (SSMS) and thermal emission (TEMS) mass 
spectrometry are used to determine ppb to ppm quantities 
of elements in energy sources such as coal, fuel oil, and 
gasoline. Toxic metals—cadmium, mercury, lead, and zinc— 
may be determined by SSMS with an estimated precision of 
±5%, and metals which ionize thermally may be determined 
by TEMS with an estimated precision of ±1% using the 
isotope dilution technique. An environmental study of the 
trace element balance from a coal-fired steam plant was done 
by SSMS using isotope dilution to determine the toxic metals 
and a general scan technique for 15 other elements using 
chemically determined iron as an internal standard. In 
addition, isotope dilution procedures for the analysis of 
lead in gasoline and uranium in coal and fly ash by TEMS 
are presented. 

" E l e m e n t s considered toxic to l i v i n g organisms are present i n concen-
trations f r om l o w p p b to h i g h p p m i n coal a n d other fuels used as 

energy sources. S ince large centra l power stations consume over ha l f of 
the coa l b e i n g used, the concentrated quantit ies of such potent ia l ly h a r m 
f u l elements as mercury , c a d m i u m , l ead , z inc , a n d others are apprec iable . 
I n the U S A , for example, over 500 m i l l i o n tons of coal are consumed a n 
n u a l l y , so any element present i n coa l at the 1 p p m leve l generates 500 tons 
of waste. M a n y of these elements are concentrated i n the part iculate fly 
ash or i n the bot tom slag. Eff ic ient electrostatic prec ipitators , however , 
prevent most of the fly ash f rom dispers ing into the atmosphere. T h e fly 
ash a n d the bot tom slag then become storage a n d containment problems. 

T h i s research effort has demonstrated the capab i l i t y of spark source 
a n d thermal emission mass spectrometry for de te rmin ing the fate of trace 
elements i n coal-f ired, centra l power plants . A d d i t i o n a l l y , isotope d i l u -

74 
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7. C A R T E R E T A L . Isotope Dilution Mass Spectrometry 75 

t i on methods for the analyses of l ead , c a d m i u m , a n d mercury i n gasolines 
a n d other petro leum fuels have been deve loped a n d used for referee 
a n d evaluat ion purposes. 

Experimental Procedure 

Spark Source Mass Spectrometry. T h e spark source mass spectrom
eter ( S S M S ) used i n this research was a c o m m e r c i a l M a t t a u c h - H e r z o g 
double focus ing instrument. A schematic representation of i t is shown 
i n F i g u r e 1. I n a S S M S analysis , an i o n beam of the substance b e i n g 
invest igated is p r o d u c e d i n a v a c u u m b y i g n i t i n g a spark between two 
conductors w i t h a pu lsed , h i g h f requency potent ia l of 50 k V . D u r i n g this 
process, the electrode substance is evaporated a n d i on ized . T h e ions 

1. S A M P L E E L E C T R O D E S 
2. A C C E L E R A T O R S L I T S 

3. E L E C T R O S T A T I C A N A L Y Z E R 

4 . B E A M M O N I T O R 
5. M A G N E T I C A N A L Y Z E R 
6 . P H O T O P L A T E 

Figure 1. Schematic diagram of a double focusing spark source 
mass spectrometer 

p r o d u c e d are accelerated b y a constant potent ia l of 25 k V through the 
source slits into an electrostatic r a d i a l field w h i c h functions as an energy 
filter. A s the ions pass through the magnet i c field, the i o n beam is spl i t 
b y deflection accord ing to the mass-to-charge ratio . These charged par 
ticles i m p i n g e i n focus on an ion-detector ( photographic plate or e lectron 
m u l t i p l i e r ) to f o r m the mass spectrum. E l e m e n t a l ident i f i cat ion a n d 
abundance measurements can be made f r o m the pos i t ion a n d the relat ive 
intensity of the lines w h e n the total i o n b e a m current is k n o w n . T h i s 
total i o n current is measured b y a moni tor located just ahead of the 
magnet i c analyzer . T h e resolut ion of the A E I - 7 0 2 R instrument used was 
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76 T R A C E E L E M E N T S IN F U E L 

greater than 3000. I l f o rd Q-2 photographic emulsions were used to record 
the mass spectra. 

C o n d u c t i n g electrodes for general scan analyses were prepared b y 
m i x i n g the p u l v e r i z e d coa l or fly ash w i t h an equal amount of pure si lver 
p o w d e r (99 .999% s i l v e r ) . T h e homogenized mixture was then pressed 
into po lyethylene slugs i n an isostatic electrode d ie at 25,000 ps i for 1 m i n . 
T h e n o m i n a l electrode size was 1 χ 0.15 c m . Sets of graded exposures 
w e r e made f r o m these electrodes so that the concentrat ion range f r o m 
0.03 p p m u p to the percent rahge was covered. Photoplates were inter 
pre ted accord ing to the techniques g iven b y K e n n i c o t t ( I ) . I n fly ash 
a n d coal samples, i r on was determined chemica l l y so the i r o n isotopes 
c o u l d be used as an in terna l s tandard. C o m p u t e r i z e d sensit ivity values 
were used ( 2 ) . 

Isotope Dilution By Spark Source Mass Spectrometry. A u n i q u e a n d 
qui te different approach to de te rmin ing trace elements i n solids, l i q u i d s , 
a n d gases uses the isotope d i l u t i o n technique . T h i s m e t h o d has been 
operat ional for some t ime w i t h mass spectrometers. T h e r m a l i on izat ion 

Atom Percent 
Normal Spike 

1.22 88.40 
0 .88 0.48 

12.39 2.02 " 
12.75 1.61 
24.07 2.49 
12.26 1.14 
28.86 2.50 

7.58 1. 36 

100 120 140 1E0 1B0 200 ' 220 ' 240 ' 
M/E • 

Figure 2. Computer plot of a cadmium spectrum spiked with enriched 
106Cd 

sources are used for solids a n d electron b o m b a r d m e n t sources for gases, 
g i v i n g accurate results w i t h smal l samples. H o w e v e r , i t has not been 
used u n t i l recent ly for a n a l y z i n g env i ronmenta l samples w i t h spark 
source mass spectrometers ( 3 ) . T h e general m e t h o d of isotope d i l u t i o n is 
descr ibed b y H i n t e n b e r g e r (4). F o r each element to be determined , an 
enr i ched isotope, usual ly of m i n o r abundance , is m i x e d w i t h the sample. 

1UU 

aot 

E0 + 

É 40 + 

20 + 

0 

C d 
Isotopes 

106 
10 8 

110 
111 
112 
113 
114 
116 
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7. C A R T E R E T A L . Isotope Dilution Mass Spectrometry 77 

T h e isotopic ratios, altered b y spike addit ions , are then measured on a 
por t i on of the sample b y mass spectrometry. E v e n t h o u g h the method 
is l i m i t e d to elements h a v i n g two or more natura l l y o c curr ing or l ong 
l i v e d isotopes, i t is very sensitive a n d accurate a n d re lat ive ly free f rom 
interference effects. Thus , i t has a great advantage over other ana ly t i ca l 
techniques. T h e r m a l source a n d electron bombardment mass spectrom-

Table I. Sample Computer Output for Cadmium by Isotope 
Dilution Spark Source Mass Spectrometry 

CD 

Spike 
Sample 

106 114 Vol Conck 

88.400 2.500 1.000 1.000 
1.220 28.900 1.000 

SAMPLE Nano-gm 106 m 
5 So i l 318R 4005.000 19.3 16.2 
5 S o i l 318R 4032.000 46.9 41.3 
5 So i l 318R 3933.000 64.6 60.0 

eters are w e l l sui ted for isotope d i l u t i o n , but they have very different 
sensitivities for various elements. Spark source mass spectrometers have 
s imi lar sensitivities for a l l elements a n d therefore c a n be used w i t h o u t 
deleterious effects f r om a complete matr ix change. 

I n order to obta in , for example , the c a d m i u m concentrat ion i n a fue l 
b y isotope d i l u t i o n S S M S , c a d m i u m enr i ched i n 1 0 6 C d is equ i l i b ra ted w i t h 
the c a d m i u m i n the sample. T h e success of the technique depends on 
establ ishing isotopic e q u i l i b r i u m between the h i g h l y enr i ched 1 0 6 C d a n d 
the n o r m a l c a d m i u m i n the sample. Isotopic a n d c h e m i c a l e q u i l i b r i u m 
is atta ined b y an a c i d (perch lor i c a c i d - n i t r i c ac id ) reflux digest ion a n d 
ox idat ion of the organic matter. Thereafter , any technique that permits 
the transfer of 0 .1-3 n g of c a d m i u m f rom the so lut ion to the surface of 
a suitable substrate m a y be used. I n this I D S S M S work , graphite was 
the substrate for c a d m i u m , lead , a n d z inc , a n d copper was used for 
mercury ( 5 ) . 

F o r l o w meta l concentrations, any suitable extractant m a y be used 
to concentrate the meta l after e q u i l i b r a t i o n w i t h the enr i ched spike. H i g h 
extract ion efficiencies are not r e q u i r e d since at this po int the analysis 
depends on establ ishing a rat io between the enr i ched spike isotope a n d 
one of the major isotopes of the meta l b e i n g sought. 

F i g u r e 2 shows a mass spectrum of c a d m i u m sp iked w i t h enr i ched 
1 0 6 C d . T h e so l id l ine at pos i t ion 106 represents the 1 0 6 C d spike, a n d the 
dashed lines represent the re lat ive abundance for the other c a d m i u m 
isotopes. T h e dashed l ine at juxtaposit ion at 106 is the relat ive abundance 
of 1 0 6 C d as i t occurs i n nature. T a b l e I shows the I B M 1130 computer -
p r o g r a m m e d output for a t y p i c a l isotope d i l u t i o n analysis. T h e program 
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DETECTOR 

Figure 3. Schematic diagram of the three-stage mass spectrometer. Parameters 
are designated as follows: rmi—30.48 cm; rm2—30.48 cm; re—43.26 cm; </>mi— 
90.00°; </>m—90.00°; φ—90.00°; lom—30.48 cm; 1^—30.48 cm; loe—24.28 

cm; limi—30.48 cm; lim2—30.48 cm; lie—7.77 cm. 

is flexible i n that the spike size, sample size, spike composi t ion , a n d per
cent transmittance can vary . T h e three sets of data under 106 a n d 114 
are percent transmittance for three photoplate exposures taken, a n d the 
results are reported i n n g / g . 

Isotope Dilution By Thermal Emission Mass Spectrometry. A three-
stage thermal emission mass spectrometer ( T E M S ) was used for q u a n t i 
tat ive ly measur ing l ead a n d u r a n i u m i n coa l a n d fly ash a n d l e a d i n 
gasoline ( F i g u r e 3 ) . T h e basic design of the instrument is m o d e l e d on 
that deve loped b y W h i t e a n d C o l l i n s , 1954 (6) a n d modi f ied at O R N L . 
T h e a d d i t i o n of a n electrostatic t h i r d stage increased the abundance 
sensit iv i ty to 10 8 as descr ibed b y S m i t h et al. ( 7 ) . 

T h e two magnet i c stages are a 30-cm radius f o l l owed by an electro
static analyzer w i t h a radius of 43.26 cm. T h e v a c u u m system is meta l 
a n d is bakeable to 300 ° C . T h e analyzer reg ion of the instrument is 
p u m p e d w i t h i o n p u m p s a n d is m a i n t a i n e d at a pressure 10" 9 torr. A 
combinat i on t i t a n i u m s u b l i m a t i o n - i o n p u m p is used to obta in operat ing 
pressures i n the source reg ion i n the 10" 8 torr range. A N i e r thick- lens 
source ( 8 ) , used i n conjunct ion w i t h a sample w h e e l arrangement ( 9 ) , 
makes i t possible to analyze as m a n y as 10 samples per day. 
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Ions are detected b y a secondary electron m u l t i p l i e r b e h i n d the re
ceiver slit . T h e pulses f rom the m u l t i p l i e r are a c cumula ted i n a 400-
channe l analyzer used i n the t ime base mode. T h i s arrangement al lows 
the m a x i m u m sensit ivity w i t h respect to sample size. Mass measurements 
are made b y sweeping the accelerating voltage across the region of 
interest—233-238 for u r a n i u m a n d 204-208 for lead. T h e determinations 
of u r a n i u m a n d l ead i n coal a n d fly ash a n d l ead i n gasoline, bo th q u a n 
t i tat ive ly a n d isotopical ly , are done b y isotope d i l u t i o n w i t h enr i ched 
spikes of 2 3 3 U a n d 2 0 4 P b . 

L E A D A N A L Y S I S B Y T E M S . L e a d analyses are made us ing the gel 
technique descr ibed b y C a m e r o n et al. (10). L e a d ions are thermal ly 
p r o d u c e d at r h e n i u m filament temperatures between 1 1 0 0 - 1 3 0 0 ° C , de
p e n d i n g on the sample size. T e n n g of sample al lows an analysis of 10 
runs w i t h 200 sweeps each across the masses of interest. 

U R A N I U M A N A L Y S I S B Y T E M S . U r a n i u m ions are thermal ly p r o d u c e d 
f rom r h e n i u m at filament temperatures 1700-1850 ° C . U s i n g pulse count
i n g for i o n detect ion, smal l quantit ies of u r a n i u m (10 -100 ng ) i n the 
f o rm of u r a n i u m nitrate are loaded onto r h e n i u m V - t y p e canoe fila
ments, w h i c h produce enough ions for an analysis. A f t e r l oad ing the 
filaments into the instrument , the source reg ion is p u m p e d d o w n to a 
pressure of 1 X 10" 5 torr, a n d the filaments are carbur i zed in situ w i t h 
benzene vapor , w h i c h is in t roduced through a G r a n v i l l e - P h i l l i p s var iab le 
leak. T h e resu l t ing c a r b u r i z e d filaments reduce the U O + a n d U 0 2

+ i on 
signals to near zero a n d enhance the U + s ignal . T h i s , c oup led w i t h pulse 
count ing , greatly increases the measurement sensit ivity. T h e prec is ion 
of an isotope d i l u t i o n analysis us ing this technique a n d where reagent 
b lank contr ibut ions are kept insignif icant is usua l ly w i t h i n ± 1 % . 

P R E P A R A T I O N O F C O A L A N D F L Y A S H F O R I S O T O P E D I L U T I O N A N A L Y S I S . 

Separate al iquots of coal a n d fly ash are w e i g h e d out a n d sp iked w i t h 
2 0 4 P b a n d 2 3 3 U , respectively. T h e chemica l treatment a n d extract ion of 
l ead a n d u r a n i u m f rom coal a n d fly ash are ident i ca l , except coa l is 
ashed at 450 ° C before chemica l treatment. T h e samples are dissolved 
w i t h a mixture of hydrof luor ic , n i t r i c , a n d perchlor i c acids i n Tef lon beak
ers. T h e lead is separated b y d i th izone extraction, evaporated to dryness, 
redissolved i n d i lu te n i t r i c a c id , a n d 10 ng are l oaded on filaments w i t h 
s i l i ca ge l for mass analysis. 

T h e u r a n i u m is separated, after d isso lv ing the sample as descr ibed 
for lead , b y extraction w i t h t r i b u t y l phosphate ( T B P ) f rom 4 M n i t r i c ac id . 
A f t e r the organic phase is s c rubbed w i t h 4 M n i t r i c a c i d , the u r a n i u m is 
back-extracted into d i s t i l l ed water a n d evaporated to dryness. T h e u r a 
n i u m is l oaded on a r h e n i u m filament for analysis b y d isso lv ing the 
pur i f i ed sample i n a smal l vo lume of 0 . 0 5 M ni t r i c ac id . 
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P R E P A R A T I O N O F G A S O L I N E F O R I S O T O P E D I L U T I O N A N A L Y S I S . A l i q u o t s 

of gasoline are sp iked w i t h 2 0 4 P b a n d treated b y either a w e t chemica l 
m e t h o d or the bromine ox idat ion m e t h o d descr ibed b y G r i f B n g a n d 
R o z e k ( J J ) . 

T h e wet chemica l procedure consisted of ref luxing first w i t h n i t r i c 
a c i d u n t i l the i n i t i a l react ion subsided. T h e n hydrof luor ic a c i d was a d d e d 
to the flask, a n d the reflux cont inued u n t i l the react ion was complete. T h e 
resul t ing solut ion conta in ing the inorganic l ead was evaporated to near 
dryness, d i l u t e d to a suitable l ead concentrat ion w i t h d i lute n i t r i c a c i d , 
a n d l oaded onto r h e n i u m filaments for M . S . 

I n the bromine method , bromine i n carbon tetrachloride was a d d e d to 
the gasolines i n a test tube. H e a t i n g assured complete conversion to lead 
bromide . T h e result ing lead bromide prec ip i tate was dissolved w i t h d i lute 
<—1M ni t r i c a c id . T h e mixture was centr i fuged, the organic layer d is 
carded , a n d the aqueous so lut ion was adjusted for M . S . analyses. E i t h e r 
of the procedures is satisfactory, bu t the bromine m e t h o d is m u c h easier, 
faster, a n d has less poss ib i l i ty for contaminat ion . 

Test Results and Discussion 

T h e b u l k of the samples for this s tudy came f rom T V A ' s A l l e n Steam 
P l a n t at M e m p h i s , T e n n . T h e sampl ing points ( F i g u r e 4) i n c l u d e d inlet 
a i r , coal , bot tom ash, prec ip i tator inlet , a n d outlet at the 268-ft stack 
leve l . D u r i n g the 2-week sampl ing per i od the un i t was operated under 
steady state condit ions at 240 M W (12) w i t h a u n i f o r m coal supp ly so 
that a mass balance m i g h t be establ ished for a n u m b e r of elements. A l l 
the coa l f r o m southern I l l ino is was washed a n d crushed so that 9 0 % was 
less than 4 mesh. N o m i n a l coa l analysis ind i ca ted the f o l l o w i n g c om
pos i t i on : 9 . 5 % moisture , 3 4 % volati les , 4 3 % fixed carbon , 1 3 % ash, a n d 
3 .4% sulfur . 

T h e isotope d i l u t i o n results i n T a b l e I I are on fue l source samples 
obta ined f rom N B S w h i c h were considered homogeneous. T h e results 
i n T a b l e I I I are f r om the sampl ing points ind i ca ted i n F i g u r e 4. These 
s u m m a r i z e d results are most ly b y the S S M S general scan technique w h i c h 
has a n est imated accuracy of better than ± 5 0 % . T h e isotope d i l u t i o n 
measurements are l i m i t e d b y the emuls ion detector to ± 3 — 5 % . T h e re
sults are i n grams of meta l flow per minute . T h e mass balance for the 
various elements was computed b y the f o l l o w i n g equations: 

Qc(m) = Cc(m) X (g c o a l / m i n ) (1) 

Qpi(m) = C 'pi(m) X (g fly a s h / m i n ) (2) 

Qba(m) = Cba(m) X (g ash i n coal - g fly a s h / m i n ) (3) 
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4. B E F O R E E L E C T R O S T A T I C P R E C I P I T A T O R 
5. A F T E R E L E C T R O S T A T I C P R E C I P I T A T O R 
6. S T A C K S A M P L E 

Figure 4. Schematic diagram of a TVA coal-fired steam plant 

Sample Type 

C o a l 

F l y ash 

Gaso l ine a 

Table II. Isotope Dilution Results 

Concentration (wt ppm) 

U TEMS Pb TEMS Pb SSMS Cd SSMS 

1.22 
1.18 
1.22 
1.22 

11.9 
11.7 
11.6 
11.6 

F u e l o i l a 

a Results in Mg/ml. 
6 W e t oxidation. 
c B r 2 oxidation with T E M S . 

285 6 

282 
284 
283 

28 
26 
28 
30 
79 
78 
79 
76 

284 c 

284 
285 
279 

0.27 
0.28 
0.26 
0.23 

0.28 
0.34 
0.32 
0.32 
1.8 
2.2 
1.9 
1.5 

<.01 
<.01 

0.002 
0.021 
0.018 
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Imbalance , % = ^ + \ ~ ®> 1 0 0 (4) 

where Ç> c (m) , Q P i ( m ) , a n d Ç b a ( m ) are flow rates of meta l ( m ) i n g 
m i n " 1 for coal , prec ip i tator inlet , a n d bot tom ash, respectively, a n d C ( m ) 
is concentrat ion i n we ight fract ion. C o a l consumpt ion d u r i n g the sam
p l i n g was 82.5 tons h r " 1 , or 1.25 χ 10 6 g m i n " 1 , a n d the fly ash flow rate 
was 4.9 χ 10 4 g m i n " 1 . 

Table III. Impurity Mass Flow in a Steam Plant" 

Precipitator Imbalance 
Element Coal Bottom Ash Inlet % 

A l 13,000 5,500 7,300 - 1 . 5 
C a 6,000 3,300 1,500 - 2 0 
F e 25,000 10,000 4,900 - 4 0 
Κ 700 550 340 + 2 7 
M g 1,800 770 340 - 3 8 
N a 370 220 150 0.0 
T i 880 220 240 - 4 8 
M n 130 110 34 + 11 

A s 6.2 0.22 2 - 6 4 
B e < 5 <1.1 0.83 — C d 6 0.63 0.30 0.28 - 7 . 9 
C u 63 22 19 - 3 5 
P b 6 9.3 0.45 10 + 12 
N i <100 55 24 - 2 1 
Sb — 0.8 0.5 — Se 7.5 2.2 1 - 5 8 
V 37 11 17 - 2 4 
Z n 6 110 2.0 100 - 7 . 3 
H g 0.08 c 0.007 c 0.007 6 d 

a F l o w rate in g m i n - 1 

6 Isotope di lution 
c A t o m i c absorption 

d M o s t H g flow is in stack gas 

T h e meta l ba lance for a l l the elements ana lyzed b y mass spectrom
etry is good, but on the average shows a negative imba lance of 2 0 % . 
M e t a l s showing h i g h imbalance , i.e., mercury , arsenic, a n d se lenium, p r o b 
ab ly were i n the gaseous state at the sample points. F o r example, a pre 
c ip i tator outlet sample of m e r c u r y showed a flow of 0.02 g m i n " 1 . A t this 
s a m p l i n g po int the part iculates are m u c h cooler than the fly ash at the 
prec ip i tator inlet . 

T h e average imba lance for the elements measured b y isotope d i l u t i o n 
mass spectrometry w i t h l ower vo la t i l i t y showed an imba lance range of 
—8 to + 1 2 % . These results ind icate the usefulness of mass spectrometry 
i n eva luat ing env ironmenta l impacts . 
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Trace Elements in Coal by Neutron 
Activation Analysis with Radiochemical 
Separations 

J. KENNEDY FROST, P. M. SANTOLIQUIDO, L. R. CAMP, and 
R. R. RUCH 

Illinois State Geological Survey, Urbana, Ill. 61801 

Procedures for the determination of 11 elements in coal—Sb, 
As, Br, Cd, Cs, Ga, Hg, Rb, Se, U, and Zn—by neutron 
activation analysis with radiochemical separation are sum
marized. Separation techniques include direct combustion, 
distillation, precipitation, ion exchange, and solvent extrac
tion. The evaluation of the radiochemical neutron activation 
analysis for the determination of mercury in coal used by the 
Bureau of Mines in its mercury round-robin program is dis
cussed. Neutron activation analysis has played an important 
role in recent programs to evaluate and test analysis methods 
and to develop standards for trace elements in coal carried 
out by the National Bureau of Standards and the Environ
mental Protection Agency. 

/ C o m b u s t i o n of coal a n d other fossil fuels is a major source i n the env i -
^ ronment of trace elements that are hazards to h u m a n health . T o x i c 
elements such as H g , A s , Sb, F , Se, a n d T I are vo la t i l i z ed d u r i n g coa l 
combust ion a n d are emitted d i rec t ly into the atmosphere or concentrated 
i n the fly ash ( I , 2, 3). M o s t elements i n coa l occur at only parts per 
m i l l i o n levels, but large tonnages of coa l are consumed each year i n the 
U n i t e d States. I n add i t i on , coal conversion processes, w h i c h c o u l d vast ly 
increase coal use are n o w be ing considered seriously. T h e fate of trace 
elements d u r i n g these processes is largely u n k n o w n . 

There is, therefore, m u c h interest i n de termin ing the concentrat ion 
of various trace elements i n coal . T h e I l l inois State Geo l og i ca l Survey 
recently conc luded a study of the occurrence a n d d i s t r ibut ion of poten
t ia l ly vo lat i le trace elements i n coal sponsored b y the U . S. E n v i r o n m e n t a l 

84 
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8. FROST E T A L . Neutron Activation Analysis 85 

Protect ion A g e n c y ( E P A ) (4). Several techniques were used to analyze 
101 coals, most ly f rom I l l ino is , for 23 trace elements. N e u t r o n act ivat ion 
analysis ( N A A ) was used to determine several of the elements. 

T h e γ-ray spectrum of a coa l sample i r rad ia ted w i t h thermal n e u 
trons is dominated i n i t i a l l y b y the short - l ived isotopes, 3 8 C 1 , 5 6 M n , 2 4 N a , 
a n d 2 8 A 1 , a n d subsequently b y such longer - l ived isotopes as 4 6 S c , 5 9 F e , 
a n d 6 0 C o . B y selection of a suitable i r rad ia t i on per iod , decay interva l , a n d 
count ing p e r i o d after i r rad ia t i on , chlor ine ( 5 ) , s od ium (4, 5 ) , a n d m a n 
ganese (4) can be determined b y instrumenta l N A A w i t h a N a l ( T l ) 
detector a n d a 400-channel , pulse-height analyzer . T h i s is the count ing 
equ ipment avai lable at the I l l inois State Geo log i ca l Survey a n d is the 
m i n i m u m equipment i n most N A A laboratories. 

I f a solid-state G e ( L i ) detector a n d a 1000- to 4000-channel analyzer 
are avai lable , instrumenta l N A A can be extended to m a n y elements. F o r 
example, R a n c i t e l l i (6 ) has ana lyzed coa l a n d fly ash for 25 major, minor , 
a n d trace elements b y us ing instrumenta l N A A w i t h computer data 
reduct ion . B l o c k a n d D a m s (7 ) used s imi lar analysis a n d reported on 
43 elements i n coal . C l e a r l y , this is a good method for r a p i d l y mon i tor ing 
the composit ion of m a n y coal samples. 

R a d i o c h e m i c a l separations are necessary for m a n y elements w h e n 
only a N a l detector is avai lable . E v e n w i t h a G e ( L i ) detector, a rad io 
chemica l separation increases the sensit ivity a n d accuracy a n d permits 
the determinat ion of some elements whose radioact iv it ies are masked b y 
stronger activities i n the mult i -e lement spectrum of a coa l sample. F o r 
example, mercury , se lenium, g a l l i u m , a n d z inc i n most coals are b e l o w 
the l i m i t of detect ion instrumental ly even w i t h the resolut ion of a G e ( L i ) 
crystal ( 7 ) , bu t can be determined after rad io chemica l separations as is 
descr ibed later. 

T h e increase i n accuracy afforded b y a rad io chemica l separation is 
absolutely necessary i n the determinat ion b y N A A of trace elements i n 
the coals selected as standards. T h e fact that interferences f rom the coal 
matr ix are removed b y a rad iochemica l separation is the advantage of this 
method of analysis over such instrumenta l methods as x-ray fluorescence 
a n d emission spectroscopy. 

T h i s art ic le presents a comprehensive v i e w of the present state-
of-the-art of rad io chemica l separations for the f o l l owing trace elements 
i n coa l : H g , R b , C s , Se, G a , A s , Sb, B r , Z n , C d , a n d U . M o s t of the 
w o r k on the determinat ion of trace elements i n coal is very recent. 
T h e accuracy of the analysis methods, near ly a l l n e w l y developed, has 
been open to quest ion because of the lack of standards a n d lack of 
knowledge of the range of concentrations for m a n y trace elements 
i n coal . F e d e r a l government laboratories have taken the lead i n eva lu 
a t ing methods of analysis a n d i n deve lop ing standards. B y a r o u n d -

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
00

8

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



86 T R A C E E L E M E N T S IN F U E L 

r o b i n program, the B u r e a u of M i n e s evaluated analysis methods, 
i n c l u d i n g N A A , for de te rmin ing m e r c u r y i n coal . M o r e recently , via 
another r ound - rob in program, the N a t i o n a l B u r e a u of Standards ( N B S ) 
a n d E P A evaluated methods of analysis a n d accuracy of results for 
several trace elements i n coal . N B S is deve lop ing reference coa l samples 
a n d testing methods of analysis , i n c l u d i n g N A A , to determine trace 
elements i n coal . 

Development and Evaluation of Radiochemical NAA 
by National Laboratories 

Bureau of Mines Round-Robin for Mercury Determination in Coal. 
M e r c u r y was the first trace element i n coal to arouse env ironmenta l con
cern, p r o m p t e d b y data such as those of Joensuu (8). H e reported that as 
m u c h as 33 p p m m e r c u r y occurred i n coa l a n d in f e r red that c o a l c o m 
bust ion m i g h t be a major source of mercury i n the environment. L o w e r 
values were reported b y R u c h et al. (9) i n the same year. Sixty-six coals 
ana lyzed b y them contained 0.02-1.2 p p m mercury , a n d the m e a n mer 
cury concentrat ion of 55 I l l ino is coals i n the set was 0.18 p p m . 

I n an effort to out l ine the problems ar i s ing i n m e r c u r y determinations 
a n d to evaluate the methods used, the B u r e a u of M i n e s i n 1971 organized 
a r o u n d - r o b i n p r o g r a m i n v o l v i n g 11 coa l samples d i s t r ibuted to 20 p a r 
t i c i p a t i n g laboratories (10). N A A w i t h r a d i o c h e m i c a l separation a n d 
four ana ly t i ca l approaches u s i n g atomic absorpt ion for de termin ing mer 
cury i n coal were eventual ly evaluated. A l l five methods gave accurate 
results, but a combustion—double go ld a m a l g a m a t i o n - a t o m i c absorpt ion 
m e t h o d was considered the best one ava i lab le because i t appeared more 
accurate a n d precise than the others a n d was qu i te s imple , fast, a n d 
inexpensive. Results f r om the 14 laboratories repor t ing were used to 
ca lculate probab le or best values of the mercury contents of the 11 coals, 
r a n g i n g f rom 0.05 to 0.41 p p m mercury . O f 100 N A A results reported , 
on ly 3 % were rejected as inaccurate. Schlesinger a n d Schul tz c o m 
m e n t e d that ac t ivat ion analysis was a r e commended procedure for deter
m i n i n g mercury i n coal i f the nuclear reactor a n d other necessary expen
sive faci l i t ies were ava i lab le a n d i f the re lat ive ly l ong in terva l between 
sampl ing a n d results a n d the associated expense were not serious d is 
advantages. Deta i l s of ac t ivat ion analysis procedures used were not 
out l ined . 

NBS Standards and Analysis Methods for Trace Elements in Coal. 
I n N o v e m b e r 1971, N B S issued Standard Reference M a t e r i a l ( S R M ) 
1630, M e r c u r y i n C o a l , w i t h a prov i s iona l ly certi f ied mercury content 
of 0.13 p p m . L a t e r the prov i s i ona l va lue of 2.1 p p m se len ium i n S R M 
1630 was issued. 
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8. FROST E T A L . Neutron Activation Analysis 87 

I n mid-1972, an extensive laboratory intercompar ison p r o g r a m was 
in i t ia ted b y N B S a n d E P A to determine the accuracy of the current 
methods of analysis for trace elements i n fuels, w i t h the intent of i m p r o v 
i n g the re l i ab i l i t y of such determinatons. A b o u t 50 laboratories, us ing a 
var iety of methods, par t i c ipated i n the analysis of a sample of coal , fly 
ash, fue l o i l , a n d gasoline for 18 elements, A s , C d , C r , C u , H g , M n , N i , 
P b , Se, T I , T h , U , V , Z n , F , B e , S, a n d F e . N A A w i t h rad io chemica l sepa
rat ion p r o v e d to be an important technique for de te rmin ing a f ew ele
ments, i n c l u d i n g mercury , arsenic, se lenium, a n d z inc . N B S , i n conjunc
t ion w i t h this p rogram, intends to prov ide a n e w S R M for each of the 
four matrices coal , fly ash, fue l o i l , a n d gasoline, certi f ied for 15 ele
ments ( I I ) . 

F o r a trace element concentration to be certif ied b y N B S , it must be 
determined b y at least two independent methods, the results of w h i c h 
must agree w i t h i n a smal l exper imental error range of ± : 1 % to ± 1 0 % , 
depend ing on the nature of the sample a n d the concentrat ion leve l of the 
element. S u c h accuracy i n de termin ing some trace elements for cert i 
fication of coa l S R M is achieved most easily b y N A A w i t h rad iochemica l 
separation. Scientists at N B S have extensively tested a neutron act ivat ion 
m e t h o d that involves a combust ion separation procedure on coa l as w e l l 
as on several other matrices to be certif ied as s tandard reference materials . 
T h e procedures they have thus deve loped to determine m e r c u r y ( 1 2 ) , 
se lenium ( 1 3 ) , a n d arsenic, z inc , a n d c a d m i u m (14) are out l ined i n a 
f o l l o w i n g section on methods for determining specific elements i n coal . 

General Considerations for Determining Trace Elements in Coal 

Volatility of the Elements and Sample Treatment. A p r i m e con
s iderat ion i n deve lop ing an analysis method is the vo la t i l i ty of the element 
to be determined . C o n t r o l l e d combust ion of the coal sample a n d col lec
t i on of the vo lat i le products is a good w a y to separate very vo lat i le ele
ments such as m e r c u r y a n d bromine . T h e f e w complete ly vo lat i le 
elements are subsequently a n d easily pur i f i ed . 

I f the element to be determined is not vo lat i le , i t is advantageous to 
remove the organic mater ia l first b y dry -ash ing the coa l at about 500°C. 
If the element is vo la t i l i z ed above but not b e l o w 150 ° C , the coa l can be 
ashed at this l o w temperature b y a radio frequency, o x y g e n - p l a s m a asher 
(4). A low-temperature asher is expensive, a n d l o w temperature ash
i n g , i n par t i cu lar , is t ime-consuming , but d ry -ash ing is a safe w a y to 
destroy the organic mater ia l . Moreover , the resul t ing ashes are easily 
brought into so lut ion, either b y m i x e d - a c i d digest ion or a lka l ine 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
00

8

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



88 T R A C E E L E M E N T S I N F U E L 

fusion f o l l owed b y dissolut ion i n ac id . Since fusion is r a p i d , i t is par 
t i cu lar ly attractive i n N A A w h e n short - l ived isotopes are determined. 
A further advantage of start ing the N A A w i t h a coal ash sample is that 
the trace element concentrations i n the ash are as m u c h as 10 or more 
times greater than i n the coal . 

W h e n the who le coal is to be ana lyzed , b o m b combust ion m a y be 
safely used to destroy organic matter. W e t - a c i d digest ion of coal is not 
w i t h o u t safety hazards. G o r s u c h (15) discusses the problems encoun
tered i n decompos ing organic mater ia l b y a c i d digest ion a n d b y other 
methods. T h e o x i d i z i n g m e d i u m must be chosen care ful ly because some 
elements are vo la t i l i z ed f rom some ac id mixtures. A n i t r i c - s u l f u r i c a c id 
mixture is most c ommonly used to wet-ash coal. Greater precautions are 
necessary w h e n perch lor i c a c i d is one of the oxidants used, a n d i t is 
usua l ly added after most of the organic matter has been destroyed b y 
another o x i d i z i n g ac id , e.g., n i t r i c . 

A f t e r the coal or coal ash sample has been brought into solution, 
r a d i o c h e m i c a l separations m a y be m a d e b y any of several techniques, 
such as d is t i l la t ion , prec ip i tat ion , solvent-extraction, i o n exchange, etc. 

Common Features of N A A Procedures. I n a l l of the procedures 
discussed i n this art ic le , i rradiat ions are made i n a h i g h thermal neutron 
flux ( 1 0 1 1 to 1 0 1 3 neutrons c m " 2 sec" 1) s imultaneously w i t h the samples 
a n d s tandard ( s ) sealed i n polyethylene containers for a short i r rad ia t i on 
or i n s i l i ca containers for a l ong i r rad ia t i on . T h e standard is a k n o w n 
amount , or solut ion of k n o w n concentration, of a pure c o m p o u n d of the 
element to be determined . T h e concentration of the element i n the sample 
is determined b y c o m p a r i n g its rad ioac t iv i ty w i t h that of the standard, 
w h i c h is either subjected to the same rad io chemica l separation as the 
sample w i t h an inact ive matr ix or d i lu ted . T h e rad ioac t iv i ty is counted 
d i rec t ly i f the sample is measured i n solution. T h e rad iochemica l y i e l d of 
prec ip i ta ted samples is determined d irect ly b y w e i g h i n g a n d that of so lu
tions of samples b y a l iquot re - i r rad iat ion . 

Methods for Determining Specific Elements 

Mercury. T h i s is the trace element i n coal most s tudied b y rad io 
c h e m i c a l N A A . T h e mercury va lue for S R M 1630 establ ished b y N B S 
resulted f rom a specific neutron act ivat ion w i t h combust ion procedure 
that Rook et al. (12) deve loped for b i o l og i ca l samples. 

T h e i r rad ia ted coal sample is p laced i n a ceramic combust ion boat 
w i t h a d d e d mercur i c oxide carrier and b u r n e d i n a s low stream of oxygen 
i n a s imple apparatus consisting of a straight quartz combust ion tube 
connected to a straight condenser surrounded b y a trap of l i q u i d n i t ro 
gen. T h e ash a n d the tube are then heated to about 800 ° C to dr ive a l l 
vo lat i l e mater ia l into the c o l d trap. T h e products are dissolved i n n i t r i c 
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8. FROST E T A L . Neutron Activation Analysis 89 

ac id . T h e act iv i ty of a v i a l conta in ing a 2ÎV H N 0 3 so lut ion of the co l 
lected mater ia l is counted w i t h a G e ( L i ) detector, measurements be ing 
made at the 0.077 M e V go ld x-ray act iv i ty ar is ing f rom the decay of 65-hr 
1 9 7 H g . 

T h e only interference is f rom 8 2 B r w h i c h is, of course, more serious 
i f count ing is done w i t h a N a l detector. B r o m i d e is r emoved b y a d d i n g 
b r o m i d e carrier to the n i t r i c a c i d solut ion of the products at 40 ° C a n d 
prec ip i ta t ing w i t h si lver nitrate. M e r c u r i c b r o m i d e is soluble i n w a r m 
d i lu te n i t r i c a c i d a n d is quant i tat ive ly reta ined i n solution. 

T r a c e r studies showed that mercury was recovered quant i ta t ive ly 
f rom b io log i ca l samples. G o o d prec is ion a n d accuracy were demonstrated 
for the method b y analysis of flour standards a n d several N B S b io l og i ca l 
standards. 

R u c h et al. (9) used a combust ion procedure to separate the mer 
cury i n their 1971 survey of 66 coals for mercury . 

T h e i r rad ia ted sample, d i l u t e d w i t h A l u n d u m i n a porce la in boat 
conta in ing mercur i c nitrate carrier , is combusted very s lowly i n a slow oxy
gen stream i n a 9 6 % si l ica combust ion tube. T h e volat i le products are co l 
lected i n two consecutive traps, bo th conta in ing a solution of acetic a c i d -
sod ium acetate buffer, bromine , a n d mercur i c n i trate ho ld -back carrier . 
T h e col lect ion solutions i n 2N H C 1 are l oaded onto D o w e x 2, a n d rad io 
active interferences are e luted w i t h al iquots of water a n d 2N H C 1 . T h e 
resin, i n a smal l v i a l , is counted for the 0.077 M e V photopeak f rom 1 9 7 H g . 

T h e overa l l mercury recovery i n the process is 67 ± 1 5 % . T h e pre 
c is ion of the method is about 2 0 % , a n d the detect ion l i m i t is about 0.01 
p p m mercury for a 1-g sample of coal . R e l i a b i l i t y of the method was 
determined b y the accurate analysis of two coal samples used i n the 
B u r e a u of M i n e s study of the problems invo lved i n de termin ing mercury 
i n coal (9 ) a n d then b y the agreement w i t h i n exper imental error of the 
results f rom the 11 B u r e a u of M i n e s round - rob in coal samples a n d their 
probab le m e r c u r y contents (4). 

M o r e recently mercury has been determined at the I l l inois G e o 
log i ca l Survey (16) b y a modi f i cat ion of the method of Rook et al. (12). 

T h e coal sample is b u r n e d as descr ibed above, a n d the volat i le p r o d 
ucts are co l lected i n the straight tube condenser cooled b y so l id carbon 
dioxide . T h e co l lected mater ia l is d issolved i n n i t r i c ac id , a n d 8 2 B r is 
r e m o v e d b y s i lver b r o m i d e prec ip i tat ion . T h e resul t ing sample solut ion 
is counted for the 0.077 M e V act iv i ty of 1 9 7 H g . 

R a d i o c h e m i c a l y ie lds are 8 0 - 9 0 % . T h e average relat ive s tandard de
v ia t i on for the method is ± 1 5 % . T h e value of 0.14 p p m m e r c u r y was ob
ta ined on S R M 1630. T h e mercury contents of more than 100 coa l samples 
f r o m the U n i t e d States have been determined at the I l l inois State G e o 
l og i ca l Survey. Va lues range f rom 0.01 to 1.73 p p m (9, 16). 

P i l l a y et al. (17) de termined mercury b y rad iochemica l N A A i n a 
var ie ty of env i ronmenta l samples, i n c l u d i n g coal . 
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T h e i r rad ia ted sample a n d the po lyethylene container i n w h i c h i t was 
i r rad ia ted , a long w i t h m e r c u r y carrier , are wet-ashed w i t h a mixture of 
n i t r i c , su l fur ic , a n d perch lor i c acids under good reflux conditions. T h e 
m e r c u r y is iso lated f r o m the digest b y prec ip i ta t i on as mercur i c sulfide 
a n d is pur i f i ed b y electrodeposit ion as e lemental m e r c u r y on go ld f o i l , 
w h i c h is then counted for 1 9 7 H g a n d 24-hr 1 9 7 r a H g x- a n d γ-ray act iv i ty 
w i t h a t h i n N a l detector. 

C h e m i c a l yie lds were general ly 7 5 - 9 0 % . T h e accuracy of the p r o 
cedure was determined b y tracer studies. E r r o r s are less than 1 5 % at 
the 0.01 p p m leve l a n d less than 5 % at the 2 p p m leve l of m e r c u r y i n 
b i o l o g i c a l tissues. Prec i s i on ranges f r om less than 1 7 % relat ive s tandard 
dev iat ion at the 0.01 p p m leve l to less than 5 % at the 5 p p m leve l . 
E l e v e n coa l samples f r om O h i o a n d Pennsy lvan ia ana lyzed b y this m e t h o d 
h a d mercury concentrations of 0.32-1.20 p p m , w i t h a n average va lue of 
about 0.5 p p m (18 ) . 

O ' G o r m a n et al. (19) used r a d i o c h e m i c a l N A A as a referee m e t h o d 
i n eva luat ing the determinat ion of mercury b y atomic absorpt ion tech
niques. A c o m m e r c i a l testing laboratory d i d the neutron act ivat ion 
analyses. 

I r rad ia ted coal samples were digested w i t h m e r c u r y carrier i n an 
a c i d so lut ion, a n d the m e r c u r y was d i s t i l l ed as m e r c u r i c chlor ide . T h e 
m e r c u r y was e lectroplated f r om the dist i l late , a n d the ac t iv i ty was 
counted b y m u l t i c h a n n e l γ-ray spectrometry. 

O n l y one N A A determinat ion was m a d e on each of the 10 coals 
s tudied b y O ' G o r m a n et al. N o estimate of the method's prec is ion or 
sensit ivity is g iven. C o m b u s t i o n - d o u b l e g o l d a m a l g a m a t i o n - a t o m i c ab 
sorpt ion results agreed w e l l w i t h the neutron act ivat ion results, a n d the 
former method was therefore considered to be more re l iab le than a 
c o m b u s t i o n - s o l u t i o n - a t o m i c absorpt ion m e t h o d that gave lower results. 

W e a v e r a n d v o n L e h m d e n ( 2 0 ) , under sponsorship of the E P A , 
eva luated two ins trumenta l N A A methods a n d one w i t h r a d i o c h e m i c a l 
separation for d e t e r m i n i n g mercury i n coal . 

I n the r a d i o c h e m i c a l procedure the i r rad ia ted coa l sample a n d mer 
cur i c oxide carr ier are digested w i t h su l fur i c a c id , f o l l o w e d b y n i t r i c ac id . 
W a t e r a n d potass ium bisul fate are a d d e d to dr ive off any n i t r i c a c i d 
r emain ing . T h e m e r c u r y is separated b y a s tandard d i th izone extraction, 
a n d the extract is counted for the 0.077 M e V photopeak of 1 9 7 H g w i t h 
the N a l detector. 

T h e three methods were evaluated b y ana lyz ing the 11 coal samples 
f rom the B u r e a u of M i n e s r o u n d - r o b i n program. T h e r a d i o c h e m i c a l 
method p r o v e d to be re l iab le , but W e a v e r a n d v o n L e h m d e n noted that 
i t is t ime-consuming , requires a large amount of laboratory equ ipment 
a n d fume h o o d space, a n d m a y have recovery errors. Instrumenta l N A A 
u s i n g a large -vo lume (36 cc ) G e ( L i ) detector d i d not give accurate results 
because of matr ix interferences on the 1 9 7 H g peak at 0.077 M e V . T h e 
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other ins t rumenta l method i n w h i c h count ing was done on the n e w l y 
deve loped 10 m m G e ( L i ) l o w energy photon detector w h i c h has good 
resolut ion i n the l o w energy reg ion of the γ-ray spectrum a n d a 400-
channe l analyzer , gave good, fast results. 

O a k R i d g e is also us ing N A A extensively i n its study of trace ele
ments i n coa l a n d their d isposi t ion i n power p lant combust ion ( 2 ) . N A A 
w i t h r a d i o c h e m i c a l separation is one m e t h o d used for de te rmin ing mer 
cury i n coa l a n d coa l ash. I r rad ia ted coa l samples are wet-ashed w i t h a 
mixture of H C 1 0 4 , H N 0 3 , H 2 S 0 4 , C r 0 4

2 ~ , a n d monochloroacet ic a c i d , 
a n d coa l ash w i t h a mixture of H C 1 , H 2 0 2 , H F , H N 0 3 , a n d H C 1 0 4 . M e r 
cury is separated as the sulfide, a n d its g a m m a act iv i ty is measured. 
M e t h o d r e l i a b i l i t y was determined b y analysis of the 11 B u r e a u of M i n e s 
r o u n d - r o b i n coal samples. T h e concentrations of some other elements i n 
coa l a n d coal ash determined b y other methods are be ing checked at O a k 
R i d g e b y rad io chemica l neutron act ivat ion as w e l l (2). T h e samples are 
wet -ashed as descr ibed above, a n d each element is separated specif ically. 

Rubidium and Cesium. T h e earliest s tudy of trace elements i n coa l 
b y r a d i o c h e m i c a l neutron act ivat ion was b y Smales a n d Sa lmon, w h o 
reported on r u b i d i u m a n d ces ium i n 12 coals f rom C o u n t y D u r h a m , 
E n g l a n d i n 1955 (21 ) . 

T o determine r u b i d i u m , the i r rad ia ted coa l sample a n d a d d e d 
r u b i d i u m carr ier are digested a n d the organic matter destroyed b y 
heat ing w i t h n i t r i c a n d sul fur ic acids, f o l l owed b y n i t r i c a n d perch lor i c 
acids. T h e r u b i d i u m is separated f rom the gross ac t iv i ty of the sample 
b y prec ip i ta t i on w i t h ferr ic hydrox ide . T h e r u b i d i u m is then prec ip i tated 
as the cobal t in i tr i te a n d finally as the chloroplat inate . T h e ac t iv i ty of the 
chloroplat inate caused b y the 1.8 M e V β~ part i c le of 18.7-day 8 6 R b is 
counted w i t h a G e i g e r counter. 

I n the determinat ion of ces ium, the coal sample a n d ces ium carr ier 
are digested, a n d the perchlorate separation a n d ferr i c hydrox ide scav
eng ing prec ip i ta t i on are made as i n the procedure for r u b i d i u m . C e s i u m 
is then separated f r om the r e m a i n i n g so lut ion b y prec ip i ta t i on of ces ium 
b i s m u t h iodide . T h e final separation is made b y prec ip i ta t i on of ces ium 
chloroplat inate , w h i c h is counted w i t h a Ge iger counter for the 0.66 M e V 
β" decay of 1 3 4 C s (th = 2.1 y r ) , or counted for the 0.13 M e V γ-ray associ
ated w i t h the isomeric transi t ion of 1 3 4 m C s ( t% = 2.9 hr ). 

T h e chemica l y i e l d of each element was usua l ly about 7 0 % . T h e 
r u b i d i u m content of the 12 C o u n t y D u r h a m coals was 6 -30 p p m , a n d 
the ces ium content i n 10 of the coals was 0.8-3.7 p p m . R e p r o d u c i b i l i t y 
of results was very good for ces ium; the re lat ive s tandard dev iat ion of 
the m e a n result was usua l ly less than 5 % . R u b i d i u m results were s l ight ly 
less reproduc ib le , the largest re lat ive s tandard dev iat ion b e i n g 2 2 % . 

Selenium. I n 1969, P i l l a y et al. (22) de termined the se lenium con
tent of 86 coals f r o m various coa l -produc ing areas of the U n i t e d States 
b y N A A c o m b i n e d w i t h extractive se lenium dis t i l la t ion . 
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T h e i r rad ia ted coal sample w i t h se len ium carrier a d d e d is wet -ashed 
w i t h a n i t r i c - p e r c h l o r i c a c i d mixture under good reflux. D e t a i l e d tracer 
experiments were r u n to show that trace levels of se lenium are not lost 
f r o m the sample d u r i n g ashing a n d equ i l i b ra t i on of the carrier w i t h the 
sample. T h e se lenium ( V I ) is r educed to se lenium ( I V ) a n d d i s t i l l ed into 
2 M H C 1 , w i t h two addit ions of hydroch lo r i c a n d h y d r o b r o m i c acids. 
E l e m e n t a l se lenium is prec ip i tated , d isso lved i n n i t r i c a c i d a n d hydrogen 
peroxide , a n d reprec ip i tated . T h e 7 5 S e act iv i ty of the prec ip i tate was 
counted w i t h a N a l crystal . 

T h e se lenium recovery is usual ly about 8 0 % . T h e authors (22) h a d 
good prec is ion i n their results. Se len ium concentrations i n the 86 coals 
ranged f r om 0.5 to 11 p p m but usual ly were f rom 1 to 5 p p m ; the m e d i a n 
was 2.8 p p m . 

A s imi lar procedure has been used at the I l l ino is State G e o l o g i c a l 
Survey to determine se lenium, but low-temperature coa l ash was ana lyzed 
because it was determined that the amount of se lenium that might be 
lost f r o m coal on ashing at 150°C (sometimes u p to 4 - 5 % ) was w i t h i n 
the accuracy a n d prec is ion of the exper imental method ( 4 ) . 

T h e i r rad ia ted coal ash samples are digested under reflux w i t h a 
mixture of hydroch lor i c , n i t r i c , a n d perch lor i c acids. T h e se lenium is 
then separated b y the h y d r o b r o m i c a c i d d is t i l la t ion a n d co l lected i n 
water at 0 ° C . E l e m e n t a l se lenium is prec ip i ta ted f rom the d ist i l late w i t h 
sulfurous ac id , a n d the ac t iv i ty of the prec ipi tate is counted. T h e photo-
peak ar is ing f rom the 0.121 a n d 0.136 M e V γ-rays of 7 5 Se is measured. 

R a d i o c h e m i c a l y ie lds are quant i tat ive . T h e re lat ive s tandard dev ia 
t ion of a measurement is usua l ly better than ± 1 0 % . Analys i s of S R M 
1630 gave 2.0 ± 0.13 p p m se lenium, a n d results for the N B S - E P A r o u n d -
r o b i n coa l a n d fly ash samples agreed w i t h i n exper imental error w i t h the 
probab le certif ied values of se lenium i n those samples. T h e se len ium 
concentrations of 101 coals ana lyzed b y the above method range f r o m 
0.45 to 7.7 p p m a n d have a m e d i a n va lue of 1.9 p p m (16). 

A t N B S , the neutron act ivat ion w i t h combust ion separation method 
used for de te rmin ing m e r c u r y i n coa l (12) was further invest igated for 
de termin ing se lenium b y R o o k (13). T h e same procedure is used except 
that the sample is heated finally to 1000 °C . M e r c u r i c oxide is also used 
as carr ier for the se lenium because se lenium oxides are diff icult to dis 
solve i n m i n e r a l acids. T h e mercur i c selenide f o rmed carries the se lenium 
effectively, and , as i t is soluble i n n i t r i c a c id , the dissolut ion procedure 
deve loped for the mercury separation can be used so that mercury a n d 
se lenium can be de termined i n the same sample. 

R o o k counted the act iv i ty of his p roduc t solutions w i t h a G e ( L i ) 
detector a n d 2048-channel analyzer , measur ing the 0.265 M e V γ-ray peak 
of 120-day 7 5 S e , as 1 9 7 m H g interferes w i t h the more commonly used 0.136 
M e V peak. 

T r a c e r studies showed that se lenium is recovered quant i ta t ive ly i n 
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the separation. T h e method is fast, a n d its prec is ion a n d accuracy are 
good. T h e accuracy of a mean result is reported to be better than ± 1 0 % 
relat ive at the 9 5 % confidence level . T h e prov i s i ona l va lue of 2.11 ± 0.09 
p p m se lenium i n S R M 1630 was establ ished b y this method . 

Gallium. Since invest igat ion showed that g a l l i u m is not lost w h e n 
coa l is ashed i n a low-temperature p lasma asher not exceeding 150 ° C , 
Santo l iqu ido a n d R u c h (4, 23) de termined g a l l i u m i n the l ow- tempera 
ture ash of coal . 

T h e i r rad ia ted ash sample a n d added g a l l i u m a n d z i n c carriers are 
fused w i t h sod ium hydrox ide . T h e melt is taken u p i n water, the mixture 
is filtered, a n d z i n c hydrox ide , w h i c h carries the g a l l i u m , is then pre 
c ip i tated . T h e prec ip i tate is d issolved i n 8 M H C 1 solution, a n d the 
g a l l i u m is extracted w i t h i sopropy l ether a n d back-extracted w i t h water. 
T h e act iv i ty of the aqueous so lut ion is counted b y measurement of the 
0.832 M e V γ-ray photopeak of 14-hr 7 2 G a . 

R a d i o c h e m i c a l yields are w i t h i n 4 6 - 7 4 % . T h e average relat ive 
s tandard dev iat ion of the method is ± 8 % . T h e accuracy of the method 
was checked b y analysis of a U . S. G e o l o g i c a l Survey rock standard. 
G a l l i u m concentrations i n 101 coals, ca lculated f rom the concentrat ion i n 
the coal ash a n d the percentage of l ow-temperature ash i n the coal , range 
f r om 1.1 to 7.5 p p m , the m e d i a n value b e i n g between 2.9 a n d 3.0 p p m 
(16). 

Arsenic. A t the I l l inois Geo log i ca l Survey , arsenic has also been 
determined i n low-temperature coa l ash, a n d the concentrat ion is c a l 
cu lated to a who le coa l basis because i t was f ound that neg l ig ib le amounts 
of arsenic are lost i n the low-temperature ashing of coal (4). 

T h e i r rad ia ted ash sample, w i t h arsenic carrier added , is digested 
under reflux w i t h hydroch lor i c , n i t r i c , a n d perch lor i c acids. Arsen i c ( I I I ) 
is then d i s t i l l ed f r om the mixture w i t h h y d r o b r o m i c a c i d a n d col lected 
i n water . E l e m e n t a l arsenic is prec ip i ta ted w i t h s od ium hypophosphi te , 
a n d the act iv i ty of the prec ip i tate is counted. T h e 0.559 M e V γ-ray 
photopeak of 26.5-hr 7 6 A s is measured. R a d i o c h e m i c a l y ie lds are 
quant i tat ive . 

T h e m a x i m u m relat ive s tandard dev iat ion of a measurement f o u n d 
was ± 1 2 % . Results b y this method for the N B S - E P A r o u n d - r o b i n coa l 
a n d fly ash samples agreed w i t h i n exper imental error w i t h the probab le 
certi f ied values for the two samples. T h e arsenic concentrations i n 101 
coals ana lyzed ranged f rom 0.52 to 93 p p m (16). 

T h e d is t i l la t ion separation procedure was the p r i n c i p a l m e t h o d used 
for the arsenic determinations, but more recently Santo l iqu ido (24) has 
deve loped a method for the carrier-free separation of arsenic f r o m l o w -
temperature coa l ash i n v o l v i n g retent ion on an inorganic exchanger 
c o l u m n . 

T h e i r rad ia ted coal ash sample is fused w i t h s od ium hydrox ide . A 
7 M H N 0 3 so lut ion of the mel t is passed through a s m a l l chromatographic 
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c o l u m n filled w i t h a c i d a l u m i n u m oxide or h y d r a t e d manganese dioxide . 
T h e c o l u m n is r insed w i t h 7 M H N 0 3 . T h e 7 6 A s act iv i ty on the c o l u m n 
is then counted. 

Analyses of six coals gave results i n agreement w i t h those obta ined 
earl ier b y the d i s t i l la t i on method . T h e prec is ion of bo th inorganic ex
changer methods is good, w i t h average relat ive s tandard deviations of 
less than ± 8 % . Results b y the method us ing h y d r a t e d manganese d iox ide 
are s l ight ly h igher than those b y the d i s t i l la t i on a n d a c i d a l u m i n u m oxide 
exchanger methods, w h i c h m a y reflect the fact that more metals are 
re ta ined b y the h y d r a t e d manganese d iox ide exchanger. 

A t N B S , the neutron act ivat ion method w i t h combust ion separation 
step a p p l i e d to the determinat ion of m e r c u r y a n d se lenium i n coa l has 
been modi f i ed a n d extended to analysis for arsenic, z inc , a n d c a d m i u m 
b y O r v i n i et al. (14). 

A f t e r combust ion of the sample a n d carriers i n an oxygen stream, 
r e d u c i n g condit ions are ach ieved b y a flow of carbon monoxide over the 
sample ash. Arsen i c , z inc , c a d m i u m , a n d any r e m a i n i n g se lenium a n d 
m e r c u r y are reduced to e lemental f orm. W h e n the sample is heated to 
1150°C i n a s low carbon monoxide stream i n a quartz tube i n a furnace, 
recovery of a l l five elements i n the l i q u i d n i trogen trap is complete i n 30 
m i n . T h e recovery trap is w a s h e d w i t h n i t r i c a c i d to dissolve a l l the 
metals , a n d the rad ioac t iv i ty of a n i t r i c a c i d so lut ion of the products is 
counted w i t h a G e ( L i ) detector. 

T h e m e t h o d was tested b y tracer experiments o n several matrices , 
i n c l u d i n g coa l a n d crude o i l . Recoveries were quant i tat ive or near ly so 
( 9 7 . 8 % ) . T h e method gave good results for z inc , c a d m i u m , mercury , 
se lenium, a n d arsenic i n N B S o r c h a r d leaves a n d bov ine l iver a n d is 
current ly be ing used to determine these elements i n n e w S R M s . 

A n t i m o n y . I n the determinat ion of ant imony i n coal , the i r rad ia ted 
coal sample m i x e d w i t h benzo ic a c i d a n d ant imony tr iox ide carr ier is 
b u r n e d i n a P a r r b o m b (4). 

T h e b o m b contents are digested w i t h concentrated hydroch lo r i c a c id , 
a n d mater ia l s t i l l undisso lved is then digested w i t h potassium hydrox ide 
a n d h y d r o g e n peroxide. A crude separation is made b y a sulfide p r e c i p i 
tat ion f r o m the c o m b i n e d digest ion solutions. T h e sulfides are dissolved 
i n a q u a reg ia , the so lut ion is evaporated, a n d ant imony i n the residue is 
r e d u c e d to ant imony ( I I I ) w i t h hydroxy lamine hydroch lor ide . T h e sam
ple , i n a m m o n i u m thiocyanate—hydrochloric a c i d m e d i u m , is l oaded onto 
a D o w e x 2 c o l u m n ( S C N " f o rm ). Arsen i c a n d other impur i t ies are e luted 
w i t h al iquots of more d i lute a m m o n i u m t h i o c y a n a t e - h y d r o c h l o r i c a c i d 
solutions. A n t i m o n y is e luated w i t h sul fur ic a c i d a n d fixed i n solut ion 
b y a d d i t i o n of h y d r o c h l o r i c ac id . T h e ac t iv i ty of the solut ion caused b y 
the 0.56 M e V γ-ray of 2.8-day 1 2 2 S b is counted. 

D i s so lu t i on of the oxides a n d / o r other compounds of ant imony 
present after combust ion of the coa l sample p r o v e d difficult. R a d i o c h e m i 
c a l y ie lds are rather l ow , r a n g i n g f r om 30 to 5 5 % . T h e average re lat ive 
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s tandard dev iat ion of an analysis is ±20%. T h e ant imony content of 
101 coals ana lyzed was 0.1-8.9 p p m (16 ) . 

Bromine. A N A A method for bromine i n coa l was deve loped (4) 
i n order to have an interference-free method . 

T h e i r rad ia ted coa l sample, m i x e d w i t h A l u n d u m i n a porce la in boat 
conta in ing b r o m i d e carr ier , is b u r n e d i n the same manner as i n the 
m e t h o d for m e r c u r y ( 4 ) , a n d the combust ion products are t r a p p e d i n 
t w o sod ium or potass ium hydrox ide solutions. T h e a l k a l i so lut ion, i n a 
large count ing v i a l , is counted d i rec t ly for the 0.56 M e V γ-ray photopeak 
of 36-hr 8 2 B r . 

C h e m i c a l y ie lds are 4 9 - 7 7 % . T h e average relat ive s tandard dev ia 
t ion is ± 1 0 % . B r o m i n e concentrations i n 23 coals ana lyzed r a n g e d f r o m 
4 to 29 p p m (4, 16). 

Zinc and Cadmium. A rad io chemica l m e t h o d was deve loped (4) 
for separat ing of z i n c a n d c a d m i u m f rom low-temperature coa l ash. 

T h e i r r a d i a t e d coa l ash sample w i t h z i n c a n d c a d m i u m carriers is 
fused w i t h s o d i u m hydrox ide . T h e melt i n 2 N H C 1 so lut ion is l oaded 
onto a D o w e x 1 an ion exchange c o l u m n ( C I " f o r m ) . T h e c o l u m n is r insed 
w i t h 2N H C 1 , a n d c a d m i u m a n d z inc are s imultaneously e luted w i t h 
d i s t i l l ed water . T h e ac t iv i ty of the eluate caused b y the 0.438 M e V 
γ-ray of 13.8-hr 6 9 m Z n is counted immedia te ly , a n d after a one-week 
decay p e r i o d c a d m i u m is measured b y the 0.530 M e V γ-ray act iv i ty of 
54-hr 1 1 5 C d . 

R a d i o c h e m i c a l yields are 8 0 - 9 5 % for z i n c a n d quant i tat ive for 
c a d m i u m . T h e average re lat ive s tandard deviat ion was ± 2 5 % for z inc 
a n d better than ± 1 0 % for c a d m i u m . T h e detect ion l i m i t of the m e t h o d 
is 50 p p m c a d m i u m i n the ash. Ana lys i s of two I l l ino is coals w i t h u n 
usua l ly h i g h c a d m i u m content (17 a n d 21 p p m ) gave results i n good 
agreement w i t h those obta ined b y atomic absorpt ion a n d b y anodic 
s t r ipp ing vo l tammetry ( 4 ) . T h e recent deve lopment a n d testing of a 
r a d i o c h e m i c a l m e t h o d for the determinat ion of z inc , c a d m i u m , a n d 
arsenic i n coa l a n d fly ash, b y O r v i n i et al. (14), has a lready been dis 
cussed i n the section on arsenic. 

Uranium. Perricos a n d Belkas (25) have determined u r a n i u m i n 
six coals b y neutron act ivat ion f o l l o w e d b y separation of the u r a n i u m 
daughter neptunium-239 b y carrier- free extract ion chromatography. T h e 
coals, f r o m mines i n northern Greece , h a d very h i g h u r a n i u m concentra
tions ( 0 . 0 1 2 - 0 . 0 3 7 % ) . H o w e v e r , u r a n i u m at the f e w parts per m i l l i o n 
leve l f o u n d i n most coals c o u l d no doubt be de termined b y a modi f i cat ion 
of this method . 

T h e coa l samples are ashed at 600°C, a n d the ash is dissolved b y 
digest ion w i t h n i t r i c a n d hydrof luor ic acids. Traces of hydro f luor i c a c id 
are evaporated, a n d d i lute n i t r i c a c id solutions of the ash samples are 
i r rad ia ted . T h e i r rad ia ted ash solut ion, w i t h n i t r i c a c i d added , is heated 
to dryness, a n d the res idue is taken u p i n hydroch lo r i c ac id . T h e solut ion 
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is treated w i t h hydroxy lamine hydroch lor ide to reduce the n e p t u n i u m 
quant i tat ive ly to the extractable n e p t u n i u m ( I V ). T h e sample i n h y 
droxy lamine hydrochlor ide—hydrochlor ic a c i d so lut ion is passed through 
a c o l u m n of thenoyltri f luoroacetone i n xylene as stationary phase o n boro-
sil icate glass powder as support , a n d the c o l u m n is r insed w i t h h y d r o c h l o r i c 
a c i d - h y d r o x y l a m i n e hydroch lor ide solution. T h e n e p t u n i u m is e luted 
w i t h 6 M H C 1 , f o l l owed b y e t h y l a lcohol a n d 6 M H C 1 , a n d the act iv i ty 
of the solution is counted b y measur ing the 0.106 M e V photopeak of 2 3 9 N p . 

T h e average chemica l y i e l d of this separation h a d already been 
shown to be 9 9 . 5 % , so no y i e l d correct ion is necessary. T h e method is 
fast a n d has an error of about ± 5 % . T h e accuracy of the m e t h o d was 
checked b y analysis of two rock standards. 

Summary 

N e u t r o n act ivat ion w i t h rad iochemica l separation affords a re l iab le 
method for ana lyz ing 11 trace elements i n coal . B u r n i n g the coal a n d 
t r a p p i n g the products is a s imple w a y to separate certain elements f r o m 
the organic matr ix . T h e concentrat ion of some elements i n coa l m a y be 
determined b y analysis of the low-temperature ash of the coal . A var ie ty 
of rad i o chemica l separation methods can be used. T h e r e is also the possi 
b i l i t y of deve lop ing methods of analysis for several other elements i n 
coal . F o r example, i on exchange separations m a d e w i t h the n e w l y deve l 
oped inorganic exchangers present a largely unexp lored field. 
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Trace Elements by Instrumental Neutron 
Activation Analysis for Pollution Monitoring 

DEAN W. SHEIBLEY 

Lewis Research Center, National Aeronautics and Space Administration, 
Cleveland, Ohio 44135 

Methods and technology were developed to analyze 1000 
samples/yr of coal and other pollution-related samples. 
The complete trace element analysis of 20-24 samples/wk 
averaged 3-3.5 man-hours/sample. The computerized data 
reduction scheme could identify and report data on as many 
as 56 elements. In addition to coal, samples of fly ash, 
bottom ash, crude oil, fuel oil, residual oil, gasoline, jet 
fuel, kerosene, filtered air particulates, ore, stack scrubber 
water, clam tissue, crab shells, river sediment and water, 
and corn were analyzed. Precision of the method was 
±25% based on all elements reported in coal and other 
sample matrices. Overall accuracy was estimated at 50%. 

' T ' h e combust ion of fuels, par t i cu lar ly coal , is a major source of trace 
A e lement particulates emit ted into the atmosphere. I n 1970 alone, over 

0.5 b i l l i o n tons of coal , over 100 b i l l i o n gallons of motor fue l , a n d near ly 
60 b i l l i o n gallons of fue l o i l were b u r n e d i n the U n i t e d States ( 1 ). T r a c e 
levels of elements that are present i n these fuels represent a potent ia l ly 
large contr ibut ion to the env i ronmenta l burden , even i f on ly a por t i on 
is injected into air . 

M e t h o d s a n d technology were deve loped a n d used at the N A S A 
P l u m B r o o k Reactor ( P B R ) to analyze trace elements i n po l lut ion-re lated 
samples b y instrumenta l neutron act ivat ion analysis ( I N A A ). T h i s w o r k 
is signif icant because i t demonstrates that I N A A is a useful analyt i c too l 
for mon i t o r ing trace elements i n a var ie ty of sample matrices re lated to 
env i ronmenta l protect ion. I n add i t i on to coal , other samples ana lyzed 
for trace elements i n c l u d e d fly ash, bo t tom ash, crude o i l , fue l o i l , r es idua l 
o i l , gasoline, jet fue l , kerosene, filtered air part iculates , various ores, stack 

98 
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scrubber water , c l a m tissue, crab shells, r iver sediment a n d water , cement, 
l imestone, a n d corn. 

F o u r goals were established for the I N A A p r o g r a m at P B R . These 
goals were to : 

1. D e v e l o p the technology a n d methods to analyze a large number 
of samples per year encompassing a var iety of sample matrices. 

2. D e t e r m i n e a n d report on as m a n y elements as possible 
3. E s t a b l i s h a n d m a i n t a i n a h i g h degree of accuracy a n d prec is ion 
4. P e r f o r m the w o r k w i t h m i n i m u m manpower a n d equipment , 

bas ica l ly as a part - t ime effort. 
T o achieve these goals, the analysis scheme w h i c h i n v o l v e d sample 
preparat ion , i r rad iat ion , sample count ing , a n d data reduct ion was opt i 
m i z e d to achieve m a x i m u m sample output w i t h m i n i m u m m a n p o w e r 
expended. 

Procedure and System Description 

Capability Development. T h e w o r k of D a m s et al. (2 ) a n d Zol ler 
a n d G o r d o n (3 ) was the basis for b u i l d i n g the I N A A capabi l i ty . T h e 
I N A A procedure they used invo lved the f o l l o w i n g steps. 

T h e sample al iquots were encapsulated i n polyethylene vials for the 
i r r a d i a t i o n per iod . T w o aliquots of the sample plus two standards were 
i r rad ia ted i n a pneumat i c transfer i r rad ia t i on system, one set (sample 
plus standards ) for a long t ime per i od ( 12-24 hrs ) a n d the other for a 
short t i m e per i od (5 m i n ) . A f t e r i r rad ia t i on the samples were i m m e d i 
ately removed f r om the vials . T h e short-t ime sample was counted after 
decay intervals of 3 m i n , 30 m i n , a n d 24 hrs. T h e long-t ime sample was 
counted after a decay in terva l of 3 w k s ; sometimes the decay intervals 
were 7 -10 days. T h e t y p i c a l neutron flux was 1 0 1 3 n e u t r o n s / c m 2 / s e c . 
C o u n t i n g data were processed through computer i zed data reduct ion 
codes. T w e n t y to th i r ty elements were reported. 

Several major differences existed between this scheme a n d one 
compat ib le w i t h the P B R faci l i t ies . T h e P B R d i d not have an operat ing 
pneumat i c transfer i r rad ia t i on fac i l i ty , nor was there a sophist icated 
γ-ray spectrum analysis a n d data reduc t i on computer p r o g r a m avai lable . 
I r rad ia t i on faci l i t ies at P B R were h y d r a u l i c . A l u m i n u m capsules ( rabb i t s ) 
were used to conta in a n d transfer samples to a n d f r o m the core. 

T h e use of a l u m i n u m rabbits meant that data on the short - l ived 
elements obta ined f r om the 5-min decay count w o u l d be lost. Signif icant 
personnel rad ia t i on exposures were obta ined f r om h a n d l i n g the a l u m i n u m 
rabb i t (•—50 g ) d i rec t ly f r o m the reactor core because of the 1780 k e V 
g a m m a of 2 .2-min 2 8 A l a n d a remote method used to open the rabb i t took 
too m u c h t ime ( i n excess of 20 m i n ). 

H i g h density po lyethylene proved to be an acceptable ra b b i t mate
r i a l . W i t h a 2.5-mm th i ck w a l l , i t adequate ly wi ths tood the 1.1 Χ 10 6 
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100 T R A C E E L E M E N T S I N F U E L 

n e w t o n / m 2 ( 160 l b / i n . 2 ) h y d r a u l i c pressure of the P B R i r rad ia t i on trans
fer system. T h e mater ia l d i d not s ignif icantly degrade i n the P B R core 
for periods u p to 1 hr . T h e i m p u r i t y l eve l of the po lyethylene was low. 
As a result, rad ia t i on levels result ing f rom act ivat ion of the impur i t ies 
was sl ight, a n d these rabibts c o u l d be opened manua l ly w h e n re turned 
f rom the reactor core. 

W e n o w h a d acceptable rabbits for the short-term (po lyethy lene ) 
a n d long- term ( a l u m i n u m ) irradiat ions . Since the interna l vo lume of 
this rabb i t design was cooled b y p r i m a r y coo l ing water flowing through 
the rabbi t , samples were protected b y encapsulat ion i n po lyethylene a n d 
quar tz vials for the short- a n d long-term irradiat ions , respectively. 

D e c a y t ime was c r i t i ca l to the determinat ion of elements f rom the 
5- a n d 30 -min decay counts, so w e dec ided to use the rabb i t i r rad ia t i on 
faci l i t ies w i t h the highest t h e r m a l neutron flux ( 1 0 1 4 n / c m 2 / s e c ) to b u i l d 
u p the specific act iv i ty of short - l ived isotopes. T h e h igher flux also p r o 
v i d e d a greater sensitivity. 

Evaluation of P B R Capability. T o evaluate our overa l l capab i l i ty 
at this point , 10 part iculate samples co l lected on W h a t m a n - 4 1 filter paper 
were encapsulated, i r rad ia ted , a n d counted. Results on 16 elements 
were m a n u a l l y calculated. T h e average t ime expended per sample was 
10 hrs. 

T h e entire process was then examined to ident i fy those parts w h i c h 
c o u l d be improved . T h i s resulted i n significant m a n p o w e r savings a n d 
more elements reported. 

T h e analysis scheme for the 10 evaluat ion samples used two al iquots 
(.— 25 c m 2 of filter p a p e r / a l i q u o t ) . O n e a l iquot was encapsulated i n 
po lyethylene a n d i r rad ia ted i n a po lyethylene ra b b i t for 5 m i n i n a 
thermal neutron flux of approx imate ly 1 0 1 4 n / c m 2 / s e c . T h i s sample was 
counted at decay times of 5 m i n , 30 m i n , a n d 24 hrs. T h e other a l iquot 
was encapsulated i n h i g h p u r i t y synthetic quartz a n d i r rad ia ted i n an 
a l u m i n u m rabb i t 12-24 hrs. These samples were counted twice , after 
decay periods of 10 days a n d 3 wks . Sample count ing equ ipment i n c l u d e d 
one 4096-channel γ-ray spectrometer a n d a G e ( L i ) detector. 

T h e crystal of the G e ( L i ) detector was 35 m m i n diameter a n d 27 
m m long. It h a d a n o m i n a l active vo lume of 20 c m 3 a n d resolutions of 
the 1332.5 k e V photons of 2.18 ( f u l l w i d t h — h a l f m a x i m u m ) and 4.09 k e V 
( f u l l w i d t h — 0 . 1 m a x i m u m ) . C o u n t i n g losses at 2 0 % dead t ime were 
about 6 % . 

T h e data i n the m e m o r y of the γ-ray spectrometer was p u n c h e d on 
8-channel paper tape, converted to p u n c h e d cards, a n d processed t h r o u g h 
a rather p r i m i t i v e computer program w h i c h p r o v i d e d bo th a count per 
channe l output plus a not too re l iable rout ine for peak finding a n d inte 
grat ing net area. A l l results were h a n d ca lcu lated f rom net peak areas a n d 
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9. S H E i B L E Y Instrumental Neutron Activation Analysis 101 

theoret ical nuclear data parameters. Standards were not used since they 
increased the number of items to be i r rad iated a n d counted. Sixteen 
elements were reported. 

Manpower Analysis. E x a m i n a t i o n of the 10 m a n - h o u r s / s a m p l e 
showed the f o l l o w i n g b r e a k d o w n : 

1. One -ha l f hour was r e q u i r e d to cut filter al iquots, l oad into vials , 
seal, a n d check the vials for leaks. 

2. O n e hour was needed for the 5-min i r rad ia t i on a n d count ing after 
decay intervals of 5 a n d 30 m i n . 

3. One-quarter hour was necessary for each count after decay 
intervals of 24 hrs, 10 days, a n d 3 wks. 

4. T h e long- term i r rad ia t i on operation procedure requ i red only 
one-quarter hour for seven samples. 

5. E i g h t hrs were requ i red to h a n d calculate the data on 16 ele
ments f rom computer -ca lcu lated net areas. T h e h a n d calculations were 
per formed on programmable electronic calculators. 

E v i d e n t shortcomings of the process were that the number of short-
term irradiat ions per week was apparent ly l i m i t e d by the avai lable analyzer 
count ing t ime a n d the m a n p o w e r needed for data reduct ion . These two 
parts of the scheme were s tudied to improve efficiency b y increasing the 
n u m b e r of short-term irradiat ions and count ing i n an 8-hr shift as w e l l 
as signif icantly reduc ing the man-hours for data reduct ion . 

T h e solution to increasing the number of short-term irradiat ions was 
s imple a n d also i m p r o v e d analyzer use efficiency. B y i r rad ia t ing two 
samples i n the same rabb i t , w e cou ld take advantage of the h igher specific 
ac t iv i ty d u r i n g longer decay times. T h e first sample was counted after 
5 m i n decay a n d the second sample was counted immedia te ly after the 
first at 10—12 m i n decay. T h e 30-min decay counts were per formed after 
a decay t ime of 22 -25 m i n on the first sample a n d 4 0 - 4 5 m i n on the 
second sample. T h u s , short-term i r rad ia t i on sample output was d o u b l e d 
w h i l e a d d i n g on ly approx imate ly 0.25 hr to the o r ig ina l t ime interva l of 
1 h r / s a m p l e . A l l count ing was per formed on the same analyzer. 

Data Reduction 

T h e data reduct ion p r o b l e m requ i red a re l iable computer data 
reduc t i on program compat ib le w i t h an existing I B M m o d e l 67 computer 
fac i l i ty . T h e l i terature identi f ied various codes: I N V E N b y D a m s a n d 
Robb ins ( 4 ) , G A M A N A L b y G u n n i c k a n d N i d a y (5 , 6 ) , a n d S P E C T R A 
b y B o r c h a r d t et al. ( 7 ) . I N V E N cou ld not be obta ined i n complete f orm. 
G A M A N A L was wr i t t en for the C D C 6600 computer a n d w o u l d require 
an extensive rewr i te for the I B M 360. S P E C T R A , a l though not too sophis
t i cated , was qu i te adequate for this work . T h e peak find, peak integra
t ion , a n d peak identi f icat ion properties were used as wr i t t en . W e inserted 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
00

9

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



102 T R A C E E L E M E N T S IN F U E L 

(A) 

SAMPLE ENCAPSULATION 
ALIQUOT IN 
QUARTZ 

ALIQUOT IN 
POLYETHYLENE (B) 

(0 ..RRADIATION 12 HR; 
FLUX, 1 .5xlO l 4 N/CM 2 -SEC 

(E) COUNTING: 
18 - 25 DAYS 
DECAY 

(D) 

(F) 

IRRADIATION, 
5 MINUTES; 
FLUX 1 . 5 x l 0 1 4 N/CM2-SEC 

COUNTING: 
5 M l Ν - 1 0 M l Ν DECAY 
20 - 40 MIN DECAY 

(G) COUNTING: 
24 HOURS DECAY 

(H) 
PAPER TAPE TO 
MAGTAPE CONVERSION 
ADD PREDATA INFO 

(I) LOAD MAG TAPE INTO 
IBM-360 

(1) 
(I) EXECUTE "SPECTRA" ANALYSIS RESULTS STORE RESULTS 

IBM-360 (RESULTS) ONLY IN IBM-360 

(I) 
X-Y PLOTS 
OF γ - R A Y 
SPECTRUM 

CHECK INPUT; 
VERIFY RESULT 

PROGRAM LISTING 

PREPARE FOR 
ERO DATA EDIT 

(J) EDIT STORED 
DATA 

(K) TRANSMIT DATA TO 
EPA AND OTHERS (J) 

FILE EDITED DATA 
FOR FUTURE DATA 
ANALYSIS BY ERO 

Figure 1. Flow chart showing scheme for irradiation, counting, 
and data reduction of various samples 

the equations for h a n d calculations, since the code ca lcu lated results 
based on comparisons w i t h standards. O u r equations also permi t ted 
accurate corrections for d e a d t ime losses, decay d u r i n g count ing t ime , etc. 
A l i b r a r y of standards was a d d e d to the code based on elements f o u n d 
i n the various sample matrices. T h e s tandard l i b r a r y eventual ly i n c l u d e d 
56 elements ca l cu lated f r o m approx imate ly 80 isotopes. T h e rewr i te , 
p r o g r a m debugg ing , a n d irradiat ions of standards for the l i b r a r y took 
7 months to complete. 
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9. S H E i B L E Y Instrumental Neutron Activation Analysis 103 

The Optimum Capability at PBR. T w e n t y - t w o air part i cu late sam
ples were ana lyzed to again evaluate the analysis scheme. T h e total t ime 
for sample analysis averaged 4.5 h r s / s a m p l e . T w o hrs of the total were 
used to check computer i n p u t a n d results. U p to 56 elements were 
reported. A t this po int an i n i t i a l goal h a d been achieved. W e c o u l d 
analyze 12 s a m p l e s / w k i n approx imate ly 54 hrs. 

W e cont inued our efforts for a more efficient operation. A l l isotope 
interference corrections, except for the a l u m i n u m correction on m a g 
nes ium, were computer ized . T h i s saved more m a n p o w e r i n data reduc 
t ion . B y us ing rout ine s chedul ing of b o t h l ong - a n d short-term irradiat ions 
a n d count ing , w e eventual ly achieved an o p t i m u m situation on b o t h 
m a n p o w e r a n d count ing equipment ava i lab i l i ty . T h i s o p t i m u m situation 
permi t ted analysis of 20 -24 s a m p l e s / w k w i t h a total manpower of 3 to 
3.5 h r s / s a m p l e expended. 

F i g u r e 1 shows the final scheme used for a l l sample types w h e n the 
p r o g r a m was terminated . ( T h e P B R ceased operat ion i n Jan . 1973. ) E a c h 
operat ion is identi f ied b y a letter i n parentheses. T a b l e I provides in for 
mat ion on the m a n p o w e r b r e a k d o w n for each identi f ied operation. R e 
sults on the po l lut ion-re lated samples went to the E n v i r o n m e n t a l Protec 
t ion A g e n c y ( E P A ) , D i v i s i o n of A i r Surve i l lance at Research T r i a n g l e 
Park , N . C . a n d the E n v i r o n m e n t a l Research Office ( E R O ) , N A S A L e w i s 
Research Center , C l e v e l a n d , O h i o . 

A f ew comments should make F i g u r e 1 more understandable . T h e 
sample a l iquot used for the 5 -min i r rad iat ion was sealed i n a po lyethylene 
v i a l , tested for leaks, a n d i r rad ia ted 5 m i n . T h e other a l iquot was flame 
sealed i n the quartz v i a l , tested for leaks, a n d i r rad ia ted 3-12 hrs, de
p e n d i n g on the sample type. T h e count ing data f r om each a l iquot were 

Table I. Optimum Manpower Breakdown for 20 Samples/Wk 

Average 
Operation Identificationa Manhours/ Sample 

P r e p a r a t i o n , encapsulat ion A 0.25 
P r e p a r a t i o n , encapsulat ion Β 0.25 
I r r a d i a t i o n C 0.1 
I r rad ia t i on D 0.1 
C o u n t i n g Ε 0.25 
C o u n t i n g F 0.55 
C o u n t i n g G 0.25 
D a t a h a n d l i n g H 0.1 
D a t a reduct ion I 0.8 
D a t a h a n d l i n g S J S 0.8 
D a t a h a n d l i n g 1 or Κ i or 0.3 

T o t a l 3.0-3.5 
a See Figure 1. 
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p u n c h e d on paper tape w h i c h was a permanent record of the counted 
al iquot . Input data , i n c l u d i n g the sample number a n d the requestor's 
ident i f i cat ion number , were compi l ed . T h e input data a n d count ing data 
were transferred onto magnet i c tape after conversion to a format c om
pat ib le w i t h the I B M 360 computer . T h e output f r om the S P E C T R A 
code consisted of a l i s t ing of a l l i n p u t data , count ing data, a n d results, 
p lus plots of the γ-ray spectrum of each sample count. E P A data l ist ings 
contained a s u m m a r y sheet of i n p u t data a n d results for data transmitta l . 
U s i n g a computer t e rmina l the E R O results were stored i n data sets i n 
the I B M - 3 6 0 memory , where they were ed i ted for errors and ref i led i n 
m e m o r y for use i n other E R O data reduct ion computer programs. T h e 
56 elements reported are shown i n T a b l e I I . T h e y are grouped accord ing 
to the decay t ime group i n w h i c h they were determined . 

Alternatives to Optimum Sample Processing. T h e 20 -24 s a m p l e s / 
w k were considered the o p t i m u m because that number of samples c o u l d 
be complete ly ana lyzed i n 5 days, w o r k i n g one 8^-hr s h i f t / d a y . 

A n o t h e r i r rad ia t i on scheme used to reduce sample backlogs r e q u i r e d 
per f o rming 30 -36 short-term irradiat ions d u r i n g 1 w k , w i t h the n u m b e r 
of long-term irradiat ions per w k increased a n d h e l d for count ing 3 wks 
later. T h i s approach i n v o l v e d longer range schedul ing , was less rout ine , 
a n d was less efficient w h e n unexpected reactor shutdowns occurred . 

Problems Encountered 

Some problems deve loped i n sample preparat ion and i r rad ia t i on 
because of the var iety of sample matrices submit ted for I N A A . Some 
samples were particulates ( coal , fly ash, bo t tom ash, o re ) , some were 
vo lat i le hydrocarbons (gasoline, jet fue l , etc.), some were aqueous, and 
some were solids. O u r methods of sample preparat ion were ref ined to 
p r o v i d e a l l samples i n sealed quartz a n d polyethylene vials for i r rad ia t i on 
(see F i g u r e 1 ) . D e p e n d i n g on the contents of the quartz v ia ls , the length 
of i r rad ia t i on was v a r i e d f r om 3-12 hrs to m i n i m i z e v i a l breakage f r o m 

Table II. Elements Listed in Data Summary According to Decay Group 

>15 min >100 min 
< 15 min < 100 min < 5000 min > 5000 min 

A l B a M g A s G d S m A g H g Se Z n 
R h C a M n A u I r W C e L u S n Z r 
S C I N a B r Κ C o N d T a 
T i D y S r C d L a C r N i T b 
V G e T e C u M o C s R b T h 

I U E u P t F e Sb Y b 
I n G a R e H f Sc 
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9. S H E I B L E Y Instrumental Neutron Activation Analysis 105 

Table III. Impurity Level of Whatman-41 Filter Paper 

Element μρ 125.8 cm2 Element μη 125.8 cm2 

A g 0.0088 F e 1.57 
A l 1.03 H g 0.0046 
B a 0.049 M n 0.018 
C a 3.5 N a 3.38 
C e 0.026 Sb 0.0046 
C l 3.23 Sc 0.0016 
C o 0.0022 T i 0.15 
C r 0.051 U 0.00067 
C u 0.08 Z n 0.601 
D y 0.00009 

pressure b u i l d u p caused b y radio lysis of the samples. M i n i m u m break
age occurred (less than 5 samples /100 i r rad ia ted ) w h e n vo lat i le h y d r o 
carbons (gasoline, kerosene, jet fue l ) were i r rad ia ted for 3 hrs or less. 
Less vo lat i le hydrocarbons a n d aqueous samples were i r rad ia ted 6 hrs. 
S o l i d samples were i r rad ia ted 12 hrs. 

Another p r o b l e m encountered was the i m p u r i t y content of the filter 
paper used i n the h i g h vo lume samplers to col lect the part iculate samples. 
T h e convent ional filter mater ia l used b y E P A was glass fiber filter med ia . 
H o w e v e r , this was not compat ib le w i t h I N A A because of its h i g h a n d 
v a r i e d i m p u r i t y content. Discussions w i t h K . R a h n of the F o r d Reactor 
at the U n i v e r s i t y of M i c h i g a n revealed that W h a t m a n - 4 1 filter paper was 
the most desirable m e d i u m for use w i t h I N A A ( see Ref. 2 ). O u r analyses 
showed W h a t m a n - 4 1 to be very l o w i n impur i t ies w i t h consistent i m p u r i t y 
levels f rom batch to batch . Average i m p u r i t y levels, based on 12 b a t c h 
analyses, are shown i n T a b l e I I I . A l t h o u g h the levels for c a l c i u m , chlo 
r ine , s od ium, a l u m i n u m , a n d i r o n appear large, they rare ly affected 
e lemental levels f o und i n filtered particulates . I m p u r i t y levels d i d not 
vary more than 2 5 % f rom the mean. 

I m p u r i t y levels were also important i n the quartz a n d po lyethylene 
vials . D u r i n g the l ong i r rad ia t i on t ime i n quartz , the samples decomposed 
so m u c h that i t was imposs ib le to complete ly remove the sample f r o m 
the v i a l for count ing . T h e samples h a d to be counted i n the vials . W e 
eventual ly determined that Supras i l ( S u p r a s i l T-20 , 6 -mm i .d . , 8 -mm o.d.; 
suppl ier , A m e r s i l , Inc. , H i l l s i d e , N . J . ) , a synthetic quar tz , best served our 
needs for a l o w i m p u r i t y v i a l mater ia l . I n T a b l e I V , weights of impur i t i es 
are expressed i n micrograms based on a v i a l 5 c m long , w i t h a 6 -mm i .d . , 
8 -mm o.d., a n d w e i g h i n g 2.77 g. F o r some elements the l eve l v a r i e d 
signif icantly f r om one bat ch to another. T h e element w h i c h changed 
most s ignif icantly was ant imony. T h e i r rad ia t i on of vo lat i l e fuels for 
E P A r e q u i r e d that w e also determine the i m p u r i t y l eve l of po lyethylene 
because l i q u i d samples were counted i n the i r rad ia t i on vials . W e f o u n d 
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that i m p u r i t y levels v a r i e d somewhat f r om bat ch to bat ch of po lyethylene . 
T a b l e V presents average results on i m p u r i t y levels of 16 po ly 

ethylene vials . V i a l s were 5 c m long , w i t h 6 -mm i .d . , a n d 9 -mm o.d. T h e 
average we ight of the sealed v i a l was 2.00 g. H i g h density po lyethylene 
was used because of its better rad ia t i on resistance. T h e h i g h i m p u r i t y 
levels i n these vials for S, N a , C l , K , A l , a n d C a severely l i m i t e d the 
sensit ivity to these elements i n gasoline a n d other volat i le materials w h i c h 
h a d to be counted i n the vials . 

Po lyethy lene was also susceptible to p i c k i n g u p radionucl ides f r om 
the p r i m a r y coolant. T h i s interference was e l iminated b y seal ing the 
sealed po lyethylene vials into heat-shrinkable t u b i n g w h i c h was easily 
r e m o v e d after sample i r rad ia t i on . 

T h e p r o b l e m of f lame-sealing gasoline a n d other volat i le materials 
into quartz for the l ong i r rad ia t i on was solved b y us ing a co ld finger 
condenser i n l i q u i d ni trogen. T h e quartz tube (about one-half f u l l , 0.8 
c m 3 ) was pos i t ioned i n an a l u m i n u m r o d w h i c h h a d been bored out to 
accommodate the length of the tube f r om its bot tom to above the l i q u i d 
leve l . T h i s r o d was then l owered into a D e w a r conta in ing l i q u i d n i trogen 
a n d a l l o w e d to stand u n t i l the gasoline became slushy a n d / o r a r i n g of 
frost appeared just above the top of the a l u m i n u m . T h e n the tube was 
sealed us ing an oxygen-acety lene flame. T h i s process took less than 
5 m i n . 

Table IV. Typical Impurity Levels of a 2.77-g Suprasil Vial 

Element μς Element μρ 

A u 0.00035 H g 0.00059 
C e 0.003 Sb 0.01 
C r 0.0144 Sc 0.0014 
C o 0.0012 T a 0.00017 
F e 0.52 Z n 0.092 

Table V . Impurity Levels in a 2.00-g Polyethylene Vial 

Element Element 

A l 3.6 I n 0.0003 
A u 0.009 Κ 9.4 
B a 0.48 L a 0.037 
B r 0.25 M n 0.046 
C a 4.5 N a 8.1 
C I 9.0 S 162. 
C u 0.27 T i 0.95 
I 0.062 V 0.016 
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Spectra Code 

T h e computer p r o g r a m S P E C T R A (7 ) contained an adequate peak 
find, peak integrat ion, a n d peak m a t c h i n g routine. T h e code also d is 
t inguished two types of peaks based o n the statist ical significance of the 
γ-ray count data. T h e code resolved doublets a n d triplets us ing a m i n i 
m u m peak area of five channels (5 k e V ) . T h i s degree of resolut ion was 
adequate for almost a l l peaks used. S P E C T R A also contained an opt ion 
ca l l ed G-search. T h e G-search routine was used to estimate the concen
trat ion of elements i n c l u d e d as standards, but not f o u n d d u r i n g the peak 
find a n d m a t c h i n g routine. T h e code then examined the energy reg ion 
where γ-ray peaks should be located a n d p r o v i d e d three estimates of the 
element concentration. 

These features were left intact. W e d i d wr i te into the code a l i b r a r y 
of standards w h i c h was used i n l i e u of i r r a d i a t i n g a n d count ing standards 
a long w i t h the samples. T o establish our w o r k i n g standards, w e used 
spectra of t y p i c a l sample matrices. E l e m e n t concentrations were ca l cu 
lated f rom nuclear data. W e substantiated the e lemental values of these 
matr ix standards b y comparison w i t h N B S a n d other standards. W h e r e 
discrepancies of greater than 2 0 % existed, the data were examined, the 
p r o b l e m identi f ied, a n d corrective act ion taken. F r o m this we conc luded 
that for these sample types no significant matr ix effects were present. W e 
reta ined the o r ig ina l standards data tapes a n d occasional ly reran them 
to check for error i n the automat ic data processing equipment a n d 
software. 

E l e m e n t standards were grouped into four s tandard l ibraries , cor
responding to the four decay count ing times. D e c a y t ime boundaries 
for each standard l i b rary are shown i n T a b l e I I . I n each l i b rary , at least 
two elements were ca lcu lated f rom different standards. These two stand
ards represented different concentrations, c ount ing geometries, dead 
times, decay times, a n d sample matrices. V i s u a l inspect ion of the c o m 
puter l i s t ing p r o v i d e d a r a p i d spot check for computer program m a l 
functions. 

A n o t h e r accuracy p r o b l e m area i n v o l v e d the l inear i ty of the γ-ray 
spectrometer (ana lyzer ) detector system. S P E C T R A contro l integers 
were adjusted to a l l ow only a three-channel var ia t i on i n γ-ray peak energy 
to ensure proper peak m a t c h i n g w i t h s tandard peak energies. T h e l i n 
earity of the analyzer—detector system was checked d a i l y w i t h 1 3 7 C s a n d 
6 0 C o sources. T h e act iv i ty of these sources p r o d u c e d dead times i n the 
ana lyzer -detec tor system of less than 1 0 % . H o w e v e r , l inear i ty dr i f t d i d 
occur. G a i n shifts i n l inear i ty also occurred w h e n sample activit ies were 
too h i g h . W h e n the l inear i ty shi fted more than three channels, peaks 
d i d not m a t c h w i t h standards or possibly c o u l d be improper ly matched . 
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Element/ Interfering 
isotope isotope 

(X) (Z) 
6 4 C u 2 4 N a 

2 0 3 J J g 7 5 Se 
6 5 Z n 4 e S c 

1 4 1 C e 5 9 F e 

8 2 B r " M o 
M g (g)» A l ( g ) 

2 0 3 J J g c 1 7 5 Y b , 7 6 S e 

Table VI . Interference Corrections for Various Isotopes 

Correction Required" 

N A ( 5 1 1 k e V X) — 0 .0886(NA 1369 k e V Z) 
N A ( 2 7 9 . 1 k e V X) — 0 .3866 (NA 264.4 k e V Z) 
N A ( 1 1 1 5 . 4 k e V X) — 0 .7767 (NA 889 k e V Z) 
NAÎ145.4 k e V X) — 0 . 3 6 ( N A 1292 k e V Z) 
N A ( 7 7 6 . 5 k e V X) — 0 . 3 4 ( N A 740 k e V Z) 
g of M g calculated — 0.057 (g of A l ) 
See text 

° Ν A refers to net area of peak. 
6 T h i s correction was determined empirical ly but not programed into S P E C T R A ; 

a l l others were. 
c Correct ion coefficients used were determined from a two-level factorial design. 

A subrout ine for l inear i ty adjustment was added to S P E C T R A to correct 
for nonl inear i ty or d r i f t i n g of the analyzer system. T h e subrout ine pro 
v i d e d in format ion on the true energy locat ion of six peaks w h i c h c o u l d 
reasonably be expected i n a g iven decay t ime group. T h e search area 
for each peak was restr icted to a g iven n u m b e r of channels. Coefficients 
for a l inear equat ion were der ived f rom a least-squares fit of the differ
ence between true energy locat ion a n d ac tua l energy locat ion of at least 
four peaks. T h e actual peak locations were then mathemat i ca l ly re located 
closer to the true energy locat ion before the peak m a t c h i n g rout ine w i t h 
the standards was per formed. T h i s subrout ine v i r t u a l l y e l iminated missed 
peaks or improper peak matches. T h i s saved considerable man-hours 
since peaks not matched w i t h standards h a d to be m a n u a l l y ident i f ied 
a n d h a n d calculated . 

Some elements were ca lcu lated f rom the same isotope i n different 
decay groups. A n d other elements were ca lcu lated f rom different isotopes 
i n the same or different decay groups. T h i s d u p l i c a t i o n was used to 
i m p r o v e accuracy. 

Interference Corrections. I n certain cases, the γ-rays of one element 
isotope are close to the γ-ray energy of an isotope used to determine 
another element. I n these cases, it was necessary to correct for this 
interference. Subroutines for interference corrections were a d d e d to 
S P E C T R A to e l iminate per f o rming such corrections manual ly . T h e cor
rect ion factors used were normal ly der ived f r o m nuclear data in format ion . 
B u t w e d i d check these corrections b y i r rad ia t ing mixtures of these ele
ments i n various concentrations. T h e interference corrections used are 
shown i n T a b l e V I . T h e correct ion for 2 8 A 1 on 2 7 M g was determined 
e m p i r i c a l l y because it was specific to the i r rad ia t i on locat ion i n the P B R . 

T h e determinat ion of mercury i n coa l p r o d u c e d an interference cor
rect ion p r o b l e m w h i c h was quite complex. W e f o u n d that count ing an 
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9. S H E i B L E Y Instrumental Neutron Activation Analysis 109 

i r rad ia t i on coal sample at 5—6-wks decay t ime p r o d u c e d a smaller mer 
cury value than the value ca l cu lated f r om the count at 3-wks decay. A 
correct ion for 7 5 S e was be ing made on 2 0 3 H g , but the lower mercury 
results ( f r om 0.5 to 0.1 times smal ler ) at 6-wks decay cou ld not be 
explained. 

A search of the N u c l e a r D a t a Tables (8 ) p roduced another inter 
ference: 4.2-day 1 7 5 Y b . N o t only d i d the 282-keV peak of 1 7 5 Y b interfere 
w i t h 2 0 3 H g , b u t also the 400.7-keV peak of 7 5 S e interfered w i t h the 396-
K e V peak area of 1 7 5 Y b , w h i c h was used for the Y b correct ion on 2 0 3 H g . 
I n add i t i on , another y t t e r b i u m isotope, 32-day 1 6 9 Y b interfered w i t h the 
264-keV peak area of 7 5 S e , w h i c h is used i n the correct ion o n 2 0 3 H g (peak 
area at 279 k e V ) . These discrepancies were not e l iminated b y us ing 
theoret ical corrections. 

F i n a l l y , the p r o b l e m was resolved b y i r rad ia t ing standards a n d m i x 
tures of standards i n a factor ia l experiment. T h e experiment design was 
a f u l l fac tor ia l experiment w i t h three variables , mercury , se lenium, a n d 
y t t e r b i u m , at two levels w i t h rep l i cat ion a n d w i t h a center po int a d d e d 
to test h igher order effects. T h e pert inent in format ion on treatments a n d 
levels of variables are shown i n T a b l e V I I . 

Regression analysis on the data was used to estimate the coefficients 
i n a predic t ive m o d e l equation. T h e dependent var iable was chosen as 
the difference between the computer -ca lculated value for m e r c u r y (or 
se lenium or y t t e r b i u m ) a n d the true value. Independent variables were 
the elements plus p laus ib le interactions (e.g., the interact ion of se lenium 

Table VII. Factorial Design Treatments for 
Yb and Se Interferences on H g 

Coded Level of Variable" 

Treatment Se Hg Yb 

1 - 1 - 1 - 1 
2 + 1 - 1 - 1 
3 - 1 + 1 - 1 
4 - 1 - 1 + 1 
5 + 1 + 1 - 1 
6 - 1 + 1 + 1 
7 + 1 + 1 + 1 
8 + 1 - 1 + 1 

Repl i cates 
4 - 1 - 1 + 1 
7 + 1 + 1 + 1 
8 + 1 - 1 + 1 

Center po int C P C P C P 
a ( - 1 ) indicates low level, 10 μg. ( + 1) indicates high level, 100 μg. C P indicates 

(high level + low level \ 
2 ) 
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Table VIII. Comparison of NBS Standard 

PBR NBS 612 PBR 

(39) 3 7 ± 2 
1 3 5 ± 1 4 (35) 3 1 ± 1 

— (36) 2 6 ± 1 
2 0 ± 2 (5) 5 ± 1 

— (36) 3 5 ± 1 5 
— 3 7 . 6 ± 0 . 1 3 1 ± 1 

1 8 0 ± 8 0 2 2 . 0 ± 0 . 8 3 1 ± 7 

Element NBS 610 

Sb — 
C e — 
C o (390) 
E u — 
A u (25) 
L a — 
T h — 
Sc — 
A g (254) 

° N B S values in parentheses are interim values. Others are certified values. 

a n d y t t e r b i u m on m e r c u r y ) . T h e coefficients der ived for the pred i c t ive 
equations served as the basis for the e m p i r i c a l correct ion of y t t e r b i u m 
a n d se lenium on mercury . 

F o r comparison, the theoret ical a n d e m p i r i c a l corrections are as 
f o l l ows : 

1. Theore t i ca l corrections for se lenium a n d y t t e r b i u m interferences 
on mercury 

Ac = Au - 0.0369 X 
Bc = Bu - 0.118 Ac 

D c = D u - 0.959 Bc - 0.387 Ac 

2. E m p i r i c a l f o rm of se lenium a n d y t t e r b i u m correct ion factors for 
interference on mercury 

Table IX. Comparison of PBR Mean Values 

Coal 

Element NBS* PBR 

A s 5 .9±0 .4 5.9 ± 0 . 5 
C o — — 
C r 22 ± 2 19.0 ± 0 . 8 
C u 18 ± 2 14.1 ± 0 . 9 
H g 0.11 0 .95±0 .09 
M n 47 ± 3 38 ± 3 
N i — — 
R b — — 
Se 2 . 8 ± 0 . 2 3.8 ± 0 . 5 
Sr — — 
F e — — 
T h 3 3.1 ± 0 . 2 
U 1 .4±0.1 0 .98±0 .08 
V 35 ± 4 36 ± 4 
Z n 37 ± 4 — 

a Data taken from: "Characterization of Standard Reference Materials For the 
0158(D), File Number 0168-4 (May 1, 1973). 
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9. S H E i B L E Y Instrumental Neutron Activation Analysis 111 

Reference Materials with PBR Results (ppm) a 

NBS 614 PBR NBS 616 PBR 

(1.06) 1.1 ± 0 . 1 0 .078±0.007 0.012=1=0.02 

0.73 ± 0 . 0 2 0 .59±0 .1 — 
0.99 ± 0 . 0 4 1.1 ± 0 . 6 — 

(0.5) 1.0 ± 0 . 8 — 
0.83 ± 0 . 0 2 < 2 — 
0.746±0.007 0 .58±0 .15 0 .025±0.004 0.018=1=0.002 
0.59 ± 0 . 0 4 0 .68±0 .23 0 .026±0.012 0.020=1=0.004 
0.46 ± 0 . 0 2 0 .57±0 .07 — — 

Ac = Au - 0.0433 X 
Bc = 0.443 (Bu - 0.118 Α β) 
Dc = Du - 1.65 Bc - 0.387 Ac 

where 

Ac = selenium 264.6 k e V area corrected for 1 6 9 Y b 
Au = net area of selenium (264.6 k e V ) , uncorrected 
X = net area of 1 6 9 Y b at 177.2 k e V 
Bc = y t t e r b i u m 396.1 k e V area corrected for selenium (264.6 k e V ) 
Bu = net area of y t t e r b i u m (396.1 keV) uncorrected 
D c = m e r c u r y 279.1 k e V area corrected for selenium a n d y t t e r b i u m 
Du = net area of mercury (279.1 k e V ) uncorrected 

on Round-Robin Samples with NBS Probable Certified Values (ppm) 

Fly Ash Fuel Oil 

NBS* PBR NBS* PBR 

61 ± 3 69 ± 8 — — 
38 38 ± 4 — — 

132 =1=5 122 ± 1 2 — — 
120 142 ± 9 — — 

0.15 3 .7±1 .1 0.002 0 .022±0.015 
495 ± 3 0 466 ± 3 1 0.12 0.19 ± 0 . 0 0 

— — 3 7 ± 3 39.5 ± 2 . 3 
112 115 ± 1 5 — — 

9.3=bl.O 12 .7±1 .8 0.14 0.19 ± 0 . 0 3 
1380 869 ± 3 3 — — 

— — 12 12.4 ± 1 . 6 
24 25 ± 2 — — 
11.6 8 .4±0 .6 — — 

214 =1=8 230 ± 1 1 315 266 ± 1 8 
210 ± 2 0 700 ± 2 2 0 0.2 0.48 ± 0 . 1 2 

Determinat ion of T r a c e Elements in F u e l s , " B i m o n t h l y R e p o r t NBS-EPA-1AG-
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A special subroutine, incorporat ing this correct ion a n d the tests for 
w h e n it should be used, was a d d e d to S P E C T R A . W e checked it by 
i r rad ia t ing a n d ana lyz ing mixtures w i t h k n o w n amounts of y t t e r b i u m , 
se lenium, a n d mercury . T h e true values a n d the values ca lcu lated b y 
the computer agreed w i t h i n ± 1 5 % for mercury . T h e method a l l o w e d the 
determinat ion of mercury i n the presence of y t t e r b i u m a n d se lenium w h e n 
their concentrat ion ranged u p to 10 times greater than mercury . 

Samples w h i c h were counted i n polyethylene a n d quartz vials re 
q u i r e d corrections for the i m p u r i t y content of the vials . S tandard l i 
braries of v i a l a n d b lank filter paper corrections were added to S P E C T R A 
(see Tables I I , I I I , a n d I V ) . W e used indicators i n the input data to 
each computer ca l cu lat ion to c a l l out the proper correct ion l ibrary . T h e 
code used corrections for po lyethylene vials , Supras i l v ials , W h a t m a n - 4 1 
filters (25.8 c m 2 ) , a n d combinations . T h e computer also d i d not p r in t 
the value for an element i n a sample i f the mic rogram quant i ty was 
w i t h i n two times the m i c r o g r a m value of the v i a l or filter paper. T h e 
value output was l isted as less than the v i a l or filter paper value , cor
rected to proper units . W i t h this restr ict ion, some data were lost, but 
very smal l values w h i c h were the difference between two larger numbers 
were e l iminated . F o r example, i f a volat i le sample plus v i a l gave a 
ch lor ine va lue of 9.4 μg, the chlor ine value output b y the computer for 
the sample w o u l d be less than 9.0 /xg ( re ferr ing to ch lor ine i n T a b l e V ) 
rather than the difference of 0.4 ^g. If the sample plus v i a l gave a 
ch lor ine value of 20 μg, the va lue output b y the computer w o u l d be 11 /xg. 

Precision and Accuracy 

A s a measure of accuracy, we checked our method against N B S 
standards a n d mixtures of elements of k n o w n concentrat ion a n d also 
par t i c ipated i n a r o u n d - r o b i n analysis w i t h N B S a n d E P A . W e ana lyzed 
four N B S standards conta in ing 60 elements i n glass. Compar isons of re 
sults are g iven i n T a b l e V I I I . W i t h the exception of the cobalt result 
i n the N B S 610 Standard , agreement is generally w i t h i n ± 2 5 % of the 
N B S value. 

I n the r ound - rob in analysis , a m i n i m u m of five samples each of coal , 
fly ash, gasoline, a n d fue l o i l were analyzed . T h e N B S Probab le Cert i f i ed 
V a l u e for certain elements are shown i n T a b l e I X a long w i t h P B R values. 
S ince no data were reported on gasoline, there are no comparisons. T h e 
most inconsistent comparison was for mercury . O n l y four laboratories 
reported mercury b y I N A A i n coal , three b y I N A A i n fly ash, a n d two 
b y I N A A for fue l o i l . M o s t other laboratory results reported were based 
on atomic absorpt ion spectrometry. W i t h one exception, a l l mercury 
values reported b y I N A A ( a nondestruct ive method ) were h igher than 
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9. S H E i B L E Y Instrumental Neutron Activation Analysis 113 

Table X . Precision on NBS—EPA Round-Robin Coal Sample 

Counting 
Standard Precision 

Mean Deviation Range at lc 
Element (ppm) (ppm) (%) (%) 

A l 15,700 1,550 9 0.6-1 
A s 5.9 0.5 9 10-12 
A u 0.146 0.048 33 10-40 
B r 20 3 15 9-12 
B a 337 42 12 5-8 
C a 4,070 560 14 8-15 
C e 17.340 0.089 2 1-2 
C l 750 75 10 2 
C o 5.48 0.15 3 1-13 
C r 19 0.8 4 3-5 
C s 2.55 0.06 2.3 8-10 
C u 14.1 0.9 6 3-5 
D y 0.85 0.06 7 2 
E u 0.312 0.037 12 0.2-0.3 
F e 7,517 119 2 1 
G a 5.4 0.8 14 11-15 
G e 70 5 7 35-50 
H f 0.92 0.05 6 5-10 
H g 0.95 0.09 10 25-33 
I 2.78 0.38 14 12-30 
I n 0.04 0.01 25 20-35 
I r 2.48 0.27 11 5-12 
Κ 3,500 360 10 3-4 
L a 11.3 3.3 30 6-12 
L u 0.416 0.017 4 5-8 
M g 980 250 26 12-33 
M n 38.0 2.6 7 0.5 
N a 370 33 9 2 -3 
N d 6.4 1.5 24 40 -55 
R b 19 1.9 10 10-20 
Sb 6.4 1.6 24 8-15 
Se 3.8 0.51 13 25-33 
S m 1.3 0.19 15 2 -5 
S n 125 20 16 10-15 
S r 93 9.2 10 8-11 
T a 0.360 0.028 8 15-20 
T b 0.03 0 0 0.5-7 
T h 3.1 0.2 8 2-20 
T i 1,312 150 12 10-20 
U 0.980 0.078 8 8-12 
V 36 4 11 5-10 
W 1.9 0.8 40 30-80 
Y b 0.55 0.04 8 15-20 
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those reported b y destructive methods of analysis. T h e h igher I N A A 
results ind icate that either isotopic interferences d u r i n g sample count ing 
were not proper ly corrected for or mercury was lost f rom the samples 
d u r i n g preparat ion for destruct ive analysis methods. Results on most 
other elements f a l l w i t h i n a ±50% accuracy w h e n compared to the N B S 
value as the true value. 

T o demonstrate the prec is ion of the I N A A m e t h o d at P B R , data are 
presented on the same N B S - E P A r o u n d - r o b i n samples. These data are 
t y p i c a l of trace element results reported to E P A a n d E R O . T r a c e element 
results on other matrices m a y be f ound i n Refs. 9, 10, a n d 11. 

F i v e al iquots of coa l were ana lyzed to determine the m e a n va lue 
a n d the s tandard deviat ion . T h e c o l u m n Counting Precision Range re 
fers to the count ing error associated w i t h the peak area of the isotope 
used i n the ca lcu lat ion . T h i s count ing error is descr ibed i n Ref . 7. R e 
sults are reported on 43 elements i n T a b l e X . T h e elements ant imony 
a n d l a n t h a n u m exhibi t a larger per cent s tandard dev iat ion than the range 
of c ount ing prec is ion. These elements m i g h t not be homogeneous w i t h 
respect to the coa l matr ix . Prec i s i on at 1σ ranges f r om 2 % for c e r ium 
a n d i r o n to 4 0 % for tungsten. 

T h e data on fly ash reported i n T a b l e X I was based on five al iquots . 
For ty - three elements are also reported here. Prec i s i on ranges f r o m less 
than 5 % for a l u m i n u m , sod ium, s tront ium, a n d v a n a d i u m to 50 a n d 5 5 % 
for magnes ium a n d y t t e r b i u m , respectively. 

T h e results on gasoline a n d fue l o i l are presented i n Tables X I I a n d 
X I I I , respectively . T h e results on gasoline for six elements are based on 
six al iquots . These results show that sul fur content of gasoline can be 
de termined b y I N A A . T h e fue l o i l results for 16 elements are based on 
seven al iquots . T h e sul fur content reported , 2 . 0 4 % , agreed w e l l w i t h 
the N B S true va lue of 2 .035% for the r o u n d - r o b i n f u e l sample. 

T h e average prec is ion based on the data i n Tables X - X I I I is 14.4 
±11.1% for a l l f our matrices. H e n c e , the overa l l prec is ion of the m e t h o d 
is p laced at ± 2 5 % . 

T h e accuracy of the method is est imated at ±50%. T h i s estimate 
not only inc ludes the uncertainties i n count ing methods but also the 
uncertainties associated w i t h nuclear parameters. 

Conclusions 

F o u r goals were rea l i zed for the po l lut ion -re lated I N A A p r o g r a m at 
the N A S A P l u m B r o o k Reactor : 

1. D e v e l o p technology a n d methods to analyze a large n u m b e r of 
various matrices per y r ; the capab i l i t y was geared for 1000 s a m p l e s / y r . 
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Table XI . Precision on N B S - E P A Round-Robin Fly Ash Sample 

Counting 
Standard Precision 

Mean ± ί σ Deviation Range at Is 
Element (ppm) (ppm) (%) (%) 

A l 109,600 4,020 3.7 0.06-1 
A s 69.5 7.6 11 8-10 
B a 2,734 167 6 6 -8 
B r 12.1 1.5 12 35-50 
C a 41,000 3,600 8.8 7-16 
C e 129 10 7 2-10 
C l 185 44 24 10-40 
C o 38.6 3.7 9 1-10 
C r 122 12 10 2 -4 
C s 13.8 1.4 10 8-12 
C u 142 9 6.2 3-4 
D y 7.6 2.4 31 1-8 
E u 2.42 0.16 6.6 1-2 
F e 52,780 5,600 11 1 
G a 38.3 6.3 16 8-20 
G e 476 166 35 — 
H f 7.62 0.56 7.3 3-20 
H g 3.7 1.1 30 15-30 
I n 0.156 0.035 23 33-50 
I r 18.6 3.3 18 8-10 
Κ 21,800 2,400 11 3-4 
L a 77 8 10 3 -8 
L u 3.8 0.5 14 5-8 
M g 15,970 8,060 50 15-33 
M n 466 31 6.6 0.3 
N a 2,658 129 4.9 1-2 
R b 115 15 13 8-14 
Sb 12.08 0.86 7 10-15 
Sc 27.5 2.4 9 0.5-4 
Se 12.7 1.8 15 20-30 
S m 10.05 0.58 5.8 2 -3 
S n 740 210 28 8-20 
Sr 869 33 3.8 5 -8 
T a 2.74 0.25 9 15-20 
T b 0.22 0.04 16 3-6 
T h 25 2 8 2 -3 
T i 8,900 752 8.5 10-12 
U 8.40 0.56 6.7 8-15 
V 230 10.6 4.6 5-7 
W 12.7 1.1 8.8 30-50 
Y b 6.2 3.4 55 3-25 
Z n 700 220 31 10-30 
Z r 640 140 22 25-35 
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Table XII. Precision on NBS—EPA Round-Robin Gasoline Sample 

Counting 
Standard Precision 

Mean Deviation Range at Is 
Element (ppm) (ppm) (%) (%) 

B r 128 10 8 1 
C a 8 4 50 30 
C I 80 6 7 2 
C u 2.3 0.2 8 10-12 
D y 0.0066 0.0020 31 15-40 
S 335 44 13 25-40 

Table XIII. Precision of NBS—EPA Round-Robin Oi l Sample 

Counting 
Standard Precision 

Mean 1σ Deviation Range at 1σ 
Element (ppm) (ppm) (%) (%) 

A u 0.0245 0.0007 3 15 
B r 0.24 0.07 30 35-40 
C a 15 2 15 — 
C I 18 0.7 4 — 
C o 0.25 0.01 4 1-20 
C r 0.116 0.035 30 8-30 
C u 0.22 0.02 10 — 
F e 12.4 1.6 13 5-12 
H g 0.022 0.015 66 10-33 
M n 0.19 0 -— 8-12 
N i 39.5 2.26 6 3-7 
S 20,400 3,900 19 15-20 
Sb 0.0146 0.0033 23 16-33 
Se 0.19 0.03 17 25-30 
V 266 18 7 2-3 
Z n 0.48 0.12 25 15-40 

2. D e t e r m i n e a n d report as m a n y elements as possible ; u p to 56 
elements were rout ine ly reported . 

3. E s t a b l i s h a n d m a i n t a i n a h i g h degree of accuracy a n d prec is ion 
us ing the I N A A method ; prec is ion was normal ly less than ± 2 5 % , a n d 
accuracy was est imated at less than ± 5 0 % . 

4. P e r f o r m the w o r k w i t h m i n i m u m m a n p o w e r a n d equ ipment ; 20 -24 
samples were a n a l y z e d / w k , 3^3.5 m a n - h o u r s / s a m p l e , a n d on ly one 
ana lyzer -detec tor system. 

T h e methods used to achieve these goals i n v o l v e d a n a l y z i n g samples 
i n large numbers ; care fu l ly p l a n n i n g a n d schedul ing sample preparat ion , 
i r rad ia t i on , a n d count ing ; complete computer automat ion of the data 
r educ t i on scheme; a n d strict attention b y the w o r k team to smal l details 
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of the overa l l scheme to avo id r e - r u n n i n g samples because of equ ipment 
or method mal func t i on or data i n p u t errors. 

T h e value of I N A A for m o n i t o r i n g trace element pol lutants resides 
i n several demonstrated facts: the method adapts to a large var iety of 
sample matrices w i t h only smal l changes i n techniques ; it provides rea 
sonably accurate data on a large number of elements; a n d w o r k proper ly 
p l a n n e d a n d executed need not absorb a large amount of h i g h l y sk i l l ed 
manpower . 
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Major, Minor, and Trace Element 
Composition of Coal and Fly Ash, as 
Determined by Instrumental Neutron 
Activation Analysis 

Κ. H. ABEL and L. A. RANCITELLI 

Battelle, Pacific Northwest Laboratories, Richland, Wash. 99352 

A highly sensitive instrumental neutron activation analysis 
(INAA) technique can determine 30-40 eléments in coal and 
fly ash including Sb, As, Se, Hg, Zn, and V which are ele
ments of environmental concern. This multi-element capa
bility makes possible the detailed chemical analysis of coal 
and combustion products. A comparison to National Bureau 
of Standards-Environmental Protection Agency fuel stand
ards shows that a high degree of accuracy and precision is 
attainable, allowing tentative conclusions to be drawn as to 
the origin of certain elements in the coal and their fate 
during combustion. 

' n p h e current emphasis on the large-scale explo i tat ion of coal as a c o m -
m e r c i a l e lectr ica l energy source makes a more thorough unders tanding 

of the chemistry of coal a n d the by-products of coa l combust ion increas
ing ly important . A n example of p l a n n e d large-scale coal use for power 
generation is the proposed N o r t h C e n t r a l P o w e r Project. T h i s project 
w i l l use the vast coa l reserves i n the F o r t U n i o n F o r m a t i o n i n N o r t h 
D a k o t a , South D a k o t a , M o n t a n a , a n d W y o m i n g . T h e coa l resources i n 
this area are estimated to be 4 0 % of the U . S . total reserves. T h e N o r t h 
C e n t r a l P o w e r S tudy ( 1 ) estimates that b y 1980 a steam-fired generating 
capac i ty of 53,000 M W w i l l exist i n a n area between C o l s t r i p , M o n t a n a , 
a n d G i l l e t t e , W y o m i n g . E a c h 1000 M W of power generated w i l l require 
consumpt ion of approx imate ly 4 m i l l i o n tons of c o a l / y r . T h u s , the total 
coa l consumpt ion w i l l be approx imate ly 210 m i l l i o n t o n s / y r . T o he lp 
put this coa l consumpt ion i n perspective, the D e p a r t m e n t of Inter ior 

118 
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est imated that 326 m i l l i o n tons of coa l were used for e lectr ica l generation 
i n the entire U n i t e d States i n 1970 ( 2 ) . Therefore , the est imated 210 
m i l l i o n tons represents approx imate ly 6 5 % of the total used for e lectr ical 
generation i n 1970. 

T o i l lustrate the possible impact of this type of development , some 
further calculations can be per formed us ing present emission standards 
a n d representative coa l concentrations. F i r s t , i f one uses an average 
sul fur concentrat ion of 0 .65% t y p i c a l of l o w sul fur western coals a n d 
assumes the estimated coal consumpt ion , 2.7 m i l l i o n tons of sul fur d iox ide 
w i l l be p r o d u c e d per year. T h e emphasis i n recent env ironmenta l impac t 
studies of fossil fue l power plants has been on sulfur d iox ide emission 
a n d associated a c i d rains w h i c h have h a d detr imenta l effects on surround
i n g vegetation (3, 4, 5 ) . There are F e d e r a l standards to l i m i t sul fur 
d iox ide emissions, a n d the technology for sul fur remova l r e q u i r e d to meet 
these standards is deve lop ing i n several alternative pathways , a l l s t i l l i n 
exper imental stages. T h u s , there undoubted ly w i l l be numerous m o d i 
fications a n d alterations i n p lant design before sulfur d iox ide is r emoved 
on a fu l l - t ime a n d large-scale basis. B u t even under these standards, 
emission of 2.1 m i l l i o n tons of sul fur d i o x i d e / y r w o u l d be a l l owed , assum
i n g a coa l consumpt ion of 210 m i l l i o n tons. 

Secondly , i f it is assumed that the coa l has an ash figure of 1 5 % 
u p o n combust ion ( w h i c h appears reasonable for these coals) a n d 9 9 % 
efficiency is assumed for the precipitators , 315,000 tons of fly ash c o u l d 
be released per year under the projected coal consumption . 

F i n a l l y , the trace constituents become important factors w h e n sub
stantial amounts of coa l are b u r n e d . Se len ium, w h i c h is present at ap
proximate ly 2 p p m i n coal , c o u l d be released at a rate of 210 t o n s / y r , 
assuming 210 m i l l i o n tons of coa l consumed a n d a 5 0 % escape rate d u r i n g 
combust ion (6). Signif icant discharges c o u l d also be expected for H g , 
F , A s , a n d perhaps Sb, Z n , a n d C u . 

T h u s i t becomes apparent that, for the very h i g h projected coal 
consumpt ion i n this region, the discharge of trace constituents is i m p o r 
tant, a n d potent ia l env i ronmenta l interact ion a n d effects w a r r a n t i m m e 
diate attention. There has been some attention g iven to radioact ive 
elements i n coa l a n d their release d u r i n g combust ion (7, 8,9). H o w e v e r , 
the stable element trace constituents are permanent pol lutants of the 
environment , a n d their immediate a n d potent ia l long-term effects should 
be invest igated. 

Research indicates that a significant f ract ion ( 5 0 - 9 0 % ) of m e r c u r y 
is v o l a t i l i z e d a n d lost d u r i n g coal combust ion (10, 11, 12) a n d that m a n y 
of the potent ia l ly hazardous trace elements appear concentrated u p o n 
finer part iculate emissions (13, 14). Several investigators have observed 
enr ichment of these hazardous elements u p o n particulates i n u r b a n areas 
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(15-23), i n remote locations such as A n t a r c t i c a (24) a n d N o r t h e r n 
C a n a d a (25), a n d i n the upper atmosphere (26). 

There are several factors w h i c h make neutron act ivat ion analysis 
( N A A ) an appropr iate technique for invest igat ing potent ia l pol lutants 
i n coa l a n d the combust ion process. F i r s t , the mult i -e lement nature of 
N A A is useful because of the large n u m b e r of potent ia l e lemental p o l 
lutants, such as Se, H g , A s , Z n , N i , Sb , a n d C d . A l s o , the use of e lemental 
ratios made possible b y the mult i -e lement capab i l i ty facil itates the under 
s tanding of chemica l behavior d u r i n g the combust ion process. E l e m e n t a l 
ratios have been used prev ious ly i n u r b a n (15) a n d upper atmospheric 
(26) studies. Secondly , the sensit ivity a n d selectivity of N A A al lows 
determinat ion of m a n y elements present at very l o w concentrations ( p p m 
or l o w e r ) , a n d the results are unaffected b y matr ix interferences. T h i s 
sensit ivity also al lows analysis of very smal l samples. F i n a l l y , the cost of 
N A A w h e n conducted as a mult i -e lement ana ly t i ca l too l is compet i t ive 
w i t h more convent ional a n d less sensitive techniques on the cost-per-
element-per-sample basis. 

Bat te l l e has deve loped instrumenta l neutron act ivat ion analysis 
( I N A A ) techniques w h i c h permi t very sensitive a n d accurate m u l t i 
element analysis of approx imate ly 40 elements i n coal a n d fly ash. These 
techniques, w h i c h w i l l be descr ibed i n this work , f orm the basis for 
extensive env ironmenta l studies of the effluent f r om coal -powered gen
erat ing faci l i t ies a n d other po l lu t i on sources. 

Experimental 
These techniques are des igned to m i n i m i z e bo th the actual w o r k i n g 

t ime, r equ i red a n d the ana ly t i ca l uncertainties i n sample analysis. Sample 
preparat ion a n d neutron act ivat ion procedures are based on p r o v e d ana
l y t i c a l a n d mic roana ly t i ca l techniques. T h e unusual ly h i g h sensit ivity, 
re l iab i l i ty , a n d accuracy are achieved through a choice of o p t i m u m 
i r rad ia t i on a n d count ing times for the γ-ray detect ion systems. 

Sample Preparation. T h e coal a n d fly ash samples are w e i g h e d into 
smal l bags f o rmed b y f o l d i n g a n d heat-seal ing po lycarbonate film. T h e 
openings are also heat-sealed after the samples are p laced into the po ly 
carbonate bags. T h e polycarbonate film, supp l i ed b y Nuc leopore , is the 
stock mater ia l used for Nuc leopore polycarbonate filters and is desirable 
because of its l o w trace meta l content. T h e heat seal ing is accompl ished 
us ing a Tef lon-coated " Q u i k S e a l " t h e r m a l impulse sealer manufac tured 
b y N a t i o n a l Instrument C o . T h e po lycarbonate bags are then p laced into 
a c lean po lyethylene v i a l (approx imate ly 2.5 c m long X 1.0 c m I D - 2 / 5 
d r a m ) . T h e v i a l conta in ing the coal a n d fly ash samples is then p l a c e d 
into another c lean v i a l (5.5 c m l o n g X 1.43 c m I D - 2 d r a m ) p r i o r to 
neutron act ivat ion. 
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Table I. Irradiation and Counting Procedures for Coal and Fly Ash 

IRRADIATION 
INTERVAL/ DECAY 

NEUTRON FLUX* INTERVAL COUNT INTERVAL INSTRUMENTATION ELEMENTS DETERMINED 

(15-1 m i n / l x l ( r 10 Ml Ν 

6-8 hrs/5xl0 1 2 4-7 DAYS 

- 3 0 DAYS 

* NEUTRONS/CM2/SEC 

1,000-10,000 MIN 

5 MIN 

10 MIN 

100-1,000 MIN 

Nal σΐ) 
MULTI-DIMENSIONAL 
γ - R A Y SPECTROMETER 

Ge (Li) 

Ge (Li) OR 
ΑΝΤΙ-COINCIDENCE 
SHIELDED Ge (Li) 

K, Th, U 

Al, Br, CI, Cu, Mg, 
Mn, Na, Ti, V 
As, Au, Ba, Br, Ca, K, 
La, Lu, Na, Sm, Yb 

Ag, Ce, Co, Cr, Cs, 
Eu, Fe, Hf, Hg, Ni, Rb, 
Sb, Se, Se, Sr, Ta, 
Tb, Th, Zn 

Standards used for comparators are either w e l l documented materials 
( U . S . G . S . B C R - 1 Basalt , N B S O r c h a r d Leaves , N B S B o v i n e L i v e r , etc.) 
or are prepared i n the laboratory b y p ipe t t ing k n o w n quantit ies of ele
ments onto h i g h p u r i t y cel lulose mater ia l . Standards are w e i g h e d into 
po lycarbonate a n d packaged for i r rad ia t i on i n the same manner as the 
samples. 

Neutron Activation Analysis. T h e analysis consists of two i r r a d i a 
t i on periods a n d three count ing intervals as shown i n T a b l e I. G a m m a -
ray spectrometry is accompl ished b y state-of-the-art G e ( L i ) diodes, 
t y p i c a l l y w i t h 1 5 - 2 0 % efficiency re lat ive to 3 X 3 " N a l ( T l ) detector a n d 
< 2 K e V resolution ( f u l l w i d t h at hal f m a x i m u m ) at the 1332 K e V 6 0 C o 
energy. T h e γ-ray spectra f rom samples a n d standards are ' stored o n 
magnet ic tape a n d the data reduced b y a P D P - 1 5 computer . A computer 
program (27) was developed to ident i fy the radionucl ides present f r om 
their characterist ic γ-ray energies, calculate net peak areas, a n d convert 
net peak areas to element weights b y direct comparison to k n o w n stand
ards, thus ca l cu lat ing the concentrat ion of the elements i n the or ig ina l 
samples. 

T a b l e I I summarizes the parameters w h i c h relate to the measurement 
of each element: neutron act ivat ion products , hal f - l ives , γ-ray energies, 
lengths of i r rad ia t i on , decay, a n d count ing . A l s o l isted are the possible 
inter fer ing radionucl ides a n d inter fer ing reactions p r o d u c i n g the same 
isotopes f rom another element w h i c h were necessarily evaluated. T h i s 
table is s u b d i v i d e d into three sections representing the elements deter
m i n e d d u r i n g each of the three count ing intervals . 

T h e inter fer ing reactions were evaluated b y i r rad ia t i on of pure ele
ment standards w i t h corrections a p p l i e d where necessary. T h e only 
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Table II-A. Nuclear Data Relating to the Measurement of the 
Elements in Coal and Fly Ash 

INTERVAL-0.5-1.0 Ml Ν 
C - 1x1013 NEUTRONS/cm2/sec 

ELEMENT 
TARGET 

ISOTOPE 

ISOTOPIC 
ABUNDANCE <%) PRODUCT 

NUCLIDE 
HALF-
LIFE 

THERMAL 
NEUTRON 

CROSS 
SECTION 

BEST y FOR 
MEASUREMENT 

(KEV) 

NUMBER 
OFy's 

PER 1000 
DECAYS 

ASSOCIATED 
y-RAYS KEV 

(yls/1000 DISINTEG) 

POSSIBLE 
INTERFERING NUCLIDE 

IN DIODE MEASUREMENT 

POSSIBLE INTERFERING 
NUCLEAR REACTIONS 

PRODUCING NUCLIDES 
OF INTEREST 

Al 2 7 AI 100 B A . 2.31m 0.24 b 1779 1000 NONE ulNd(1776) ^ S i l n . pA 
3 1 Ρ ( η , α ) a A I 

Br 7 V 50.5 8 0 B r 17.6m 8.5 b 617 70 666(10) 108Ag(614) 80Kr(n.p»80Br 

CI 3 7 CI 24.5 * C I 37.3m 0.4 b 1643 380 2170(470) NONE *ΑΓ(η.ρ)3ΐ 
Κ(η,α) « C l 

Cu 6 5 C u 30.9 « C u 5.10m 2.3 b 1039 90 NONE 70Ga(1040) 71Zn(1040) 
6 9Ga(n,a) « C u 

Mg 2 6 M g 11.2 2 7 M g 9.45m 0.027 b 844 700 180(70) 101M(X840) u l Nd(84D 
87Kr(846) 56ΜΠ(847) 

27 27 Al(n.p) Mg 
^ S i t n . a ) 2 7 M g 

Mg 2 6 M g 11.2 2 7 M g 9.45m 0.027 b 

1014 300 

180(70) 

ÏJÎMol 1012)15 tat 1016) 
^ S n d O l T ) 188ReU018) 

27 27 Al(n.p) Mg 
^ S i t n . a ) 2 7 M g 

Mn 5 5 M n 100 ^ M n 2.58h 13.3 b 847 990 2110(150) 27Mg(844) ^ F e i n , p^Mn 

^ C o t o . a i ^ M n 

Mn 5 5 M n 100 ^ M n 2.58h 13.3 b 
1811 290 

2110(150) 

NONE 

^ F e i n , p^Mn 

^ C o t o . a i ^ M n 

Na 2 3 Na 100 2 4 Na 15.0Π 0.53 b 1369 1000 2754(1000) J^mSn(1369) 117Cd(1373 
^ « 1 3 6 8 ) 

24,Mg(n,p)24Na 
Z 7 AI(n,a) 2 4 Na 

Ti 5 0 Ti 5.3 5 1 T i 5.79m 0.14 b 320 950 605(15) 928(50) JJ?Pt(317) 1f_V<320) 
105Ru(317) B Z mTa(318) ^ C r l n . a ) 5 1 T i 

V 51v 99.8 5 2 V 3.76m 4.9 b 1434 1000 NONE 1 3 9 Ba( 1430) { W * V 
? ? M n ( n , a ) 5 2 V 

Table II-B. Nuclear Data Relating to the Measurement of the 
Elements in Coal and Fly Ash 

IRRADIATION PARAMETERS j 

ELEMENT 
TARGET 
ISOTOPE 

ISOTOPIC 
ABUNDANCE 

(%> 
PRODUCT 
NUCLIDE 

HALF-
LIFE 

THERMAL 
NEUTRON 

CROSS 
SECTION 

BEST r FOR 
MEASUREMENT 

(KEV) 

NUMBER 
OF r s 

PER 1000 
DECAYS 

ASSOCIATED 
Τ-RAYS KEV 

(Y's/1000DISINTEG) 

POSSIBLE 
INTERFERING NUCLIDE 

IN DIODE MEASUREMENT 

POSSIBLE INTERFERING 
NUCLEAR REACTIONS 

PRODUCING NUCLIDES 
OF INTEREST 

As 75AS 100 76As 26.5h 4.5 b 559 430 1220(50) 1440(7) 

1789(3) 210013) 

1930s(558) 114mln(558) 82Br1554) 
76As(562) 122Sb(564) 79Br(n,a) 76As 

As 75AS 100 76As 26.5h 4.5 b 

657 60 

1220(50) 1440(7) 

1789(3) 210013) 110mAq(657) 

79Br(n,a) 76As 

Au 1 9 7 Au 100 1 9 8Au 2.69d 98.8 b 412 980 676(10) 1088(2) 191Pt(4IO) 152Eu<011) 
166mHo(411) 109"d(413) 177mLu(4l4) 
109PcK415> a3Pa(416) 
77Ge(416l 

198Hg(n,p)198Au 

Ba 1 3 0 Ba 0.101 1 3 1 Ba 11.6(1 8.8 b 4% 480 124(280) 216(190) 
373(130) 

115mCd(492) 115C(K492I 
103Ru(497) 103Pd(497) NONE 

Br 8 1 B r 49.48 8 2 Br 35.9h 3 b 777 830 554(660) 619(410) 698(270) 
828(250) 1044(290) 
1317(260) 1475(1701 

187W(772) 76As(775) 
152Eu(779) 97Mo(777) 
131mTe(774) 

8 2 Kr(n.p. 8 2 Br 
8 5 Rb(n.a» 8 2 Br 

Ca " C a 0.0033 4 7Ca 4.5(1 0.3 b 1297 770 490(50) 815(50) 15ZEu(1299) ^ ( η . Λ 

Κ 4 1 K 6.77 4 2 K 12.5h 1.2b 1524 180 310(2) 1Z4Sb(1526l 152Eu(1529) 166mHo(1522) 4 2Ca(n.p.4 2K 
45Sc(n.a) 4 2K 

La 139La 99.91 140La 40.3h 8.9 b 1596 960 329(200) 487(400) 
815(190) 923(100) 2530(90) 

72Ga(1596) 
154Eu(1596) 

1 4 0 Ce«n.p» 1 4 0 La 

Lu 1 7 É Î u 2.6 1 7 7 Lu 6.74 d 2100 b 208 61 113(281 177mLu(208) S9Npl210) 121mTe(212) 
177mLu(2M) 199Au(2fjg) 

l77H((n,p) 177Lu 

180Ta(n.a) l?7Lu 

Na Na 100 24Na 15h 0.53 b 1369 1000 2754(1000) 134Cs(1365) 2 4Mg(n.p.2 4Na 
2 7 ΑΙ.η.α. 24Na 

Sm 152Sm 26.6 1 5 3Sm 47.1 h 210 b 103 280 70(541 182Ta(100) 153Eu(n.p. 1 5 3Sm 
156Gd(n,a) 1 5 3Sm 

Yb 174Yb 31.8 4.2 d 55 b 396 60 114(191 283(37) 160Tb(392) 67CuG94l 79Kr(397> 
14(la(398) 147Nd(398) 233PaG98> 
75se(401) 

NONE 
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Table II-C. Nuclear Data Relating to the Measurement of the 
Elements in Coal and Fly Ash 

IRRADIATION PARAMETERS j 

ELEMENT 
TARGET 
ISOTOPE 

ISOTOPIC 
ABUNDANCE 

(%) 
PRODUCT 
NUCLIDE 

HALF-
LIFE 

THERMAL 
NEUTRON 

CROSS 
SECTION 

BEST Τ FOR 
MEASUREMENT 

(KEV) 

NUMBER 
OFY's 

PER 1000 
DECAYS 

ASSOCIATED 
7 -RAYS KEV 

(Y's/IOOODISINTEG) 

POSSIBLE 
INTERFERING NUCLIDE 

IN DIODE MEASUREMENT 

POSSIBLE INTERFERING 
NUCLEAR REACTIONS 

PRODUCING NUCLIDES 
OF INTER 

Ag 48.65 1 1 0 m A g 255(1 3b 658 960 680(160) 706(190) 
764(230) 818(80) 
885(710) 937(320) 
1384(210) 1505(110) 

152Eu<656> 1 1 ( W p » 1 1 0 % 
1 1 3 l n ( n . a . U ° % 

Ce 1 4 0Ce 88.48 1 4 1 Ce 32.5d 0.6 b 145 480 NONE 233Pa(145) 127Xe(145) 
59Fe(142) 177mLu<146) 
177mLu(147) 

1 4 W a . 1 4 0Ce 

Co 59Co 100 60Co 5.24y 37 b 1173 1000 NONE 188Re(1176)160Tb(1178) «Vliln.pl M C o 
6 3Cu(n,a. 60Co 

Co 59Co 100 60Co 5.24y 37 b 
1332 1000 

NONE 
79Kr<1332> 

«Vliln.pl M C o 
6 3Cu(n,a. 60Co 

Cr 5 0 Cr 4.31 5 1 C r 27.8d 17 b 320 90 NONE 192lr(3t7) 177mLu(3l9) 147Nd(319) 
1930s(321) 177mLu(321) 177Lu(321l 

^Fein.a) 5 1 Cr 

Cs 1 3 3 Cs 100 1 3 4 Cs Z05y 30.6 b 796 990 570(230) 605(980) 
1038(10) 1168(19) 
1365(34) 

NONE 1 3 4 Ba.n.p» 1 3 4 Cs 

Eu B l E u 47.77 « « E u 12.7 y 5900 b 1408 220 122(3701 245(80) 344(270) 
779(1401 965(150) 1087(120) 
1113(1401 

NONE 152Gd(n,p) l « E u 

Fe 0.31 59Fe 45 d LI b 1099 560 143(81 192(28) 16OTb(1103l 59Co(n.p) 59Fe 

«Niin.al 59Fe 

Fe 0.31 59Fe 45 d LI b 

1292 440 

143(81 192(28) 
182Ta(1289) H 5 m C d ( 1 2 9 0 , 
152Eu(1292) 

59Co(n.p) 59Fe 

«Niin.al 59Fe 

Hf 180Η, 35.22 181H( 43 d 10 b 482 810 133(480) 346(130) l'2|r(485) l41a(487l ISlTatn.p) « 1 H | 
1 8 4 W ( n a ) 181Hf 

Hg a»Hg 29.8 ^ H g 46.9 d 4 b 279 770 NONE l97mHg(279l 75Se(280l 193Os(280) 
175Yb(283) 147Nd(275) 133Ba(276l 

203τι<η,ρ) ^ H g 
^Pbln.a) ^ H g 

NI 58Ni 67.76 58co 71 d 810 990 511(300 B + > 
865(14) 1670(6) 

125Sn(811) I66mHo(811) 152Eu(810) 
154Eu(815) 

NONE 

Rb ffiRb 72.15 * R b 18.6 d 1.0 b 1078 88 NONE 82Br(1081l ^Srln.p) 86Rb 
89γ(η.α) ^>Rb 

So 123s,, 42.75 ™Sb 60.2 d 3.3 b 1691 500 602(980) 723(98) 2091(69) NONE l24Te(n,p) 1 2 4Sb 
127|(n.a) 124sb 

Sc 4 5 Sc 100 " S c 83.8d 13 b 889 1000 NONE 110mAa(884) 192lr(884) ^ i l n . p ) ^ S c Sc 4 5 Sc 100 " S c 83.8d 13 b 
1120 1000 

NONE 
65Zn(1115) 182Ta(1121) 131mTe(1125) 

^ i l n . p ) ^ S c 

Se 7 4Se 0.87 7 5 Sc 120d 30 b 265 600 97(33) 121(170) 
136(570) 401(120) 

169Yb(261) 115Cd(263) 182Ta(264) 7 8Kr(n,al 75SE Se 7 4Se 0.87 7 5 Sc 120d 30 b 
280 250 

97(33) 121(170) 
136(570) 401(120) 203Hg(279) 133Ba(296l 192lr(283) 

7 8Kr(n,al 75SE 

Sr M S r 0.566 8 5 Sr 64 d 1.4 b 514 1000 NONE 85Kr(514) β+(511) NONE 

Ta 1 8 1Ta 99.99 182Ta 115d 21 b 68 420 100(140) 152(70) 222(80) 
1122(340) 1189(160) 1231(130) 

169Yb(63) 121Te(65) 75Se(66) 1 8 2W.n.p» 182Ta 
185Re(n.a. 182Ta 

Ta 1 8 1Ta 99.99 182Ta 115d 21 b 
1221 270 

100(140) 152(70) 222(80) 
1122(340) 1189(160) 1231(130) NONE 

1 8 2W.n.p» 182Ta 
185Re(n.a. 182Ta 

Tb 159T* 100 160Tb 72d 46 b 879 310 87(1201 299(300) 966(310) 
1178(150) 

1850s(879) 1 6 0Dy«n.p» 16QTb 

Th 232Th 100 ^ P a 27. Od 7.4 b 312 440 300(50) 1 9 2 lr.317» NONE 

Zn 48.89 6 5Zn 243d 0.46 b 1116 506 511(500 p + ) 129nlTe(1112) 152Eu(1112)182Ta(1113) 
160Tb(U15) ^ S c d ^ l ) 

NONE 

significant inter fer ing reactions r e q u i r i n g compensat ion p r o v e d to be 
2 7 A l ( n , p ) 2 7 M g a n d 2 8 S i ( n , p ) 2 8 A l . T h e importance of the 2 8 S i ( n , p ) 2 8 A l 
react ion was further m i n i m i z e d b y use of comparator standards w i t h a 
s i l i con content s imi lar to that of the samples. 

Irradiation I. T h e samples a n d standards ( w i t h appropr iate flux 
monitors ) are i n d i v i d u a l l y exposed to a neutron flux of 1 Χ 1 0 1 3 neutrons 
c m " 2 sec" 1 for periods of V2 m i n for fly ash a n d 1 m i n for coa l via a p n e u 
mat i c " r a b b i t " system. T h e samples are i r rad ia ted a n d counted i n d i v i d 
u a l l y because of the short ha l f - l i f e of the ( n / y ) products of some of the 
elements a n d the requirement of count ing at a specific t ime after i r r a d i a 
t ion . A copper flux monitor is i r rad ia ted w i t h each sample to a l l ow 
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124 T R A C E E L E M E N T S IN F U E L 

adjustment for minor neutron flux variations f r om sample to sample. 
Sample sizes are approx imate ly 10 m g for fly ash a n d 50 -100 m g for coal . 

A f t e r i r rad ia t i on the p r i m a r y ac t iv i ty is that of 2 8 A 1 (t1/2 = 2.3 m i n ) 
w h i c h decays r a p i d l y compared w i t h most of the other isotopes. F igures 
1 a n d 2 i l lustrate the i n i t i a l activities a n d their decay w i t h t ime. I f the 
sample is counted immediate ly after i r rad ia t i on , the 2 8 A 1 , w i t h its higher 
energy photons (1779 K e V ) , interferes i n the measurement of most other 
radionucl ides . Converse ly , i f a decay in terva l of 20 m i n is a l l owed before 
count ing , the 2 8 A 1 act iv i ty has decreased, but the dis integrat ion rates 
of other radionucl ides such as 5 1 T i , 6 6 C u , 5 2 V , a n d 2 7 M g have also decayed 
to a po int where detect ion is difficult. Therefore , the count ing per i od 
was o p t i m i z e d to a 5 -min count ing in terva l beg inn ing w h e n the sample 
has been out of the reactor for 10 m i n . T h i s op t imizat i on al lows t ime 

MINUTES AFTER IRRADIATION 

Figure 1. Concentrations of short-lived radionuclides 
produced by neutron activation of NBS-fly ash 
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MINUTES AFTER IRRADATION 

Figure 2. Concentrations of short-lived radionuclides 
produced by neutron activation of NBS-coal 

for decay of 2 8 A 1 act iv i ty re lat ive to the other radionucl ides but retains 
sufficient act iv i ty of these other nucl ides for detect ion b y G e ( L i ) spec
trometry. T h e improvement of the act iv i ty (re lat ive dis integrat ion rates) 
ratios of various elements to a l u m i n u m can be determined f rom F i g u r e 1. 
Immediate ly after i r rad ia t i on , 2 8 A 1 : 5 2 V is — 4 0 : 1 , a n d after a 10-min decay 
the rat io has decreased to ^ 1 0 : 1 a n d 2 8 A l : 2 7 M g has decreased f r o m 
~ 2 0 0 0 : 1 to ^ 2 0 0 : 1 . F i g u r e 3 il lustrates a t y p i c a l γ-ray spectrum ob
ta ined after this short i r rad iat ion . I n pr inc ip l e , m u l t i p l e count intervals 
after the i r rad ia t i on c o u l d opt imize the detect ion of each act ivat ion p r o d 
uct. H o w e v e r , this w o u l d be proh ib i t i ve ly t ime consuming a n d expensive 
to the research programs a n d does not offer a significant improvement 
over the method descr ibed here. 

I r r a d i a t i o n I I . T h e second i r rad ia t i on involves exposure of 100-mg 
samples of bo th coa l a n d fly ash, along w i t h appropr iate standards, to a 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
01

0

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



126 T R A C E E L E M E N T S IN F U E L 

Figure 3. Gamma-ray spectrum of neutron-activated fly ash 

DAYS A FER IRRADIATION 

Figure 4. Concentration of long-lived radionuclides produced by neutron 
activation of NBS-fly ash 
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neutron flux of 5 Χ 1 0 1 2 neutron c m " 2 sec" 1 for 6 - 8 hrs f o l l o w e d b y two 
count ing intervals after appropr iate decay periods. F i g u r e s 4 a n d 5 i l l u s 
trate the activities of a f ew of the intermediate a n d long - l ived r a d i o 
nuc l ides p r o d u c e d d u r i n g the 6-hr i r rad ia t i on a n d their decay w i t h t ime 
after i r rad iat ion . These figures i l lustrate the presence of two groups of 
radionuc l ides w i t h signif icantly different hal f - l ives . T h i s is the reason 
the samples are counted twice w i t h each count o p t i m i z e d to determine 
one of the two groups of radionucl ides . T h e first count ing in terva l is for 
10 m i n a n d is begun approx imate ly 5 -6 days after i r rad iat ion . A t this 

DAYS AFTER IRRADIATION 

Figure 5. Concentration of long-lived radionuclides produced by neutron 
activation of NBS-coal 
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t ime, as it can be seen i n F igures 4 a n d 5, the predominant act iv i ty , 2 4 N a 
( t i / 2 = 15 h r s ) , present immediate ly after i r rad ia t i on has decayed more 
t h a n most other radionucl ides of interest. T h e 2 4 N a , w h i c h emits a h i g h 
energy γ-ray, thus no longer s ignif icantly interferes i n the measurement 
of l o w energy γ-rays. Rad ionuc l ides w h i c h can be measured d u r i n g the 
first count ing per iod , as shown i n T a b l e I , inc lude A s , A u , B a , B r , C a , K , 
L a , L u , N a , S m , a n d Y b . T h e determinat ion of N a a n d B r f rom b o t h 
I r rad ia t i on I a n d Irrad ia t i on I I provides an interna l check to insure 
consistent, accurate results. 

F igures 4 a n d 5 also indicate that a decay per i od of approx imate ly 
2 5 - 3 0 days reduces the intermediate - l ived radionucl ides such as 2 4 N a , 
1 4 0 L a , a n d 8 2 B r to insignif icant act iv i ty levels w i t h o u t seriously affecting 
the ab i l i ty to measure the r e m a i n i n g isotopes of interest. T h e second 
count is then conducted for 100-1000 m i n on a G e ( L i ) or ant ico inc idence 
sh ie lded G e ( L i ) spectrometer (28) a n d provides concentrations for A g , 
B a , C e , C o , C r , C s , E u , F e , H f , H g , N i , R b , Sb, Se, Se, Sr, T a , T b , T h , 

T y p i c a l γ-ray spectra f rom these two count ing intervals are 
shown i n F i g u r e s 6 -10. T h e major advantage of the ant ico inc idence 
sh ie lded G e ( L i ) detect ion system over a n o r m a l d iode becomes read i l y 
apparent b y c o m p a r i n g these four figures. T h e ant ico inc idence shie lded 
spectrometer signif icantly improves the sensit ivity for measur ing rad io 
nuc l ides such as 5 1 C r or 6 5 Z n w h i c h emit a single γ-ray w i t h o u t a l ter ing 
the detect ion efficiency for radionuc l ides w h i c h emit co inc ident γ-rays. 

Natural Radioactivity Measurement. T h e natura l ly o c curr ing rad io 
nucl ides U ( 2 2 6 R a ) , T h ( 2 3 2 T h ) , a n d K ( 4 0 K ) can also be determined on 
100-g samples b y direct count ing of un i r rad ia ted samples us ing ant i co in 
c idence sh ie lded m u l t i d i m e n s i o n a l γ-ray spectrometers (29, 30). These 
spectrometers use large (12 i n . d iameter X 8 i n . t h i c k ) p r i n c i p a l N a l ( T l ) 

a n d Z n . 

COUNT II ISOTOPES IDENTIFIED 
24Na 82Br 177mLU 

4 2 K 140La 187w 
54Mn M 3 c e ^ H g 
5 9 p e 152EU 203Hg 
60co 153sm 2 3 3 p a 

76As 175Yb 

ο ι η ψ S A M P L E WEIGHT - 5 L 2 mg 

° Ε. Γ Μ Τ . Δ Υ IMTFPV/AI - A n A V C I DECAY INTERVAL - 4 D A Y S 
f COUNTING INTERVAL - 10 MINUTES 

j [ _ I R R A D I A T I O N INTERVAL - 6 HR 
L NEUTRON FLUX - 5 x l 0 l 2 n / c m 2 / s e c 

DETECTOR S Y S T E M - Ge(Li) DIODE (20cm 3 ) 

0 200 400 600 800 1000 1200 1400 1600 1800 2000 

CHANNEL NUMBER 

Figure 6. Gamma-ray spectrum of neutron-activated fly ash-magnetic fraction 
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COUNT II 
SAMPLE WEIGHT - 51 mg 
DECAY INTERVAL - 4 DAYS 
COUNTING INTERVAL - 10 MINUTES 
IRRADIATION INTERVAL - 6 HR 
NEUTRON aUX - 5x1012 n/cm2/sec 
DETECTOR SYSTEM - GeQJ) DIODE (20cm3) 

ISOTOPES IDENTIFIED 
24Na MOLa 
% Mice 
46Sc 152Eu 
47Sc 153Sm 
54Mn 175Yb 
76As 177LU 

_1_ JL 1000 1200 
CHANNEL NUMBER 

8 ^ 

COUNT 111 
SAMPLE WEIGHT - 5L1 mg 
DECAY INTERVAL - 35 DAYS 
COUNTING INTERVAL - 300 MINUTES 
IRRADIATION INTERVAL - 6 HRS 
NEUTRON FLUX - 5x1012 n/cm2/sec 
DETECTOR SYSTEM -Ge(Li) DIODE (20 cm3) 

ISOTOPES IDENTIFIED 
51Cr 131 Ba l«Tb 
54Mn 134Cs 169Yb 
59 F e WlCe 18lHf 
60Co 152Eu 182Ta 
«Nb 154Eu 233 pa 

1000 1200 

CHANNEL NUMBER 

Figure 7. (top) Gamma-ray spectrum of neutron-activated fly ash-nonmagnetic 
fraction. Figure 8. (bottom) Gamma-ray spectrum of neutron-activated bottom 

ash-magnetic fraction. 

detectors contained i n an ant ico inc idence shie ld . C o u n t i n g intervals of 
1000-5000 m i n are used where very accurate measurements are desired. 
T h e analysis of m u l t i d i m e n s i o n a l γ-ray spectra is s imi lar to that for n o r m a l 
spectra (31), w i t h samples b e i n g compared d i rec t ly to standards prepared 
i n a s imi lar geometry. 

T h i s ana ly t i ca l method measures two elements, Κ a n d T h , w h i c h 
were also determined via N A A . H o w e v e r , the neutron act ivat ion pro 
cedure is l i m i t e d to samples w e i g h i n g a f e w h u n d r e d mi l l i g rams . T h u s , 
another set of in terna l standards was i n c l u d e d i n the analysis to insure 
not on ly consistent a n d accurate results, but also homogeneous samples 
for these elements over a sample size range of 1000-fold. 
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SHIELDING - Pb PLUS 3 0 " DIA 
PLASTIC PHOSPHOR 

\ ·• ANITCOINCIDENCE SHIELDS , , , A 
i n n l , I , I , I ι I ι I ι I 1 1 1 1 1 1 1 U 

W0 200 400 600 800 1000 1200 1400 1600 1800 2000 
CHANNEL NUMBER 

Figure 9. Anticoincidence-shielded Ge(Li) γ-ray spectra of neutron-acti
vated bottom ash 

Results and Discussion 

T h e prec is ion for a single determinat ion is 5 - 1 0 % for most of the 
40 elements i n coa l a n d fly ash. Battel le 's technique of I N A A has been 
s h o w n to have 5 - 1 0 % accuracy b y the repl icate analyses of w e l l char
acter ized standards such as U . S . G . S . Basalt S tandard B C R - 1 a n d N B S -
O r c h a r d Leaves ( S R M 1571) (32). 

A n even more def init ive measure of the prec is ion a n d accuracy of 
this method is shown b y the results obta ined d u r i n g the b l i n d r o u n d - r o b i n 
analysis of the recent N B S - E P A coal a n d fly ash standards. T a b l e I I I 
compares Battel le 's reported results a n d the N B S values for 12 elements. 
T h e overa l l agreement is extremely good. These samples were ana lyzed 
i n Battel le 's s tandard rout ine p r o g r a m w h i c h is current ly p r o v i d i n g t h o u 
sands of h i g h q u a l i t y measurements per year for A E C programs a i m e d 
at def in ing the or ig in , transport, a n d u l t imate deposi t ion of atmospheric 
aerosols. T h e on ly unusua l treatment was that six repl icate samples were 
r u n . A research p r o g r a m us ing thousands of s a m p l e s / y r cannot afford 
the l u x u r y of m a n y repl icate samples, so the techniques must be h i g h l y 
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ISOTOPES IDENTIFIED 
2*Na ^ M n 7 5 S e « z r 

46Sc 58co 7 6 A s 1 2 2 S b 

47Sc 59pe 8 2 B r 124Sb 152EU 

4 7 C a « ) c o 8 5 S r 131 B a 1 5 3 G d 

M l C e 
W 7 N d 

154EU 177mLU 

160Tb 181Hf 
169Y5 182ra 

1 7 5 Y b 187W 

2 3 3 P a 

239Np 

51Cr 6 5 z n 86Rb 140La 1 5 3 S m 177 L u 1 9 8 A u 

. SAMPLE - STACK FILTER - 1-22-73 
— . IRRADIATION INTERVAL - 6 HOURS 
' - DECAY INTERVAL - 10 DAYS 
I " COUNTING INTERVAL - 15 MINUTES 
^ NEUTRON FLUX - 5x1012 n/cm2/sec 

' Ge(Li) DIODES - 60cc COAXIAL 
SHIELDING - Pb PLUS 30" DIA PLASTIC PHOSPHOR ANTICOINCIDENCE SHIELDS 

- ι 1 1 I ι I ι I ι I ι I 
200 400 600 1000 1200 

CHANNEL NUMBER 
1600 1800 

Figure 10. Anticoincidence-shielded Ge(Li) γ-ray spectra of neutron-acti
vated stack filter 

Table III. Comparison of NBS Certified and 
B N W Reported Concentrations"* for 

N B S - E P A Fuel Standards 

FLYASH COAL 

NBS BNW NBS BNW 

As 61 ± 6 61 ± 5 5.9 ± 0 . 6 5.7 ± 0 . 5 
Co (38) 40 ± 2 --- 5.2 ± 0 . 4 
C r 131 ± 2 D l ± 8 20.2 ± 0 . 5 19 ± 2 
C u 128 ± 5 < 300 18 ± 2 < 70 
Fe — 6\51%±0.31% 8700 ± 3 0 0 8100 ± 700 
Hg 0.14 ± 0 . 0 1 < 0.5 0.12 ± 0 . 0 2 — 
Mn 493 ± 7 489 ± 11 40 ± 3 41 ± 6 
Ni 98 ± 3 -— 15 ± 1 16 ± 4 
Rb (112) 124 ± 10 — 19 ± 2 
Se 9.4 ± 0.5 8.8 ± L 2 2 . 9 ± 0.3 3.3 ± 0.4 
Sr (1380) 1900 ± 200 -— 170 ± 10 
Th (24) 28 ± 2 (3) 3.4 ± 0.6 

26.2 ± 1 . 3 * * 3.45 ± 0 . 1 0 
U 11.6 ± 0.2 -— L 4 ± 0 . 1 — 

12.0 ± 0 . 5 * * 1.41 ± 0 . 0 7 ' 
V 214 ± 8 220 ± 15 35 ± 3 33 ± 4 

•CONCENTRATION IN P P M EXCEPT AS NOTED 
( ) INDICATES INFORMATIONAL VALUE 

**OBTAINED BY MULTIDIMENSIONAL GAMMA-RAY SPECTROMETRY 
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Table IV. Elemental Composi
tion of NBS—EPA Coal and Fly 

Ash Standards 
(ppm except as noted) 

ELEMENT COAL* FLYASH* 

Al (%) L78±a08 
Ag 0.06*0.03 
As 5.7±a5 61±5 
Au <ao3 
Ba(%) aQ39±0.002 Q.34±0.04 
Br 17±2 1 2 ± 4 
Cd <Zl 
CI (%) ao&to.o2 <ao3 
Co 5.2±a4 40±2 
Cr 1 * * 2 131±8 
Cs i . 4 ±ai 9.9*0.8 
Cu (%) <aoo7 <aa3 
Eu a28±aoi 2.3±ai 
Fe(%) aei±ao7 6.51±0.31 
Hf a 9 7 ± 0 . 1 0 8.2±0.8 
Hg — < a 5 
K(%) o.28±aoi 

(0.284±a008) (1.71±a03) 
La ias±a5 82±4 
Mg (%) a23±ao7 2.08±0.43 
Mn 4 1 ± 6 489±11 
Na (%) a042±0.003 a37±0.02 
Ni 1 6 ± 4 
Rb 1 9 ± 2 124±10 
Sb 3 . 7 ± £ 0 7.2±(X8 
Sc 3.4±a3 27±1 
Se 3.3±0.4 8.8±1.2 
Sm 1.7±a3 R 4 ± a 5 
Sr (%) aon±aooi 0,19*0.02 
Ta a46±ao5 3.5±a3 
Tb 0.23±a06 2.0±a3 
Th 3.4±a6 28±2 

6.45±0.10) (26.2±L3) 
Ti (%) a n ± a o 2 0176*0.08 
U (1 .41±0.07) (12.0±a5) 
V 33±4 220±15 
Yb 8.9±a9 

* AVERAGE AND STANDARD DEVIATION OF 6 
DETERMINATIONS 

( ) - NUMBER FROM Nal (TI ) MULTIDIMENSIONAL 
y-RAY SPECTROMETRY 

rel iable . T a b l e I V gives a deta i led l ist of the other elements that have 
been determined i n the coa l a n d fly ash standards. These inc lude the 
values f rom T a b l e I I I as w e l l as data on other elements for w h i c h there 
is no certif ied value f rom N B S . H o w e v e r , a compar ison between this 
laboratory a n d other w e l l qual i f ied laboratories shows good agreement 
for these elements (33 ) . 

T h e coa l a n d fly ash standards were certi f ied b y N B S for 250-mg 
sample sizes. Because of the activit ies i n d u c e d b y the neutron act ivat ion , 
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i t was necessary that the sample sizes be considerably b e l o w those rec 
o m m e n d e d b y N B S . A l t h o u g h smaller sample sizes d i d not affect the 
ana ly t i ca l results, an inhomogeneity of the fly ash was discovered i n later 
measurements of magnet i c a n d nonmagnet ic fractions separated f rom fly 
ash. T h e difference i n these two fractions becomes read i l y apparent i n 
T a b l e V . T h e magnet ic f ract ion, a l though i t constitutes only a very smal l 
percentage of the total fly ash (approx imate ly 1 % ) , is h i g h l y enr i ched 
i n several transit ion metals ( F e , Μη, V , C o , C r ) a n d c o u l d indicate the 
presence of discrete metal -oxide partic les. T h e nonmagnet ic f ract ion is 
more concentrated i n nonmetals such as L a , B a , Sc, H f , A l , K , a n d Se, 
const i tut ing the si l icate f ract ion of the fly ash. T h i s inhomogenei ty is also 
evident on v i sua l inspect ion of photomicrographs of the magnet ic a n d 
nonmagnet ic fractions. A l t h o u g h the presence of this inhomogenei ty 
d i d not affect the ana ly t i ca l results for the N B S - E P A standards, i t m a y 
pose a prob l em to other ana ly t i ca l techniques of h i g h sensit ivity w h i c h 
necessarily use smaller samples. T h e presence of discrete h i g h transit ion 
meta l partic les m a y also pose an environmenta l hazard . 

Table V . Chemical Composition vs. Magnetic 
Characteristics of Fly Ash (ppm except as noted) 

ORIGINAL MAGNETIC FRACTION NON MAGNETIC FRACTION 

Al (%) 10.4 
Ba 500 
Br 6.5 
CI (%) <0.1 
Co 25 
Cr 116 
Cs 9.5 
Cu (%) <0.05 
Eu 1.3 
Fe (%) 15.98 
Hf 5.6 
Hg 1.1 
Κ (%) 1.93 
La 47 
Mn 301 
Na (%) 0.41 
Rb 9 
Sb 1.1 
Sc 20 
Se 3.2 
S m 8.6 
Sr 

9.6 
560 
2.4 

<0.1 
50 
142 
2.9 

<0.06 
1.1 
44.06 
3.1 
2.2 
0.82 
23 
1470 
0.21 
5 
0.77 
15 
2.1 
5.8 

17.1 
750 
0.66 

<0.1 
16 
116 
12 

<0.05 
1.4 
4.57 
6.8 
1.9 
2.44 
56 
530 
0.49 
6 
1.2 
24 
8.8 
9.5 
560 
2.7 
1.5 
19 
2.42 
514 

Ta 2.0 
Tb 1.3 
Th 15 
Ti (%) 0.57 
V 157 

1.3 
0.84 
13 
1.72 
721 
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A l t h o u g h the N B S standards were col lected f rom several sources, 
some tentative conclusions can be reached concerning the combust ion 
process. U s i n g selected elements for comparison w h i c h are of a refractory 
nature a n d w o u l d be expected to be conserved i n the ash f o l l o w i n g the 
combust ion process, i t becomes apparent that other elements such as 
se lenium a n d ant imony are not be ing conserved, but rather are lost f rom 
the ash. Refractory elements selected for i l lustrat ion are E u , H f , Se, T a , 
T b , a n d L a , a l though most other elements d i sp lay the same conservative 
behavior . T a b l e V I shows the concentrations of these elements i n bo th 

Table VI . Coal-to-Fly Ash Ratios for 
Selected Elements in N B S - E P A Standards 

COAL FLYASH COAL/FLYASH 

Eu 0.28 2.3 0.12 

Hf 0.97 8.2 0.12 

Sc 3.4 27 0.13 

Ta 0.46 3.5 0.13 

Tb 0.23 2.0 0.12 

La 10.5 82 0.13 

CONCENTRATIONS IN PARTS PER MILLION 

the coa l a n d fly ash a n d the coal-to-fly ash ratios. I f these elements are 
total ly conserved i n the ash, this ratio is synonomous w i t h the ash content 
of the o r i g ina l coal . T h e coal-to-fly ash rat io for a l l of these elements is 
near ly ident i ca l a n d averages 1:7 w h i c h indicates a reasonable ash con
tent of 12 .5% for the coal . 

Se len ium a n d ant imony, b y contrast, behave qui te differently. U s i n g 
the 12 .5% ash content f rom above, one w o u l d expect that the elements 
w o u l d be concentrated i n the fly ash b y a factor of 8.3. H o w e v e r , these 
elements are not, a n d on ly approx imate ly 3 0 % a n d 2 0 % of the se lenium 
a n d ant imony, respectively, appear to be present i n the fly ash. 

Secondly , it is possible to d r a w conclusions concerning the source 
of certain elements f ound i n the coal . B y n o r m a l i z i n g E u , H f , Se, T a , a n d 
T b to L a i n coa l a n d compar ing these w i t h s imi lar normal izat ions for v a r i 
ous crusta l components (34) as shown i n T a b l e V I I , i t appears that, for 
these elements, the crustal average a n d coal composi t ion are qu i te s imilar . 
T h i s is expected because these elements are general ly not concentrated i n 
organic matter, but rather should be associated w i t h geological materials 
in termixed w i t h the coal . These geological materials should approximate 
average crustal composi t ion because they are various weathered materials , 
sands, silts, etc., w h i c h have been sedimented w i t h the coal body. 
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Table VII Ratios to Lanthanum for Selected Elements in 
N B S - E P A Coal Standard and Other Crustal Materials 

COAL GRANITE* CRUSTAL AVERAGE* DIABASE1 

Eu 2.7x10 " 2 8.3xl0"3 4 x l 0 " 2 3.7xl0"2 

Hf 9.2xl0"2 4.3x10 " 2 l x l O " 1 5.X10"2 

Sc 3.2X10"1 2.5x10 " 2 7.3X10"1 1.1 

Ta 4.4x10 " 2 1.3x10 " 2 6.7xl0"2 2.3x10 " 2 

Tb 2.2x10 ~2 9.2x10 " 3 3x10 " 2 2xl0"2 

* MASON (1966) 

A s imi lar normal i zat ion for the coal a n d various crustal components 
can be per formed us ing the transi t ion elements C o , C r , F e , M n , N i , a n d V . 
T a b l e V I I I shows this normal i za t i on to i ron for coal , granite, diabase, 
a n d crustal average materials . A s w i t h the earlier elements, the ratio of 
transit ion metals appears to approximate the crustal average composit ion. 
T h u s , i t appears that the concentrations of the transit ion elements m a y 
also be expla ined b y the incorporat ion of geological materials i n the coal . 

M a n y of the elemental concentrations i n the coal m a y be thus at
t r ibuted to the presence of intermixed geological materials . T h i s agrees 
w i t h other findings recently reported b y R u c h et al. ( 35 ) . Therefore , 
emissions f rom coal combust ion c o u l d be signif icantly reduced b y cleans
i n g the coa l of these in termixed geological materials pr i o r to combust ion. 

Summary 

A sensitive a n d accurate I N A A method for coal a n d fly ash has been 
deve loped w h i c h can simultaneously determine approx imate ly 40 ele
ments consisting of major, minor , a n d trace constituents. T h i s m u l t i -

Table VIII. Ratios to Iron for Selected Transition Metals 

in N B S - E P A Coal Standard and Other Crustal Materials 

COAL GRANITE* CRUSTAL AVERAGE* DIABASE* 

Co 6.4x10 " 4 l.SxlO"4 -4 
5x10 * 6.4x10 " 4 

Cr 2.3xl0"3 1.6xl0"3 2xl0~3 1.5x10 " 3 

Mn 5.1xl0"3 1.7xl0"2 1.9x10 " 2 1.7x10 " 2 

Ni 2.0x10 " 3 1.5X10"4 1.5xl0"3 l.OxlO"3 

V 4.1x10 " 3 1.2x10 " 3 2.7x10 " 3 3-lxlO"3 

* MASON (1966) 
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element technique facil itates the use of e lemental ratios a n d coal-to-fly 
ash ratios. T h e use of these ratios a l l ow conclusions to be d r a w n con
cern ing the o r ig in of m a n y trace elements i n coal a n d their fate d u r i n g 
combust ion . T h i s technique is current ly be ing used w i t h excellent results 
i n studies of the effluent a n d ash residues f rom coal-f ired electric gen
erat ing plants. T h e goals of this ongoing w o r k inc lude character iz ing 
the emissions f r om fossil fue l faci l it ies a n d def ining subsequent atmos
pher i c transport a n d environmenta l c y c l i n g processes. Batte l le thus hopes 
to evaluate the potent ia l env ironmental impact of the trace elements 
f rom combust ion of fossil fuels, a facet of fossil fue l energy generation 
that has been largely neglected d u r i n g previous studies of env ironmenta l 
impact . 
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The Fate of Some Trace Elements During 
Coal Pretreatment and Combustion 

HYMAN SCHULTZ, Ε. A. HATTMAN, and W. B. BOOHER 

U.S. Department of the Interior, Bureau of Mines, 4800 Forbes Ave., 
Pittsburgh, Pa. 15213 

Preliminary studies have shown that it is possible to re
move over half of the potentially toxic trace elements 
present in coal when the mineral matter is reduced by coal 
washing. When coal is burned in a power plant, about 13% 
of the mercury and about 50% of the lead and cadmium 
may remain with the fly ash. Analytical chemical tech
niques have been developed to determine Hg, Cu, Cr, Mn, 
Ni, Cd, Pb, and F in coal and fly ash. These techniques 
produce accurate and precise results despite the fact that 
there are no coals with established trace element content, 
except for mercury. 

* " p h e fact that coa l contains m a n y potent ia l ly toxic trace elements, 
together w i t h the fact that over 300 m i l l i o n tons of coal were b u r n e d 

i n the U n i t e d States i n 1972 to generate e lectr ic power , has l e d to a great 
d e a l of interest i n the trace e lement content of coal . Questions s t i l l to be 
answered inc lude the f o l l o w i n g : E x a c t l y w h a t quantit ies of potent ia l ly 
toxic trace elements exist i n the coa l w e mine? A b o u t 4 0 % of the coa l 
b u r n e d to generate e lectr ic i ty is washed ( 1 ). W h a t is the effect of w a s h 
i n g on the trace element content of the coal? E x a c t l y h o w m u c h of these 
elements enters the env ironment via the stacks of c o a l - b u r n i n g p o w e r 
plants? 

T w o trace element studies are b e i n g done to answer some of these 
questions. T h e first study, f u n d e d b y the E n v i r o n m e n t a l Protec t ion 
A g e n c y , concerns coa l w a s h i n g a n d is des igned to determine the d i s t r i 
but i on of certa in trace elements i n coal . T h e var ious specific g rav i ty 
fractions of coal are separated b y a s ink- f l oat procedure . C o m m e r c i a l l y 
avai lab le organic f luids are used as the separation m e d i a . 

139 
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Coal 

DIR 

Ice bath 
0° C 

Figure 1. Flow diagram of a trace element unit 

T h e procedure used insures that the coa l samples ana lyzed are 
representative of the seam b e i n g sampled . A 600-lb channe l sample is 
ob ta ined f r om as near the w o r k i n g face of the m i n e as possible. T h e 
coa l sample is coned, l ong p i l e d , a n d shoveled into four pans us ing 
A S T M procedures. T h e o r i g i n a l sample is d i v i d e d i n ha l f b y c o m b i n i n g 
opposite pans. O n e of the halves of the o r i g i n a l sample is crushed a n d 
riffled i n six separate stages u n t i l a 3-lb sample is obtained. T h e 3-lb 
sample , w h i c h is used for the specific gravi ty separation, w i l l pass t h r o u g h 
a 14 mesh screen ( 0.046" ). 

T h e second p r o g r a m , f u n d e d b y the U . S . B u r e a u of M i n e s , is con 
cerned w i t h the fate of the various toxic trace elements present w h e n 
coa l is b u r n e d i n power plants . Coals a n d ashes f r om exper imental c o m -
bustors a n d power plants are co l lected a n d chemica l ly analyzed . C o m 
p a r i n g the amount of a trace element i n a coal w i t h the amount f o u n d 
i n the ash resu l t ing f r om the combust ion of that coa l al lows us to deter
m i n e the m a x i m u m amount of that element that c ou ld be emit ted into 
the environment via the power p lant stacks. 
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T h e i n i t i a l experiments for each element of interest are usua l ly 
conducted on the 100-gram-per-hour laboratory combustor shown i n 
F i g u r e 1. T h e boxes labe led 0 2 a n d N D I R i n F i g u r e 1 stand for "oxygen 
ana lyzer " a n d ' nondispers ive in f rared analyzer , " respectively, a n d were 
or ig ina l ly in tended to p rov ide flue gases analyses d u r i n g each experiment. 
Dif f icult ies w i t h the equipment operat ion prevented the use of either the 
oxygen analyzer or the N D I R d u r i n g the experiments descr ibed i n this 
report. T h e gases are ana lyzed b y w i t h d r a w i n g samples a n d us ing gas 
chromatography. T h e 0 2 a n d N D I R are i n c l u d e d i n the d i a g r a m for 
completeness. T h i s combustor uses crushed coa l (100-200 mesh) a n d 
features free f a l l combust ion and N o m e x b a g ash col lect ion. Gas flow 
rates of 10 standard cubic f t / h r ( S C F H ) for p r i m a r y air a n d 30 S C F H 
for secondary air are used. A smal l combustor al lows greater contro l a n d 
sample def init ion a n d helps to b r i n g out problems w h i l e the w o r k is s t i l l 
on a smal l scale. 

T h e next experiments are conducted on a 500-pound-per-hour com
bustor. T h i s combustor, w h i c h simulates c ommerc ia l pract ice , is shown 
i n F i g u r e 2. It is a wal l - f i red , dry -bot tom uni t w h i c h uses cyc lone ash 
col lect ion. W h e r e possible b o t h coal and ash samples are obta ined f r o m 
commerc ia l power plants to ver i fy the results f rom the exper imental 
combustors. T h e combinat ion of the two programs w i l l hope fu l ly g ive 

Cool hopper 
Stock 

Pulveri; 

Figure 2. Simplified flowsheet of 500-lb/hr pulverized-fuel-fired furnace 
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us a p i c ture of the fate of some trace elements f r o m the coal m i n e to the 
p o w e r plant stack. 

T h i s paper covers the problems encountered a n d the results ob
ta ined to date i n both programs. T h e results that are presented are of a 
p r e l i m i n a r y nature because bo th programs are s t i l l active. T h e elements 
that are current ly b e i n g s tudied i n the E P A p r o g r a m are mercury , copper, 
c h r o m i u m , manganese, n i cke l , c a d m i u m , lead , a n d f luorine. I n the B u r e a u 
p r o g r a m , the studies have been l i m i t e d to mercury , c a d m i u m , a n d lead . 

C o n t a m i n a t i o n is a p r o b l e m one always faces i n trace analysis. 
M e r c u r y is ub iqui tous in m a n y laboratories, as is f luoride. L e a d is pres
ent i n dust, par t i cu lar ly i n laboratories located close to heavy automobi le 
traffic. E x t r e m e caut ion must a lways be exercised as contaminat ion on 
the trace leve l m a y come f rom unexpected sources. T a b l e I shows that 
us ing manganese steel i n the jaws used to crush the coa l increased the 
manganese content of the crushed coa l more than twofo ld . 

Table I . Analysis of Coal Before and After Crushing 
Concentration Before Concentration After 

Element Crushing (ppm) Crushing (ppm) 
C r 3.4 4.3 
C u 3.2 5.4 
M n 4.1 10.3 

A n o t h e r p r o b l e m encountered w h e n ana lyz ing coa l for trace ele
ments is the lack of standards. E x c e p t for mercury , there is no certi f ied 
s tandard coa l presently avai lab le for use i n trace element analysis. B e 
cause the prec is ion a n d accuracy of the ana ly t i ca l procedures used are 
i n m a n y cases affected b y the matrix one is dea l ing w i t h , the lack of a 
s tandard coa l is a serious p r o b l e m . 

T o dea l w i t h the matr ix p r o b l e m , the method of s tandard addit ions 
is used, i n w h i c h the sample itself serves as the matr ix for p r e p a r i n g 
"knowns . " K n o w n amounts of the analyte are a d d e d to al iquots of the 
sample , a n d these are used to construct the w o r k i n g curve. W h e n a 
l inear re lat ionship exists between the ana ly t i ca l effect be ing measured 
(absorbance, for instance) a n d the analyte concentration, this procedure 
produces a w o r k i n g curve w i t h a negative intercept. T h e magn i tude of 
the negative intercept a long the concentrat ion axis w i l l be equa l to the 
concentrat ion of the analyte i n the sample. T o check the prec is ion analyses 
are a lways rep l i cated a n d the data accumulated for statist ical purposes. 

M a t e r i a l balances are done where possible to check overa l l prec is ion 
a n d accuracy. I n the coa l -washing study, mater ia l balances are always 
possible. I n cases where enough data for statist ical calculations has not 
been accumulated , an arb i t rary l i m i t of ± 1 5 % for acceptable m a t e r i a l 
balances has been set. 
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Serum bottle 
stopper 

u > T r i with Gold wire Catalyst 
Heater 15 b . coils section s j | v e r 

coil 

Combustion 
s e c t i o n 

o - r i n g v 

M L [ ^ ^ ^ f a f e 

T r a p 2 T r a p I 

Figure 3. Double-gold amalgamation train 

Analytical Methods 

Since the details of the ana lyt i ca l methods are to be p u b l i s h e d i n 
the near future, they are on ly out l ined here. 

Mercury. A doub le -go ld amalgamation- f lameless atomic absorpt ion 
procedure was selected for m e r c u r y determinat ion after a study of the 
avai lab le ana ly t i ca l techniques (2). T h e doub le -go ld amalgamat ion t ra in 
is shown i n F i g u r e 3. Because mercury is vo lat i l e a n d can be q u a n t i 
tat ive ly separated f r o m the coa l matr ix , ca l ibrat ion can be accompl i shed 
w i t h mercury-saturated air . F i g u r e 4 shows mercury-saturated a ir be ing 
injected into the double -go ld amalgamat ion t ra in . F i g u r e 5 is a d i a g r a m 
of the mercury-saturated air container. T h e response obta ined for various 

Figure 4. Injection of mercury-saturated air 
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Figure 5. Calibration container for 
mercury-saturated air 

amounts of mercury-saturated air is shown i n F i g u r e 6. T h i s trace was 
obta ined w i t h m i n i m u m instrumenta l ampl i f i cat ion. Mercury - sa tura ted 
a i r is n o r m a l l y used for ca l ibrat ion purposes on a day-to-day basis a n d 
N B S standard 1630s per i od i ca l l y ana lyzed to check our procedure . 
T a b l e I I presents the results obta ined w i t h the N B S standard coa l through 
M a r c h 2, 1973. 

F l u o r i n e . T h e fluorine determinat ion was adapted f rom an older 
m e t h o d ( 3 ) . F l u o r i n e i n coa l is determined b y combust ing the coa l i n 
the presence of c a l c i u m oxide, fus ing the residue w i t h sod ium carbonate, 
l each ing the mel t w i t h phosphor ic a c id , d i s t i l l ing the so lut ion w i t h s u l 
fur i c a c id , concentrat ing the fluoride b y passing the solut ion through an 
anion exchange resin ( A m b e r l i t e I R A 410) , a n d de te rmin ing the fluoride 
content of the solut ion w i t h a fluoride specific i on electrode us ing the 
s tandard addit ions method . A n N B S opa l glass s tandard is f requent ly 
carr ied through the entire procedure to check fluorine recovery. 

C e r t a i n precautions are observed i n the fluoride determinat ion to 
dea l w i t h contaminat ion problems. T h e reagents a n d de ion ized water 
used are kept separate a n d used only for the fluoride analysis. E a c h n e w 
b a t c h of water or reagent is ana lyzed for fluoride. F i n a l l y , the fluoride 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
01

1

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



11. S C H U L T Z E T A L . Coal Pretreatment and Combustion 145 

analysis is carr ied out i n a laboratory where hydro f luor i c a c i d has never 
been used. 

Copper, Chromium, Manganese, and Nickel . T h e ana ly t i ca l m e t h o d 
for de termin ing copper, c h r o m i u m , manganese, a n d n i c k e l involves 
d igest ing the coal w i t h n i t r i c a n d perchlor i c acids, fus ing the residue w i t h 
l i t h i u m metaborate, a n d determin ing the c o m b i n e d digest ion a n d leach so
lutions b y atomic absorpt ion spectrophotometry. Since there is no s tandard 
mater ia l to analyze for the construct ion of ca l ibrat ion curves, the s tandard 
addit ions method is used for the assay. W h i l e this method increases the 
t ime r e q u i r e d for analysis, i t helps to e l iminate the effect of the matr ix . 

P k # c° cc ngHg 

/ 2 4 . 0 5.0 91.55 
2 24.1 4 .0 73 .88 
3 2 4 . 4 3.0 56.85 
4 2 4 . 5 2 .0 38.22 
5 2 4 , 7 1.0 19.43 
6 2 4 . 9 0.5 9.88 
7 2 5.0 0 .25 4.97 
8 25 .2 0.125 2.53 

8 

Figure 6. Response for mercury-saturated air 
injections 

Table II. Analysis of NBS SRM No. 1630° 
Dates Number of Replicates Bureau Value 

2 / 2 4 / 7 2 5 0.12 ± 0 . 0 2 
4 / 1 9 / 7 2 5 0.12 ± 0 . 0 1 
7 / 5 / 7 2 6 0.14 ± 0 . 0 2 
9 / 2 4 - 1 2 / 1 3 / 7 2 39 0.13 ± 0 . 0 3 
2 / 1 - 3 / 2 / 7 3 37 0.13 ± 0 . 0 2 

'• N B S certified mercury value = 0.126 ± 0.006 p p m H g . 
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O n e of the contaminat ion problems that was encountered i l lustrates 
the types of problems that occur i n this work . A consistently h i g h m a t e r i a l 
balance was be ing obta ined for copper. O n e of the p l a t i n u m crucibles 
h a d been used before i n the analysis of copper -conta ining materials . 
V igorous c l eaning procedures h a d not r emoved a l l of the copper. N o w , 
separate v i r g i n p l a t i n u m crucibles are used for the trace w o r k a n d 
contaminat ion f r o m this source has been e l iminated . 

Cadmium and Lead. C a d m i u m a n d l ead are determined i n coal b y 
ashing the coa l at 500°C, treat ing w i t h hydrof luor ic a n d hydroch lor i c 
acids, fus ing the res idue w i t h potass ium carbonate, evaporat ing to near 
dryness, d isso lv ing the residue i n hydroch lo r i c a c id , a d d i n g potass ium 
i od ide a n d ascorbic ac id , extract ing the i od ide complex of l ead a n d 
c a d m i u m into m e t h y l i s obuty l ketone, a n d aspirat ing the m e t h y l i s obuty l 
ketone layer into the flame of an atomic absorpt ion spectrophotometer. 
B l a n k s are carr ied through the entire procedure , a n d the s tandard a d d i 
tions m e t h o d is used for ca l ibrat ion . 

Mercury. T h e results obta ined to date for m e r c u r y i n the coa l -
w a s h i n g s tudy are shown i n Tables I I I , I V , a n d V . E a r l i e r results of this 
study have been p u b l i s h e d b y the U . S . B u r e a u of M i n e s ( 4 ) . R e m o v a l 
of that part of the coa l h a v i n g a specific gravi ty greater than 1.60 w o u l d 
reduce b o t h the sul fur a n d the m e r c u r y contents s ignif icantly i n each case. 

T a b l e V I shows the analysis of the coals used i n the combust ion 
studies for mercury . P -3 is a T e b o a n d W e i r seam mixture f r o m H e n r y 
C o u n t y , M i s s o u r i w h i l e D R B - E a n d M R are bo th P i t t sburgh seam coals 
o r ig inat ing i n W a s h i n g t o n C o u n t y , Pennsy lvan ia . T a b l e V I I presents 
the results ob ta ined w i t h the 100-gram-per-hour combustor , a n d T a b l e 
V I I I presents the results obta ined w i t h the 500-pound-per-hour combustor. 

A s h samples obta ined f r o m three c o m m e r c i a l p o w e r plants were 
ana lyzed for trace mercury . T h e results of the analyses are shown i n 

Table III. Mercury in Coal from the Upper Freeport 
Coalbed, Garrett County, M d . 

Results 

% Coal Mercury Concentration 
Specific Gravity Fraction in Fraction 

H e a d coal 
F L . 1.30 

100 
37.6 
36.7 
10.3 
15.4 

0.28 ± 0.02 
0.08 ± 0.02 
0.16 ± 0.03 
0.56 ± 0.06 
1.13 ± 0.03 

F L . 1.30-1.40 
F L . 1.40-1.60 
S i n k 1.60 

R e d u c t i o n i n concentrat ion on remova l of s ink 1.60 fract ion : mercury 4 7 % ; 
sul fur 4 2 % . 
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Table IV. Mercury in Strip Coal from the Indiana V 
Coalbed, Pike County, Ind. 

% Coal Mercury Concentration 
Specific Gravity Fraction in Fraction {μα/θ) 

H e a d coal 100 0.13 
F L . 1.30 42.6 0.09 ± 0.03 
F L . 1.30-1.40 36.3 0.08 d b 0.03 
F L . 1.40-1.60 13.7 0.15 ± 0.03 
S i n k 1.60 7.4 0.59 ± 0.05 

R e d u c t i o n i n concentrat ion on remova l of s ink 1.60 f rac t i on : mercury 2 8 % ; 
sulfur 4 2 % . 

Table V . Mercury in Coal from the Lower Kittanning 
Coalbed, Centre County, M d . 

% Coal Mercury Concentration 
Specific Gravity Fraction in Fraction (βΰ/ΰ) 

H e a d coal 100 0.26 
F L . 1.30 20 0.16 
F L . 1.30-1.40 28.1 0.23 
F L . 1.40-1.60 24.8 0.19 
S i n k 1.60 27.1 Q.43 

R e d u c t i o n i n concentrat ion on remova l of s ink 1.60 fract ion : m e r c u r y 2 4 % ; 
sulfur 2 3 % . 

Table VI . Analysis of Combusted Coals'* 

DRB-E PS MR 
P r o x i m a t e analysis 

Vo la t i l e mat te r (%) 35.8 37.8 37.7 
F i x e d carbon (%) 57.3 40.6 52.2 
A s h (%) 6.9 21.6 10.1 

U l t i m a t e analysis 
H y d r o g e n (%) 5.1 4.4 5.0 
C a r b o n (%) 78.1 61.9 74.2 
N i t r o g e n (%) 1.6 1.0 1.5 
Oxygen (%) 7.1 5.9 7.1 
Su l fur (%) 1.2 5.2 2.1 
A s h (%) 6.9 21.6 10.1 
Calor i f i c va lue (Btu ) 13,970 11,190 13,310 
Free swel l ing index 8 2.5 1.5 

α On moisture free basis. 
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Table VII. Summary of Results from 

Combustion Fly Ash 
Coal Feed Efficiency Production 

Coal-Run Number Rate (g/hr) (%) Rate (g/hr) 

D R B - E - 1 98.1 97.6 9.1 
D R B - E - 2 105.1 97.0 10.4 
D R B - E - 3 108.1 96.4 11.3 
P - 3 - 1 98.9 97.5 23.8 
P - 3 - 2 135.7 96.3 34.3 
P - 3 - 3 117.2 98.3 27.1 

° Average value of 12 replicates for D R B - E . 
6 Average value of 21 replicates for P-3. 
c No flue gas sampling on this run. 

Table VIII. Summary of Results from a 
500-pound-per-hour Combustor 

% of Total 
Mercury in Number Mercury in Number Mercury 
Coal (MR) of Fly Ash of Found in 

(μ<7 Hg/g coal) Replicates (μ<7 Hg/g ash) Replicates Fly Ash 

0.18 ± 0.04 23 0.22 ± 0.04 17 12 ± 3 

Table IX. Summary 

Steam Conditions 

Type of Firing 

Slag top , cyclone 
S lag top , pu lver ized coal 
D r y bo t t om, tangent ia l 

Rate Pressure Temperature 
(10* Ib/hr) (psig) (°F) 

702 1268 899 
723 1293 799 
461 1450 928 

Table X . Fluorine in Coal from the Lower Kit tanning 
Coalbed, Centre County, Penn. 

% Coal Fluorine Concentration 
Specific Gravity Fraction in Fraction (vg/g) 

H e a d coal 100 137 
F L . 1.30 20.1 30 
F L . 1.30-1.40 30.3 56 
F L . 1.40-1.60 24.0 123 
S i n k 1.60 25.6 270 

R e d u c t i o n i n concentrat ion on remova l of s ink 1.60 f rac t i on : fluorine 4 2 % ; 
sulfur 2 3 % . 
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a 100-gram-per-hour Combustor 

Mercury Content 
(dz one standard deviation) % of Total % of Total 

—— Mercury Mercury 
Coal Fly Ash Flue Gas in Accounted 

(w/g) (ng/g) (vg/m3) Fly Ash for 

0.97 d b 0.05 2.2 60 77 
0.15 d b 0.02 t t 0.83 ± 0.13 6.5 55 101 

0.95 =t 0.09 1.7 66 78 
0.31 =fc 0.04 7.4 31 62 

0.24 d b 0 .05 6 0.35 ± 0.06 — c 37 — c 

0.37 = b 0.04 14.4 36 94 

T a b l e I X . U s i n g the p u b l i s h e d values (5 ) for the mercury content of 
I l l ino is N o . 6 H V C B coal , the percentage of the mercury i n the b u r n e d 
coa l that was reta ined b y the ash is not s igni f icantly different f r o m the 
values f ou n d w i t h the 500-pound-per-hour combustor (i.e., 1 3 % vs. 1 2 % 
r e t a i n e d ) . T h i s supports the contention that the 500-pound-per-hour 
combustor simulates c ommerc ia l pract ice . O n the basis of these findings, 
i t appears that the m a x i m u m percentage of mercury that c o u l d be emit ted 

of Power Plant Data 

Mercury 
Content of 

Fly Ash Sample Fly Ash 
Coal Fired Collection Conditions ^g Hg/g) 

I l l ino is # 6 H v c b mechanica l collector hopper 0.10 =b 0.02 
I l l inois # 6 H v c b electrostatic prec ip i tator hopper 0.26 ± 0.04 
K e n t u c k y # 6 H v b b mechanica l dust collector hopper 0.22 ± 0.02 

Table XI . Fluorine in Coal from an Uncorrelated 
Coalbed, Mahoska County, Iowa 

% Coal Fluorine Concentration 
Specific Gravity Fraction in Fraction (vg/g) 

H e a d coal 100.0 100 
F L . 1.30 20.5 65 
F L . 1.30-1.40 30.3 85 
F L . 1.40-1.60 22.0 114 
S i n k 1.60 27.2 110 

R e d u c t i o n i n concentrat ion on remova l of s ink 1.60 f rac t i on : fluorine 6 % ; 
sulfur 5 0 % . 
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f r o m the stacks of a coa l -burn ing power p lant is r ough ly 8 5 - 9 0 % . T h i s 
result has been veri f ied b y other studies (6,7,8). 

Fluorine. Tables Χ, X I , a n d X I I show the results obta ined for 
fluorine i n the coa l -washing study w i t h coals f rom Pennsy lvan ia , I o w a , 
a n d W e s t V i r g i n i a . I n a l l three coals, the fluorine appears to be asso
c iated w i t h the m i n e r a l matter i n the coal . Therefore , r e m o v a l of the 
h igher specific gravi ty fractions w o u l d l ower the fluoride content of the 
r e m a i n i n g coal . 

Chromium, Nickel , Copper, and Manganese. Tables X I I I a n d X I V 
show the results obta ined i n the coa l -washing study for c h r o m i u m , n i c k e l , 
copper , a n d manganese w i t h a M a r y l a n d coa l a n d a K e n t u c k y coal . F o r 
the reasons stated earl ier , the manganese results shou ld be v i e w e d w i t h 
caut ion . Tables X I I I a n d X I V also show the reductions i n concentration 
of these trace elements a n d of sulfur that c o u l d be achieved b y r e m o v i n g 
the highest specific grav i ty f ract ion of the coal . These elements are more 
concentrated i n the m i n e r a l matter than i n the organic f ract ion of the coal . 

Lead and Cadmium. T a b l e X V shows the results obta ined i n the 
coa l -washing study for c a d m i u m a n d l ead i n a H a z a r d N o . 4 coa l f r o m 

Table XII. Fluorine in Coal from the Stockton-Lewiston 
Coalbed, Amhersdale, W . V a . 

Specific Gravity Fraction 

H e a d coal 
F L . 1.30 
F L . 1.30-1.40 
F L . 1.40-1.60 
S i n k 1.60 

% Coal 
in Fraction 

100 
30.6 
34.0 
18.9 
16.5 

Fluorine Concentration 
(vg/g) 

71 
8 

44 
123 
155 

R e d u c t i o n i n concentrat ion on remova l of s ink 1.60 f rac t i on : fluorine 3 1 % ; 
sulfur rises 7%. 

Table XIII. C r , C u , N i , and Mn in Coal from the Upper Freeport 
Coalbed, Garrett County, M d . 

Specific % Coal Concentration ^g/g) 
Gravity in — 

Fraction Fraction Cr Cu Ni Mn 

H e a d coal 100 27 16 16 13 
F L . 1.30 37.6 13 7.0 8.1 2.5 
F L . 1.30-1.40 36.7 23 8.8 9.2 6.5 
F L . 1.40-1.60 10.3 34 24 26 23 
S i n k 1.60 15.4 73 58 38 51 

R e d u c t i o n i n concentrat ion on remova l of s ink 1.60 f rac t i on : C r 2 9 % ; 
C u 4 3 % ; N i 2 8 % ; M n 5 0 % ; S 4 2 % . 
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Table X I V . 

Specific 
Gravity 

C r , C u , N i , and Mn in Coal from the Hazard No. 4 
Coalbed, Bell County, Ky . 

% Coal 
in 

Concentration ^g/g) 

Fraction Fraction Cr Cu Ni Mn 

H e a d coal 100 26 28 18 263 
F L . 1.30 51.1 6 13 10 30 
F L . 1.30-1.40 16.9 11 26 15 89 
F L . 1.40-1.60 9.2 33 55 28 240 
S i n k 1.60 22.9 73 66 38 967 

R e d u c t i o n i n concentrat ion on removal of s ink 1.60 f rac t i on : C r 5 6 % ; 
C u 2 9 % ; N i 3 0 % ; M n 7 5 % ; S 1 8 % . 

Table X V . 

Specific 
Gravity 

Fraction 

H e a d coal 
F L . 1.30 
F L . 1.30-1.40 
F L . 1.40-1.60 
S i n k 1.60 

Lead and Cadmium in Coal from the Hazard No. 4 
Coalbed, Bell County, Ky . 

Concentration ^g/g) 
% Coal 

in Fraction Cadmium Lead 

100 
51.0 
16.9 

9.2 
22.9 

0.12 
0.08 
0.20 
0.24 
0.10 

14 
4 

10 
25 
40 

R e d u c t i o n i n concentrat ion on removal of s ink 1.60 fract ion : c a d m i u m 0 % ; 
lead 5 6 % ; sulfur 1 8 % . 

Table X V I . Lead and Cadmium in a Pittsburgh Seam Coal ( ± 1 S .E. ) a 

Lead Content 
(ppm) 

7.7 ± 0.5 

Number of 
Replicates 

Cadmium 
Content 

Number of 
Replicates 

9 0.14 ± 0.05 9 
1 D e e p mined in Washington C o u n t y , P e n n . 

K e n t u c k y . T h e c a d m i u m appears to be so d i s t r ibuted i n the coa l that 
r e m o v a l of the h i g h specific gravi ty f ract ion of the coa l does not affect 
the c a d m i u m concentrat ion i n the r e m a i n i n g coal . T h i s result is different 
f r o m that encountered w i t h the other trace elements. Other coals w i l l 
be s tud ied to see i f they exhib i t the same c a d m i u m d i s t r ibut i on as the 
H a z a r d N o . 4 coal . 

T a b l e X V I shows the l e a d a n d c a d m i u m content of one of the P i t t s 
b u r g h seam coals used i n the coa l combust ion study, a n d T a b l e X V I I 
shows the results obta ined w h e n the coa l was combusted i n the two 
exper imental furnaces. C o m p a r e d w i t h mercury , a greater amount of b o t h 
the c a d m i u m a n d the lead w e r e retained b y the ash i n both combustors. 
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It appears that the amount of a trace element reta ined i n the fly ash 
depends u p o n the vapor pressure of that element at combust ion tempera
ture. T h e r e are undoubted ly other factors invo lved , a n d some of them 
w i l l be e luc idated i n future studies. 

Table XVII . Lead and Cadmium in Fly Ash 

Cadmium Lead 

in Ash Accounted in Ash Accounted 
Combustor (ppm) for (%) (ppm) for (%) 

100 g / h r 1.0 68 — — 
100 g / h r 0.74 54 71 92 
100 g / h r 0.99 76 68 93 
500 l b / h r 1.22 101 49 72 
500 l b / h r 0.78 65 44 64 
500 l b / h r 0.36 37 25 46 

Summary and Conclusions 

A l t h o u g h these findings are part of a cont inu ing p r o g r a m a n d are 
somewhat p r e l i m i n a r y i n nature, certain conclusions can be d r a w n f r o m 
them. F i r s t , one must conc lude that for those trace elements s tudied , 
except possibly c a d m i u m , e l iminat i on of the higher specific grav i ty 
fractions w i l l reduce the trace element content of coal . Since coa l w a s h 
i n g is used to l ower the ash a n d sulfur content of coals, the accompany ing 
reduct i on of the trace element content is an a d d e d benefit. T h e effects 
of coa l w a s h i n g should be i n c l u d e d i n est imating the possible trace 
element emissions f r om power p lant stacks. 

Second, i t appears that some of the trace elements r e m a i n i n the fly 
ash after the coa l is b u r n e d i n a power plant . T h e amount of a trace 
element r e m a i n i n g seems to be re lated, among other things, to the vapor 
pressure of the par t i cu lar trace element b e i n g considered. 

Prec ise a n d accurate trace element assays on coal are extremely 
diff icult a n d require constant v ig i lance to avo id errors that can be in t ro 
d u c e d bo th i n the laboratory a n d i n the coa l -handl ing procedures. I n 
the future this program w i l l extend the present studies to coals f rom 
different parts of the country , study add i t i ona l trace elements i n coa l 
such as arsenic, se lenium, b e r y l l i u m , a n d others, a n d a p p l y the deve loped 
techniques to more power plants . 
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Total Mercury Mass Balance at a Coal
-Fired Power Plant 

G. WILLIAM KALB 

TraDet Laboratories, Columbus, Ohio 43212 

A series of mercury mass balances was obtained at a coal
-fired power plant by comparing the volatile and particulate 
mercury in the stack gas stream to the mercury initially in 
the coal, corrected for the mercury adsorbed and retained 
by the various ashes. These data were used to determine the 
fate of the mercury in the combustion process and to check 
the accuracy of the volatile mercury sampling procedure 
(gold amalgamation). The bottom ash had the lowest mer
cury concentration of the ash samples collected, and the 
mercury concentration increased as one proceeded through 
the ash collection system from the initial mechanical ash to 
the electrostatic ash. The mercury recovered in the various 
ashes represented about 10% of the total mercury intro
duced in the raw coal. 

T ^ T a t u r a l l y o c curr ing mercury volat i l izes w h e n fossi l fuels are b u r n e d 
^ i n p o w e r generat ing plants . T h e vapor pressure of mercury at the 

temperature ranges encountered i n the duct w o r k a n d stacks of these 
p o w e r plants is h i g h enough that condensation does not occur at the 
m e r c u r y concentrations encountered. ( T h e vapor pressure of mercury at 
302°F is 18.3 m m H g , w h i c h w o u l d represent a theoret ical concentrat ion 
of 26,000 p p m i n air ( I ) . ) Based on the present coa l consumpt ion b y 
the electric ut i l i t ies i n this country , approx imate ly 350,000,000 t o n s / y r , 
a n d the average m e r c u r y concentrat ion i n coa l of 0.1 p p m , approx imate ly 
35 tons of mercury are vo la t i l i z ed each year d u r i n g coal combust ion 
processes. W i t h increased use of coal this figure w i l l increase consider
ably . T h e purpose of this study was to obta in a series of mercury mass 
balances at a coal- f ired power p lant to determine the fate of m e r c u r y 
i n the combust ion process a n d to serve as a check on the accuracy of the 
vo lat i le mercury sampl ing procedure. 

154 
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12. K A L B Mercury Mass Balance 155 

Previous studies b y the author (2, 3, 4, 5 ) a n d others (6,7, 8) sug
gested that some of the mercury is reta ined or recovered i n the various 
ashes before be ing released to the atmosphere. These studies also sug
gested that the amount of m e r c u r y released to the atmosphere is a func 
t i on not on ly of the i n i t i a l mercury concentrat ion i n the coal a n d the 
amount of coal consumed per un i t of power p r o d u c e d but also of 

1. T h e coal c leaning process 
2. T h e furnace temperature 
3. T h e type of bot tom ash a n d flyash remova l systems 
4. T h e use of heat recovery systems i n the faci l i t ies (i.e., econo

mizers , air preheaters, etc. ) 
5. T h e temperatures of the gas stream i n the ash remova l systems, 

duct work , a n d stack 
6. T h e presence of any wet scrubbers i n the sulfur d ioxide remova l 

systems. 
E v a l u a t i n g the quant i tat ive effect of these factors on the vo lat i le 

m e r c u r y concentrat ion requires de termin ing h o w m u c h of the i n i t i a l 
mercury f ou n d i n the coal i s : 1. not vo la t i l i z ed f rom the coa l d u r i n g com
bust ion , 2. recovered i n the various ash co l lect ion mechanisms b y some 
adsorpt ion phenomena, a n d 3. released to the atmosphere. W i t h this i n 
format ion , a mercury mass balance can be ca lcu lated i n w h i c h the 
amount of mercury consumed d u r i n g the combust ion process is c om
p a r e d w i t h the amount i n the stack gas a n d the various ashes. D u r i n g this 
study, this was accompl ished b y compar ing the stack gas concentration 
w i t h the amount of mercury i n i t i a l l y i n the coal , corrected for the amounts 
recovered i n the ashes. Differences between these two values w o u l d 
represent adsorpt ion a n d / o r desorption onto a n d off the wal ls of the 
ducts a n d stack a n d any significant contr ibut ion f rom the ambient air 
used i n the combust ion process. 

T h e second objective of this study was to use the results of the mass 
balance to check the accuracy of the vo lat i le mercury sampl ing procedure. 
T h e s tandard sampl ing procedure for mercury determinat ion i n stack 
gases (9) is based on co l lect ing the volat i le mercury i n a series of i m -
pingers conta in ing a l i q u i d ox id i z ing solut ion, i od ine monochlor ide . There 
are two major problems encountered w i t h this procedure : h i g h sulfur 
d iox ide concentrations i n stack gases reduce the iod ine monochlor ide 
solut ion, greatly l i m i t i n g the sampl ing t ime, a n d the ana ly t i ca l procedure 
for mercury determinat ion i n the iod ine monochlor ide so lut ion gives poor 
prec is ion of rep l i ca ted determinations because of a h i g h response sensi
t i v i t y that is subject to m a n y procedura l variat ions. A go ld amalgamat ion 
s a m p l i n g t ra in for volat i le mercury was deve loped (2, 3, 4, 5, 10, 11) to 
permi t extended sampl ing i n h i g h sul fur d iox ide environments such as 
smelters a n d power plants. T h e prec is ion of this procedure has been 
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demonstrated b y a series of s imultaneously col lected isokinetic samples 
of stack gas streams ( 5 ) . T h e mass balance ( c ompar ing the stack gas 
concentrat ion w i t h the i n i t i a l amount of mercury i n the coal , corrected 
for the amount of mercury recovered i n the ash) was used here to check 
the accuracy of this procedure. 

Sampling Procedure 

T h e isokinetic sampl ing procedure for volat i le a n d part i cu late mer 
cury used i n this s tudy consisted of co l lect ing the volat i le mercury b y 
an amalgamat ion react ion on go ld f o i l chips supported b y quartz w o o l 
plugs i n the impinger stems (amalgamators ) of the standard E P A iso
k inet i c sampl ing t ra in . A f t e r the sample was col lected, the mercury was 
revo la t i l i zed b y heat ing the amalgamator i n an i n d u c t i o n furnace a n d 
was co l lected i n an ac id i c permanganate solut ion that was ana lyzed b y 
flameless atomic absorpt ion. 

T h e results of the analyses of the solutions a n d the filter particulates 
were used i n conjunct ion w i t h the stack gas flow rate to calculate the 
mercury emission rate at the stack gas sampl ing point . A mercury i n coal 
consumpt ion figure was obta ined by moni tor ing the coal consumption 
rate d u r i n g the same test per i od a n d ana lyz ing a representative sample 
of the coal b u r n e d d u r i n g the test per iod . D u r i n g the same t ime in terva l , 
ash samples were col lected f rom the bot tom of the furnace (bo t tom ash ) , 
the i n i t i a l a n d final mechanica l ash hoppers, a n d the electrostatic pre 
c ipitator . T h e mercury i n ash concentrat ion a n d estimates of the amounts 
of ash col lected were then used to correct the mercury i n coa l consumption 
figure for comparison w i t h the stack gas concentration. B o t h the mer 
cury i n the coal a n d ash were ana lyzed b y a procedure reported b y the 
author (12) consist ing of firing the sample i n a quartz-enclosed graphite 
c ruc ib le i n an i n d u c t i o n furnace a n d then co l lect ing the vo la t i l i zed mer 
cury i n an ac id i c permanganate solut ion w h i c h was ana lyzed b y flameless 
atomic absorption. Four teen completed mass balances were obta ined 
at one coal- f ired power p lant using the above procedure. T w o of the 
tests were conducted s imultaneously , permi t t ing a check on both the ac
curacy a n d the prec is ion of the stack gas sampl ing procedure. 

Field Investigation 

T h e generating unit invest igated h a d a 93-megawatt output a n d 
went on l ine i n September 1949. T h e uni t contained a pu lver i zed coal , 
corner-f ired furnace w i t h an Aerotec C o r p . mechan i ca l ash co l lect ion 
system a n d a Research C o t t r e l electrostatic prec ip i tator . A t a 93-mega
watt output , a steam flow of 810,000 l b s / h r resulted i n a gas flow through 
the electrostatic precipitators of 232,700 c u f t / m i n ( C F M ) i n the nor th 
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12. K A L B Mercury Mass Balance 157 

duct a n d 220,300 C F M i n the south duct. T h e measurements were made 
i n the exit ing d u c t w o r k at 358°F a n d 1.0-2.0 i n . of water static pressure. 
Because of a nearby airport , the stack was re lat ive ly l o w w i t h a v e n t u r i 
top w h i c h caused the posit ive pressure at the sampl ing point . 

T h e i n i t i a l sampl ing site (runs 1-12) was an exist ing 3-in. port on 
the west side of the south duct leading f rom the i n d u c e d draft fan to the 
stack. T h i s duct was one of two para l l e l ducts between the electrostatic 
prec ip i tator a n d the stack. Three d u a l tests ( 13 -18 ) were per formed i n 
the nor th side of the same duct where a 6- in. port h a d been instal led . 

Stack Gas Sampling. T h e gas samples f r om tests 1-12 were col lected 
w i t h a m o d e l 2343 R A C Staksamplr console a n d an E P A sample case 
modi f ied to h o l d a m a x i m u m of eight impingers . D u a l tests 13-18 used 
two m o d e l 2343 R A C Staksamplr consoles a n d an E P A d u a l t ra in sam
p l i n g box capable of h o l d i n g five impingers on each side. H e a t e d 5-ft 
glass probes were used w i t h the sample cases. A l l of the trains used a 
probe connected to a 4 J - i n . d iameter filter w h i c h was enclosed i n a heated 
compartment , then a series of impingers a n d / o r amalgamators i n an ice 
bath, f o l l owed b y an impinger conta in ing s i l i ca gel. T h e go ld sampl ing 
t ra in contained eight impingers : a G r e e n b u r g - S m i t h water scrubber, an 
empty impinger , four go ld amalgamators, a potassium permanganate 
b a c k u p solut ion, a n d a s i l i ca gel impinger . T h e fourth amalgamator a n d 
the potassium permanganate b a c k u p solution were only used to measure 
the co l lect ion efficiency of the t ra in a n d w o u l d not be used i n a s tandard 
sampl ing t ra in . Because of the smaller capaci ty of the d u a l boxes, on ly 
three amalgamators were used, a n d the b a c k u p solution was e l iminated . 
O n e of the d u a l tests used a permanganate sampl ing t ra in on one side 
w h i c h consisted of four potassium permanganate impingers a n d a s i l i ca 
gel impinger . 

T h e standard sampl ing t ra in i l lustrated i n F i g u r e 1 consisted of a 
G r e e n b u r g - S m i t h imp inger conta in ing 200 m l of d i s t i l l ed water , an empty 
impinger , a n d then a series of four go ld amalgamators, each conta in ing 
25 g of 0.007-in. th i ck 1 /16- in . square go ld f o i l chips. T h e go ld was 
heated i n a refractory oven at 600-700 ° C for several hours between tests. 
A l t h o u g h a larger quant i ty of go ld w o u l d show a higher i n d i v i d u a l 
amalgamator co l lect ion efficiency, the 25-g quantit ies were more sensitive 
to changes i n the stack gas parameters, permi t t ing observations of changes 
i n the amalgamator co l lect ion efficiency caused b y variations i n moisture 
concentration, gas stream temperature, go ld c h i p size, the presence of 
vo lat i le organic compounds , etc. I n actual pract ice , where the p r i m a r y 
objective is an emission value , a larger quant i ty of go ld w o u l d be used. 
T h e g o l d amalgamators were f o l l owed b y 250 m l of either a 0 .6% or 
3 .0% w / v potass ium permanganate solution i n 1 0 % n i t r i c a c id a n d a 
s i l i ca gel impinger . 
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Heated Filter 
Probe 

Pitot Tube 

Silica Gel 

r r n r r i 
; ι 

ι 
Greenburg-Smith Impinger / 
Scrubber Solution ^ 

/ 

Thermometer 

^Check Valve 

Vacuum Line 

Modified Impingers 

Gold Amalgamators 

KMnO^ Impinger 

Modified Impinger 

Empty 

Figure 1. Gold amalgamation isokinetic sampling train for mercury 

T h e G r e e n b u r g - S m i t h water scrubber a n d the empty i m p i n g e r i n 
the first two positions of the t r a i n greatly decreased condensation i n the 
amalgamators a n d cooled the gas stream. W i t h o u t this scrubber the 
amalgamator must be d r i e d before heat ing b y passing a nitrogen stream 
through the amalgamator u n t i l the condensation disappears. I n add i t i on , 
w i t h o u t a scrubber , droplets condense i n the t ra in absorb ing as m u c h 
as 1 5 % of the total m e r c u r y col lected. T h i s m a y be par t ia l l y accounted 
for b y ana lyz ing the rinses of the impinger bases, bu t the droplets con
ta in ing m e r c u r y on the ins ide of the amalgamator stem cannot be recov
ered a n d cause a significant decrease i n the amount of mercury recovered 
f r o m the t ra in ( 3 ) . A l t h o u g h the amalgamator shel l rinses are ana lyzed 
w h e n a scrubber is used, the amount of m e r c u r y recovered f r o m these 
is normal ly insignif icant ( 3 ) . 

A f t e r the t ra in was assembled, the sample box was pos i t ioned at the 
port , the heater was turned on, the ice compartment was filled w i t h ice 
a n d water , a n d a leak check was per formed. T h e probe was then con
nected a n d inserted into the gas stream. Based u p o n isokinet ic r equ i re 
ments, 0.187, 0.250, a n d 0.375-in. diameter probe t ips were used at this 
site. Isokinetic runs were obta ined over periods of 30 -120 m i n w i t h 
readings taken every 5 m i n . 

A f t e r the sample was obta ined , the probe a n d sample box were taken 
to the on-site m o b i l e laboratory for the c leanup procedure . T h e m e r c u r y 
amalgamated on the g o l d was revo lat i l i zed b y heat ing the amalgamator 
i n an i n d u c t i o n furnace a n d col lected i n 50 m l of a 3 .0% potassium per
manganate solution. T h e apparatus used for heat ing the amalgamators 
is shown schematica l ly i n F i g u r e 2. T h e lower por t i on of the b u b b l e r 
consists of an interchangeable 100 m l closed tube conta in ing the potas
s ium permanganate solution. T h e amalgamator was centered i n the co i l 
of the i n d u c t i o n furnace ( L e c o m o d e l 521 w i t h V a r i a c contro l ) a n d 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
01

2

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



12. K A L B Mercury Mass Balance 159 

connected to a nitrogen supply a n d the bubb le r b y means of two female 
bal l - jo int adapters a n d c lamps. T h e nitrogen flow was set at 0.5 l . / m i n . 
H e a t i n g started at a V a r i a c setting of 6 0 % a n d was increased 5 % each 
m i n u t e u n t i l the go ld was g lowing . T h i s avo ided a large spike of mercury 
into the b u b b l e r a n d ensured complete heat ing of the go ld . 

A f t e r heat ing each amalgamator , the sample tube was detached, 
the drops of permanganate c l i n g i n g to the b u b b l e r were r insed into i t , 
a n d then the contents of the tube were transferred to a sample bottle . 
T h e amalgamators were heated i n reverse order (first amalgamator i n 
the t ra in heated last ) to m i n i m i z e cross-contamination. A f t e r heat ing , the 
go ld was poured into crucibles a n d p laced i n the refractory oven for 
several hours before reuse. T h e T y g o n t u b i n g connect ing the amalga 
mator to the b u b b l e r was rep laced for each test to a v o i d contaminat ion of 
succeeding tests b y mercury adsorbed a n d desorbed f r om the T y g o n . 

T h e f o l l o w i n g samples were taken to account for a l l non-amalga
m a t e d mercury deposited i n any part of the t r a i n ahead of the s i l i ca gel. 
D i s t i l l e d water was used for a l l rinses unless otherwise noted. 

1. Rinses of the probe a n d the glass parts of the filter assembly 
2. T h e filter, prev ious ly w e i g h e d 
3. Rinses of the inside por t i on of the first imp inger a n d the r ight 

angle connect ion l ead ing into i t a n d the contents of the impinger shel l 
conta in ing the o r i g i n a l 200 m l of d i s t i l l ed water a n d condensed moisture 
f rom the stack gas 

Tygon Tubing 

Amalgamator 

SJ 28/15 

Gold 

KMnO d Solution 

Figure 2. Apparatus for firing the amalgamators 
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4. Rinses of each empty i m p i n g e r a n d the connector l ead ing to it . 
T h i s step was in t roduced w h e n it was discovered that moisture condensed 
i n an empty i m p i n g e r often conta ined apprec iab le amounts of mercury , 
p a r t i c u l a r l y i f that impinger was ahead of the first amalgamator . 

5. Rinses of each amalgamator case a n d its l ead ing connector 
6. T h e potass ium permanganate imp inger solutions. A n y p e r m a n 

ganate stain r e m a i n i n g i n the imp inger shel l was removed w i t h a f e w 
drops of 1 0 % w / v hydroxy lamine hydroch lor ide f o l l owed b y a r inse w i t h 
d i s t i l l ed water . These rinses were a d d e d to the permanganate i n the 
sample bottle. 

7. A 50 m l b lank of the permanganate solut ion 
A stock solut ion of 3 .0% potassium permanganate i n 1 0 % n i t r i c a c id 

( p r e p a r e d fresh d a i l y ) was used to stabi l ize the mercury co l lected i n the 
rinses f r om the sampl ing t ra in . T h e s tab i l i zed solutions were then re
turned to T r a D e t ' s C o l u m b u s , O h i o laboratory for analysis. 

C o a l S a m p l i n g . Representat ive coa l samples were obta ined d u r i n g 
each r u n b y t a k i n g approx imate ly equa l vo lume samples f rom each of 
the four feeders b e l o w the coa l bins every 5 m i n d u r i n g the test per iod . 
These samples w e r e composi ted i n a 10 gal m i l k can d u r i n g the test. 
W h e n the test was completed this sample was put through a large riffle 
spl i t ter to o b t a i n a representative 16-oz sample of the composite. T h e 
sample was then sealed a n d re turned to the laboratory for d r y i n g , further 
sp l i t t ing , p u l v e r i z i n g , a n d analysis. 

T h e feeder revolutions were recorded every 5 m i n b y counters 
m o u n t e d on each feeder. T h e y h a d been prev ious ly ca l ibrated to de l iver 
50 l b s / r e v o l u t i o n . These values were then used to determine the total 
coa l consumpt ion d u r i n g the test per iod . 

T h e same i n d i v i d u a l co l lec t ing the coa l samples a n d m a i n t a i n i n g 
the feed rates also recorded the air flow-steam flow rates i n l b s / h r every 
5 m i n . These values were used i n conjunct ion w i t h prev ious ly obta ined 
flow data to approx imate the stack gas flow rate d u r i n g the test per iod . 

A s h S a m p l i n g . F o u r ash samples were to be obta ined d u r i n g each 
test: bot tom ash, i n i t i a l mechan i ca l ash, final mechan i ca l ash, a n d elec
trostatic ash. T h e bo t tom ash was deposited mechanica l ly b e l o w the 
grates i n the furnace, a n d the r e m a i n i n g ash samples were deposited i n 
banks of ash hoppers be l ow the duct w o r k or electrostatic precipitators . 
These banks of hoppers were e m p t i e d through v a c u u m fines operated on 
a cycle , e m p t y i n g only one hopper at a t ime. T o ob ta in a representative 
sample of the ash d u r i n g each test per i od , the three hoppers to be sam
p l e d h a d to be empt ied just before the r u n . Because it was impossible 
to do this , n o r m a l l y only three of the four ash samples were obta ined 
d u r i n g any one test. W i t h the type of ash co l lect ion systems used, i t was 
imposs ib le to obta in quant i tat ive values on the amounts of various ashes 
ac cumulated per test per iod . 
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12. κ A L B Mercury Mass Balance 161 

T h e bot tom ash was sampled b y e m p t y i n g one of the four grates 
b e l o w the furnace at the start of the r u n . A t the complet ion of the r u n 
this grate was re -empt ied onto the floor. T h i s sample was a l l o w e d to 
cool , a n d then a 10-gal m i l k can was filled w i t h the ash sample. T h i s 
sample was then spl i t w i t h a riffle splitter to obta in a 16-oz representative 
a l iquot . 

T h e mechan i ca l a n d electrostatic ash samples were obta ined b y 
e m p t y i n g the specif ied vacuum-operated hoppers just pr i o r to the start 
of the r u n . W h e n the test was completed , a cap p l u g was unscrewed 
f r o m the bot tom of the hopper permi t t ing the hot ash to flow out. A 
10-gal sample of each of these ashes was co l lected a n d spl it , m a i n t a i n i n g 
a 16-oz sample of each ash. W i t h the amount of ash invo lved , i t was 
imposs ib le to obta in a representative sample of the total amount of ash 
col lected i n the hopper d u r i n g the test per iod . 

Laboratory Analytical Procedure 

T h e stack gas samples ( i n c l u d i n g the part iculate a n d volat i le mer 
c u r y ) , the ash samples, a n d the coal samples were ana lyzed b y flameless 
atomic absorpt ion us ing an L D C M e r c u r y M o n i t o r . T h e volat i le mercury 
co l lected i n the go ld amalgamat ion sampl ing t ra in was rece ived i n the 
laboratory i n solutions s tab i l i zed w i t h ac id ic permanganate. D e p e n d i n g 
u p o n the m e r c u r y concentrations, they were either d i l u t e d or ana lyzed 
d i rec t ly b y the stepwise reduct ion of the excess permanganate a n d the 
ox id i zed mercury . T h e reduced mercury was then entrained b y aeration 
a n d carr i ed through the absorpt ion ce l l b y the direct aeration technique. 
T h e filter part iculates were digested b y a n i t r i c a c i d procedure a n d ana
l y z e d b y the same d irect aeration technique. T h e m e r c u r y i n the coal 
a n d ash samples was vo la t i l i z ed b y firing the samples i n an i n d u c t i o n 
furnace. T h e revo la t i l i zed mercury was co l lected i n an ac id i c p e r m a n 
ganate ox id i z ing solut ion. T h e mercury i n these permanganate solutions 
was measured b y the same procedure as was used for the volat i le a n d 
filter-particulate samples. 

Volatile Mercury Analysis. U p o n rece iv ing the go ld amalgamat ion 
sampl ing t ra in samples i n the laboratory, the vo lume of the probe a n d 
filter ho lder washings was measured a n d recorded a long w i t h the tota l 
vo lume of each of the other solutions, w i t h the exception of those ob
ta ined f r o m heat ing the amalgamators. These were d i l u t e d to 100 m l 
i n a vo lumetr i c flask. 

Before each a l iquot of sample solut ion was removed , the container 
was shaken thoroughly u n t i l a l l solids were evenly dispersed i n the so lu 
t ion. A sample was q u i c k l y p ipe t ted f rom the container a n d p laced i n an 
interchangeable sample tube where i t was d i l u t e d to approx imate ly 50 
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m l w i t h d i s t i l l ed water . T h r e e m l of h y d r o x y l a m i n e hydroch lor ide so lu
t i o n ( 1 0 % w / v ) were a d d e d , a n d the tube was s w i r l e d u n t i l the per 
manganate co lor d isappeared . T h e tube was then attached to the b u b b l e r 
a n d the so lut ion was r e d u c e d w i t h 3 m l of stannous chlor ide solut ion 
( 2 0 % S n C l 2 i n 5 0 % H C 1 ) . T h e mercury was then vo la t i l i z ed b y aerating 
the so lut ion w i t h approx imate ly 1.4 l . / m i n of n i trogen. T h e revo la t i l i zed 
mercury was carr ied b y the ni trogen stream through the mercury monitor . 
A l l samples were a n a l y z e d i n dup l i ca te us ing the equ ipment i l lustrated 
i n F i g u r e 3. A s tandard curve was prepared i n dupl i cate f rom 50 m l 
al iquots conta in ing 0.05, 0.10, 0.25, 0.50, a n d 0.75 /Ag of mercury . These 
standards were prepared f r om a s tandard 50 p p b m e r c u r y so lut ion w h i c h 
was prepared fresh d a i l y f r o m a 1000 p p b s tandard prepared fresh week ly . 
T h e sample concentrations were de termined f r om the s tandard curve , 
a n d the amount of m e r c u r y i n each sample was ca lcu lated f r om the 
d i l u t i o n factor a n d the size of the a l iquot . 

t 

Bubbler With interchangeable Bottom 

Figure 3. Apparatus for analyzing the mercury in the permanganate-
stabilized solutions 

F i l t e r P a r t i c u l a t e A n a l y s i s . I n the laboratory , the filters were i m 
mediate ly p l a c e d i n a desiccator for 24 hrs a n d then we ighed . T h e par 
t i cu late concentrat ion was ca l cu lated f r om this we ight a n d the previous ly 
de termined tare we ight of the filter. T h e filters were ana lyzed for m e r c u r y 
b y a procedure prev ious ly reported b y the author (11) consist ing of 
b o i l i n g the filters i n concentrated n i t r i c ac id . A f t e r be ing cooled, al iquots 
of these solutions were p ipe t ted into the interchangeable sample tubes 
a n d ana lyzed b y the direct aeration technique. 
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C o a l a n d A s h A n a l y s i s . T h e coa l a n d ash samples were separated 
into 20 -40 g representative samples i n the laboratory b y a smal l riffle 
splitter. These samples were then p u l v e r i z e d w i t h a mortar a n d pestle. 
T h e moisture content was determined b y w e i g h i n g the sample, d r y i n g 
it at 103 ° C , a n d then rewe igh ing i t . These samples were kept i n a 
desiccator a n d w e r e subsequently used for the mercury analysis. 

T h e mercury - in - coa l ana ly t i ca l method used i n this study was pre 
v ious ly reported b y the author (12). A p p r o x i m a t e l y V2g-sample of the 
dr ied—pulverized coa l was w e i g h e d on an ana ly t i ca l balance i n quar tz 
crucibles w h i c h h a d been heated i n an i n d u c t i o n furnace to remove any 
traces of m e r c u r y adsorbed o n the cruc ib le surface. T h e cruc ib le was 
then p l a c e d i n a quartz-enclosed graphite c ruc ib l e w h i c h was p laced i n 
a L e c o m o d e l 521 i n d u c t i o n furnace. A n air stream of 1.5 l . / m i n was 
mainta ined through the quartz firing chamber w h i c h was connected to a 
b u b b l e r s imi lar to F i g u r e 2. T h e interchangeable sample tube contained 
50 m l of a 1.5% ( w / v ) potassium permanganate solut ion i n 1 0 % ( v / v ) 
n i t r i c ac id . T h e sample was i n i t i a l l y fired at a 6 0 % V a r i a c setting i n the 
furnace for 2 m i n a n d was then fired an add i t i ona l m i n u t e at a 7 5 % 
V a r i a c setting. I f the firing is commenced at the h igher temperature 
( 7 5 % V a r i a c sett ing) flashing w i l l occur w h i c h m a y b lo ck the connect ion 
between the firing chamber a n d the bubb le r or result i n the coa l sample 
be ing carr i ed into the bubb le r before firing is complete. 

A f t e r the firing was completed , the permanganate solut ion was ana
l y z e d b y the same procedure used for the vo lat i le m e r c u r y samples. 
M e r c u r y i n coa l samples f rom the N a t i o n a l B u r e a u of Standards a n d the 
U n i t e d States B u r e a u of M i n e s were ana lyzed s imultaneously as controls. 
A t least dup l i ca te analyses were per formed on a l l samples. E m p t y c r u 
cibles were fired into ac id i c permanganate solutions b y an ident i ca l 
procedure to obta in solutions for b lank determinations. 

M e r c u r y recovered i n the ash p r o b a b l y represents m e r c u r y i n the 
sil iceous por t ion of the ash a n d m e r c u r y adsorbed onto the surface of 
the ash partic les as the gas stream cools. P r e l i m i n a r y investigations 
showed that the coa l analysis method does not account for a l l the mer 
c u r y i n the ash. T h i s is a result of the s ignif icantly h igher si l icate con
centrat ion i n the ash. I n add i t i on , the h igher temperature ashes have a 
lower mercury concentrat ion r e q u i r i n g a larger sample size for analysis. 
Because of these properties of the ash, the coa l analysis method was 
modi f ied to revo lat i l i ze the m e r c u r y quant i tat ive ly i n the ash. 

T h e method used i n this study consisted of firing %g-samples of the 
ash for 20 m i n at a 7 5 % V a r i a c setting i n the L e c o i n d u c t i o n furnace. 
T h i s procedure was repeated w i t h a second V2g-sample w i t h o u t r e m o v i n g 
the permangate solution. T h u s , each permanganate solut ion conta ined the 
mercury f r om a l g - s a m p l e of ash. A stepwise increase i n the firing 
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temperature was not r e q u i r e d w i t h the ash samples because they do 
not flash. 

T h e permanganate solutions obta ined f rom both the coa l a n d ash 
samples were ana lyzed b y the direct aeration flameless atomic absorpt ion 
procedure. T h e concentrat ion i n each sample was ca l cu lated f r om the 
measured m e r c u r y value , the b lank concentrat ion i n the permanganate 
solutions, a n d the we ight of the samples. 

Results and Discussion 

T h e results of this study were d i v i d e d into three areas: stack gas 
analysis, solids sampl ing a n d analysis, a n d the m e r c u r y mass balance. 

Stack Gas Analysis. T h e measured concentrations of mercury i n the 
stack gas at the sampl ing point , i n c l u d i n g bo th the filter part iculates a n d 
vo lat i le mercury , are presented i n T a b l e I. Tests 15 a n d 18 were con
taminated a n d should not be considered. D a t a f r o m the f ourth amalga 
mator a n d the potassium permanganate b a c k u p solut ion showed that 
the standard sampl ing t ra in h a d a co l lect ion efficiency i n excess of 9 8 % 
of the mercury enter ing the probe. 

Table I . Mercury Concentrations in the Stack Gas 

Date Total «7 Hg/ 
Run (1973) M Hg DSCF" DSCF" Train Configuration 

1 7/16 9.910 H - E - A - A - A - A - K 
2 7 /16 1.896 9.399 0.202 H - E - A - A - A - A - K 
3 7/17 2.271 16.787 0.135 H - E - A - A - A - A - K 
4 7/17 2.056 16.759 0.123 H - E - A - A - A - A - K 
5 7/17 6.428 40.437 0.159 H - E - A - A - A - A - K 
6 7 /17 3.852 32.528 0.118 H - E - A - A - A - A - K 
7 7 /18 8.226 72.841 0.113 H - E - A - A - A - A - K 
8 7 /18 4.690 25.078 0.187 H - E - A - A - A - A - K 
9 7 /18 7.818 38.463 0.203 H - E - A - A - A - A - K 

10 7 /19 8.622 46.982 0.184 H - E - A - A - A - A - K 
11 7/19 4.076 24.673 0.165 H - E - A - A - A - A - K 
12 7 /19 3.444 24.426 0.141 H - A - A - A - A - K 
13 7 /20 8.151 52.272 0.156 H - A - A - A 
14 7 /20 7.292 50.485 0.144 H - A - A - A 
15 7 /20 25.262 53.164 0 .475 c H - K - K - K 
16 7 /20 4.164 48.396 0.086 H - A - A - A 
17 7 /20 3.377 30.811 0.110 H - A - A - A 
18 7 /20 24.967 32.373 0.771 « H - A - A - A 

a D S C F = dry standard cu ft 
6 H = 200 m l distilled water 

Ε = e m p t y impinger 
A = gold chips 
Κ = K M n 0 4 solution 

c M e r c u r y contamination from probe tip 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
01

2

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 
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Table II. Coal Consumption During Test Periods 

Coal Dry Coal Dry Coal 
Consumed Con Con Dry Coal 

During Moisture sumed/ sumed/ Con
Test Content Test Test sumed/ 

Date Period 103°C Period Period Hr 
Run {1973) (lbs) (%) (lbs) (g x io-«) (g x ίο-") 

1 7/16 32,900 4.3 31,500 14.30 28.60 
2 7/16 31,650 4.3 30,300 13.76 27.52 
3 7/17 34,800 3.6 33,500 15.21 30.42 
4 7/17 33,250 5.1 31,600 14.35 28.70 
5 7/17 85,050 4.5 81,200 36.86 29.49 
6 7/17 67,650 5.3 64,100 29.10 29.10 
7 7/18 82,700 5.2 78,400 35.59 23.49 
8 7/18 69,700 3.2 67,500 30.64 30.64 
9 7/18 52,350 3.0 50,800 23.06 30.67 

10 7/19 131,500 3.3 127,200 57.75 28.88 
11 7/19 64,900 4.6 61,900 28.10 28.10 
12 7/19 63,600 5.0 60,400 27.42 27.42 
13-14 7/20 68,200 5.3 64,600 29.33 29.33 
15-16 7/20 65,250 4.5 62,300 28.28 28.28 
17-18 7/20 64,300 4.1 61,700 28.01 28.01 

T h e G r e e n b u r g - S m i t h water scrubber a n d the empty impinger be
h i n d i t were a d d e d to the t ra in to decrease condensation i n the amalga 
mator. Previous studies at b o t h an oi l - f ired power p lant ( 3 ) a n d a smelter 
(11) resulted i n the wet scrubber re ta in ing 1 0 - 2 0 % of the total m e r c u r y 
co l lected i n the t ra in . T h i s study resulted i n an average m e r c u r y reten
t ion rate of 4 6 . 7 % i n the wet scrubber. D u r i n g a recent inc inerator 
study b y the author ( 5 ) , the m e r c u r y retent ion rate i n the wet scrubber 
averaged 6 7 . 9 % . F r o m the avai lab le data the increased retention rate 
i n the scrubber appears to be a d irect funct ion of the moisture content of 
the stack. A s the moisture content of the stack increased, the co l lect ion 
efficiency of the wet scrubber increased. T h e average moisture contents 
observed d u r i n g the four prev ious ly discussed studies were : smelter, 
0 .05% ; o i l - f ired p o w e r plant , l o w ; this study, 5 - 8 % ; a n d incinerator , 1 3 % . 
T h i s re lat ionship w o u l d be significant at power plants m a i n t a i n i n g a wet 
scrubber for Sulfur d ioxide control . 

Solids Sampling and Analysis. T h e coa l consumpt ion data is c om
p i l e d i n T a b l e I I . T h e ash, B T U , a n d sulfur analyses on the coa l consumed 
d u r i n g the 1-wk test per i od is presented i n T a b l e I I I . T h e data f r om 
the mercury i n coa l determinations are g iven i n T a b l e I V . Based on the 
authors experience w i t h mercury i n coa l studies, the resul t ing concen
trations are average for eastern U n i t e d States coals. T h e author has f o u n d 
the spread i n the i n d i v i d u a l coal determinations to be c o m m o n w h e n 
a n a l y z i n g 0.5-g samples. T h e data i n Tables I I I a n d I V show a re la t ion -
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Table III. Proximate Analysis of Coal Consumed During Test Period 
Ash (%) BTU/lb Sulfur (%) 

J u l y 16-17 
as received 9.35 12,744 0.72 
dr ied 10.04 13,684 0.77 

J u l y 18-20 
as received 10.64 12,856 0.94 
dr ied 11.21 13,540 0.99 

sh ip between the sulfur a n d the mercury i n the coal . T h e composite 
coa l sample obta ined J u l y 16-17 , 1973 h a d a 0 .77% sul fur content a n d an 
average m e r c u r y concentrat ion of 0.074 p p m ( /xg/g) , compared w i t h 
0 .99% sul fur content a n d a 0.093 p p m mercury concentrat ion i n the 
J u l y 18-20 , 1973 composite sample. 

T h e data f r o m the m e r c u r y i n ash determinations are presented i n 
T a b l e V . F o u r types of ash samples were ana lyzed a n d reported : bot tom, 
i n i t i a l mechanica l , final mechan i ca l ( mult icones ) , a n d electrostatic ash. 
Because of the i n a b i l i t y to empty an i n i t i a l mechanica l , a final mechanica l , 
a n d an electrostatic ash hopper s imultaneously pr i o r to the start of a test, 
n o r m a l l y on ly three ash samples were col lected d u r i n g any one test. 

T h e data show that the bot tom ash has the lowest mercury concen
trat ion of the various ashes a n d that the mercury concentrat ion increases 
as one proceeds f r om the i n i t i a l mechan i ca l ash to the electrostatic ash. 
T h e average mercury concentrations of the ashes were : bottom, 0.035 
p p m H g ; i n i t i a l mechanica l , 0.074 p p m H g ; final mechanica l , 0.081 p p m 

Table IV. Mercury in Coal Concentrations 
Coal Concentration ^g/g) Mercury Consumed (g)a 

Date Aver /test /hr /day 
Run (1973) 1 2 3 4 age Period 

1 7/16 0.130 0.118 0.148 0.136 0.133 1.90 3.80 91.2 
2 7/16 0.040 0.040 0.045 0.042 0.58 1.16 27.8 
3 7/17 0.058 0.051 0.054 0.82 1.64 39.4 
4 7/17 0.057 0.081 0.066 0.95 1.90 45.6 
5 7/17 0.071 0.064 0.067 2.47 2.00 48.0 
6 7/17 0.088 0.078 0.084 2.44 2.44 58.6 
7 7/18 0.094 0.093 0.112 0.100 3.56 2.35 56.4 
8 7/18 0.108 0.102 0.105 3.22 3.22 77.3 
9 7/18 0.080 0.122 0.079 0.094 2.17 2.89 69.4 

10 7/19 0.120 0.141 0.130 7.51 3.75 90.0 
11 7/19 0.088 0.110 0.099 2.78 2.78 66.7 
12 7/19 0.093 0.100 0.097 2.66 2.66 63.8 
13-14 7/20 0.100 0.109 0.104 3.05 3.05 73.2 
15-16 7/20 0.059 0.042 0.050 1.41 1.41 33.8 
17-18 7/20 0.063 0.060 0.062 1.74 1.74 41.8 

° Calculated from coal consumption data and mercury in coal concentrations 
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H g ; a n d electrostatic, 0.159 p p m H g . T h e coa l a n d ash concentrations 
are p lo t ted i n F i g u r e 4 for those tests where at least one ash sample was 
col lected. D u r i n g this study the electrostatic ash a lways h a d a h igher 
mercury concentrat ion than the o r ig ina l coal , a n d the bot tom ash always 
h a d a m e r c u r y concentrat ion less than that of the o r ig ina l coal . 

T h e results support the theory that the vo la t i l i z ed mercury is a d 
sorbed or absorbed b y the ash particles as the gas stream cools. Since 
the mercury concentrations i n the stack gases are considerably l ower than 
the theoretical m e r c u r y vapor pressure at the observed temperatures, 

Table V . Mercury in Ash Concentrations 

Date 

7 /18 /73 

7 /19 /73 

7 /20 /73 

Test Ash μg Hg/g of Ash 

8 bo t t om 0.022 
8 i n i t i a l mechanica l 0.144 

0.100 
8 electrostatic 0.170 

0.187 
10 bo t t om 0.053 
11 i n i t i a l mechanical 0.095 
11 final mechanica l 0.135 
11 electrostatic 0.193 
12 bo t tom 0.093 
12 i n i t i a l mechanica l 0.015 

0.036 
12 final mechanical 0.038 
12 electrostatic 0.143 
13-14 i n i t i a l mechanica l 0.073 
13-14 final mechanica l 0.070 
14-14 electrostatic 0.130 
15-16 bo t tom 0.002 

0.005 
15-16 i n i t i a l mechanical 0.054 
15-16 electrostatic 0.131 

condensation should not occur. T h e volat i le mercury w o u l d then be re
m o v e d b y the suspended ash partic les b y some f o rm of phys i ca l ( v a n der 
W a a l s ' ) a n d / o r chemisorpt ion forces. T h e increasing mercury concen
trat ion i n the finer ashes is enhanced b y the increased retention t ime of 
the finer ashes i n the gas stream as c ompared w i t h the mechani ca l ash a n d 
b y the larger surface area of the finer ashes as compared w i t h their mass. 
Based on these two factors, it can be seen that an increased rate of mer 
cury remova l b y the ash w o u l d not be r equ i red to obta in a h igher mercury 
concentrat ion i n the fly ash. A l t h o u g h the l ower gas temperatures at 
w h i c h the finer ashes are removed may increase the rate of mercury 
remova l b y the suspended ash, it w o u l d not be r e q u i r e d to obta in h igher 
concentrations i n the finer ashes. 
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Initial Mech. 

I— 
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I 

II 
TEST RUN 

12 13-14 15-16 

Figure 4. Mercury concentrations in the coal and ash samples 
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T h e l o w concentrat ion of m e r c u r y i n the bot tom ash results f r o m 
one or a combinat ion of the f o l l o w i n g : short retent ion t ime i n the gas 
stream, the smaller surface area, a n d / o r the h igher temperatures at w h i c h 
i t is removed f rom the system. T h e mercury concentrations i n the filter 
part iculates col lected d u r i n g the isokinet ic sampl ing d i d not show any 
direct corre lat ion w i t h the ash studies because the mercury co l lected on 
the heated filter was par t ia l l y revo la t i l i zed d u r i n g sampl ing a n d col lected 
i n the r e m a i n i n g portions of the t ra in . 

Mercury Mass Balance. T h e mass balance consisted of c ompar ing 
the amount of m e r c u r y i n the stack gas stream w i t h the amount i n the 
coa l minus that m e r c u r y recovered i n the ash. I n ob ta in ing this balance 
i t was assumed that the wal l s of the stack a n d the duc t w o r k d i d 
not affect the mercury concentrat ion i n the gas stream. T h e author 
felt that this was a correct assumption only i f : 

1. Sufficient t ime h a d elapsed since the start u p of the un i t so that 
the temperature of the wal ls was i n e q u i l i b r i u m w i t h the temperature 
of the gas stream 

2. T h e uni t was operat ing at a re lat ive ly constant l o a d 
3. T h e mercury adsorpt ion mechanism was e q u i l i b r i u m contro l led 

U n t i l these condit ions have been achieved the rate of mercury adsorp
t i on on the wal l s w i l l not equa l the rate of desorption. T h e first two 
condit ions were approx imated i n most of the tests reported. A second 
assumption i n the mass balance was that the air u t i l i z e d i n the combust ion 
process does not contr ibute a significant quant i ty of mercury to the system. 

T h e two mercury values obta ined for each r u n represent the grams 
of mercury per test r u n w h i c h pass the sampl ing po int i n the stack a n d 
w h i c h are i n the coa l that is not recovered i n the various ash samples. 
I f the t w o assumptions discussed i n the preced ing paragraph are correct, 
differences between the two reported values w i l l represent the degree 
of representative sampl ing a n d the degree of accuracy i n the ana ly t i ca l 
methodology. 

T h e amount of mercury passing the sampl ing po int i n the stack was 
ca l cu lated f rom the measured stack gas concentrat ion a n d the d r y stand
a r d c u ft ( D S C F ) of gas passing the sampl ing po int d u r i n g the test per iod . 
T h e stack gas flow rate h a d been prev ious ly ca l ibrated at a 93 megawatt 
output . A t this l oad a steam flow of 810,000 l b s / h r resulted i n a stack 
gas flow of 232,700 C F M i n the nor th duct a n d 220,300 C F M i n the 
south duct at 358°F a n d a 1.0-2.0 i n . of water static pressure. Correc t ing 
for moisture a n d to s tandard condit ions, this resulted i n a c o m b i n e d gas 
flow of 285,788 d r y standard c u f t / m i n ( D S C F M ) i n bo th ducts at a 
steam flow of 810,000 l b s / h r . T h e D S C F M d u r i n g the test p e r i o d was 
ca lcu lated f rom the percent of the ca l ibrated steam flow times the stack 
gas flow rate (285,788 D S C F M ) at an 810,000 l b s / h r steam flow. T h e 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
01

2

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



170 T R A C E E L E M E N T S IN F U E L 

steam flow a n d a ir flow w e r e m a i n t a i n e d at the same l b s / h r rate. T h i s 
flow approx imat ion was used because the duct was not traversed d u r i n g 
sampl ing . 

T h e m e r c u r y i n the coa l not recovered i n the various ash samples 
was determined b y subtract ing the amount of mercury recovered i n the 
ash f r o m the i n i t i a l amount i n the coa l w h i c h was f ed to the furnace 
d u r i n g the test per iod . Because of the i n a b i l i t y to measure the to ta l 
amount of ash col lected d u r i n g the test per iod , the percent ash of coa l 
( d r i e d basis) was determined i n the laboratory (see T a b l e I I I ) . T h i s 
percentage times the amount of coa l consumed d u r i n g each test p e r i o d 
was used to determine the total amount of ash. T h e m e c h a n i c a l m u l t i -
cones h a d been tested at 4 0 % effective a n d the electrostatic precipitators 
at 9 1 % effective. B u t because of the u n k n o w n tota l amount of bo t tom 
ash these percentages c o u l d not be used to determine d i rec t ly the amounts 
of the different ashes. T h e mercury - in -ash concentrat ion used i n each 
mass balance was 0.1 μg H g / g of ash a n d was a w e i g h t e d average based 
on the mercury concentrations measured i n each ash a n d the avai lab le 
ash d i s t r ibut i on data f rom the mult icones a n d the electrostatic p r e c i p i 
tator. B a s e d on the m e r c u r y i n the coal consumed d u r i n g each test p e r i o d 
a n d the m e r c u r y recovered i n the ash, the average mercury retent ion 
b y the ash was 1 3 % of the total mercury consumed i n the combust ion 
process (range of 9 - 1 7 % ). C o m p a r i s o n of the total mercury - in - coa l con
sumpt ion a n d the mercury- in -s tack gas emission values revealed that an 
average of 8 % of the mercury present i n the coal feed was not accounted 
for i n the stack gas samples. T h e differences between the 1 3 % ash reten
t i on rate of the m e r c u r y a n d the 8 % unaccounted for f rom the coa l a n d 
stack gas mercury values w o u l d represent exper imenta l error, adsorpt ion 
a n d desorpt ion onto a n d off the wal l s of the stack a n d ducts, a n d any 
error i n the ash d i s t r ibut i on approx imat ion . 

T h e results of the mass balance are s u m m a r i z e d i n T a b l e V I . T h e 
ratio of the m e r c u r y f o u n d i n the gas stream to the amount of mercury 
released f r om the coa l but not recovered i n the ash is g iven i n the t h i r d 
c o l u m n . T h e average of this ratio is 1.19, w i t h a s tandard dev iat ion of 
0.24. W i t h i n one s tandard dev iat ion un i t there is not a significant differ
ence between the measured rat io a n d the expected rat io of 1.0. T h e r e 
fore, based on 14 ratios at one p lant , there is not a statist ical ly significant 
difference between the total mercury f o u n d i n the stack gas a n d the 
amount expected i n the stack gas f rom the coa l a n d ash determinations. 
D u a l tests 13 a n d 14 showed close ratios of 0.88 a n d 0.95. 

T h e two highest ratios, f r om tests 3 a n d 7, showed the greatest 
dev ia t i on f r om the expected n o r m of 1.0. Results f r o m these tests showed 
a larger amount of m e r c u r y i n the stack gas stream than was expected 
f r om the coal a n d ash analysis. These two tests were the first two tests 
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o n t w o different mornings a n d the k W output of the u n i t was either just 
be ing increased or h a d just been increased. D u r i n g test 7 b o t h the a ir 
flow a n d the stack gas temperatures were increasing d u r i n g the test. T h e 
increas ing temperature w o u l d result i n the revo lat i l i zat ion of m e r c u r y 
adsorbed on the stack wal l s ( n o n e q u i l i b r i u m cond i t i ons ) . T h i s w o u l d 
increase the ratio of the m e r c u r y f ound to the m e r c u r y expected. K i l o w a t t 
output a n d stack gas temperature were not rout ine ly moni tored between 
tests. A s a result , the effect of these n o n e q u i l i b r i u m condit ions on the 
rat io c o u l d not be veri f ied. Test 7 was the on ly test that showed s ig 
nif icant changes i n the stack gas temperature a n d air flow rate d u r i n g 
the r u n . 

Table VI . Mercury Mass Balance 
Total Mercury Found Total Mercury Expected Ratio of 
in Stack Gas during in Stack Gas during 

Test Period (g)b 

Mercury Found to 
Run Test Period {g)a 

in Stack Gas during 
Test Period (g)b Mercury Expected 

3 1.09 0.67 1.63 
4 0.99 0.81 1.22 
5 3.17 2.10 1.51 
6 1.86 2.15 1.16 
7 2.03 3.16 1.56 
8 3.17 2.88 1.10 
9 2.51 1.91 1.31 

10 5.93 6.86 0.86 
11 2.62 2.47 1.06 
12 2.25 2.34 0.96 
13 2.58 2.72 0.95 
14 2.38 2.72 0.88 
16 1.38 1.09 1.27 
17 1.77 1.43 1.24 

a As calculated from μg mercury/DSCF X D S C F M test period X minutes test period 
b Grams mercury volatilized during test period and not collected on the ash 

T h e data conf irmed that i n a coal- f ired power p lant there was not a 
significant amount of an u n k n o w n vo lat i le o r g a n o - m e r c u r y c o m p o u n d 
bypass ing the go ld sampl ing t ra in . T w o assumptions were m a d e at the 
start of the s t u d y — t h a t e q u i l i b r i u m between the wal l s of the stack a n d 
the gas stream h a d been achieved a n d that the ambient a ir m e r c u r y 
concentrat ion was not significant. T h e results have suggested that the first 
assumption is questionable. A l t h o u g h insufficient data are avai lable to 
prove i t , i t is qu i te possible that the n o n e q u i l i b r i u m condit ions between 
the stack wa l l s a n d the gas stream produces the spread i n the rat io 
values. T h i s results f rom u n e q u a l rates of m e r c u r y adsorpt ion a n d de
sorpt ion onto a n d off the wal ls . D u r i n g future studies the k W output 
a n d the stack temperature shou ld be recorded d u r i n g the who le s a m p l i n g 
per iod . A t this t ime i t is u n k n o w n i f there is a cumulat ive b u i l d u p of 
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m e r c u r y on the stack wal l s or i f the concentrat ion on the wal l s is con
t ro l l ed b y a chemica l e q u i l i b r i u m react ion. T h e data have suggested that 
w h e n the stack temperature is increas ing some mercury is released f r o m 
the wal l s . T h e m e r c u r y concentrat ion f r o m ambient air shou ld be 
checked i n any future studies. 

T h e mass balance c o u l d be i m p r o v e d b y : obta in ing gas flow rates 
b y travers ing the stack a n d de te rmin ing the molecu lar we ight of the gas 
stream, ob ta in ing a m e t h o d of measur ing the quantit ies of the various 
ashes p r o d u c e d ( isokinet ic part iculate sampl ing between each of the ash 
co l lect ion mechan i sms ) , a n d ca l ib ra t ing the coal feeders i m m e d i a t e l y 
before the start of the tests. H o w e v e r , these improvements w o u l d con
s iderably lengthen the r e q u i r e d sampl ing t ime a n d w o u l d require a large 
field crew. I n add i t i on , more tests w o u l d result i n better statistical results 
a n d w o u l d permit a more re l iab le measurement of the degree of accuracy. 
A complete inp lant mass balance for m e r c u r y w o u l d requ i re : 

1. 24-hour m o n i t o r i n g of the k W output a n d stack gas temperature 
d u r i n g the sampl ing per i od 

2. Isokinetic sampl ing of the stack gas for the mercury a n d par 
t iculate concentrations 

3. Isokinet ic sampl ing of the ducts between each ash co l lect ion 
mechanism to determine the part iculate loadings at each site 

4. S a m p l i n g a n d analysis of samples f rom each ash co l lect ion m e c h 
an ism 

5. S a m p l i n g , analysis for mercury , a n d mon i to r ing of the feedrate 
of the r a w coal 

6. S a m p l i n g , analysis for mercury , a n d flow m o n i t o r i n g of the i n 
fluent a n d effluent of any wet scrubber systems 

7. M o n i t o r i n g of the m e r c u r y concentrations a n d flow rate of the 
ambient air used i n the combust ion process 

Conclusions 

A series of mass balances were obta ined at a coal- f ired p o w e r p lant 
to determine the fate of m e r c u r y d u r i n g the combust ion of coa l a n d to 
check the accuracy of the vo lat i le mercury sampl ing procedure . T h e b a l 
ance was obta ined at the stack gas sampl ing po int b y c o m p a r i n g the 
vo la t i l i z ed a n d part i cu late m e r c u r y concentrat ion i n the gas stream w i t h 
the amount of mercury i n the coa l fed to the furnace, corrected for the 
m e r c u r y recovered i n the various ashes. Differences between these two 
values w o u l d represent: 

1. N o n e q u i l i b r i u m adsorpt ion a n d desorpt ion onto a n d off the wal l s 
of the stack a n d duc t 

2. A n y significant m e r c u r y concentrat ion i n the ambient a ir 
3. T h e degree of representative sampl ing 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
01

2

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 
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4. T h e degree of accuracy of the ana ly t i ca l procedures 
T h e average rat io of the mercury measured i n the gas stream to the 
amount of mercury i n the r a w coal , corrected for the amount recovered 
i n the ash samples, was 1.19 as compared w i t h an expected ratio of 1.0. 
Based o n the s tandard dev iat ion , the measured ratio was not statist ical ly 
different f rom the expected rat io . T h e data conf irmed that i n this p lant 
there was not a significant amount of an u n k n o w n volat i le o rgano -mer -
c u r y c o m p o u n d bypass ing the go ld sampl ing t ra in . T h e two highest 
ratios w e r e correlated w i t h increasing temperatures i n the stack gas 
( increas ing k W output ) a n d w o u l d p r o b a b l y represent vo la t i l i za t i on of 
m e r c u r y adsorbed on the wal l s of the stack a n d ducts at l ower t em
peratures. 

T h e results have shown that the fate of the mercury entering the 
system i n the r a w coa l was contro l led b y the f o l l ow ing mechanisms: 

1. Some of the mercury i n the coal was not vo la t i l i z ed d u r i n g c om
bust ion , p robab ly that mercury associated w i t h the sil iceous por t ion of 
the coa l 

2. A significant por t ion of the mercury (>—10% of the vo la t i l i z ed 
m e r c u r y ) was recovered b y adsorpt ion onto the suspended ash partic les 

3. Some of the mercury was removed f r o m the system b y adsorpt ion 
onto the wal l s of the stack a n d ducts ( i t was not k n o w n if this was a 
cumulat ive or an e q u i l i b r i u m contro l led mechanism 

4. T h e major por t ion of the vo la t i l i z ed mercury was released to the 
atmosphere 
T h e mercury adsorbed onto the ash m a y be dif ferentiated f r om the n o n -
vo la t i l i z ed mercury i n the sil iceous por t i on of the ash b y firing the ash 
at different temperatures i n the i n d u c t i o n furnace. Because continuous 
changes i n the k W output of the p lant result i n temperature variat ions 
i n the stack gas, i t was impossible to quant i fy the amount of mercury 
adsorbed onto the wal ls of the stack a n d ducts. 

T h e results have suggested that mercury emissions w o u l d be de
creased b y : coal c l ean ing at preparat ion plants , i m p r o v e d heat recovery 
systems, longer retention times between the suspended ash a n d the gas 
stream, i m p r o v e d ash col lect ion systems, a n d the use of wet scrubbers 
i n the gas stream. C o a l c l ean ing results i n the remova l of the h igher 
specific grav i ty fractions of the coal , i.e., pyr i te , slate, etc. A significant 
percentage of the mercury i n the coal is associated w i t h this f ract ion a n d 
w o u l d thus be removed i n the c leaning process before i t reaches the 
power plant . I m p r o v e d heat recovery systems i n the p lant ( economizers, 
a ir preheaters, etc. ) w o u l d l ower the stack gas temperatures, permi t t ing 
greater adsorpt ion b y the suspended ash partic les . L o n g e r retention times 
of the finer ashes i n the gas stream w o u l d also increase the adsorpt ion 
rate b y the suspended ash. I m p r o v e d ash co l lect ion systems w o u l d l ower 
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the amount of part iculate mercury emitted to the atmosphere. In forma
t ion obta ined f rom the wet scrubber i n the go ld amalgamat ion sampl ing 
t r a i n has shown that signif icant quantit ies of vo la t i l i z ed mercury can be 
recovered i n wet scrubbers. M o s t of these changes that have been shown 
to alter mercury emissions are presently be ing des igned into n e w power 
plants to increase the p lant efficiency, l ower sulfur d iox ide concentrations, 
decrease part iculate emissions, etc. A s a result, newer , more efficient 
p o w e r plants w i l l p r o b a b l y show a lower percent m e r c u r y emission value . 
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Trace Element Mass Balance Around a 
Coal-Fired Steam Plant 

Ν. E. BOLTON, J. A. CARTER, J. F. EMERY, C. FELDMAN, 
W. FULKERSON, L. D. HULETT, and W. S. LYON 

Oak Ridge National Laboratory, P.O. Box X, Oak Ridge, Tenn. 37830 

Mass balance measurements for 41 elements have been 
made around the Thomas A. Allen Steam Plant in Memphis, 
Tenn. For one of the three independent cyclone boilers at 
the plant, the concentration and flow rates of each element 
were determined for coal, slag tank effluent, fly ash in the 
precipitator inlet and outlet (collected isokinetically), and 
fly ash in the stack gases (collected isokinetically). Measure
ments by neutron activation analysis, spark source mass 
spectroscopy (with isotope dilution for some elements), and 
atomic adsorption spectroscopy yielded an approximate bal
ance (closure to within 30% or less) for many elements. 
Exceptions were those elements such as mercury, which 
form volatile compounds. For most elements in the fly ash, 
the newly installed electrostatic precipitator was extremely 
efficient. 

' T p o x i c elements are present i n trace quantit ies i n coa l a n d other fossi l 
A fuels. Since enormous quantit ies of these fuels are consumed each 

year, apprec iable quantit ies of the associated, potent ia l ly h a r m f u l toxic 
elements are produced . F o r example, i f 600 m i l l i o n tons of coa l are 
b u r n e d each year i n the U . S . w i t h average concentrations ( p p m ) of: 
H g - 0 . 1 0 , P b - 2 0 , C d - 0 . 4 , A s - 5 , S e - 5 , S b - 4 , V - 2 5 , Z n - 2 0 0 , N i - 1 0 0 , C r - 2 0 , 
a n d B e - 2 , the corresponding tonnages of the elements released are: 
H g - 6 0 , Pb -12 ,000 , C d - 2 4 0 , A s - 3 0 0 0 , Se-3000, Sr>-2400, V - 1 5 , 0 0 0 , Z n -
120,000, No -60 ,000 , C r - 1 2 , 0 0 0 , a n d B e - 1 2 0 0 . ( T h e concentrations are 
representative of values measured for coa l b u r n e d at the A l l e n Steam 
P l a n t . ) 

A n apprec iable f ract ion ( 6 2 % ) of the coal consumed is b u r n e d at 
central power stations, so i t is important to k n o w the fate of potent ia l ly 

175 
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hazardous trace elements at such plants. T h e purpose of this w o r k is to 
determine w h a t happens to trace elements i n coal w h i c h is used to gen
erate e lectr ic i ty at a large central power station. T h e study involves two 
complementary act ivit ies : a mass balance for trace elements through the 
p lant as obta ined b y in -p lant sampl ing a n d measurements of the elements 
i n the s u r r o u n d i n g environment to estimate the effect of emissions on the 
concentrat ion of toxic elements i n a ir , so i l , p lant l i fe , a n d i n the water , 
sediment, a n d b io ta of the stream rece iv ing the ash p o n d runoff. T h i s 
paper deals w i t h the in -p lant por t ion of the work , w h i c h is a co l laborat ive 
effort between O R N L a n d T V A . 

T h i s study was m a d e at the Thomas A . A l l e n Steam P l a n t i n M e m 
phis , Tennessee, w h i c h has an 870 M W ( e ) peak capaci ty f r om three 
s imi lar cyclone fed boilers. T h e p lant is part of the T V A power system 
a n d was chosen because the N u m b e r 2 un i t was be ing renovated. A 
n e w L o d g e C o t t r e l l electrostatic prec ip i tator was b e i n g a d d e d so the 
T V A P o w e r Produc t i on D i v i s i o n test sampl ing c rew were avai lable to 
he lp sample d u r i n g compl iance testing of the prec ipi tator . 

6. STACK SAMPLE AT 268 ft ABOVE GROUND LEVEL 

Figure 1. Schematic of Number 2 unit, Allen Steam Plant, Memphis, Tenn. 

Sampling and Methods of Analysis 

F i g u r e 1 shows the s a m p l i n g points of the N u m b e r 2 unit . Samples 
taken at locations 1 a n d 2 were composite samples of the coa l enter ing 
the bo i ler a n d of the slag mater ia l l eav ing the boi ler , respect ively . A t 
locat ion 3 the inlet a ir be ing supp l i ed to the bo i ler was sampled . A t l o ca -
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13. B O L T O N E T A L . Trace Element Mass Balance 177 

14 f t - 0 in. 

'— S A M P L E R A S S E M B L Y COLD T R A P ~ H 

Figure 2. Schematic of sampling probe used for mass balance study 

tions 4 a n d 5 a series of samples was taken isokinet i ca l ly at various l oca 
tions i n the ducts before a n d after the electrostatic prec ip i tator , respec
t ively . A t locat ion 6 a series of samples was taken i sokinet i ca l ly i n the 
stack approx imate ly 82 m above ground level . 

T h e large size of the ducts be ing s a m p l e d r e q u i r e d special ly f a b r i 
cated sampl ing probes a n d spec ia l probes e q u i p p e d w i t h forward-reverse 
pitot tubes for de termin ing isokinet ic s a m p l i n g rates. F i g u r e 2 shows 
the construct ion of the sampl ing probe. T h e sample is d r a w n through an 
a l u n d u m t h i m b l e at a predetermined isokinet ic sampl ing rate. B e h i n d 
this t h i m b l e is a G e l m a n fiberglass filter paper ho lder w h i c h collects par 
ticles as s m a l l as 0.1 μ. T h i s is essentially the standard A S T M m e t h o d for 
s a m p l i n g gases for part iculates ( J ) . These filters are f o l l owed b y the 
c o l d trap w h i c h br ings the flue gas through the d e w po int q u i c k l y a n d 
collects a l l materials w h i c h w i l l condense i n a d r y trap . Because of the 
very h i g h moisture concentration i n the flue gas, a dropout glass jar was 
a d d e d f o l l o w i n g the co ld trap to prevent loss of the condensate. T h e 
c o l d trap a n d condensate dropout jar were used to trap mercury a n d 
other condensable vapors f r om the flue gas sample. 

T w o probes were fabr i cated for sampl ing the prec ipi tator inlet , one 
for the prec ip i tator outlet, a n d one for the stack. B y l i m i t i n g the n u m b e r 
of test points at each plane i n the prec ipi tator outlet, the average s a m p l i n g 
t ime requ i red to complete a test was about 280-300 m i n . T h e types 
a n d numbers of samples co l lected for each complete r u n are shown i n 
T a b l e I. Twenty - f our dist inct samples were taken for each complete 
test r u n . 

Table I. Types and Numbers of Samples 

Compos i te coal sample—1 
Compos i te slag t a n k sample—1 
Prec ip i ta tor i n l e t — 6 thimbles , 2 cold traps, 2 glass papers 
Prec ip i ta tor out le t—4 thimbles , 1 cold t rap , 1 filter paper 
Stack sample—2 thimbles , 1 t rap , 1 glass paper 
Inlet a i r — 1 th imble and 1 glass paper 

A l t h o u g h the p lant is designed to operate at 290 M W per unit , a 
240 M W load was chosen for these tests because i t was felt that this l o a d 
c o u l d be mainta ined w i thout in terrupt ion d u r i n g the r e q u i r e d 5-hr 
sampl ing t ime. T h e coa l consumpt ion at this power leve l is 82.5 tons 
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per h r on a d r y we ight basis. T h e coa l a n d slag was sampled b y 
compos i t ing samples obta ined per i od i ca l l y d u r i n g the test. T h e total 
part iculate flow rate was ca lcu lated f r om the we ight of fly ash mater ia l 
co l lected i n the A S T M filter system, the tota l a ir vo lume passed through 
the th imb le , a n d the ve loc i ty of air passing through the system. I n a l l , 
four runs were made—one reference test a n d three for mass balance 
(runs 5, 7, a n d 9 ) . A gas ve loc i ty traverse was made i n the prec ip i tator 
in let a n d outlet ducts just p r i o r to each mass ba lance r u n to determine 
isokinet ic s a m p l i n g rates for each sampl ing posi t ion. 

T h e reference test was per formed us ing the s tandard A S T M m e t h o d 
for de te rmin ing gra in loadings to electrostatic precipitators . T h i s test 
was used to ver i fy the adequacy of the number of samples secured for 
mass balance calculations. C o m p a r i s o n of gra in l o a d i n g calculations us ing 
T V A s tandard probes a n d O R N L fabr i cated probes show that the mass 
balance samples are representative. 

Ana lys i s of the samples for e lemental constituents was per formed 
us ing instrumented neutron act ivat ion analysis ( N A A ) a n d spark source 
mass spectrometry ( S S M S ) ( 2 ) . I n add i t i on , the many mercury de
terminations were made b y flameless atomic absorpt ion ( A A ) . 

T h e N A A technique i n v o l v e d i r rad ia t ing each d r y homogenized 
sample (0.01-0.2 g ) i n a sealed plast ic v i a l . T h i s v i a l was p l a c e d i n a 
" r a b b i t " together w i t h go ld a n d manganese flux monitors a n d i r rad ia ted i n 
the O a k R i d g e Research Reactor for a per i od v a r y i n g f r om a few seconds 
( for short l i v e d radioact ive products ) to 20 m i n . A f t e r i r rad ia t i on , the sam
ples were removed a n d counted at various set decay times us ing a germa
n i u m - l i t h i u m detector a n d a nuclear data P D P - 1 5 analyzer computer 
system. U s i n g programs deve loped at O R N L , these count ing data were 
processed, x-ray peaks identi f ied , absolute activit ies ca lculated , a n d f rom 
the flux measurement a n d k n o w n nuc lear parameters, the /xg /g of each 
element f ound was ca lculated . Results i n a l l cases have an uncerta inty of 
5 - 1 0 % . T h e entire process is nondestruct ive because no chemica l treat
ment is per formed, so there is on ly a m i n i m a l chance of sample contamina
t i on or loss. 

T h e flameless atomic absorpt ion method has a r e p r o d u c i b i l i t y of 
about 2 % or better for homogeneous specimens. Checks (3 ) between 
A A a n d N A A ( w i t h r a d i o c h e m i c a l separation after i r rad ia t i on ) a n d iso
tope d i l u t i o n spark source mass spectroscopy on thoroughly homogenized 
tuna fish a n d B u r e a u of M i n e s r o u n d - r o b i n coal specimens indicate good 
agreement between the methods. (0.425 ± 0 . 9 % , 0.45 ± 3 . 5 % , a n d 
0.45 ± 4 .4% for tuna b y A A , N A A , a n d S S M S , respectively, a n d 1.004 is 
the average rat io of N A A to A A results for five coa l samples.) T h e 
s imi lar results indicate that the technique used i n sample preparat ion 
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for A A d i d not result i n mercury losses since the N A A m e t h o d is not 
subject to losses of this type. 

Spark source mass spectrometry ( S S M S ) is also a mult ie lement 
technique. C o n v e n t i o n a l l y the data obta ined are semiquanti tat ive , a n d 
the results have an uncerta inty of ± 5 0 % or less. I f the stable isotope 
d i l u t i o n technique is per formed , the S S M S can be ± 3 % . T h i s latter 
technique was used for lead , c a d m i u m , a n d z inc as noted i n the results 
tabulations. N A A a n d S S M S complement each other qui te w e l l , a n d 
those elements for w h i c h one technique has poor sensit ivity can usua l ly 
be measured b y the other. 

Mass Balance Results 

A mass balance for the various elements was ca lcu lated us ing the 
f o l l o w i n g equations: 

Q C ( A ) = C 0 ( A ) X (g c o a l / m i n ) (1) 

Q P . I . ( A ) = C p . i . ( A ) X ( g f l y a s h / m i n ) (2) 

Q S . T . ( A ) = C S . T . ( A ) X (g ash i n c o a l / m i n - g fly (3) 
ash to prec ip i ta to r /min ) 

for balance : 

Q c ( A ) = Q P . I . ( A ) + Q S . T . ( A ) (4) 

percent imbalance = ^ ρ τ · ^ s T Qc χ \QQ (5) 
ttf c 

where Ç C ( A ) , Q P . i . ( A ) , a n d Ç S . T . ( A ) are the flow rates of element A 

i n g / m i n associated w i t h the coal , prec ip i tator inlet fly ash, a n d slag tank 
solids, respectively, a n d C C ( A ) , C P I . ( A ) , a n d C S . T . ( A ) are the corre

sponding concentrations of element A i n the coal , the fly ash co l lected i n 
the prec ip i tator inlet , a n d the slag tank solids. T h e flow of trace elements 
into the p lant w i t h suspended particulates i n inlet a ir was negl ig ib le . 
W e were unable to measure the total solids flow f rom the slag tank 
because of the nature of this discharge. ( E v e r y 4 hrs the slag tank 
residue is washed out to the ash p o n d w i t h 2 -4 h u n d r e d thousand gallons 
of water . ) F o r this reason, w e estimated the slag tank discharge as the 
difference between ash flow rate i n the coa l a n d the total fly ash flow rate. 
P r e s u m i n g that this assumption is v a l i d , that the sampl ing was complete 
a n d representative, a n d that the analyses are correct, the condi t i on for 
balance is g iven b y equat ion 4. T o test this w e have ca l cu lated a percent 
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imbalance f r om exper imental results b y equat ion 5. A l s o , the prec ip i tator 
efficiency for an element was ca lcu lated b y : 

Prec ip i ta tor efficiency = Q p - l ( A )
n " , Q ™ X A ) X 100 (6) 
y p.ι. (A; 

T h e results of the mass balance calculations for e ight major elements 
a n d 22 m i n or elements for r u n 9 are g iven i n Tables I I a n d I I I , together 
w i t h the corresponding concentrations i n the coal , prec ip i tator inlet a n d 
outlet fly ash, a n d i n the slag tank solids. C o m p l e t e tabulat ion of results 
for a l l three runs a n d some data for 57 elements is g iven i n a project 
progress report (4). 

I n general , agreement between the two ana lyt i ca l methods is reason
able. There is a consistent negative imbalance , averaging — 2 6 % a n d 
— 1 6 % for N A A a n d S S M S results, respectively, for the major elements 
a n d — 1 % a n d — 1 8 % for the minor elements. W e exc luded the results 
for mercury a n d arsenic i n the averages for minor elements. I n v i e w of 
the necessary assumptions a n d the dif f iculty of ob ta in ing t ru ly representa
t ive samples, the balance is satisfactory for most elements. N o t a b l e 
exceptions are elements w h i c h can be present i n a gaseous f orm. O n e 
m a y be arsenic ( T a b l e I I I ) , a n d another is mercury w h i c h is discussed 

Table II. Elemental Concentrations and Mass Balance 

Concentration (ppm unless otherwise 
indicated) 

Element Method Coal S.T." P.I." P.O." 

A l N A A 1.06% 6 .6% 6 . 9 % 3 . 5 % 
S S M S 1 % 5 % 1 5 % 1 0 % 

C a N A A 0 . 3 8 % 2 . 7 % 1.4% 0 . 4 9 % 
S S M S 0 . 5 % 3 % 3 % 1 % 

F e N A A 1.3% 1 0 . 1 % 9 . 3 % 2 3 . 5 % 
S S M S 2 % 1 0 % 1 0 % 1 0 % 

Κ N A A 0 . 2 2 % 0 . 9 5 % 1.65% 1.28% 
S S M S 0 .06% 0 . 5 % 0 . 7 % 0 . 2 % 

M g N A A 0 . 1 7 % 0 . 4 1 % 0 . 5 5 % 0 . 8 8 % 
S S M S 0 . 1 5 % 0 . 7 % 0 . 7 % 0 . 4 % 

M n N A A 54 418 323 550 
S S M S 100 1000 700 500 

N a N A A 0 .069% 0 . 3 2 % 0 . 7 % 0 . 2 8 % 
S S M S 0 . 0 3 % 0 . 2 % 0 . 3 % 0 . 2 % 

S N A A 5 . 1 % 1 0 . 5 % 
S i S S M S 5 % 3 0 % 3 0 % 1 0 % 
T i N A A 710 3000 3700 2500 

S S M S 700 2000 5000 1000 
α S . T . , P.I. , and P.O. are abbreviations for slag tank solids, precipitator inlet, and 

precipitator outlet, respectively. 
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13. B O L T O N E T A L . Trace Element Mass Balance 181 

below. O n e reason for the consistent negative imbalance c o u l d be that 
fly ash samples were taken under steady state conditions. T w o operations 
were not investigated, a n d these might account for this imbalance . T h e 
air heaters are c leaned pneumat i ca l ly once per e ight-hour shift, a n d soot 
is b l o w n f r o m the boi ler tubes about two times per shift. I f this mater ia l 
were measured it w o u l d increase the average fly ash flow rate (Çp.i. ). 
It is not k n o w n whether or not these operations can account for a s ig 
nif icant percentage of the trace elements. F u t u r e in -p lant sampl ing w i l l 
i n c l u d e these two operations. 

A s i n the case of the slag tank, there was no w a y to measure q u a n 
t i tat ive ly the prec ip i tator residue flow rate. These residues are s lurr ied 
w i t h water a n d flushed cont inuously into the ash pond . H o w e v e r , for 
a l l of the elements except se lenium, the prec ip i tator was extremely 
efficient ( > 9 5 % ) as ca lcu lated f rom the inlet a n d outlet fly ash con 
centrations us ing E q u a t i o n 6. T h e reason that se lenium fails to be 
scavenged effectively is not k n o w n a n d certa inly warrants investigation. 
O n e poss ib i l i ty is that part of the se lenium is i n a vo lat i le state but is 
read i ly adsorbed on particulates t r a p p e d b y the a l u n d u m thimbles . 

M e r c u r y has been determined on v i r t u a l l y every sample ( the filters, 
c o l d trap a n d slag tank water , a n d res idue ) . W e were unable , however , 

Results for Major Elements Measured for Run 9 

Mass Flow (g/min) 

Precipitator 
Imbalance Efficiency 

Coal S.T.a P.La (%) P.O." (%) 
1.3 Χ 10 4 7.2 Χ 10 3 3.4 Χ 10 3 - 1 8 68 98 
1.3 Χ 10 4 5.5 Χ 10 3 7.3 Χ 10 3 - 1 190 97 
0.47 Χ 10 4 3.0 Χ 10 3 6.8 Χ 10 2 - 2 2 9.5 99 
0.6 Χ 10 4 3.3 Χ 10 3 1.5 Χ 10 3 - 2 0 19 99 
1.6 Χ 10 4 1.1 X 10 4 4.5 Χ 10 3 - 3.1 460 90 
2.5 Χ 10 4 1 X 10 4 5 Χ 10 3 - 4 0 190 96 
0.27 Χ 10 4 1.0 X 10 3 8.0 Χ 10 2 - 3 3 25 97 
0.07 Χ 10 4 5. Χ 10 2 3 Χ 10 2 + 14 4 99 
0.21 Χ 10 4 4.5 Χ 10 2 2.7 Χ 10 2 - 6 6 17 94 
0.18 Χ 10 4 8 Χ 10 2 3 Χ 10 2 - 3 9 8 98 
67 46 16 - 7.5 1.1 94 
130 110 34 11 1 97 
860 350 340 - 2 0 5.5 98 
370 220 150 0 4 97 
6.4 Χ 10 4 200 
6.3 Χ 10 4 3.3 Χ 10 4 1.5 Χ 10 4 - 2 4 190 99 
890 330 180 - 4 3 4.9 97 
880 220 240 - 4 8 2 99 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
01

3

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



182 T R A C E E L E M E N T S IN F U E L 

Table III. Elemental Concentration and Mass Balance 

Concentration (ppm) 

Element Method Coal S.T." P.I.° P.O." 

A s N A A 3.8 0.5 46 50 
S S M S 5 2 40 20 

B a N A A 79 600 
S S M S 100 300 1700 100 

B e S S M S < 5 < 1 0 17 < 1 0 
C d I D 6 0.47 ~ 3 5.8 

S S M S 0.5 2 < 1 0 - 2 0 7 
C o N A A 3.3 19 25 58 

S S M S 7 40 70 40 
C r N A A 21 180 356 300 

S S M S 30 <200 70 40 
C s N A A 1.5 8 21 4 
C u S S M S 50 200 400 400 
E u N A A 0.17 1.4 1.8 

S S M ~ 1 
H g A A 0.063 0.09 0.043 
L a N A A 5.0 42 32 

S S M S ~ 1 0 
L i S S M S 25 200 300 200 
M o N A A 20 

S S M S 20 80 200 20 
N i S S M S ^ 1 0 0 500 500 1000 
P b I D 6 7.4 149 

S S M S < 2 0 3 250 100 
S b " N A A < 1 <0.2 3.2 

S S M S 8 7 10 
Sc N A A 3.2 22 25 10 
Se N A A 3.2 14 < 3 2 - 4 8 760 

S S M S 6 20 20 200 
Sn* S S M S 20 200 20 20 
T h N A A 3 20 18 
T I S S M S < 2 2 40 30 
u N A A 1.67 14 17 7 
V N A A 21 125 200 63 

S S M S 30 100 350 100 
Z n I D " 94 ~ 2 0 1500 

S S M S 85 100 3000 900 
° S.T., P.I., and P.O. stand for slag tank solids, precipitator inlet, and precipitator 

outlet, respectively. 
6 Data obtained by isotope dilution mass spectrometry for composite samples from 

runs 5 and 9. 
c Precipitator efficiencies calculated on the basis of P.O. by SSMS for run 9 and 

P.I. by ID from the composite sample runs 5 and 9. 
d Run 5 data. 
e Run 7 data. 
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Results for Minor Elements Measured for R u n 9 

Mass Flows (g/miri) 

Precipitator 
Imbalance Efficiency 

Coal S.T.a P.I.a (%) P.O." (%) 

4.7 0.05 2.2 - 5 2 0.1 95 
6.2 0.2 2 - 6 4 0.04 98 
99 66 
130 33 83 - 1 1 0.2 9 9 + 
V 6 . 3 <1.1 0.83 >0 .02 98 
0.59 0.31 0.33 + 8 . 5 
0.63 0.22 < 0 . 5 - 1 . 0 0.014 ^ 9 6 " 
4.1 2.1 1.2 - 1 9 0.11 91 
9 4.4 3.4 - 1 3 0.08 98 
26 20 17 42 0.6 96 
37 < 2 2 3.4 0.08 98 
1.9 0.88 1.02 0 0.008 9 9 + 
63 22 19 - 3 5 0.8 96 
0.21 0.15 0.09 14 
°^1 
0.079 0.0099 0.0021 - 8 5 
6.3 4.6 1.5 - 3 
~ 1 0 
31 22 15 19 0.4 97 
25 
25 8.8 9.7 - 2 6 0.04 9 9 + 
^ 1 3 0 55 24 2 92 
9.25 0.42 8.60 - 3 
< 2 5 0.3 12 0.2 98« 
<0.75 <0.02 0.2 

0.8 0.5 0.02 96 
4.0 2.4 1.2 - 1 0 0.02 98 
4.0 1.5 < 1 . 5 - < - 2 5 to 1.4 7-39 

2.3 - 5 
7.5 2.2 1.0 - 5 8 0.4 60 
25 20 1.4 - 1 4 0.04 97 
3.7 2.2 0.87 - 1 7 
<2 .5 0.2 1.9 

2.1 1.5 0.83 11 0.014 98 
26 14 9.7 - 9 0.12 99 
37 11 17 - 2 4 0.2 99 
117 2.1 86 - 2 4 
110 11 150 1.7 98° 
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to find the b u l k of the m e r c u r y that w e k n e w was entering the system 
via the coal . F r o m this w e conc luded that mercury is present i n the stack 
gas as a vapor w h i c h w e were unab le to trap. 

T a b l e I V gives a l l of the values obta ined for mercury i n coal , w h i c h 
range f r om 0.057 to 0.198 p p m w i t h most values i n the range of 0.07 p p m . 
O u r attempt at a m e r c u r y balance for runs 5 a n d 9 is shown i n T a b l e V . 
F r o m these numbers i t is clear that very l i t t l e m e r c u r y ( ^ 1 2 % ) remains 
w i t h the slag a n d fly ash particles. T h e c o l d trap was not effective i n 
t r a p p i n g m e r c u r y vapor (,— 1 1 % ). T h e results are i n qual i tat ive agree
ment w i t h those of B i l l i n g s a n d M a t s o n ( 5 ) , except that these authors 
were able to col lect the mercury i n the gas phase. T h e i r data shows that 
most of the m e r c u r y is i n the gas phase. T h i s can also be i m p l i e d f r om 
our results. 

Table IV. Mercury in Coal as Determined by Atomic Absorption 

Sample Date Hgitig/g) 

2 E C S 24 26 J a n 0.057 
5 C S 24 A M 28 J a n 0.064 0.063 
5 C S 24 P M 28 J a n 0.069 0.058 
7 E C S 26 A M 31 J a n 0.198 
7 E C S 26 P M 31 J a n 0.169 0.148 
9 E C S 16 A M 1 F e b 0.076 0.060 
9 E C S 16 P M 1 F e b 0.060 0.058 
1 0 E C S 19 A M 2 F e b 0.068 
1 0 E C S 19 P M 2 F e b 0.073 
H E C S 3 F e b 0.060 

Recent ly , w e re turned to the A l l e n p lant a n d sampled the flue gas 
us ing a four imp inger t ra in w i t h a pre-scrubber of sod ium carbonate to 
remove the a c i d gases, f o l l o w e d b y three impingers charged w i t h i od ine 
monochlor ide solution. P r e l i m i n a r y results show that mercury quantit ies 
detected were of the expected magn i tude based on m e r c u r y concentra
tions i n the coa l w h i c h w e h a d measured previously . T h i s technique 
w i l l be used for the m e r c u r y balance at the next in -p lant sampl ing . 

Fly Ash Particle Characterization 

F i g u r e 3 shows scanning electron photomicrographs of fly ash par 
ticles f r om the prec ip i tator inlet a n d outlet a n d f r om the stack. T h e 
partic les are p r e d o m i n a n t l y spher ica l , a n d there is considerable agg lom
erat ion of smal l partic les ( s u b m i c r o n size) to large ones. A l s o , there 
appears to be a f u z z y mater ia l present w h i c h m i g h t be a sul fur c ompound . 
P r e l i m i n a r y evidence for this is scanning electron microscope fluorescence 
analyses of some of the larger partic les deposited f r om the prec ip i tator 
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T a b l e V . M e r c u r y Balance 

Material 
Average Flow H g 

(g/day) ^g/g) 
Hg Flow 
(9/day) 

R u n 5 
C o a l 
A s h (slag) 
Prec ip i ta tor inlet 
H 2 0 to ash pond 
G a s (cold trap) 

1.8 X 10 9 0.064 
1.43 X 10 8 0.07 
0.96 X 10 8 0.04 
2.9 X 10 9 0.003 
4.3 X 10 1 0 0.0003 

115 
10 
4 
9 

13 
R u n 9 

C o a l 
A s h (slag) 
Prec ip i ta to r inlet 
H 2 0 to ash pond 
G a s (cold trap) 

1.8 X 10 9 0.064 
1.58 X 10 8 0.09 
0.70 X 10g 0.043 
2.9 X 10 9 0.001 
4.4 X 10 1 0 0.0003 

115 
14 

3 
3 

13 

inlet flue gas on the first stage of a Casse l la cascade impactor . F i g u r e 4 
shows such an analysis. A l l of the fluorescence l ines, except a l u m i n u m , 
can be at t r ibuted to the partic les . Since the partic les were co l lected on 
an a l u m i n u m fo i l , the a l u m i n u m peak is caused p r i m a r i l y b y the f o i l . 
A f t e r i on etching b y bombardment w i t h argon ions, the sul fur peak de
creased substantial ly , i n d i c a t i n g that sul fur was present p r i m a r i l y on the 
surface of the partic les . A s one w o u l d expect, the p r e l i m i n a r y evidence 
is that the fly ash particles are a compl i ca ted mixture of the elements. 

Figure 3. Scanning electron photomicrographs of fly ash 
particulates collected on alundum thimbles used to sample 

the precipitator inlet and outlet and the stack 
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Figure 4. Qualitative fluorescence analysis of a 5 μ fly ash particle 
trapped on the first stage of the Cassella cascade impactor used to 

sample the precipitator inlet 

W o r k is s t i l l i n progress on de termin ing the part ic le size d i s t r ibut ion 
i n the flue gases before a n d after the prec ip i tator a n d i n the stack. A l s o , 
studies on fly ash composi t ion as a funct ion of part ic le size are i n progress. 

Conclusions 

T r a c e element mass ba lance measurements around the N u m b e r 2 
U n i t of the coal- f ired A l l e n Steam P l a n t i n M e m p h i s y i e l d e d a respectable 
balance for m a n y elements. H o w e v e r , the results showed a consistent 
negative imbalance . T h i s m i g h t be caused b y the fact that soot b l o w i n g 
a n d a ir heater c leaning operations were not taken into account i n the 
sampl ing . Because the flue gas sampl ing method was designed p r i m a r i l y 
to col lect part iculates efficiently, good balances were not obta ined for 
elements f o r m i n g vo lat i le compounds . F o r example, more than 8 0 % of 
the mercury enter ing w i t h the coa l is emit ted w i t h the flue gas as a vapor . 
T h e large imbalance for arsenic ( — 5 8 % , T a b l e I I I ) indicates that a 
substantial por t i on of this element is also i n the vapor phase of the flue gas. 

T h e electrostatic prec ip i tator was very efficient ( . — 9 8 % ) for most 
trace elements based on analyses of the fly ash part i cu late specimens 
co l lected f r om the prec ip i tator inlet a n d outlet. A n exception was se
l e n i u m . A l t h o u g h a reasonable mass ba lance was obta ined for this ele
ment (see N A A results, T a b l e I I I ) , i t was not r emoved efficiently b y the 
prec ip i tator . T h i s m a y indicate that a significant f ract ion of the mater ia l 
is i n the vapor phase i n the flue gas a n d that i t is b e i n g adsorbed i n 
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passing through the a l u n d u m th imble filter used to sample the fly ash. 
A c c o u n t i n g more complete ly for the volat i le trace elements such as mer 
cury , se lenium, a n d arsenic remains the most significant quest ion s t i l l to 
be answered i n future mass balance work . 
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Major, Minor, and Trace Elements in the 
Liquid Product and Solid Residue from 
Catalytic Hydrogenation of Coals 

P. H. GIVEN, R. N. MILLER, N. SUHR, and W. SPACKMAN 

College of Earth and Mineral Sciences, Pennsylvania State University, 
University Park, Penn. 16802 

Approximate contents of 14 minor and trace elements in 
oils produced from three coals by the catalytic hydrogena
tion process of Gulf Research and Development Co. were 
determined by emission spectroscopy. The results were 
compared with corresponding data for the original coals and 
the solid residues from the process. The contents of ash, 
sulfur, vanadium, lead, and copper are near or below the 
limits specified for an oil to be fired directly in a gas turbine 
while sodium and probably calcium are too high. Titanium 
appears to be somewhat enriched in the oils analyzed rela
tive to other elements, suggesting its presence in organo-
metallic complexes. 

' " J ^ h e ash content a n d trace element d i s t r ibut ion i n oils p r o d u c e d f r o m 
A coa l are of concern for two different reasons—they bear on possible 

env i ronmenta l hazards f rom the use of the o i l a n d they determine the 
su i tab i l i ty of the o i l for firing i n gas turbines. Some trace element analy 
ses of oils p r o d u c e d b y the cata lyt i c l ique fac t ion of three coals are 
reported, together w i t h analyses of the so l id residues f r om the process. 
T h e data are neither comprehensive nor par t i cu lar ly accurate a n d are 
offered at this t ime because, i n the absence of better in format ion f r om 
other laboratories, they seem to be of some interest. 

Procedure 

T h e samples of o i l a n d residue were p r o d u c e d i n the course of the 
cooperative research project between workers at this univers i ty a n d at 
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14. GIVEN E T A L . Catalytic Hydrogénation of Coals 189 

G u l f Research a n d Deve l opment C o . T w o of the coals were processed i n 
the G u l f continuous flow reactor, f ed at the rate of about 1.5 k g c o a l / h r 
for 15-18 hrs. T h e t h i r d coal was processed i n a convent ional ba t ch 
autoclave r u n . I n a l l three runs, the coa l was processed at about 400°C 
a n d 3000 ps i pressure of hydrogen us ing a propr ie tary catalyst. I n the 
continuous runs, dist i l late f rom previous experiments was used as vehic le 
w h i l e i n the autoclave experiment, par t ly hydrogenated phenanthrene 
was used. T h e vehic le - to -coal rat io was 2:1 . I n each case the react ion 
products were filtered on a steam-heated B u c h n e r funne l . 

T h e oils were d i s t i l l ed at 1 m m pressure u n t i l about one t h i r d re 
m a i n e d i n the pot. T h e und i s t i l l ed residue, the so l id residue f rom the 
react ion (catalyst pellets removed b y h a n d ) , a n d the o r i g i n a l coal were 
ashed i n an oxygen p lasma wi thout external heat ing , us ing a l o w tempera
ture asher f r om Internat ional P l a s m a C o r p . 

T h e ashes were ana lyzed b y emission spectroscopy us ing a d.c. arc 
a n d a J a r r e l l - A s h W a d s w o r t h spectrograph. A v i sua l comparison of l ine 
intensities w i t h s tandard rock samples establ ished the approximate ele
m e n t a l concentrations. Based on experience, the true content of any 
element is most p r o b a b l y w i t h i n the range 2 to 0.5 X the stated value. 

T h e coals were col lected i n the field b y W . S p a c k m a n a n d his asso
ciates. F u l l pétrographie, proximate , a n d u l t imate analyses are a v a i l 
able, but i t does not seem appropr iate to reproduce the f u l l data here. 
T h e m i n e r a l matter contents reported be low were de termined b y a c id 
deminera l i zat ion ( I ) . 

Results and Discussion 

T h e results are shown i n Tables I, I I , a n d I I I . T h e major elements 
i n coal a n d i n the der ived products are, i n order of decreasing abundance 
i n the materials s tudied , s i l i con , a l u m i n u m , c a l c i u m , i r on , a n d m a g 
nes ium. W i t h the minor and trace elements, the detect ion l imits vary 
w i t h the ash content of each type of mater ia l ; about 1-5 p p m for the 
coals a n d residues a n d 1-3 p p b for the oils. T h e elements t h a l l i u m , 
b i smuth , g e r m a n i u m , a n d g a l l i u m were sought but not detected. 

C l e a r l y the o i l is a m u c h cleaner fue l than the o r i g i n a l coal , f r o m 
the po int of v i e w either of the environmental ist or of the p lant engineer 
concerned w i t h f ou l ing of steam a n d superheater tubes. T h e sul fur 
contents of the oils are 0 . 1 - 0 . 2 % , w h i c h is acceptable, but the n i trogen 
contents are about 0 . 6 % , w h i c h m a y cause undes ired N O x emissions. 
Some of the more toxic elements, (mercury , se lenium, fluorine, a n d cad 
m i u m ) have not yet been determined i n o i l . It is not clear w h a t w i l l be 
done w i t h the so l id res idue: whether i t w i l l be disposed of as waste 
or whether its smal l carbon content, t yp i ca l l y 2 0 - 5 0 % depend ing on the 
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190 T R A C E E L E M E N T S IN F U E L 

Table I. Concentration of Minor and Trace Elements 

Β Co V Ni Ti Mo 

Feed coal 12 25 12 12 75 t r . 
So l id residue 25 12 25 5 150 25 
O i l 0.15 0.12 0.06 0.15 5 0.08 

«Minerai matter, dry basis, 12 .9%. High Vol. B. Total S, 0.52 (S p y r 0.13). Ash 
content of oil, 150 ppm. 

Table II. Concentration of Minor and Trace Elements from 

Β Co V Ni Ti Mo 

Feed coal 25 12 50 25 400 12 
So l id residue 150 40 150 80 1100 40 
O i l 0.12 0.01 0.25 0.08 6 0.01 

° Mineral matter, 2 5 % . High Vol. A. Total S, 5 .2% (Spyr 4.0). Ash content of oil 
250 ppm. 

Table III. Concentration of Minor and Trace Elements 

Β Co V Ni Ti Mo 

Feed coal 7 4 4 4 450 4 
So l id residue 40 20 40 20 240 20 
O i l 0.03 0.004 0.004 0.03 0.5 b 

a Mineral matter, 7 .3%. High Vol. A. Total S, 3 .9% (S p y r 0.13). Ash content of oil, 
90 ppm. 

m i n e r a l matter content of the coal , w i l l be used for gasification or c om
bust ion . T h e leachabi l i ty of toxic elements should be studied. 

O n e impor tant potent ia l use for l o w sulfur fuels oils f r o m coa l is 
firing i n gas turbines for e lectr ic i ty generation. A par t i cu lar ly c lean fue l 
is needed for this purpose, to avo id d a m a g i n g the turbine blades. A c 
cord ing to F . Robson ( 2 ) , desired specifications are : ash, 100 p p m ; S, < 
1 .3%; N a + K , < 0.2-0.6 p p m ; V , 0.1-0.2 p p m ; P b , 0.1 p p m ; C a , 0.1 
p p m ; a n d C u , 0.02 p p m . It w i l l be seen that the oils ana lyzed meet 
m a n y of these specifications. T h e chief exceptions are the contents of 
s o d i u m a n d ca l c ium. 

A final po int of interest is that in two of the oils, t i t an ium is con 
s iderab ly enr i ched relat ive to other elements, c ompared w i t h the ratios i n 
the o r i g ina l coal . A p laus ib le explanat ion is that the t i t a n i u m is present 
i n organometal l i c c ombinat i on i n these oils. 
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14. G I V E N E T A L . Catalytic Hydrogénation of Coals 191 

from the Β Seam, King Mine, Utah, PSOC-239 (ppm) e 

Na Pb Zn Mn Cr Cu Cd Be 

5000 6 25 12 25 12 0.2 0.4 
1000 b 50 25 25 25 0.5 0.8 

5 0.02 0.12 0.05 0.05 0.02 — 0.0004 
6 Not detected 

Lower Dekoven Seam, Wil l Scarlett Mine, 111., PSOC-284 (ppm) a 

Na Pb Zn Mn Cr Cu Cd Be 

2500 6 125 125 25 25 4 0.8 
8000 b — 300 80 90 4 2 

2.5 6 0.12 0.12 0.12 0.03 — 0.01 
b Not detected 

from the Mining City Seam, Jerry Mine, K y . , PSOC-221 (ppm) a 

Na Pb Zn Mn Cr Cu Cd Be 

150 b b 4 <1 .5 7 1.4 0.2 
800 b 100 80 20 40 2.7 2 

0.9 b 0.05 0.05 0.05 0.01 — 0.0009 
6 Not detected 

to D . C . Cronauer of G u l f Research a n d D e v e l o p m e n t C o . for the samples 
of oils a n d of hydrogénation residues. 
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15 

Trace Element Emissions: Aspects of 
Environmental Toxicology 

ELLIOT PIPERNO 

McNeil Laboratories, Inc., Fort Washington, Penn. 19034 

This general review of the toxicity of coal-based trace ele
ments emphasizes those which are currently of environ
mental concern. Increased potential health risks are now 
associated with those elements which are highly volatilized 
(e.g., mercury, selenium, and arsenic) and discharged prin
cipally as submicron particulates (e.g., lead, cadmium, and 
nickel). Extensive references to general pharmacologic and 
toxicologic laboratory data provide a basis for predicting 
the biological consequences of excessive trace element 
exposure. Parameters and mechanisms of injury are known, 
in many instances, however, tolerable body burdens for each 
of the trace elements must be defined. 

^ p h e increased rel iance on coal to satisfy the nation's g rowing energy 
demands super imposed on acute env ironmenta l awareness b y the 

p u b l i c have aroused concern for the po l lu t i on consequences. W h i l e ex
pansion a n d env ironmenta l qua l i ty are not necessarily m u t u a l l y exclusive, 
i n times of energy crises, air po l lu t i on standards commonly y i e l d . T h e 
reason is that the consequences of energy shortage, u n l i k e those of a ir 
po l lu t i on , are k n o w n quanti f iable entities. A i r po l lu t i on is associated 
w i t h m a n y more unknowns , not the least of w h i c h are definitions of 
tolerable burdens. 

Interest i n trace element emissions rece ived impetus f rom p u b l i s h e d 
reports of w idespread atmospheric d issemination of these substances ( I ) , 
especial ly m e r c u r y (2, 3 ) , as a consequence of fossi l fue l use. M o r e 
current in format ion indicates that the or ig ina l mercury discharge esti 
mates were overstated, since they were based on nonrepresentative, ore-
associated coa l samples (4). O f the fossil fuels, coal is considered the 
major source of atmospheric po l lu t i on (5 ) and , compared w i t h o i l a n d 
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15. P i P E R N O Environmental Toxicology 193 

u r a n i u m use, p robab ly constitutes a greater p u b l i c heal th risk (6). F u e l 
combust ion i n stationary sources accounts for 2 1 % of total air p o l l u t i o n 
emissions, a n d particulates represent 1 3 % of the air pol lutants ( 7 ) . 

T h e pauc i ty of avai lable in format ion on the b i o l og i ca l consequences 
of coal use emissions has been u n d e r l i n e d recently b y D i x i e L e e R a y ( 8 ) 
i n her energy report to the Pres ident a n d d u r i n g a conference sponsored 
jo int ly b y the A m e r i c a n A c a d e m y of Pediatrics a n d the C o m m i t t e e on 
E n v i r o n m e n t a l H a z a r d s ( 9 ) . T h e lag i n knowledge of coal -related trace 
element emissions a n d their environmental impact has been at tr ibuted i n 
large part to be lated federal f u n d i n g (10, 11). 

C u r r e n t exper imental w o r k i n this area is s t i l l b y a n d large i n the 
ana ly t i ca l chemistry phase of development. Pert inent b i o l og i ca l studies 
have not yet made significant h e a d w a y because they are dependent on a 
firm chemistry base. P r i n c i p a l sponsors of current research, i n add i t i on 
to the D e p a r t m e n t of Interior , inc lude the E n v i r o n m e n t a l Protect ion 
A g e n c y ( E P A ) , Tennessee V a l l e y A u t h o r i t y ( T V A ) , A t o m i c E n e r g y 
C o m m i s s i o n ( A E C ) , N a t i o n a l Science F o u n d a t i o n ( N S F ) , a n d u t i l i t y 
companies (12). 

Trace element reviews w h i c h are suggested for further read ing and 
b i b l i o g r a p h y sources inc lude Refs. 13, 14, 15, a n d 16 a n d the complete 
issue of Annah of the New York Academy of Science, V o l u m e 199, " G e o -
chemica l E n v i r o n m e n t i n Re la t i on to H e a l t h a n d Disease," ( 1972 ). 

The Dilemma 

N o dist inct causal relationships have been shown to exist between a 
patho log ica l entity a n d coal -related trace element po l lu t i on ; this of course 
does not mean there are none. T h e threat is l og i ca l ly deduced f rom 
k n o w n relationships ar is ing p r i n c i p a l l y f rom other industr ia l sources a n d 
statistical findings support ing a re lat ionship between m o r b i d i t y a n d / o r 
morta l i ty a n d coal combust ion emissions (6, 17). T h i s forms the basis 
of the controversy surrounding the magni tude of the threat. Overes t ima-
t ion or excessive concern is often incompat ib le w i t h economic growth 
a n d breeds transient p u b l i c hyster ia and eventual apathy. U n d e r e s t i 
mat ion creates condit ions for catastrophe because of the large popu la t i on 
at r isk a n d the non-uncommon, irreversible consequences that have been 
associated w i t h indus t r ia l contaminat ion accidents. 

T h e goals of protect ing p u b l i c heal th a n d establ ishing a scientif ically 
i rre futable def init ion of the tolerance l imits of trace element exposure are 
conf l ict ing to a degree since the latter presupposes in jury as an endpoint . 
Therefore , of necessity, errors i n setting standards must a lways be made 
o n the side of overest imating the threat. Since the success of standards 
enforcement is a funct ion of the soundness of its scientific bases (18), 
i t behooves the scientific c o m m u n i t y to reduce the error of overest imation. 
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194 T R A C E E L E M E N T S IN F U E L 

T h e trace element threat must be defined i n quant i tat ive as w e l l as 
qual i tat ive terms. It is no easy matter w h e n one considers the n u m b e r 
of years i t took to establish the re lat ionship between cigarette smoking 
a n d l u n g cancer, where statisticians h a d the l u x u r y of a contro l group 
a n d groups of graded exposures w i t h w h i c h to establ ish a dose-response 
re lat ionship . T h e ident i ty of the carc inogen ( s ) is s t i l l a subject of 
controversy. 

T h e h a z a r d of coal -related trace element po l lu t i on must be con
s idered i n conjunct ion w i t h s imi lar po l lu t i on f r o m other sources. There 
is no th ing toxico logical ly un ique about the trace element composit ion 
of coal . It is geochemical ly s imi lar to the m a k e u p of the earth's crust 
(19) , a n d i t contains almost a l l of the elements on the p e r i o d i c chart 
(20) . T h e potent ia l h a z a r d lies i n its signif icant contr ibut ion to atmos
p h e r i c po l lu t i on i n general , especial ly i n u r b a n areas, a n d its resultant 
l ong term, l o w leve l exposures. 

T h e b o d y of exper imenta l toxicologic l i terature is extremely hetero
genous a n d is large ly der ived f rom acute a n d subacute experimentat ion. 
Consequent ly i t does not l e n d itself easily to mean ing fu l app l i ca t i on to 
the current p rob l em. Safety assessment of l ong term, l o w leve l trace 
element exposures of necessity requires laboratory exper imentat ion of 
s imi lar design, at least u n t i l re l iable short term pred i c t ive models can be 
developed. Short term, h i g h leve l exposure experiments are grat i fy ing 
i n the sense of p r o d u c i n g q u i c k results a n d perhaps i n p i n p o i n t i n g target 
organs, but their quant i tat ive va lue and , therefore their pred i c t ive use
fulness, are questionable. Fur thermore , patho log i ca l processes dependent 
u p o n long latency periods w o u l d be missed, such as w i t h carcinogenesis. 

Toxicologists have been sensit ized b y three un ique carc inogenic 
agents i n recent h is tory—diethyls t i lbestero l , because i t has caused v a g i n a l 
adenocarc inoma i n y o u n g w o m e n as late as 25 years after in utero expo
sure (21); af latoxin, because i t is associated w i t h l iver cancer i n m a n 
after chronic exposure i n the n g / k g range (22); a n d v i n y l ch lor ide , 
because, h a d it caused a c ommon neoplasm rather than the u n c o m m o n 
hepat ic angiosarcoma, the disease process w o u l d undoubted ly have been 
dismissed as "na tura l l y o c c u r r i n g " (23). It was fortunate that these 
ep idemio log i ca l discoveries c ou ld be reproduced i n exper imental l abora 
tory studies, otherwise they might have been ignored . 

T h e characteristics of l ong latency, min iscu le insul t levels, a n d n o n 
specific or l o w inc idence pathology probab ly confounds trace element 
research as w e l l . It is w e l l established, for example , that the p u l m o n a r y 
syndrome associated w i t h chronic b e r y l l i u m exposure (24) a n d the sk in 
cancer associated w i t h chronic arsenic exposure (25) m a y have latency 
periods descr ibed i n decades. F u r t h e r m o r e , beryl l ios is only affects a 
very smal l percentage of the popu la t i on exposed. 
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15. P i P E R N O Environmental Toxicology 195 

H i s t o r i c a l l y , trace element toxic i ty has escaped early diagnosis 
because i t is a re lat ive ly rare c l i n i c a l event; where i t was unsuspected, i t 
went undetected. Bery l l i os is is l i k e l y to be misdiagnosed as sarcoidosis 
(24). Years elapsed before the et iology of M i n i m a t a disease was re lated 
to m e r c u r y a n d I ta i - I ta i disease was re lated to c a d m i u m , even though 
bo th condit ions were associated w i t h dramat i c toxicologic manifestations. 
Rout ine c l i n i c a l laboratory studies, a general ly useful diagnostic tool , are 
often d i sappo int ing i n trace element toxic ity . Such was the case i n an 
outbreak of mercury vapor contaminat ion i n a univers i ty science depart 
ment where h u m a n ur ine a n d laboratory vapor concentrations were 8 
a n d 10 times h igher than the acceptable l imi ts , respect ively (26). 

E s t a b l i s h i n g causal relationships between trace element exposure 
a n d specific patho log i ca l processes i n the environment is h a m p e r e d b y 
complex, excessive variables w h i c h inc lude populat ions of v a r y i n g suscep
t i b i l i t y , the concurrent existence a n d interactions of other stresses ( p o l 
lutants a n d nonpo l lu tants ) , a n d the n o r m a l inter fer ing geological back
g r o u n d of trace elements, just to name a few. U n d e r s t a n d i n g the 
env i ronmenta l heal th aspects of trace element po l lu t i on is a m u l t i d i m e n 
sional p r o b l e m r e q u i r i n g a m u l t i d i s c i p l i n a r y approach . N e i t h e r ep idemio 
l og i ca l or laboratory data b y themselves are sufficient. T h e mean ing fu l 
interpretat ion of the former is f requent ly p l a g u e d b y too m a n y variables 
a n d the latter b y too few. 

Fallout and Fate 

T h e composi t ion of trace element emissions d u r i n g coal combust ion 
is descr ibed b y B o l t o n et al. i n C h a p t e r 13. T h e ac tua l quantit ies are 
somewhat var iab le depend ing upon the coal source, the combust ion 
process, the po l lu t i on abatement equipment , a n d the assay itself. M u c h 
less is k n o w n about important l oca l concentrations of emissions i n a n d 
around the source, their chemica l a n d p h y s i c a l characteristics, a n d their 
fate i n the environment . 

Sole ly on the basis of vo lat i l i ty profiles, fossil fue l b u r n i n g is expected 
pre ferent ia l ly to transfer A s , H g , C d , Sn , Sb , P b , Z n , TI , A g , a n d B i to 
the atmosphere (1). I n a study designed to detect fa l lout f r om a major 
coal burner e q u i p p e d w i t h a prec ip i tator , K l e i n a n d Russe l l (27) showed 
that A g , C d , C o , C r , F e , H g , N i , T i , a n d Z n were deposited i n the sur
r o u n d i n g so i l ( 115 sq m i ) , a n d w i t h the exception of mercury , enr ichment 
corre lated w i t h the respective meta l concentrations i n the coal . M e r c u r y 
was more w i d e l y d isseminated to the environment. Previous w o r k has 
i n d i c a t e d that m e r c u r y exists p r i m a r i l y i n the volat i le phase of the flue 
gas a n d consequently as m u c h as 9 0 % bypasses the electrostatic p r e c i p i 
tat ion contro l device (2). B o l t o n a n d co-workers have evidence that 
se lenium a n d arsenic m a y present a s imi lar p r o b l e m (see C h a p t e r 13) . 

 P
ub

lic
at

io
n 

D
at

e:
 S

ep
te

m
be

r 
1,

 1
97

5 
| d

oi
: 1

0.
10

21
/b

a-
19

75
-0

14
1.

ch
01

5

In Trace Elements in Fuel; Babu, S.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1975. 



196 T R A C E E L E M E N T S IN F U E L 

T h e s imi lar emission factors reported for mercury a n d n i c k e l (28), 
even though the latter is approx imate ly 1000 times more concentrated i n 
coal , p r o b a b l y reflect vo la t i l i ty differentials. V o l a t i l e elements c ommonly 
considered the most hazardous are : B e , F , A s , Se, C d , P b , a n d H g (4). 
V o l a t i l i t y a n d dispersion are associated w i t h m u l t i m e d i a contaminat ion 
(7) w h i c h necessitated the determinat ion of l i k e l y absorpt ion through 
inha lat i on a n d ingestion w h e n nat iona l ambient standards for m e r c u r y 
were deve loped (29). 

B e r y l l i u m a n d m e r c u r y were two of the three air pol lutants p r o m u l 
gated as hazardous b y the E P A i n 1973 a n d subject to stringent controls 
(30). W h i l e coal combust ion releases these elements to the atmosphere, 
E P A , on the basis of avai lab le in format ion , h e l d that this source d i d not 
generate sufficient concentrations to be considered hazardous even under 
restrict ive dispersion condit ions (29, 31). C o a l combust ion is thought 
to be a signif icant indus t r ia l source of atmospheric As (13), B i (14), 
C d (32), F l (33), H g ( 3 ) , a n d N i (34). 

A n unders tand ing of the env ironmenta l fate of these elements is 
necessary i n the total assessment of associated hea l th risks. M e r c u r y is 
k n o w n to cycle between the geosphere a n d biosphere (35 ) . O n c e i n the 
hydrosphere , i t can be converted b y sediment flora into h i g h l y toxic 
m e t h y l m e r c u r y whereupon i t is incorporated into aquat ic l i fe a n d u l t i 
mate ly accumulates i n h u m a n food chains (31). L i m i t e d bacter ia l con
version of inorganic to organic mercury has been shown to occur i n soi l 
humus (36) a n d i n a n i m a l tissue as w e l l (37). T h e r e is no ev idence that 
a lky la ted m e r c u r y is generated f rom coal combust ion d i rec t ly ; i f i t d i d 
i t w o u l d p r o b a b l y be dissociated to the e lemental f o r m (14). 

O n the basis of c h e m i c a l profi le, W o o d (38) p red i c t ed that arsenic, 
se lenium, a n d t e l l u r i u m w i l l be methy la ted i n the environment, a n d lead , 
c a d m i u m , a n d z i n c w i l l not. E l e m e n t a l concentrat ion i n the aquat i c food 
c h a i n has been reported for A s ( 3 9 ) , H g (40), C d (41), P b (42), a n d 
C u (43). T h e b io l og i ca l hal f - l i f e of m e t h y l m e r c u r y i n fish, for example, 
is one to two years (44). P i l l a y et al. (40) i m p l i c a t e d heavy coa l b u r n i n g 
i n the m e r c u r i a l contaminat ion of p lankton a n d fish populations of L a k e 
E r i e . O t h e r metals, no tab ly c a d m i u m , have been shown to be incorpo 
rated into the graz ing grasses surround ing a coal b u r n i n g source (27). 
T r a c e e lement contaminat ion , therefore, can enter the food cha in at 
various points. D i s p o s a l of so l id wastes i n the f o rm of ash a n d slag is 
yet another env i ronmenta l considerat ion (45). 

Ident i f y ing the p h y s i c a l a n d c h e m i c a l f o r m of a trace element 
po l lutant at the t ime of b o d y penetrat ion is p robab ly the single most 
important prerequis i te for m e a n i n g f u l b i o l og i ca l testing. It is k n o w n , 
for example, that e lemental arsenic (13) a n d b e r y l l i u m (46) are nontoxic 
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to m a n c o m p a r e d w i t h their salts. E l e m e n t a l mercury is h i g h l y toxic i n 
the vapor f o rm (35) but not w h e n ingested ora l ly (14). 

W i t h respect to coa l emissions, mercury , for example, was f ound to 
exist p r i n c i p a l l y (as m u c h as 9 6 % ) i n the e lemental f o r m (30). P r e v i 
ously, i t was argued b y some that u l travio let rad ia t i on transformed i t to 
the less toxic mercur i c oxide (30). Sunl ight tends to degrade m e r c u r i a l 
compounds to the e lemental f o rm (47). B e r y l l i u m emissions f rom coal 
combust ion m a y be i n the nontoxic e lemental f o rm (46), bu t this is not 
k n o w n for certain. F l u o r i d e , w h i c h is general ly assumed to be 1 0 0 % 
vo lat i zed (19), m a y be t rapped w i t h l ime i n part iculates ( 3 3 ) , but this 
also is questionable. H i g h l y toxic n i c k e l carbony l (48) a n d arsine (49) 
emissions have not been reported to date, a l though the former is a 
dist inct poss ib i l i ty (50). 

Radioac t ive materials such as u r a n i u m , t h o r i u m , a n d radon gas are 
released to the environment d u r i n g coal combust ion (51, 52). T h e 
amounts of rad ioact iv i ty are often i n excess of that released b y m a n y 
m o d e r n nuclear power plants but , nevertheless, are w e l l be l ow estab
l i shed rad iat ion standards (52). 

Particulates 

It is est imated that even w i t h 9 9 % efficient fly ash removal , approx i 
mate ly 7000 tons of ash are d ischarged into the air each year f rom a 
3 0 0 0 - M W coal b u r n i n g station (53). Inhalat ion of trace e lement-contain
i n g particulates is a d irect entry route into the body. T h e fate of these 
particulates large ly depends on their s i z e — d e p t h of p u l m o n a r y penetra
t ion is inversely propor t i ona l to diameter . Part iculates larger than 10μ 
i n d iameter are complete ly removed before l eav ing the nasal passage, 
a n d those larger than 2μ rare ly reach the alveolar sac (54). Schroeder 
(14) reported that approx imate ly 2 5 % of i n h a l e d particles settle i n l u n g 
tissue i n insoluble forms, a s imi lar amount is exhaled, a n d the r e m a i n i n g 
5 0 % is d iver ted to the pharynx , where it is swal l owed . Absorpt ive effi
c iency for most trace elements i n the stomach is 5 - 1 5 % (55 ) . 

Those submicron particulates w h i c h enter the alveolar sacs m a y 
undergo various degrees of absorpt ion, depend ing u p o n the so lub i l i ty of 
their components, or are transported to the base of the c i l ia ted bronchio lar 
ep i the l ium (54). A l v e o l a r absorptive efficiency for most trace elements 
is 5 0 - 8 0 % (50 ) . Retent ion or absorpt ion is not necessarily a s imple 
funct ion of so lubi l i ty . S i lver i od ide , for example , is r a p i d l y absorbed 
f rom the lungs even though it is w e a k l y soluble i n water (56). L i k e w i s e , 
insoluble e lemental l ead deposited i n the respiratory passages is ab
sorbed, but the mechanism i n v o l v e d remains to be e luc idated (49). 
V a n a d i u m probab ly accumulates i n h u m a n lungs i n insoluble forms 
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(57) a n d is a p u l m o n a r y i rr i tant at h i g h concentrations ( > 5 0 / x g / M 3 ) 
(58) . Increased ambient part i cu late l oad (54) or meta l l i c inhib i tors of 
c i l i a r y act iv i ty (14) promote retention a n d accumulat ion . 

I n an analysis of a irborne coal fly ash, N a t u s c h a n d co-workers (50) 
f o u n d that 12 elements, i.e., P b , T I , Sb , C d , Se, Z n , A s , N i , C r , S, B e , a n d 
M n , were concentrated i n the smallest d iameter partic les . M e r c u r y , 
a l though not s tudied , was expected to f o l l ow suit because of its h i g h 
vo la t i l i ty a n d probab le deposit ion on s m a l l partic les . T o c a a n d B e r r y 
reported s imi lar findings for l ead a n d c a d m i u m ( 5 ) . A t m o s p h e r i c v a n a 
d i u m (59, 60) as w e l l as se lenium, ant imony, a n d z i n c (61) ar is ing 
p r i n c i p a l l y f r o m res idua l f u e l combust ion also showed a s imi lar pattern. 
T h e hea l th r isk of this concentrat ion phenomenon is enhanced because 
of the magni tude of fine part iculate emissions a n d the ease w i t h w h i c h 
these partic les bypass part i c le co l lect ion devices, resist fal lout , a n d read i ly 
disseminate (50). 

Stable aerosols of fine particulates as w e l l as vapors constitute the 
greatest hea l th r isk because of the l i k e l i h o o d of p u l m o n a r y absorption. 
Corre lat ions between trace element p o l l u t i o n a n d their concentrations i n 
b i o l og i ca l fluids or tissue are not u n c o m m o n a n d have been documented 
for arsenic (62) a n d l ead (63). M a n can absorb 7 5 - 8 5 % of i n h a l e d 
m e r c u r y vapor at concentrations of 50 -350 / x g / M 3 (64) a n d even more 
at l ower concentrations (65). C e r t a i n aerosols l ike v a n a d i u m , i ron , 
manganese, a n d lead m a y contr ibute to the format ion of secondary 
atmospher ic pol lutants (52, 66). 

A s prev ious ly stated, the magni tude of the trace element p o l l u t i o n 
threat is a subject of controversy. Schroeder (14) considers atmospheric 
c a d m i u m , lead , n i c k e l , a n d m e r c u r y to be major p u b l i c heal th hazards . 
L e e a n d v o n L e h m d e n (59) inc lude v a n a d i u m because of its p r e d o m i 
nant ly submicron aerosol f orm. W o o l r i c h (67) contends that other than 
occupat iona l exposure to B e , Sb , B i , Sn , C d , P b , a n d H g , some trace ele
ments i n the air are not current ly threatening p u b l i c heal th , a n d this is i n 
general agreement w i t h the v iews of Stern (68). Ques t i on ing ambient 
standards, Stern points out that i n some cases, na tura l b a c k g r o u n d emis
sions exceed nat iona l ambient standards. Jepsen (69) reports that n a t u r a l 
m e r c u r y emissions i n N e w A l m a d e n , C a l i f , y i e l d e d levels as h i g h as 
1.5 m g / M 3 w h i l e the nat i ona l s tandard is 0.1 m g / M 3 . Yet pro longed 
exposure to 100 / x g / M 3 of mercury is considered b y some to be a dist inct 
r isk of toxic i ty (70). 

General Toxicology of Trace Elements 

B i o c h e m i c a l Aspects . T h e chemica l a n d p h y s i c a l diss imilarit ies of 
trace elements account for their w i d e scope of toxicologic manifestations. 
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M a n y heavy metals, however , share c o m m o n properties w h i c h m a y serve 
as a basis for their toxic ity . M e r c u r y , c a d m i u m , a n d lead , for example, 
a l l i n h i b i t a large n u m b e r of enzymes h a v i n g funct iona l — S H groups, 
b i n d to a n d affect the conformation of nuc le i c acids, a n d d isrupt pathways 
of ox idat ive phosphory lat ion ( 16). T h e organ systems h a v i n g the greatest 
metabo l i c requirements {e.g., gastrointestinal mucosa a n d b l o o d f o r m i n g 
tissue) or the lowest reserve capac i ty to carry on their overa l l funct ion 
(e.g., r ena l tubules a n d nervous system) tend to show ear ly signs of 
toxic i ty (54). 

H e a v y metals st imulate or i n h i b i t a w i d e var iety of enzyme systems 
(16, 71, 72), sometimes for protracted periods (71, 73). These effects 
m a y be so sensitive as to precede overt toxic ity as i n the case of l ead -
i n d u c e d i n h i b i t i o n of δ A L A dehydrase act iv i ty w i t h consequential inter
ference of heme a n d p o r p h y r i n synthesis (15, 16). U r i n a r y excretion of 
δ A L A is also a sensitive ind icator of l ead absorpt ion (74). A n o t h e r 
erythrocyt i c enzyme, glucose-6-phosphatase, w h e n present i n abnormal ly 
l o w amounts, may increase suscept ib i l i ty to l ead intoxicat ion ( 7 5 ) , a n d 
for this reason, screens to detect such affected persons i n lead-re lated 
injuries have been suggested (76). B i o c h e m i c a l bases for trace element 
toxic i ty have been descr ibed for the heavy metals (16), se lenium (77), 
f luoride (78), a n d cobalt (79). H e a v y meta l metabol i c in jury , i n a d d i 
t ion to p r o d u c i n g p r i m a r y toxic ity , can adversely alter d r u g detoxif ication 
mechanisms (80, 81), w i t h possible secondary consequences for that 
por t ion of the popu la t i on on medicat ion . 

F r o m a toxicologic v i ewpo int , the classification of trace elements into 
essential a n d nonessential has p r o b a b l y been overemphas ized since bo th 
categories produce toxicity. Excesses of one trace element can produce 
tox ic i ty b y decreasing the ava i lab i l i t y or u t i l i za t i on of another. T h u s , 
excess m o l y b d e n u m aggravates copper defic iency anemia i n ruminants 
(82), excess z i n c induces copper deficiency i n rats ( 83 ) , excess c a l c i u m 
induces z inc deficiency i n pigs (84) a n d increases the manganese re
qu i rement of g r o w i n g chicks (85), a n d excess c a d m i u m induces negative 
c a l c i u m balance i n m a n a n d copper deficiency i n the rat (86). 

T h e b i o c h e m i c a l basis of cat ionic antagonisms are large ly u n k n o w n 
a n d often complex. Z inc , the n o r m a l cofactor of the metal locarboxy-
peptidase enzyme can be d i sp laced b y mercury , c a d m i u m , or l ead causing 
the enzyme's peptidase, but not its esterase funct ion , to be lost (16). 
Cation—anion interferences i n b io l og i ca l systems inc lude coba l t - induced 
iod ine defic iency i n ch i ldren (87) a n d f luor ide - induced hypoca l cemia i n 
m a n (78). Antagonisms also can be therapeut i ca l ly explo i ted. Z inc , i r o n , 
manganese, a n d se lenium protect against c a d m i u m toxic i ty (88), m o l y b 
d e n u m protects against copper tox ic i ty (89), a l u m i n u m protects against 
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fluoride toxic i ty (89), se lenium protects against mercury toxic i ty (90), 
a n d mercury , copper, a n d c a d m i u m protect against se lenium toxic i ty (91). 

M a n y of the trace elements have been used w i t h therapeut ic intent. 
T h e add i t i on of fluoride to d r i n k i n g water is the best k n o w n example f rom 
the standpoint of wide-scale popu la t i on exposure. F l u o r i d e content i n 
water has been associated w i t h decreased incidences of osteoporosis i n 
w o m e n a n d aort ic calc i f icat ion i n m e n (92). T h e m a r g i n of safety (toxic 
dose /phys io l og i c dose) for the essential trace elements are general ly 
regarded to be w i d e . H o e k s t r a ( 93 ) reported safety margins i n the range 
of 40-200, w i t h a t y p i c a l va lue of 50. T h e safety m a r g i n of se lenium i n 
m a n is suspected to be l o w (94) a l though i n laboratory animals i t is 
approx imate ly 100 ( 4000 p p b toxic dose /40 p p b phys io log ic dose) (95 ) . 

T h e factors affecting trace element toxic i ty are b o u n d b y the p h a r 
maco log i ca l pr inc ip les affecting the toxic i ty of any chemica l a n d inc lude 
the phys i ca l a n d chemica l characteristics of the substance, its dose or 
concentration, exposure t ime, absorpt ion route, organ d is t r ibut ion , meta 
bo l i c fate, a n d the organism's defense mechanisms i n general . H e a v y 
metals pose a significant threat because they tend to have l ong b io log i ca l 
hal f - l ives , a n d consequently the oppor tuni ty for in jury is increased. L e a d , 
for example , has a total body hal f - l i f e of approx imate ly two months i n 
m a n (54), a n d its ha l f - l i f e i n bone is est imated at 11 years (96). C a d m i u m 
is est imated to have a ha l f - l i f e of 10 -25 years i n m a n (97). I n a dd i t i on 
to lead (98) a n d c a d m i u m (99 ) , arsenic (49) a n d mercury (70) also 
are k n o w n to accumulate i n m a n . 

Increased suscept ib i l i ty of certain segments of the popu la t i on , e.g., 
y o u n g ch i ld ren , m a y arise f rom increased tissue sensit ivity, more c om
plete absorpt ion, altered d i s t r ibut ion , or less deve loped or i m p a i r e d 
defense mechanisms. T h e increased sensit ivity of the c h i l d to l ead toxicity 
is w e l l documented (100, 101). I n ch i ld ren , u n l i k e the adult , r ena l 
tubu lar damage a n d encephalopathy are more c o m m o n sequelae (76, 
100). W i t h arsenic exposure, ch i ld ren show signif icantly h igher concen
trations of the element i n ha i r a n d ur ine than do adults (62). 

Tolerance to heavy metals, speci f ical ly mercury a n d c a d m i u m , has 
been associated w i t h the i n d u c t i o n of k i d n e y metal lo th ionein , a prote in 
r i c h i n s u l f h y d r y l groups w h i c h protects b y chelat ion (102). T h e syn
thetic antidote d imercapro l , in t roduced after W o r l d W a r I for arsenic-
conta in ing gases, works b y a s imi lar mechanism (103). 

General Somatic Injury. T h e l i terature is replete w i t h descriptions 
of trace e lement - induced organ system injury . T h e most recent compre
hensive r e v i e w on this subject is b y L o u r i a , et al. (13). 

Carcinogenicity. N e o p l a s i a i n m a n has been impl i ca ted as a conse
quence of arsenic exposure both b y the ora l ( s k i n cancer) (104) a n d 
inha lat ion routes ( l u n g cancer) (105) w i t h the latter association be ing 
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more controversial . O c c u p a t i o n a l exposure to airborne b e r y l l i u m ( l iver , 
l u n g , b i l e duct , a n d ga l lb ladder neoplasia) (24), chromâtes ( l u n g can 
cer) (105), a n d n i c k e l (cancer of the l u n g a n d paranasal sinuses) (105) 
have also been i m p l i c a t e d i n man . I n exper imental animals , b e r y l l i u m 
(100), c a d m i u m (107), n i c k e l (48), a n d se lenium (100) have been 
carc inogenic ; arsenic (49) a n d v a n a d i u m (109) have not. A possible 
antineoplast ic effect has been reported i n exper imental studies w i t h 
arsenic (49) a n d i n bo th exper imental a n d ep idemio log i ca l studies w i t h 
se lenium (110, 111). 

Genetic and Neonatal Toxicity. T h e ab i l i ty of heavy metals read i ly 
to cross the placenta and d isrupt nuc le i c acids coup led w i t h the h i g h 
sensitivity of the fetus and neonate increases the potent ia l dangers of 
congenital a n d neonatal toxic ity . I n m a m m a l i a n leukocyte cultures, 
chromosomal aberrations have been reported w i t h lead (112), arsenic 
(113), mercury (114), a n d methy lmercury (115). C h a r b o n n e a u , et al. 
(116) reported a lack of mutagenic effect for methy lmercury . 

Teratogenic i ty i n exper imental animals has been demonstrated w i t h 
arsenic (117), c a d m i u m (118), l ead (119), a n d inorganic (114) a n d 
organic mercury (120). T h e organic f o rm of mercury crosses the p lacenta 
more r ead i l y than the inorganic f o rm ( 121 ). I n combinat ion , l ead a n d 
c a d m i u m can exert either synergistic or antagonistic effects (118). Z i n c 
exerts a protect ive effect on c a d m i u m - i n d u c e d malformations even though 
it does not b lock the p lacenta l transfer of the latter (122). C a d m i u m -
i n d u c e d teratogenicity m a y be a consequence of altered c a d m i u m : z i n c 
ratios (122). These elements are l ike ly to be i somorphic a n d m a y c o m 
pete for the same b i n d i n g sites on enzymes (16). Se len ium protects 
against arsenic or c a d m i u m - i n d u c e d teratogenicity (117). 

I n add i t i on to teratogenicity, mercury has been associated w i t h 
decreased reproduct ive performance i n q u a i l ( 123 ) a n d lead w i t h neuro-
patho log i ca l changes i n the s u c k l i n g rat (124). B o t h inorganic a n d 
organic mercury are excreted into the m i l k w i t h e q u a l ease (121). 
F l u o r i d e is k n o w n to be excreted b y the lactat ing breast as w e l l (78). 

Industr ia l exposure of pregnant w o m e n to lead has resulted i n i n 
creased incidences of abort ion a n d st i l lbirths a n d congenital neuro log ica l 
(101, 125) damage. A c c i d e n t a l exposure of pregnant w o m e n to m e t h y l 
mercury w i t h congenital neuro log ica l sequelae is w e l l documented (126). 
D u r i n g this t ime the mother m a y remain asymptomat ic (127). I n one 
report, se lenium was i m p l i c a t e d as a possible h u m a n teratogen (128). 

Immunological Injury. Defects i n i m m u n o l o g i c a l funct ion m a y be 
manifested b y such conditions as recurrent infect ion, auto immune disease, 
a n d l y m p h o m a (129). It is hypothes ized that heavy metals may alter 
the funct ion of su l fur - r i ch immunoprote ins b y d i sp lac ing trace element 
cofactors (96). L e a d burdens i n mice , rats, a n d baboons s imi lar to those 
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f o u n d i n humans were associated w i t h decreased resistance to infect ion 
a n d decreased l i fe span (130). Repeated subc l in i ca l doses of l ead i n 
m i c e a n d c a d m i u m i n rats f o l l owed b y a cha l leng ing dose of Salmonella 
typhimurium showed increased morta l i ty , suggesting an impa i rment of 
the i m m u n e response (131). L e a d a n d c a d m i u m are k n o w n to i m p a i r 
the oxidat ive metabol ism of phagocytes a n d the elaborat ion of ant ibody 
i n a var iety of animals i n c l u d i n g m i c e a n d rats (129). W i t h v i r a l in fec 
tions, meta l - induced i m p a i r m e n t of the i m m u n e response m a y arise f r om 
decreased interferon produc t i on . A r s e n i c and lead , b u t not c a d m i u m , 
mercury , or n i cke l , i n h i b i t e d the protective effect of the inter feron-
i n d u c i n g agent, po ly I : p o l y C on encephalomyocardit is v irus infect ion of 
mice (132). 

I n studies on rabb i t alveolar macrophage cultures, Waters a n d co
workers (133) presented data suggesting that v a n a d i u m oxides m a y 
adversely affect p u l m o n a r y defense. T h e cytotoxic ity of the oxides s tudied 
were d i rec t ly re lated to their so lub i l i ty , i.e., V 2 0 5 > V 2 0 3 > V 0 2 . A m b i 
ent v a n a d i u m concentrations i n u r b a n regions have been reported to corre
late w i t h morta l i ty inc idence f rom bronchit is a n d pneumonia , especial ly 
i n males (134). L i k e w i s e , industr ia l exposure to a irborne manganese has 
been shown to correlate w i t h increased inc idence of bronchit is , caused 
i n part b y increased suscept ib i l i ty to infect ion (135). 

Impa i rment of the i m m u n e response has also been demonstrated w i t h 
b e r y l l i u m i n exper imental animals (136). T h e l ong latency per i od asso
c iated w i t h beryl l iosis development m a y i n fact be a de layed i m m u n e 
response. T h i s hypothesis is supported b y the finding that l ymphocy te 
cultures obta ined f r om chronica l ly exposed workers underwent a h i g h 
degree of blast f ormat ion w h e n chal lenged w i t h b e r y l l i u m sulfate ( 137 ). 
T h e authors suggest that this test m a y serve as a screen for detect ing 
hypersensit ive ind iv idua l s . 

Phytotoxicity and Related Problems. It is diff icult i f not imposs ib le 
to general ize on this subject because, i n add i t i on to the n o r m a l variables 
govern ing a plant 's response to chemica l exposure ( e.g. so i l p H , tempera
ture, h u m i d i t y ) , there is the compl i ca t i on of di f ferential species sensi
t iv i ty . R a g w e e d grows luxur iant ly i n h i g h soi l concentrations of z inc 
w h i l e the surround ing vegetation is stunted (138); radishes are signi f i 
cant ly more sensitive to the toxic effects of c a d m i u m than is lettuce (139); 
a n d corn is sensitive to soi l i od ine concentrations of 8 p p m w h i l e lettuce 
tolerates 160 p p m (138), to cite a f ew examples. A b s o r p t i o n of trace 
elements not only varies w i t h species a n d var iety but w i t h p lant part 
as w e l l (140). 

Plants represent man's single most important food source a n d are 
the m a i n source of trace elements for the general populat ion . W h e n 
i n d u s t r i a l contaminat ion of soi l occurs, pol lutants m a y be incorporated 
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i n surround ing food crops. Purves (141) reported more than twice as 
m u c h boron , five times as m u c h copper, 17 times as m u c h lead , a n d 18 
times as m u c h z inc i n u r b a n compared w i t h r u r a l soils. 

T o x i c i t y f rom the ingestion of contaminated vegetation is a more 
c o m m o n occurrence i n graz ing animals than m a n because of the l i m i t e d 
food source of the former. F l u o r i d e fa l lout onto graz ing grasses f r om 
a l u m i n u m reduct ion plants has resulted i n denta l fluorosis a n d decreased 
m i l k produc t i on i n cows (33, 89). N a t u r a l l y h i g h soi l a n d p lant levels of 
m o l y b d e n u m or se lenium have resulted i n molybdenosis (mani fested b y 
copper def ic iency) (138) a n d " b l i n d staggers" i n graz ing animals (142), 
respectively, a n d yet p lant toxic i tv w i t h these elements is u n c o m m o n 
(138). 

There are instances, for example w i t h a l u m i n u m a n d copper, where 
even p h y to toxic concentrations pose no hea l th h a z a r d to animals (143). 
L e a d contaminat ion , on the other h a n d , is considered a b igger h a z a r d 
tc m a n a n d a n i m a l b y acc idental ingestion than to plants because i t is 
large ly unavai lab le ( inso lub le ) to the latter (100). For tunate ly , the 
element is largely removed b y s imple r ins ing ( 144 ). F l u o r i d e , i n contrast 
to l ead , is absorbed read i ly i n the free f o rm a n d tends to be phytotoxic at 
extremely l o w concentrations (145). 

H u m a n b lood levels of se lenium are reported to correlate somewhat 
w i t h soi l concentrations of the element (94). I n add i t i on , h u m a n inges
t ion of selenized vegetables a n d gra in has resulted i n signs of se lenium 
tox ic i ty (146). Ingestion of r ice contaminated w i t h c a d m i u m f rom the 
effluent of a m i n i n g operat ion was hypothes ized as the et io logical factor 
i n I ta i - I ta i disease i n m a n (32). 

H e a v y meta l toxic i ty i n plants is infrequent (143). I n m a n y cases, 
meta l concentrations i n p lant parts show poor correlat ion w i t h soi l con
centrations of the element (147). Plants tend to exclude certain elements 
a n d read i ly accept or concentrate others. L i s k (148) reported natura l 
p l a n t : s o i l concentrat ion ratios of 0.05 or less for A s , Be , C r , G a , H g , N i , 
a n d V . C a d m i u m appears to be act ive ly concentrated a n d selenium 
appears to be easily exchangeable. Indicator plants are capable of m a r k 
edly concentrat ing specific elements, e.g., Astragalus spp. for se lenium 
(138) a n d Hybanthus floribundus for n i c k e l (149). Plants g rowing on 
mine wastes have been shown to evolve populat ions w h i c h exhibit m e t a l -
specific tolerances (150). 

P l a n t intolerance to metals m a y be associated w i t h absorpt ion i n 
root cells (151). C h r o m i u m concentrates i n root cells, a n d that is where 
i t exerts its toxic i ty (138). Intolerance to se lenium i n certain crop plants 
h i g h i n sul fur , such as cabbage, m a y be re lated to an ind iscr iminate 
s u l f u r - s e l e n i u m subst i tut ion i n enzyme systems (77). 
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C a t i o n i c antagonisms i n d u c e d b y trace elements excesses have been 
demonstrated i n plants as w e l l as animals . Excesses of either manganese 
or i r on i n so i l have resulted i n deficiencies of the other i n soybeans 
(152) . L i k e w i s e , excess so i l concentrat ion of copper has resulted i n m a n 
ganese deficiency i n crops (153). P lants , l ike animals , also demonstrate 
chromosomal aberrations ( p a r t i c u l a r l y to a l u m i n u m a n d c a d m i u m ) (15) 
as w e l l as enzymat i c alterations i n response to excess exposure (16). 

The Future 

H o p e f u l l y , w i t h i n the next decade, a i r po l lu t i on toxicology w i l l make 
significant advances f r om its current descr ipt ive phase to one of concept 
development . Descr ip t ive data w i l l a lways be necessary, but for i t to 
be meaning fu l , i t must be put into perspective. T h e phys i ca l a n d chemica l 
character izat ion of trace element emissions a n d determinations of their 
env i ronmenta l fate are prerequisites for mean ing fu l b i o l og i ca l testing. 
Studies on the b io l og i ca l effects of trace element loads i n combinat ion 
as w e l l as i n d i v i d u a l l y are needed because of the ir c o m b i n e d presence i n 
the environment a n d the complex i ty of their interactions. 

To lerab le trace element burdens a n d the affecting variables must be 
apprec iated pr i o r to be ing able to predic t a hazard . T o this end , the 
p u b l i c a t i o n of negative results or the absence of de tr imenta l effects should 
be encouraged along w i t h posit ive data. Pred i c t ive models of toxic i ty 
must be sought, a n d b io l og i ca l moni tor ing i n add i t i on to env ironmenta l 
survei l lance should be inst i tuted as a measure of absorpt ion a n d as an 
early w a r n i n g system. Tissue banks of autopsy mater ia l have a lready been 
suggested (154). Unfor tunate ly , nonspecif ic alterations of trace element 
concentrations i n b i o l og i ca l tissue occur i n a w i d e variety of disease 
states (155) a n d w i l l serve as con found ing factors. I n exper imental 
studies, not only should the final toxic or patho log i ca l insult be charac
ter ized but pathogenesis ( a l l the preced ing events) as w e l l . S u c h data 
w o u l d be useful i n d iagnos ing subc l in i ca l effects. I n the meantime, tech
no log i ca l advances to reduce trace element emissions should be encour
aged vigorously . 
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Absorption , atomic 57, 86 ,184 
A c c u r a c y 58, 112 
A c i d digestion 88 
Act ivat ion , neutron (see Neutron 

activation ) 
Addit ions method, standard 142 
Adventitious minerals 8 
Al logenic minerals 9 
Aluminosil icates 3 
A l u m i n u m ( A l ) . . . 9 , 10, 58, 67, 68, 69, 

70, 82, 104-106, 113, 115, 122, 132, 
133, 180, 189 

Amalgamat ion train, double -go ld . . 143 
Amalgamators 159 
Analyt ica l methods 57, 70, 86, 143 
A n i o n interferences, cation— 199 
Anticoincidence-shie lded G e ( l i ) 

7-ray spectra 130 
A n t i m o n y ( S b ) . . . 10, 13, 27, 58, 61, 82, 

93, 104, 106, 110, 113, 115, 116, 119, 
120, 123, 128, 132, 133, 175, 182, 

195, 198 
Apigenetic minerals 9 
Apparatus 59 
Arsenic ( A s ) . . . . 10, 12, 17, 27, 68 -70 , 

72, 82, 93, 104, 110, 113, 115, 119, 
120, 122, 128, 131, 132, 175, 182, 

194, 195, 196, 198, 200 -203 
A s h 

analysis 163 
bottom 129, 130, 160 
coal 67 
content 188 
electrostatic 160 
fly (see F l y ash) 
h i g h temperature coal 5, 37, 67 
initial mechanical 160 
low temperature 67 
mercury in 167, 168 
sampling 160 

A s h i n g 
conditions 40 
low temperature 87 
radiofrequency 6 
temperature study 42, 43 
time 44 
wet 26 

A t o m i c absorption 57, 86, 184 
spectroscopy 9, 24, 25, 57, 178 

A u t h i g e n i c minerals 9 

Β 
B a r i u m ( B a ) . .11 , 58, 61, 104-106, 113, 

115, 122, 128, 132, 133, 182 
B e r y l l i u m ( B e ) . . .10, 12, 15, 26, 27, 36, 

40, 42, 82, 175, 182, 191, 194, 
196-198, 201 -203 

Biological consequences of coal 
use emissions 193 

Biological systems, cat ion -anion 
interferences in 199 

Bismuth ( B i ) 195, 196, 198 
B o d y , particulate adsorption in the 197 
B o m b combustion 88 
B o r o n ( B ) 11-13, 31, 36, 40, 

42, 190, 203 
Bottom ash 129, 130, 160 
Bromine ( B r ) . . . .53, 54, 68 -70 , 72, 94, 

104, 106, 113, 115, 116, 122, 128, 
132, 133 

C 
C a d m i u m ( C d ) . . . 10, 12, 26, 27, 52, 54, 

76, 77, 82, 95, 104, 120, 132, 146, 
150-152, 175, 182, 191, 195, 196, 

198, 200 -202 
Calcite 6 
C a l c i u m ( C a ) . . 9 , 52, 54, 58, 64, 67 -70 , 

82, 104-106, 113, 115, 116, 122, 128, 
180, 189, 190, 199 

Cal ibration container 144 
C a p a b i l i t y development 99 
C a p a b i l i t y at P B R , o p t i m u m 103 
Carbonates 3 
Carcinogenicity 200 
Catalyt ic hydrogénation 188 
C a t i o n - a n i o n interferences 199 
C e r i u m ( C e ) . . . . 5 4 , 91, 104-106, 110, 

113, 115, 123, 128 
C e s i u m ( C s ) 104, 113, 115, 123, 

128, 132, 182 
C h a l c o p h i l e elements 10 
Chlor ine ( C I ) . .52, 54, 68 -70 , 104-106, 

113, 115, 116, 122, 132, 133 
Chromâtes 201 
C h r o m i u m ( C r ) . .11 , 13, 26, 27, 36, 40, 

42, 58, 60, 68 -70 , 104-106, 110, 113, 
115, 116, 123, 128, 131-133, 135, 
142 ,150 ,151 ,175 , 1 8 2 , 1 9 1 , 1 9 5 , 1 9 8 

C l a y minerals 3, 5 
C o a l 

affinity of elements for pure . . 12 
analysis 147, 163 
arsenic i n 17 
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C o a l (continued) 
ash 5, 67, 122 
before and after crushing, 

analysis of 142 
bery l l ium in 15 
c a d m i u m i n 151 
c h r o m i u m in 150, 151 
comparative accuracy for 69 
consumption 165, 166 
copper in 150 
dust 48 
elements in 51, 122 
emissions, biological c o n 

sequences of 193 
-fired power plant 8 1 , 1 5 4 , 1 7 5 
fluorine in 148-150 
gamma-ray spectrum of 85 
irradiation and counting 

procedures for 121 
for isotope dilution analysis . . . . 79 
-to-fly ash ratios 134 
germanium in 14 
lead in 151 
literature of trace elements and 

mineral matter in 9 
major elements in 188 
manganese in 150 
mercury in 86, 146, 147, 166, 

168 ,184 
mineral matter in 1, 3, 5 -9 
minor elements in 67, 118, 188 
nickel in 16, 150 
oils from 188 
organic material in 55 
particle sizes 7 1 , 7 2 
pretreatment and combustion . . 139 
sample N B S - E P A 113, 125, 127, 

130, 132, 135 
sampling 28 ,120 , 160 
standards, N B S - E P A . . . 130, 132, 135 
trace elements in 1, 10, 35, 84, 86, 

87, 118, 188 
b y wet chemical methods, trace 

impurities i n 23 
workers pneumoconiosis 48 
x-ray fluorescence analysis of . . . 66 
x-ray matrix corrections for . . . . 70 

Cobal t ( C o ) . .11 , 13, 26, 36, 40, 42, 58, 
61, 68, 69, 104-106, 110, 113, 115, 
116, 123, 128, 131-133, 135, 182, 

195, 199 
C o d e , spectra 107 
Combust ion 

apparatus, selenium 32 
b o m b 88 
- d o u b l e gold a m a l g a m a t i o n -

atomic absorption method . . 86 
mercury consumed d u r i n g . . . . 155 
trace elements dur ing coal . . . . 139 

Combustor 148 
Contamination 142, 144 

C o p p e r ( C u ) . . 10, 11, 13, 28, 36, 42, 53, 
54, 58, 61, 68 -70 , 72, 82, 104-106, 
110, 113, 115, 116, 119, 122, 123, 
131-133, 142, 145, 150, 151, 182, 

191, 196, 199, 200, 204 
C o u n t i n g procedures for coal 

and fly ash 102,121 
Crucibles , p l a n t i m u m 42, 43, 146 
Crustal materials 135 

D 

D a t a reduction 101,102 
D e c a y group 104 
Des ign treatments for interferences 109 
Detection 69 
Detrital minerals 9 
Differential thermal analyses 

( D T A ) 7 
Digestion, acid 88 
Diodes , G e ( L i ) 121 
Direct - reading spectrometric 

standards 37 
Double - focus ing spark source mass 

spectrometer 75 
D o u b l e - g o l d amalgamation . . 86, 143, 158 
D r y ashing 87 
Dust , coal 48 
Dust , mine 55 
D y s p r o s i u m 

( D y ) 104, 105, 113, 115, 116 

Ε 

Electrode preparation 51 
E l e c t r o n microscopy 7 
E l e c t r o n photomicrographs, 

scanning 5 
Electrostatic ash 160 
Elementa l concentrations 180, 183 
Elementa l ratios 120 
Elements 

chalcophile 10 
in coal and fly ash (see C o a l a n d 

F l y ash) 
in data summary 104 
determination methods for 

specific 88 
geochemical classification 10 
major (see Major elements) 
minor (see M i n o r elements) 
in raw coals 51 
trace ( see T r a c e elements ) . . . . 87 
volatility of the 87 

Emissions, coal use 192, 193 
E n v i r o n m e n t a l fate of trace 

elements 196 
E n v i r o n m e n t a l toxicology 192 
E n z y m e systems 199 
E P A 

coal and fly ash 
standards 130, 132, 135 

fuel standards, N B S - 131 
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E P A (continued) 
r o u n d robin coal sample, 

N B S - 113, 130 
round-robin fly ash sample, 

N B S - 115 ,130 
E u r o p i u m ( E u ) . . . . 1 0 4 , 110, 113, 115, 

123, 128, 132-134 

Factoria l design treatments 109 
Fal lout 195 
F i e l d investigation 156 
Fi l ter particulate analysis 162 
F i n a l mechanical ash 160 
F i r i n g in gas turbines, oil for . . . . 188 
F l o a t - s i n k data 12 
F l u o r i d e 142, 197, 199, 201, 203 
Fluor ine ( F ) 30, 119, 144, 

148-150, 196 
F l u x monitor, copper 123 
F l y ash 84, 197 

c a d m i u m in 152 
chemical composition vs. m a g 

netic characteristics of . . . . 133 
gamma-ray spectrum of 

neutron-activated 128, 129 
irradiation and counting 

procedures for 121 
for isotope dilution analysis . . . . 79 
lead in 152 
major, minor , a n d trace element 

composition of 118 
measurement of the elements in 122 
N B S 1 1 5 , 1 2 4 , 1 2 6 , 1 3 0 
particles 184, 186 
ratios, coal-to- 134 
sample preparation of 120 
standards, N B S - E P A 132 
x-ray spectrum of neutron-

activated 126 
F o o d chains 196 
F u e l (see also C o a l and O i l ) 

-fired furnace, pulverized 141 
standards, N B S - E P A 131 
trace impurities in 74 

F u r n a c e , graphite 28, 33 
F u r n a c e , pulverized fuel-fired . . . 141 

G a l l i u m ( G a ) . .11 , 13, 58, 64, 92, 104, 
113, 115, 203 

G a m m a - r a y spectra of bottom 
ash 129, 130 

G a m m a - r a y spectrum of a coal . . 85 
G a m m a - r a y spectrum of 

fly ash 126, 128, 129 
Gasoline for isotope dilution 

analysis 80 
Gas , stack 157, 164 
Gas turbines 188 
G e ( L i ) diodes 121 

G e ( L i ) 7-ray spectra of neutron-
activated bottom ash 130 

Generator, hydride 29 
Genetic toxicity 201 
Geochemical classification of 

elements 10 
Geochemistry of mineral matter 

in coal 8 
G e r m a n i u m ( G e ) . .2 , 11, 12, 14, 27, 36, 

40, 42, 104, 113, 115 
G o l d ( A u ) . .58, 61, 104, 106, 110, 113, 

116, 122, 128, 132 
amalgamation, double . . . 86, 143, 158 

Graphite furnace 28, 33 

H 
H a f n i u m ( H f ) 104, 113, 115, 123, 

128, 132, 133, 134 
Hazards , trace element 194 
H e a v y metals 199, 200 
H i g h temperature ashing 

( Η Τ Α ) 24, 26, 58 
H i g h temperature coal ash 5 
Histogram 13 
H y d r i d e generator 29 
Hydrogénation of coals 188 

I 
Immunological injury 201 
Impurities in coal 23 
Impurity mass flow in a steam plant 82 
I n d i u m ( In) . .58, 61, 104, 106, 113, 115 
Inherent minerals 8 
Initial mechanical ash 160 
Injury, general somatic 200 
Injury, immunological 201 
Instrumental neutron activation 

analysis ( I N A A ) 98, 104, 118 
Instrumentation 24, 50 
Interference 

corrections 108 
on mercury , ytterbium a n d 

selenium 109 
silicon 63 

Internal standard 42, 43 
Iodine ( I ) 104 ,106 ,113 
Ir idium ( Ir ) 104 ,113 ,115 
Iron ( F e ) . . . . 9 , 10, 58, 63, 64, 67 -70 , 

104, 106, 110, 113, 115, 116, 123, 
128, 131-133, 135, 180, 195, 198 

oxide as an internal standard . . 43 
sulfide minerals 5 

Irradiation 102, 121, 123, 125 
Isokinetic sampling procedure . . 156, 158 
Isotope ( s ) 85 

di lution analysis 76 -81 
interference corrections for . . . . 108 

Kaolinite 
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L 
Laboratory , wet chemical 24 
L a n t h a n u m ( L a ) 11, 104, 106, 110, 

113, 115, 122, 128, 132-135, 182 
L e a d ( P b ) . . . 10 -12 , 26, 27, 36, 40, 58, 

60, 61, 68 -70 , 72, 79, 82, 142, 146, 
1 5 0 - 1 5 2 , 1 7 5 , 1 8 2 , 1 9 0 , 1 9 1 , 1 9 5 - 2 0 3 

L i q u i d product from catalytic 
hydrogénation of coals 188 

Literature of trace elements and 
mineral matter in coal 9 

L i t h i u m ( L i ) 26, 182 
tetraborate-atomic absorption 

analytical technique 57 
Li thophi le elements 10 
L o n g - l i v e d radionuclides 126, 127 
L o w temperature ash 67 
L o w temperature ashing 58, 87 
L u t e t i u m ( L u ) . . 104, 113, 115, 122, 128 

M 
M a g n e s i u m ( M g ) . . 9 , 10, 58, 64, 67 -70 , 

82, 104, 113, 115, 122, 132, 180, 189 
Magnet ic characteristics of fly ash 133 
Major 

constituents in siliceous materials 57 
elements 

in coal a n d fly ash 118 
elemental concentrations and 

mass balance results for . . 180 
in the l i q u i d product and solid 

residue from catalytic h y 
drogénation of coals . . . . 188 

in whole coal and coal ash . . . . 67 
Manganese ( M n ) 10, 12, 26, 58, 60, 

62, 64, 68 -70 , 82, 104, 106, 110, 113, 
115, 116, 122, 131-133, 135, 142, 

145, 150, 151, 180, 191, 198, 199 
M a n p o w e r 101, 103 
Mass 

balance 
equations 80 
mercury 154, 169, 171 
results 180, 182 
trace element 175 

flow in a steam plant, impurity 82 
spectrometry 7 ,78 

Materia l balance 62, 142 
M e c h a n i c a l ash 160 
M e r c u r y ( H g ) . . . 10, 12, 13, 29, 58, 60, 

61, 82, 88, 104, 106, 110, 113, 115, 
116, 119, 120, 123, 128, 131-133, 
142, 143, 146, 163, 166-168, 175, 

182, 195-202 
analysis 161, 162 
in coal b y atomic absorption, 

determination of 184 
in coal b y r o u n d - r o b i n , 

determination of 86 
consumed d u r i n g combustion . . 155 
interferences on 109 
mass balance 154, 169, 171, 185 

M e r c u r y (continued) 
sampling procedure 155, 158 
-saturated air 143-145 
in stack gas concentrations . . . . 164 
vapor contamination 195 

Metabol ic injury, heavy metal . . . 199 
Metals , heavy 199, 200 
Methylmercury 196,201 
M i n e dust 55 
M i n e r a l matter 39 

affinity of elements for 12 
in coal 1, 8, 9 

Minerals 
adventitious 8 
allogenic 9 
apigenetic 9 
authigenic 9 
clay 3 , 5 
in coal , analyses 3, 5 -8 
from coal, separation of 6 
detrital 9 
inherent 8 
iron sulfide 5 

M i n o r 
constituents in siliceous materials 57 
elements 

elemental concentration and 
mass balance results for 183 

in the l i q u i d produce and solid 
resiaue from catalytic h y 
drogénation of coals . . . . 188 

in whole coal and coal ash . .67, 118 
M o l y b d e n u m ( M o ) . .11 , 12, 36, 40, 42, 

58, 68 -70 , 104, 182, 191, 199, 203 
Monitor ing , pollution 98 

Ν 
N A S A p l u m brook reactors ( P B R ) 98 
Natura l radioactivity measurement 128 
N B S 

- E P A coal standard 130-132, 135 
- E P A round-robin coal 

sample 113, 130 
- E P A round-robin fly ash 

sample 115, 130 
probably certified values I l l 
standard reference materials . .86, 110 

N e o d y m i u m ( N d ) 104,113 
Neonatal toxicity 201 
Neutron 

-activated bottom ash 129, 130 
-activated fly ash 126, 128, 129 
activation analysis ( N A A ) . . 9 , 88, 121 

major, minor , and trace ele
ment composition of coal 
and fly ash b y instru
mental 118 

for pollution monitoring, 
instrumental 98 

with radiochemical separations, 
trace elements in coal b y 84 

activation of N B S - c o a l 125, 127 
activation of N B S - f l y ash 124, 126 
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N i c k e l ( N i ) . .11 , 13, 16, 26, 36, 40, 42, 
58, 60, 68 -70 , 72, 82, 104, 110, 116, 
120, 123, 128, 131, 132, 135, 150, 
1 5 1 , 1 7 5 , 1 8 2 , 1 9 0 , 1 9 6 , 1 9 8 , 201 -203 

Nitrogen contents of oils 189 
Nuclear data relating to measure

ment of elements in coal a n d 
fly ash 122 

Ο 
Oils from coal 186, 188, 189 
O p t i c a l emission spectroscopy . . . 9 ,35 
O r g a n i c material in mine dust 

and coal 55 

Ρ 

Particle sizes, coal 7 1 , 7 2 
Particulate analysis, filter 162 
Particulates in body , adsorption of 197 
Permanganate-stabilized solutions 162 
Phosphorus ( P ) 9, 13, 53, 55, 

67 -68 , 70, 72 
Photomicrographs, scanning 

electron 5 
Phytotoxicity 202 
Plat inum ( P t ) 104 

crucibles 4 2 , 4 3 , 1 4 6 
P l u m brook reactor ( P B R ) , 

N A S A 9 8 , 1 0 3 , 1 1 0 
Pneumoconiosis , coal workers' . . . 49 
Pollution monitoring 98 
Polyethylene via l 106 
Potassium ( K ) . . . .9 , 10, 58, 64, 67 -70 , 

82, 104, 106, 113, 115, 122, 128, 
132, 133, 180, 190 

Power plant 149, 154 
Precipitators 180, 184 
Probe, sampling 177 
Pulverized-fuel - f ired furnace . . . . 141 
Pyrite framboids 5 

Q 
Q u a r t z 6 

R 

Rabbit design 99, 178 
Radioactivity measurement, natural 128 
Radiochemical separations 84 
Radiofrequency ashing 6 
Radionuclides 124-127 
R a d o n gas 197 
R a w sample analysis 62 
R h e n i u m ( R e ) 104 
R h o d i u m ( R h ) 104 
R o u n d - r o b i n coal sample . . 8 6 , 113, 130 
R o u n d - r o b i n fly ash sample . . . .115, 130 
R u b i d i u m ( R b ) . . .52, 54, 91, 104, 110, 

113, 115, 123, 128, 131-133 

Samarium ( S m ) 104, 113, 115, 122, 
128, 132, 133 

Sample 
analysis, materials balance for 

raw 62 
preparation 24, 50, 60 
processing 87, 104 

Sampl ing 
ash 160 
coal 160 
probe 158,177 
procedures 155, 156, 176 
solids 165 
stack gas 157 
system 29 

S c a n d i u m ( S c ) 104, 106, 110, 115, 
123, 128, 132-134, 182 

Scanning electron photomicro
graphs 5 

Seams, identification of 50 
Selenium (Se) . .10, 13, 31, 82, 91, 104, 

110, 113, 115, 116, 119, 123, 128, 
131-134, 175, 182, 195, 196, 1 9 8 -

201, 203 
combustion apparatus 32 
interferences on mercury 109 

Separations, radiochemical 84 
Short - l ived radionuclides ash . . 124, 125 
Silica (quartz) 5 
Siliceous materials 57 
Silicon 10, 58, 63, 67 -70 , 180, 189 

dioxide-Al203 matrix 37 
Silver ( A g ) . . . .26, 52, 54, 58, 61, 104, 

105, 110, 123, 132, 195 
iodide 197 

S o d i u m ( N a ) . . . 9 , 10, 58, 82, 104, 106, 
113, 115, 122, 128, 132, 133, 178, 

180, 190, 191 
Solid residue from catalytic h y d r o 

génation of coals 188 
Solids sampling and analysis . . . . 165 
Somatic injury, general 200 
Spark source mass spectrometry 

( S S M S ) . . . .24, 25, 48, 75, 76, 178 
Specific gravity fractions of 

coal 14-17 , 140 
Spectra code 107 
Spectra, interpretation of 52 
Spectrographic method 38, 46 
Spectrometric method 45, 68 
Sphalerite 5 
Stack 

filter, neutron-activated 131 
fly ash particles from 184 
gas 157, 164 

Standard ( s ) 
additions method 142 
internal 42 
preparation 59 
reference materials, N B S 110 
for trace element analysis 142 
for working curves 58 
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Steam plant 81, 82, 175 
Strontium (Sr ) . .11 , 104, 110, 113, 115, 

123, 128, 131-133 
Sulfates 3 
Sulfides 3 
Sulfur ( S ) 2, 9, 68 -70 , 104, 106, 

116, 180, 189, 190 
Suprasil vial 106 

T a n t a l u m ( T a ) . .61 , 104, 106, 113, 115, 
123, 128, 132-134 

T e l l u r i u m ( T e ) 27, 104, 196 
Temperature study 42, 43 
T e r b i u m ( T b ) 104, 113, 115, 123, 

128, 132-134 
T h a l l i u m ( T I ) 182, 195, 198 
T h e r m a l emission mass spec

trometry ( T E M S ) 7 8 , 7 9 
T h o r i u m ( T h ) . .104, 110, 113, 115, 123, 

128, 131-133, 182, 197 
T i n ( S n ) . . . .11 , 27, 36, 40, 42, 58, 60, 

104, 113, 115, 182, 195, 198 
T i t a n i u m ( T i ) . . 9 - 1 1 , 13, 58, 67 -70 , 82, 

104, 106, 113, 115, 122, 132, 133, 
180, 190, 195 

Toxicology of trace 
elements 192, 198, 201 

T r a c e element(s) 
analysis 

contamination in 142 
procedures for 26 
standards for 142 

from catalytic hydrogénation 
of coals 188 

d u r i n g coal pretreatment a n d 
combustion 139 

in coal 1 
analysis methods for 9, 86, 87 
dust 48 
literature of 9 
b y neutron activation analysis 

with radiochemical sepa
rations 84 

occurrence of 10 
b y optical emission 

spectroscopy 35 
composition of coal a n d fly ash 118 
concentration with ashing c o n d i 

tions, variation of 40 
concentrations, ashing time vs. 44 
effect of coal particle size on 

analytical precision of . . . . 71 
emissions 192 
environmental fate of 196 
in food chains 196 
hazards 194 

T r a c e element(s) (continued) 
b y instrumental neutron activa

tion analysis for pol lution 
monitoring 98 

mass balance around a coal-fired 
steam plant 175 

therapeutic use of 200 
toxicology of 198 
unit 140 

T r a c e impurities in coal 23 
T r a c e impurities in fuels 74 
Transition metals 135 
Tungsten ( W ) 104, 113, 115 
Turbines , gas 188 
T V A coal-fired steam plant 81 

U 
U r a n i u m ( U ) . .2 , 79, 95, 104, 110, 113, 

115, 131, 132, 182, 197 

V 
V a n a d i u m ( V ) . . . 11, 13, 26, 36, 40, 42, 

67 -70 , 72, 82, 104, 106, 110, 113, 
115, 116, 122, 131-133, 135, 175, 

182, 190, 197, 198, 201, 203 
oxides 202 

Volati l i ty of the elements 87 

W 

Washabi l i ty curve 13 
W e t ashing 26 
W e t chemical methods 23 ,24 
Workers ' pneumocomiosis , coal . . . 49 
W o r k i n g curves 58 

X 
X - r a y 

diffraction analysis 7 
fluorescence analysis 66 
matrix corrections 70 

Ytterbium ( Y b ) . . . . 1 0 4 , 109, 113, 115, 
122, 128, 132 

Yttrium ( Y ) 10 ,11 

Z i n c ( Z n ) . . . . 10 -12 , 26, 53, 58, 68 -70 , 
72, 82, 95, 104, 106, 110, 115, 116, 
119, 120, 123, 128, 175, 182, 191, 

195, 196, 198, 199, 201, 202 
Zirconium ( Z r ) . . 10, 12, 54, 61, 104, 115 
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