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ABSTRACT 

Results obtained by analyzing nine coals for varieties of sulfur by 
two methods-a reduction method in which lithium aluminum hydride (LAH)  was 
used and the ASTM standard oxidation method-were compared to evaluate the 
effectiveness of the methods for quantitative removal and subsequent deter- 
mination of pyrite. Total iron and total sulfur were determined by X-ray 
fluorescence analysis of the whole coal. Each coal was ground to three dif- 
ferent sizes (-60 mesh, -200 mesh, and -400 mesh) for a study of the effects 
of particle size. 

The two methods produce comparable and reliable results in the de- 
termination of sulfur varieties in coal. Pyritic sulfur is quantitatively re- 
moved by both procedures and, therefore, does not inflate calculated and/or 
determined organic sulfur values, Particle size was found to be a determining 
factor in the quantitative reduction and subsequent determination of pyrite 
by the LAH method. 

INTRODUCTION 

Recent concern f o r  t h e  environment has increased i n t e r e s t  i n  t h e  re-  
l i a b i l i t y  of methods rou t ine ly  used t o  determine v a r i e t i e s  of s u l f u r  i n  coal .  
The most commonly used procedure (ASTM D-271 and D-2492) i s  summarized i n  t h e  
Appendix. 

Some doubt e x i s t s  as  t o  whether i n  t h e  ASTM method t h e  removal of 
finely-dispersed p y r i t e  by ex t rac t ion  with n i t r i c  ac id  i s  a c t u a l l y  quanti ta-  
t i v e  ( ~ e e s ,  1966). Incomplete removal of p y r i t e  would r e s u l t  not only i n  low 



values  f o r  p y r i t i c  s u l f u r  but  a l s o  i n  erroneously h igh  va lues  f o r  organic 
s u l f u r .  The e f f e c t  t h e  n i t r i c  ac id  used i n  ASTM D-2492 has upon t h e  organic 
cons t i t uen t s  of coa l  ( ~ e e s ,  1966) a l s o  i s  open t o  debate.  I f  any organic 
ma te r i a l  i s  oxidized by t h e  n i t r i c  ac id  t r ea tmen t ,  some of t h e  organic su l -  
f u r  might go i n t o  so lu t ion .  The determinat ion of organic s u l f u r  by Eschka 
fus ion  (ASTM D-271) on t h e  r e s idue  remaining from t h e  p y r i t i c  s u l f u r  ex t rac-  
t i o n  would t h e n  be erroneously low. 

I n  t h e  ASTM procedures,  a  t h e o r e t i c a l  organic s u l f u r  value i s  ca l -  
cu la t ed  from t h e  formula, % organic s u l f u r  = % t o t a l  s u l f u r  - ( %  s u l f a t e  su l -  
f u r  + % p y r i t i c  s u l f u r ) .  Calculated va lues  of organic s u l f u r  depend on quan- 
t i t a t i v e  p y r i t e  removal, whereas Eschka-determined va lues  f o r  organic s u l f u r  
depend not only on q u a n t i t a t i v e  p y r i t e  removal but  a l s o  on t h e  nonreac t iv i ty  
of n i t r i c  ac id  with t h e  organic cons t i t uen t s ,  Therefore,  agreement of t h e  
Eschka-determined va lue  and t h e  ca l cu la t ed  value does not prove t h a t  e i t h e r  
i s  c o r r e c t .  

For t h i s  p r o j e c t ,  a  reduct ion  method f o r  determining p y r i t i c  su l -  
f u r  i n  coa l  was adapted from a method used on sha le s  by Smith, Young, and 
Lawlor (1.964). Resul t s  from t h i s  method were compared with those  from t h e  
ASTM ox ida t ive  method t o  determine whether o r  not t h e  e x t r a c t i o n  of t h e  p y r i t e  
i n  t h e  ASTM method i s  complete, whether o r  not t h e  organic mat te r  i s  s i g n i f -  
i c a n t l y  a f f e c t e d  by t h e  n i t r i c  a c i d ,  and whether o r  not r e l i a b l e  va lues  f o r  
organic s u l f u r  can be obtained e i t h e r  by computation o r  by t h e  Eschka de ter -  
minat ion .  

I n  a  s tudy of t h e  v a r i e t i e s  of s u l f u r  present  i n  o i l  s h a l e ,  Smith, 
Young, and Lawlor (1964) employed a reduct ion  method us ing  l i t h i u m  aluminum 
hydride (LAH), an extremely e f f e c t i v e  reducing agent t h a t  Gaylord (1956) had 
ind ica t ed  would not  a t t a c k  t h e  organic c o n s t i t u e n t s  i n  s h a l e .  Lawlor, F e s t e r ,  
and Robinson (1963) l a t e r  repor ted  t h a t  q u a n t i t a t i v e  reduct ion  of  p y r i t e  i n  
sha le  was poss ib l e .  Although Belcher and Spooner (1941) ind ica t ed  t h a t  reduc- 
t i o n  methods i n  genera l  were u n s a t i s f a c t o r y  f o r  c o a l ,  Radrnacher and Mohrhauer 
(1953) showed t h a t  good r e s u l t s  could be obtained wi th  s t ronger  reducing con- 
d i t i o n s  and coa l  of a  smaller  p a r t i c l e  s i z e .  Therefore,  t h e  inf luence  of c o a l  
p a r t i c l e  s i z e  on t h e  analyzed values was s tudied  i n  t h i s  p r o j e c t ,  

Because agreement of va lues  obtained by t h e  two d i f f e r e n t  methods 
would not i n  i t s e l f  prove t h a t  a l l  of t h e  p y r i t e  h.ad been removed from t h e  
coa l ,  a d d i t i o n a l  evidence was needed. X-ray f luorescence a n a l y s i s ,  as  des- 
c r ibed  by Ruch, Gluskoter , and Shimp (1973) , was used t o  determine t h e  t o t a l  
amount of i r o n  i n  t h e  coa l ,  To ta l  i r o n  content was a l s o  determined a s  t h e  
sum of t h e  i r o n  removed by hydrochloric  a c i d  d iges t ion  of t h e  coa l  during 
removal of s u l f a t e  s u l f u r  and of t h e  i r o n  removed by n i t r i c  ac id  d iges t ion  
i n  t h e  e x t r a c t i o n  of p y r i t i c  s u l f u r ,  Agreement of t h e  two t o t a l  i r o n  va lues  
would i n d i c a t e  t h a t  t h e  n i t r i c  a c i d  d iges t ion  of p y r i t e  ( F ~ s ~ )  i n  t h e  ASTM 
method was complete, Tota l  s u l f u r  was a l s o  determined by X-ray f luorescence  
a n a l y s i s ,  When t h e s e  r e s u l t s  a r e  compared with t h e  t o t a l  s u l f u r  va lues  de- 
termined by t h e  ASTM procedure and considered i n  conjunct ion wi th  d a t a  o'b- 
t a i n e d  from t h e  va r i e t i e s -o f - su l fu r  determinat ions obtained by t h e  two methods, 
any e r r o r s  i n  t h e  methods used should be ev ident .  
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Fig .  1 - Apparatus used f o r  r e d u c t i o n  process .  

PREPARATION OF LABORATORY SAMPLES 

Each of t h e  nine coal  samples studied was ground t o  pass a -60-mesh 
screen. One s p l i t  of each -60-mesh sample was hand-ground t o  pass a -200-mesh 
screen,  and a second s p l i t  was placed i n  a tungsten carbide capsule along with 
a tungsten carbide p e l l e t  and was shaken a t  high speed f o r  1 hour i n  a motor- 
ized Spex mixer m i l l . .  The r e s u l t a n t  f r a c t i o n  passed a -400-mesh screen. 

EXPERIMENTAL 

ASTM Methods ( ~ p ~ e n d i x  1) 

Total  su l fur  i s  f i r s t  determined f o r  each coal  f r a c t i o n  by t h e  
Eschka fusion method, D-271. Forms of su l fu r  a r e  next determined according 
t o  t h e  procedures i n  D-2492. Acid-extractable i r o n  content i s  computed as 
t h e  sum of p y r i t i c  i ron  and i ron soluble i n  hydrochloric ac id .  The l a t t e r  
i ron  i s  t i t r a t e d  i n  t h e  same manner as  p y r i t i c  i ron.  Tota l  i ron  and t o t a l  
su l fu r  contents  are  a l s o  determined by X-ray fluorescence analys is .  



P y r i t i c  Sulfur  by LAH Reduction 

A sample of coal  i s  chosen t h a t  w i l l  y i e l d  between 10 and 20 rag of 
p y r i t i c  s u l f u r .  Su l fa te  su l fu r  and i r o n  soluble i n  hydrochloric ac id  a re  re-  
moved from t h e  coal  sample as  indica ted  i n  ASTM D-2492. The res idue  of t h e  
coal  i n  t h e  f i l t e r  paper i s  dr ied  overnight a t  approximately 800 C.  A funnel  
with stem i s  inse r t ed  i n t o  t h e  center  neck of a 300-ml, 3-necked reac t ion  
f l a s k  ( f i g .  I ) ,  and t h e  f i l t e r  paper containing t h e  sample i s  placed i n  t h e  
funnel.  A spatula  i s  used t o  t e a r  t h e  paper i n t o  small p ieces ,  which a r e  a l -  
lowed t o  f a l l  i n t o  t h e  f l a s k  along with t h e  coal .  A teflon-coated magnetic 
s t i r r i n g  ba r  i s  placed i n  t h e  f l a s k .  

Approximately 1 gram of l i th ium aluminum hydride (LAH) powder i s  
very c a r e f u l l y  added t o  t h e  f l a s k  through t h e  funnel.  Precautions a r e  taken 
t o  ensure t h a t  t h e  LAH does not come i n t o  contact with moisture. F i f t y  m i l -  
l i l i t e r s  of tetrahydrofuran,  which has been dr ied  over 4~ molecular s i eves ,  
i s  then poured through t h e  funnel ,  washing any adhering p a r t i c l e s  of sample 
or  LAH i n t o  t h e  f l a s k .  

The f l a s k  i s  topped with a water-cooled condenser, and t h e  contents 
a r e  s t i r r e d  and refluxed f o r  30 minutes ( a  bath temperature of 800 C main- 
t a i n s  proper r e f lux ing) .  Stopcock 1 ( f i g .  1) i s  closed during t h e  ref luxing 
and a serum cap sea l s  t h e  t h i r d  neck of t h e  f l a s k .  An i c e  bath i s  then placed 
under t h e  reac t ion  f l a s k  and magnetic s t i r r i n g  i s  resumed. A 250-ml por t ion  
of t h e  cadmium s u l f a t e  ( C ~ S O ~ )  so lu t ion (36 grams per l i t e r  of water) i s  
poured i n t o  t h e  gas scrubber. The scrubber system i s  then connected t o  t h e  
t o p  of t h e  condenser with rubber tubing,  as  shown i n  f igure  1. Nitrogen flow 
i s  s t a r t e d  a t  a r a t e  slow enough t o  produce only an occasional gas bubble on 
t h e  surface of t h e  mercury sea l ing  t h e  end of t h e  blow-by tube. 

Stopcock 1 ( f ig .  1) i s  opened f u l l y .  Stopcock 2 i s  opened gradually 
u n t i l  a vigorous bubbling of ni trogen through t h e  cadmium s u l f a t e  solut ion i s  
es tabl ished.  The tank pressure i s  regulated t o  maintain atmospheric pressure 
i n  t h e  system, as i s  evidenced by t h e  l e v e l  of mercury i n  t h e  blow-by tube.  

With t h e  contents of t h e  f l a s k  s t i l l  being s t i r r e d  and cooled i n  t h e  
i c e  bath ,  a 50-ml port ion of water i s  added very slowly through t h e  serum cap 
from a syringe. After t h e  f i r s t  5 ml have been added drop by drop from a small 
needle, t h e  reac t ion  i n  t h e  f l a s k  subsides s u f f i c i e n t l y  t o  allow t h e  r e s t  of t h e  
water t o  be introduced more conveniently from a l a r g e r  needle. A 50-ml volume 
of 30 percent hydrochloric ac id  i s  then added through t h e  serum cap, 

The i c e  bath i s  replaced by t h e  hot water bath on t h e  s t i r r e r  hot  
p l a t e ,  and t h e  contents  of t h e  f l a s k  a r e  again refluxed.  The hydrogen sul-  
f i d e  l i b e r a t e d  a t  t h i s  point  begins t o  r e a c t  with t h e  cadmium s u l f a t e  i n  t h e  
gas scrubber, and t h e  so lu t ion  takes  on t h e  yellow color of cadmium su l f ide  
( c ~ s )  . 

After  30 minutes of ref luxing,  no t r a c e s  of hydrogen s u l f i d e  should 
be detected within t h e  system, except i n  cases where a proper sweep of gases 
cannot be maintained through t h e  gas scrubber, Cadmium s u l f i d e  tends t o  ac- 
cumulate within t h e  pores of t h e  f r i t ,  hindering t h e  gas flow, and must be re-  
moved between experiments . 



The gas scrubber i s  removed, and t h e  cadmium s u l f a t e  so lu t ion  con- 
t a i n i n g  t h e  suspended cadmium su l f ide  i s  t r ans fe r red  t o  a 400-ml beaker. The 
s u l f u r i c  acid t h a t  forms during t h e  reac t ion  

H2S + CdS04 -t H2S04 + CdS+ 

i s  t i t r a t e d  t o  a pH of 5.25 by adding 0.1N sodium hydroxide. Near t h e  equiv- 
alence po in t ,  a minute i s  allowed f o r  equ i l ib ra t ion  of t h e  sample between drop- 
wise addi t ions  of t h e  sodium hydroxide solut ion.  P y r i t i c  s u l f u r  i s  computed 
by t h e  equation: 

where Sp = wt % p y r i t i c  s u l f u r  
V = volume of NaOH i n  m i l l i l i t e r s  
N = normality of NaOH 
W = sample wt i n  grams. 

Direct  Determination of Organic Sulfur  

Following t h e  p y r i t i c  su l fu r  determination, t h e  contents of t h e  re-  
ac t ion f l a s k  a r e  f i l t e r e d  and washed with severa l  port ions of hot  water.  The 
res idue  and f i l t e r  paper a r e  dr ied  a t  room temperature f o r  severa l  days. The 
f i l t e r  cake containing t h e  bulk of t h e  res idue  can then be l i f t e d  from t h e  
f i l t e r  paper. The cake i s  broken up as  wel l  a s  possible i n  a 50-ml porcela in  
crucible  and mixed with about 3 g r a m  of Eschka's Mixture. The f i l t e r  paper 
i s  cut up and placed i n  t h e  same crucible  and t h e  t o t a l  contents  a re  we l l  cov- 
ered with another 3 t o  6 grams of Eschka's Mixture. The remainder of t h e  pro- 
cedure i s  i d e n t i c a l  t o  t h a t  f o r  t o t a l  su l fu r  (ASTM D-271 from paragraph 20.2). 
The d i r e c t  determination of organic s u l f u r  on t h e  residue from t h e  p y r i t i c  
s u l f u r  determination by t h e  ASTM method i s  ca r r i ed  out i n  t h e  same manner. 

RESULTS AND DISCUSSION 

Results  of t h e  analyses appear i n  t a b l e  1. Theoret ica l  values f o r  
organic su l fu r  were ca lcula ted  f o r  both t h e  LAH and ASTM methods, using t h e  
proper p y r i t i c  s u l f u r  values f o r  each method, and t h e  ASTM t o t a l  s u l f u r  and 
s u l f a t e  su l fu r  values. L i m i t s  of r e p e a t a b i l i t y  f o r  these  methods, a s  given 
i n  ASTM, p a r t  19 ,  1972, a r e  included i n  t a b l e  1. The r e p e a t a b i l i t y  f o r  t h e  
LAH method was determined from r e p l i c a t e  samples i n  our l abora to r ies .  The 
standard deviat ions f o r  t h e  X-ray method were taken from t a b l e s  presented i n  
Ruch, Gluskoter , and Shimp (1973) . 

Table 1 shows t h a t  coal  p a r t i c l e  s i z e  had no s i g n i f i c a n t  e f f e c t  on 
t h e  amount of t o t a l  su l fu r  determined by Eschka fusion.  Furthermore, t h e  to-  
t a l  s u l f u r  values obtained by X-ray fluorescence ana lys i s  agree we l l  with those  
obtained by t h e  ASTM method. Table 1 a l s o  shows t h a t  coal  p a r t i c l e  s i z e  had 
no e f fec t  on t h e  s u l f a t e  s u l f u r  r e s u l t s .  

I n  t h e  ASTM procedure f o r  t h e  determination of v a r i e t i e s  of s u l f u r ,  
t h e  s u l f a t e  s u l f u r  i s  f i r s t  removed from t h e  coal  by hydrochloric ac id  ex t rac t ion ,  
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TABLE 1-CONCENTRATION OF IRON AND VARIETIES OF SULFUR IN NINE ILLINOIS COALS 

Sample 

Total  i r o n  ($1 Total  Su l fu r  (%)  

X-ray 
f luores  - 

Calculated Determined 
X-ray 

f luores - 2%- Pyritic organic organic 

and ASTM ence ASTM ence ASTM ASTM LAH ASTM LAH ASTM LAH 

size 20.05 20.04 k0.10 20.10 k0.02 kO.05 kO.05 k0.10 kO.10 k0.20 i-0.20 

Randolph Co. I 

- 60 
-200 

-400 

Randolph Co. I1 

- 60 

-2 00 

-400 

0.05 

0.05 

0.04 

0.13 

0.14 

0.15 

0.26 

0.27 

0.27 

0.91 

0.91 

0.93 

t r ace  
0.01 

0.01 

0.01 

0.01 

0.01 

0.02 

0.02 

0.02 

0.04 

0.05 
0.06 

0.40 

0.39 

0.39 



f o r  otherwise it would be dissolved by t h e  n i t r i c  ac id  treatment used subse- 
quently i n  t h e  procedure f o r  determining p y r i t i c  s u l f u r .  However, i n  t h e  LAH 
reduction of p y r i t e ,  t h e  s u l f a t e  s u l f u r  i s  unaffected and need not be removed 
p r i o r  t o  t h e  determination of p y r i t i c  su l fu r .  Coal from which s u l f a t e  s u l f u r  
had already been removed was used i n  t h i s  work because it was ava i l ab le  as  a  
product of the  sul fa te-sul fur  determination. 

A sample of coal  (c-17167) was used t o  v e r i f y  t h e  f a c t  t h a t  t h e  LAH 
reduction of p y r i t i c  su l fu r  could be performed p r i o r  t o  s u l f a t e  s u l f u r  removal 
without a f fec t ing  t h e  r e s u l t s .  The sample was t r e a t e d  according t o  t h e  LAH 
reduction procedure, following which an add i t iona l  50 ml-portion of 50 percent 
hydrochloric ac id  was added t o  t h e  reac t ion  f l a s k ;  t h e  mixture was then boi led  
f o r  20 minutes t o  dissolve t h e  s u l f a t e  s u l f u r .  After t h e  contents of t h e  
f l a s k  had been f i l t e r e d  and t h e  s u l f a t e  p rec ip i t a ted  a s  barium s u l f a t e ,  t h e  
percentage of s u l f a t e  sulf'ur was found t o  be i d e n t i c a l  (0.40 percent)  t o  t h a t  
found when s u l f a t e  su l fu r  was determined f i r s t  ( t a b l e  1). I f  p y r i t i c  su l fu r  
i s  determined f i r s t  by t h e  LAH reduction method, t h e  aforementioned overnight 
drying procedure following s u l f a t e  s u l f u r  removal can be eliminated. 

The r e s u l t s  f o r  p y r i t i c  su l fu r  determined by t h e  ASTM method ( t a b l e  
1) show only s l i g h t  d i f ferences  f o r  t h e  various coal  p a r t i c l e  s i z e  f r a c t i o n s .  
The sf ial l  d i f ferences  a r e  more l i k e l y  due t o  mechanical segregation of t h e  
heavy p y r i t e  p a r t i c l e s  during grinding than t o  a c t u a l  p a r t i c l e  s i z e  d i f ferences .  

I n  c o n t r a s t ,  t h e  p y r i t i c  su l fu r  values obtained by t h e  LAH reduction 
method show a general  increase as  coal  p a r t i c l e  s i z e  decreases ( t a b l e  1). The 
LAH p y r i t i c  su l fu r  values determined f o r  t h e  -400-mesh f r a c t i o n  a r e  not s ig-  
n i f i c a n t l y  lower than thdse obtained by t h e  ASTM method. Therefore, t h e  smaller 
t h e  coal  p a r t i c l e  s i z e ,  t h e  more complete i s  t h e  chemical reduction of p y r i t e ,  
and a t  -400 mesh reduction i s  e s s e n t i a l l y  complete, i f  t h e  ASTM values can be 
assumed t o  be accurate,  

Owing t o  t h e  physical  l i m i t s  of grinding and screening techniques,  
it i s  d i f f i c u l t  t o  obta in  samples much f i n e r  than -400 mesh. However, because 
v i r t u a l l y  t o t a l  p y r i t e  recovery i s  achieved within experimental e r r o r  a t  -400 
mesh, it i s  l o g i c a l  t o  assume t h a t  t h e  apparent b i a s  w i l l  be el iminated with 
f u r t h e r  reduction i n  p a r t i c l e  s i z e .  

Studies have shown t h a t  some coals  contain s i g n i f i c a n t  quan t i t i e s  of 
nonpyri t ic  s u l f i d e  ( ~ u c h ,  Gluskoter, and Shimp, 1973) and t h a t  it usual ly  oc- 
curs i n  conjunction with high zinc concentrations ( a s  high a s  5000 ppm). I n  
t h e  LAH method t h e  p y r i t e  ( F ~ s ~ )  i s  f i r s t  reduced t o  su l f ide  ( F ~ s ) .  Any non- 
p y r i t i c  s u l f i d e  present  i n  the  coal  w i l l  cont r ibute  t o  t h e  LAH p y r i t i c  s u l f u r  
value when t h e  chemical reduction of p y r i t e  i s  c a r r i e d  out p r io r  t o  s u l f a t e  
removal. This i s  t r u e  only when t h e  reduction s t e p  i s  done f i r s t ,  a s  some non- 
p y r i t i c  s u l f i d e  i s  l o s t  i n  the  hydrochloric ac id  d iges t ion f o r  s u l f a t e  s u l f u r  
(ASTM). The ASTM method f o r  p y r i t i c  su l fu r  measures only t h e  p y r i t i c  i ron .  
Consequently, a  p y r i t i c  sul fur  value determined by t h e  LAH method t h a t  i s  higher 
than one determined by t h e  ASTM method would be a measure of t h e  amount of 
nonpyri t ic  s u l f i d e  present  i n  t h e  coal .  

The l o s s  of nonpyri t ic  su l f ides  as  hydrogen s u l f i d e  i n  t h e  hydro- 
ch lo r ic  ac id  d iges t ion of s u l f a t e  su l fu r  (ASTM) would r e s u l t  i n  t h i s  s u l f i d e ' s  



being determined a s  ne i the r  s u l f a t e  nor p y r i t i c  s u l f u r .  The organic s u l f u r  
value,  ca lcula ted  as  t h e  d i f ference  between t h e  t o t a l  s u l f u r  and t h e  sulphate 
+ p y r i t i c  su l fu r  values ,  would then be erroneously high. 

As previously mentioned, t h e o r e t i c a l  organic s u l f u r  values were com- 
puted from both t h e  LAH and ASTM p y r i t i c  su l fu r  values. They were a l s o  deter-  
mined d i r e c t l y  by Eschka fus ion of t h e  residues from both t h e  LAH and ASTM 
p y r i t i c  su l fu r  determinations. With severa l  exceptions, t a b l e  1 shows t h a t  
d i r e c t l y  determined organic su l fu r  values were genera l ly  lower than t h e o r e t i c a l  
values f o r  both t h e  LAH and t h e  ASTM residues.  Some l o s s  of sample would not 
be su rpr i s ing  i n  t h e  f i l t r a t i o n ,  drying, and t r a n s f e r r a l  of t h e  res idue  t o  
Eschka su l fu r  crucibles .  The f i l t e r  cake could not be f i n e l y  ground without 
l o s s  of sample, and t h e  occurrence of l a r g e  p a r t i c l e s  may have prevented com- 
p l e t e  r eac t ion  of t h e  res idue .  

The values f o r  t o t a l  i ron  determined by X-ray fluorescence and ASTM 
acid-extractable i r o n  agree well  and show no s ign i f i can t  va r ia t ions  with par- 
t i c l e  s i z e  ( t a b l e  1). The v a r i a t i o n  i n  sample C-18068 probably r e f l e c t s  in-  
homogeneous s p l i t s  of t h e  o r i g i n a l  sample, The agreement of t o t a l  i ron  values 
from t h e  two methods means t h a t  a l l  t h e  i ron  i n  t h e  coals  has been accounted 
f o r  a s  hydrochloric acid-soluble and p y r i t i c  i r o n ,  Therefore, no p y r i t e  re-  
mains i n  t h e  coa l  res idue  a f t e r  t h e  p y r i t i c  s u l f u r  determination t o  i n t e r f e r e  
with t h e  determination of organic su l fu r .  

Although no s ign i f i can t  amounts of elemental su l fu r  a r e  thought t o  
occur i n  coal  ( ~ e e s  , 1966),  any t h a t  might be present  should be reduced t o  
s u l f i d e  by LAH and r e s u l t  i n  erroneously high p y r i t i c  s u l f u r  values.  To t e s t  
t h i s  supposit ion,  enough elemental s u l f u r  was added t o  a -400-mesh coal  sam- 
p l e  t h a t  had already been analyzed f o r  p y r i t i c  sul fur  (4.60 percent)  t o  y i e l d  
a f i n a l  concentrat ion of 0.50 percent elemental s u l f u r .  The LAH p y r i t i c  sul -  
f u r  value f o r  t h e  adul tera ted  sample was 5-17 percent ,  indica t ing t h a t  reduc- 
t i o n  of t h e  added elemental su l fu r  was complete within experimental e r r o r .  The 
n i t r i c  ac id  d iges t ion of t h e  coal  i n  t h e  ASTM procedure should not a f f e c t  e le-  
mental s u l f u r ,  Theref o r e ,  when s u l f a t e  su l fu r  and su l f ides  have been removed 
by hydrochloric ac id  d iges t ion ,  t h e  d i f ference  i n  t h e  p y r i t i c  s u l f u r  values 
determined by t h e  LA)]: and ASTM methods should give a quan t i t a t ive  measure of 
t h e  elemental su l fur  present .  This method could be used t o  determine elemen- 
t a l  su l fur  i n  coal  where quan t i t i e s  of elemental su l fu r  g rea te r  than t h e  ex- 
perimental e r r o r s  of t h e  procedure a r e  suspected, 

CONCLUSIONS 

When coal  i s  ground t o  a very f i n e  p a r t i c l e  s i z e ,  t h e  values f o r  
v a r i e t i e s  of s u l f u r  i n  t h e  coal  determined by t h e  LA. reduction method and by 
t h e  ASTM procedure agree well .  The two methods can be expected t o  produce 
comparable r e s u l t s  when cor rec t  experimental condit ions a r e  maintained. The 
ASTM method i s  t h e  more adaptable t o  t h e  rout ine  analys is  of l a r g e  numbers of 
coal  samples. However, t h e  LAH reduction method i s  use fu l  when s u l f i d e s  o ther  
than p y r i t e  a re  present  o r  when addi t ional  information i s  required.  

The agreement of t o t a l  i ron  values determined by X-ray fluorescence 
and by ASTM procedures indicates  t h a t  e s s e n t i a l l y  a l l  of t h e  p y r i t e  i s ,  in- 



deed, removed from t h e  coa l  samples by t h e  ASTM method, The values determined 
f o r  s u l f a t e  su l fu r  and p y r i t i c  s u l f u r  by e i t h e r  t h e  ASTM o r  LAH method must 
the re fo re  be reasonably accurate.  The su l fu r  remaining i n  t h e  residue must be 
e i t h e r  organic o r  elemental i n  nature.  

Because elemental s u l f u r  i s  a f fec ted  d i f f e r e n t l y  i n  t h e  LAH and 
ASTM methods, comparison of t h e  p y r i t i c  su l fu r  values determined could revea l  
t h e  presence of s i g n i f i c a n t  quan t i t i e s  of elemental su l fu r  when t h e  hydro- 
ch lo r ic  acid-soluble por t ion  has f i r s t  been removed. Comparison of t h e  py- 
r i t i c  su l fu r  values obtained by t h e  two d i f f e r e n t  methods a l s o  ind ica tes  t h a t  
no s ign i f i can t  amounts of elemental and nonpyri t ic  s u l f i d e  s u l f u r  were present  
i n  t h e  coals  s tudied.  The ca lcula ted  values f o r  organic s u l f u r  from e i t h e r  
method thus appear t o  be v a l i d .  

That t h e  experimental values found f o r  organic s u l f u r  a r e  lower than 
t h e  t h e o r e t i c a l  ( ca lcu la ted)  values i s  probably t h e  r e s u l t ,  i n  p a r t ,  of mech- 
an ica l  l o s s .  However, i n  both t h e  LAH and ASTM methods, small q u a n t i t i e s  of or- 
ganic s u l f u r  may be dissolved or  suspended i n  t h e  ref luxing l i q u i d  and l o s t .  
This l o s s  does not a f f e c t  t h e  p y r i t i c  su l fu r  values when t h e  analyses are  per- 
formed by t h e  methods previously described,  A f u r t h e r  study of t h i s  p o t e n t i a l  
l o s s  i s  being made a t  t h e  I l l i n o i s  S t a t e  Geological Survey. 
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APPENDIX 

Sumary of the ASTM Methods for Forms of Sulfur (D-2492) and Total 
Sulfur (0-271) in Coal (ASTM, part 19, 1972) . 

Sulfa te  sul fur  i s  determined by ref luxing a  coal  sample with d i l u t e  
( 2 : 3  ~ ~ 0 )  hydrochloric acid.  The su l f a t e  su l fu r  d issolves  i n  t h e  acid  and, 
a f t e r  ext ract ion,  i s  p rec ip i t a ted  with barium chlor ide  and weighed as  barium 
su l f a t e  . 

Pyr i t i c  su l fu r  i s  determined by ref luxing t h e  coal  sample with 
d i l u t e  n i t r i c  ac id .  Ferrous i r on  i s  converted t o  f e r r i c  i r on  and su l f ide  t o  
su l f a t e ,  both of which a r e  soluble i n  n i t r i c  acid.  Fer r i c  i r on  i s  then removed 
and t i t r a t e d  t o  provide a  measure of su l fu r .  This method i s  used rath- 
e r  than p rec ip i t a t ion  of t he  su l fu r  because the  extract ion dissolves su l f a t e  
su l fu r ,  p y r i t i c  su l fu r ,  and a  small amount of organic su l fu r .  If t h e  extrac- 
t i o n  i s  done on t he  residue from the  sul fa te-sul fur  ex t rac t ion ,  t h e  amount of 
i ron  found indicates  d i r e c t l y  t h e  quant i ty  of p y r i t i c  su l fu r  present .  However, 
if a whole coal  sample i s  used f o r  t h i s  determination, it i s  necessary t o  
t i t r a t e  t he  i ron  removed i n  the  sul fa te-sul fur  ext ract ion of another sample 
and subtract  it f r o m t h e  amount of i r on  determined by t h e  n i t r i c  ac id  extrac- 
t ion. 

Organic sulfur i s  calcula ted by determining t h e  t o t a l  su l fu r  by t h e  
Eschka method and subtracting t h e  sum of t he  s u l f a t e  su l fu r  and p y r i t i c  su l fu r  
values from the  t o t a l  sul fur  value. 

Total  su l fu r  i s  determined by heating i n  a  crucible  a  coal  sample 
combined with Eschka' s  Mixture ( M ~ O  + Na2c03) a t  8000 C .  The mixture i s  then 
leached with hot water t o  remove t h e  su l fu r .  The solut ion i s  made acid ,  ox- 
id ized,  and t h e  su l fu r  i s  p rec ip i t a ted  as  barium su l f a t e .  

The barium su l f a t e  i s  then recovered, d r ied ,  and weighed, and t h e  
t o t a l  su l fu r  i s  calcula ted from t h e  weight of barium su l f a t e ,  



ENVIRONMENTAL GEOLOGY NOTES SERIES 

(Exclusive o f  L a k e  M i c h i  gan B o t t o m  S t u d i e s )  

Controlled D r i l l i n g  Program i n  Northeastern I l l i n o i s .  1965. 
Data from Controlled D r i l l i n g  Program i n  Du Page County, I l l i n o i s .  1965. 
A c t i v i t i e s  i n  Environmental Geology i n  Northeastern I l l i n o i s .  1965. 
Geological and Geophysical I nves t i ga t i ons  f o r  a Ground-Water Supply a t  Macomb, I l l i n o i s .  1965. 
Problems i n  Providing Minerals f o r  an  Expanding Population.  1965. 
Data from Controlled D r i l l i n g  Program i n  Kane, Kendall, and De Kalb Counties, I l l i n o i s .  1965. 
Data from Controlled D r i l l i n g  Program i n  McHenry County, I l l i n o i s .  1965. 
An Appl ica t ion  of Geologic Information t o  Land Use i n  t he  Chicago Metropoli tan Region. 1966. 
Data from Controlled D r i l l i n g  Program i n  Lake County and the  Northern Pa r t  of Cook County, 

I l l i n o i s .  1966. 
Data from Controlled D r i l l i n g  Program i n  W i l l  and Southern Cook Counties, I l l i n o i s .  1966. 
Ground-Water Suppl ies  Along the  ~ n t e r g t a t e  Highway System i n  I l l i n o i s .  1966. 
E f f ec t s  of a Soap, a Detergent,  and a Water Sof tener  on the  P l a s t i c i t y  of Ear th  Mater ia ls .  1966. 
Geologic Factors  i n  Dam and Reservoir  Planning. 1966. 
Geologic Studies  a s  an  Aid t o  Ground-Water Management. 1967. 
Hydrogeology a t  She lbyv i l l e  , I l l inois -A Basis f o r  Water Resources Planning. 1967. 
Urban Expansion-An Opportunity and a Challenge t o  I n d u s t r i a l  Mineral Producers. 1967. 
Se l ec t i on  of Refuse Disposal  S i t e s  i n  Northeastern I l l i n o i s .  1967. 
Geological Inf'ormat ion  f o r  Managing the  Environment. 1967. 
Geology and Engineering Cha rac t e r i s t i c s  of Some Surface Mater ia ls  i n  McHenry County, 

I l l i n o i s .  1968. 
Disposal  of Wastes: S c i e n t i f i c  and Administrat ive Considerations.  1968. 
Mineralogy and Petrography of Carbonate Rocks Related t o  Control of Su l fu r  Dioxide i n  Flue 

Gases-A Preliminary Report. 19 68. 
Geologic Factors  i n  Community Development a t  Napervi l le ,  I l l i n o i s .  1968. 
E f f ec t s  of Waste E f f luen t s  on t he  P l a s t i c i t y  of Earth Mater ia ls .  1968. 
Notes on the  Earthquake of November 9, 1968, i n  Southern I l l i n o i s .  1968.. 
Preliminary Geological Evaluation of Dam and Reservoir  S i t e s  i n  McHenry County, I l l i n o i s .  1969. 
Hydrogeologic Data from Four Landf i l l s  i n  Northeastern I l l i n o i s .  1969. 
Evaluating San i t a ry  Landf i l l  S i t e s  i n  I l l i n o i s .  1969. 
Radiocarbon Dating a t  t h e  I l l i n o i s  S t a t e  Geological Survey. 1969. 
Coordinated Mapping of Geology and S o i l s  f o r  Land-Use Planning.  1969. 
Geologic Inves t i ga t i on  of the  S i t e  f o r  an Environmental Po l lu t i on  Study. 1970. 
Geology f o r  Planrring i n  De Kalb County, I l l i n o i s .  1970. 
Su l fu r  Reduction of I l l i n o i s  Coals-Washability Tes t s .  1970. 
Geology f o r  Planning a t  Crescent C i ty ,  I l l i n o i s .  1970. 
Petrographic and Mineralogical  Cha rac t e r i s t i c s  of Carbonate Rocks Related t o  So rp t ion  of 
Su l fu r  Oxides i n  Flue Gases. 1970. 

Power and the  Environment-A Po ten t i a l  C r i s i s  i n  Energy Supply. 1970. 
A Geologist  Views the  Environment. 1971. 
Mercury Content of I l l i n o i s  Coals. 1971. 
Summary of Findings on S o l i d  Waste Disposal  S i t e s  i n  Northeastern I l l i n o i s .  1971. 
Land-Use Problems i n  I l l i n o i s .  1971. 
Landslides Along the  I l l i n o i s  River Valley South and West of La S a l l e  and Peru,  I l l i n o i s .  1971. 
Environmental Q u a l i t y  Control and Minerals.  1971. 
Petrographic P rope r t i e s  of Carbonate Rocks Related t o  Thei r  Sorpt ion  of Su l fu r  Dioxide. 1971. 
Hydrogeologic Considerations i n  the  S i t i n g  and Design of Landf i l l s .  1972. 
Preliminary Geologic Inves t i ga t i ons  of Rock Tunnel S i t e s  f o r  Flood and Po l lu t i on  Control i n  

t he  Greater  Chicago Area. 1972. 
Data from Controlled D r i l l i n g  Program i n  Du Page, Kane, and Kendall Counties,  I l l i n o i s .  1972. 
Use of Carbonate Rocks f o r  Control of Su l fu r  Dioxide i n  Flue Gases. P a r t  1. Petrographic 

Cha rac t e r i s t i c s  and Physical  P rope r t i e s  of Marls, S h e l l s ,  and Thei r  Calcines.  1972. 
Trace Elements i n  Bottom Sediments from Upper Peoria Lake, Middle I l l i n o i s  River-A P i l o t  

P ro j ec t .  1972. 
Geology, S o i l s ,  and Hydrogeology of Volo Bog and Vic in i t y ,  Lake County, I l l i n o i s .  1972. 
Notes on t he  Earthquake of September 15, 1972, i n  Northern I l l i n o i s .  1972. 
Major, Minor, and Trace Elements i n  Sediments of Late  Ple is tocene  Lake Sa l ine  Compared wi th  

Those i n  Lake Michigan Sediments. 1973. 
Occurrence and D i s t r i bu t ion  of P o t e n t i a l l y  V o l a t i l e  Trace Elements i n  Coal: An In t e r im  
Report .  1973. 

Energy Supply Problems f o r  t he  1970s and Beyond. 1973. 
Sedimentology of a Beach Ridge Complex and i t s  S igni f icance  i n  Land-Use Planning. 1973. 
The U .S . Energy Dilemma: The Gap Between Today rs Requirements and Tomorrow 1 s P o t e n t i a l .  1973. 
Survey of I l l i n o i s  Crude Oi ls  f o r  Trace Concentrations of Mercury and Selenium. 1973. 

* Out of p r i n t .  




