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The frequency d i s t r i b u t i o n s  of ash and s u l f u r  percent-  
ages f o r  coa ls  of t h e  United S t a t e s  a r e  presented graphica l ly ,  
including coa ls  from t h e  various cozl producing count ies  and 
c o a l  beds of 30 states plus  Alaska. 
included, The range of ash and s u l f u r  p r c e n t a g e s  and t h e i r  
r e l a t i v e  frequency are s h m  by the  graphs. 

Coals of a l l  ranks a r e  

The percentages of p y r i t i c ,  organic and suLfate s u l f u r  
a r e  shown versus t o t a l  sulfur, f o r  c w l s  of Ohio and I l l i n o i s .  
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i 

of coals of t h e  United S t a t e s .  The coa l  reserves  of America a r e  so vast  and diver-  1 
s i f i e d  t h a t  t h e  s u b j e c t  can be presented i n  only a general  way i n  t h i s  short  paper. 
However, t h e  summarized-technical information which fol lows should provide a usefu l  
s t a t i s t i c a l  background f o r  t h e  s tudy  of  p a r t i c u l a r  phases o f  ash  and s u l f u r  i n  coa l .{  

l i c a t i o n s  of  t h e  United S t a t e s  Bureau of Mines, contain t h e  analyses  of t e n s  of 
thousands of samples of c o a l  which have been c o l l e c t e d  and analyzed by carefu l ly  
prescr ibed methods, 
t h e  mine, o r  drill-core samples, both of which represent  t h e  n a t u r a l  c o a l  as it l i e s  
i n  t h e  ground. 

This paper d iscusses  t h e  frequency d i s t r i b u t i o n  of ash and s u l f u r  contents  

4 

The publ ica t ions  of Federa l  and S t a t e  agencies, and p a r t i c u l a r l y  t h e  pub- 

. 
Yiny of t h e s e  were channel samples cu t  across  t h e  c o a l  bed i n  

However, a l a r g e  proport ion of t h e  analyses ,  p a r t i c u l a r l y  those published 
i n  r e c e n t  years ,  are of  samples taken at mine t i p p l e s  as t h e  c o a l  w a s  being loaded 
i n t o  r a i l r o a d  c a r s  o r  t r u c k s ,  o r  of de l ivered  coal .  These t i p p l e  o r  del ivered I 

samples represent  commercial shipnents  of c o a l  which i n  most cases  has  been sized, 2 

cleaned o r  otherwise prepared for  market. 
/ 

.Ash and Sul fur  of Typica l  U. S. Coals 

The number o f  publ ished c o a l  analyses  i s  so great t h a t  t h e  study of f r e -  
quency d i s t r i b u t i o n  w i l l  be g r e a t l y  f a c i l i t a t e d  by using a series of t y p i c a l  coa l  
analpes The most convenient re ference  i s  "Typical Analyses o f  Coals of the United ~ 

S t a t e s "  tl) published i n  1942 and r e p r i n t e d  i n  1954. I 

which were c a r e f u l l y  s e l e c t e d  t o  exemplify t h e  a n a l y s i s  of c o a l  mined and shipped i n  
each coal-producing county of t h e  United S ta tes ,  and where f e a s i b l e ,  coa l  from each 
bed i n  each county. 

This conta ins  737 analyses 

These ana lyses  were s e l e c t e d  t o  represent  t y p i c a l  commercial shipments at 
that  time, and some of t h e  c o a l  had been mechanically cleaned. 
s ize  was being prepared, t h e  average ana lys i s  of t h e  t o t a l  c o a l  shipped was computed 
from t h e  ana lys i s  of each s i z e  t h a t  was sampled. 
ana lyses  which are graphed i n  Figures  1 and 2. (The o r i g i n a l  reference, in about 25$ 
of t h e  cases, also shows t h e  range i n  a n a l y s i s  which could be expected i n  coals from 
a given county. ) 

and t h a t  90% of  t h e  ana lyses  f a l l  wi th in  t h e  limits of 2.5% t o  13% ash.  The s u l f u r  
content  peaks at 0.6$ but  i s  a very skewed curve, and only 57% o f  t h e  analyses f a l l  
w i t h i n  t h e  limits of 0.3 t o  1.4% s u l f u r .  

in Figures  1 and 2, it should be kept  i n  mind t h a t  these  analyses  include coals  of 
a l l  ranks , that is l i g n i t e s ,  subbituminous and bituminous coals ,  and an thrac i tes ,  
occur r ing  i n  3 states plus Masha. 

When more than one 

It is  these  t y p i c a l  composite 

It is seen t h a t  t h e  a s h  content  on t h e  "as-received'' b a s i s  peaks a t  g$ ash,  

In consider ing t h e  d i s t r i b u t i o n  and range of ash and s u l f u r  analyses shown 
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It m u s t  a l s o  be kept i n  mind t h a t  these  analyses  were publ ished i n  19.942, 
and were o r i g i n a l l y  assembled for use under t h e  Bituminous Coal Act or' 1937, so  they 
a r e  about twenty years o ld .  During thcz past  twenty years ,  t h e r e  has  been a four fo ld  
increase  i n  the  percentage of coa l  production t h a t  is  ciechanically lcaded end a sin- 
ilar increase i n  the  percentage t h a t  is n.?chanically cleaned. Also, t h e r e  have keen 
soroe changes i n  t h e  mines and c o a l  beds worked. Thus it night  be  supposed t h a t  the 
d a t a  shown i n  Figurzs 1 and 2 a r e  obsolete .  However, some of t h e s e  changes tend  t o  
compensate f o r  each o ther .  

Ash and Sulfur  i n  Federal  Coal Purchases - 1956 
No new study of t y p i c a l  c o a l s  of t h e  U. S. has been published i n  recent  

years ,  b u t  it w i l l  be i n t e r e s t i n g  t o  compare t h e  ana lyses  of  t i p p l e  and de l ivered  
samples of coa l  purchased by t h e  Federal  Governnent i n  a recent  year .  
recent  publ icat ion i n  t h i s  s e r i e s  contains  t h e  analyses  of sanples  co l lec ted  f o r  t h e  
f i s c a l  year  1956(2). 
states plus  Alaska. 
i n g  from la rge  lump t o  small s lack ,  r a t h e r  than t h e  t o t a l  c o a l  fron a mine, 
analyses  of screened s i z e s  from a given coa l  mine m y  vary s u b s t a n t i a l l y  f r o n  eech 
o ther .  ) 

Tne Eost 

This gives 1646 analyses  of c o a l s  o f  all ranks,  z i x d  i n  22 

(The 
A la rge  proport ion of t h e  samples represent  screened sizes racg- 

For most of t h e  government c o a l  purchases t h e  b idders  sFecify t h e  acalysis 
of t h e  c o a l  which they are of fer ing ,  snd the  a n a l y s i s  guaranteed by t h e  s u c c ~ s s f i l l  
b idder  becomes t h e  s tandard of  h i s  cont rac t .  The d e l i v e r i e s  are samFled and agalyzed 
t o  deternine whether t h e  c o a l  i s  of t h e  q u a l i t y  gaaranteed. 
purchased about 5 mi l l ion  tons  o f  coa l  i n  f i s c a l  year  1956, which was ussd c h i e f l y  
f o r  hea t ing  government bui ld ings  and i n s t a l l a t i o n s  . 
1s of t h e  t o t a l  c o a l  produced i n  t h e  United S t a t e s .  

me Federa l  Gcvermert  

Such purchzses represented sbout 

The anal'jses shown i n  Reference 2 and Figures  3 and 4 do include ccz1 
purchased by the  Tennessee Valley Authority, whose s tean  p lan ts  received li',58k,QOO 
tons  of coa l  during f i s c a l  1956. 

The ash and sulfur  contents  on t h e  dry b a s i s  of goverment  purchases o f  
various coa l  sizes i n  1956 are shown i n  Figures 3 and 4. 
i l a r i t y  I n  t h e  frequency d i s t r i b u t i o n  of ash and s u l f u r  o f  these  recent  sanples ~ r i t h  
the  e a r l i e r  analyses shown i n  Figure 1 and 2 (which represented t h e  conposi tes  o f  
c o a l  s i z e s  on an as-received b a s i s ) .  

Tcere is  a s t r i k i g g  s i n -  

The recent  analyses  peak a t  6.5 t o  9% ash, and 91s of t h e  analyses  f a l l  
wi th in  t h e  range of 1-1/2$ t o  13s ash.  
a t  O.@p, and has a very skewed curve, with 7@$ of t h e  analyses  f a l l i f i g  within the 
liffiits of 0.2$ t o  1.4% s u l f u r .  
but  a r e  q u i t e  similar on t h e  average t o  t h e  earlier analyses .  

As i n  t h e  e a r l i e r  analyses ,  t h e  s u l f u r  ~ z k s  

Thus t h e  recent  analyses  show s l i g h t l y  cleacei- coal ,  

It must be emphasized t h a t  none o f  t h e  foregoing graphs a r e  "weighted" v i t h  
respec t  t o  the  toncage of c o a l  represented.  
represent  anything from a s ingle  t ruck  delive-ry of 1 t o  5 tons,  t o  the  average o f  a 
year's rece ip ts  of a c e r t a i n  s i z e  coa l  f r o n  a c e r t a i n  mine, t o t a l l i n g  more than 
50,000 tons.  
largesx s p e c i f i c  i n d u s t r i a l  uses, namely e l e c t r i c  u t i l i t i e s  and coke p l a n t s .  

!Bus i n  Figures ?and 4, an ana lys i s  clay 

Furthermore, Figures 3 and 4 do not include c o a l  purchased for  t h e  t v o  

Figure 5 represents  an attempt t o  compile sulfur percentage frequencies  
weighted for  t h e  tonnage of t o t a l  bituminous coa l  produced i n  the  e a s t e r n  U. S.  
d a t a  were obtained by mult iplying t h e  tonnage o f  c o a l  oroduced i n  each bi tuninous-  
coal-pioducing county of t h e  eas te rn  h a l f  of t h e  U. S. i n  1953(3) by t h e  " typica l"  
s u l f u r  f o r  t h a t  county(1). 
r e s u l t s  may not be close t o  t h e  t r u e  f i g u r e s  i n  sone indiv idua l  cases .  

?he 

This method w i l l  give only a n  approximation and t h e  
However, wken 

.I' 
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a number of such r e s u l t s  are combined, a s  i n  Figure 5 )  the  f i g W e s  should be  indica-  
t i v e  i n  a genera l  way. I n  any case ,  t h e  writer does not know of aiq o ther  attempt 
t o  present  t h e  s u l f u r  conten ts  of such a l a r g e  p=oportion of U. S. c o a l  shipments, 

'I 

,, 
; . 

Figure 5 i n d i c a t e s  two peaks f o r  s u l f u r  content ,  wi th  one a t  about 0.8$ 
and t h e  other  at 1.3$ s u l f u r ,  
t h e  bituminous c o a l  shipped i n  t h e  e a s t e r n  h a l f  of  t h e  U. S. i n  1953 was i n  the  
range of O.5$ t o  1.4% s u l f u r  content .  
K. S. coals were used f o r  making Oven coke i n  t h e  United States and Canada, or  were 
exported overseas Eos t ly  for  m e t a l l u r g i c a l  uses.) Figure 5 a l s o  shows t h a t  substan- 
t i a l  tonnages were shipped of c o a l  i n  t h e  3-48 s u l f u r  range (e.g. , f o r  power genera- 
t i o n . )  

If t h e  es t imates  a r e  v a l i d ,  213 loi l l ion t o n s  o r  50% of I 
I 

( In t h a t  year ,  119 m i l l i o n  tons  Of good pur i ty  

The d a t a  i n  Figure 5 a r e  not c lose ly  comparable with Figures 2 and 4, s ince 
F igure  5 shows only b i tun inous  c o a l s  i n  t h e  e a s t e r n  h a l f  of t h e  Unfted S t a t e s  (be- 
ccuse t h e  d a t a  were conputed f o r  a special survey.) Excluded are a l l  l i g n i t e ,  sub- 
bituninous c o a l  and a n t h r a c i t e  wherever produced i n  t h e  U. s., and a l l  bituminous 
c o a l s  uined i n  t h e  western h a l f  of t h e  U. S. Such excluded coal ,  most of which was 
moderate t o  low i n  s u l f u r  content ,  amounted t o  65 m i l l i o n  tons,  o r  1% of t h e  t o t a l  
U. S. c o a l  produced i n  t h a t  y e a r .  No attempt has  been made t o  estimate weighted 
tonnages by ash content  f o r  1953 shipments. 

Ash ar,d Sul fur  i n  Pktallurgical Coals 

The fo l lowing  items are o f  i n t e r e s t  i n  connection with t h e  p u r i t y  of coals  
used for coke manufacture. 

S a i y s i s  of Cven Coke i n  t h e  U. S., 1943-45 and 1951-53(3J p* 226) 

Year - 
Blast-Furnace Coke* Foundry Coke 

$ Sulfur  $ Sulfur  

1943 . . . . . . . .  9.7 0 .8 8.1 0.6 . . . . . . . .  0.6 1944 10.2 0.8 8.3  
1945 . . . . . . . .  10.5 0.8 8.6 0.6 
1951 . . . . . . . .  3.9 0.9 8.7 0.6 
1952 . . . . . . . .  9.9 0.9 8.7 0.6 
195: . . . . . . . .  9.7 0.9 8.7 0.6 

"1943-45 ana lyses  include a l l  coke o ther  than  foundry, and are 
presuned t o  be mostly b las t - furnace  coke. 

then c o a l  i s  coked, t h e  average y i e l d  of coke plus  coke breeze is  about 

A l l  of t h e  ash  remains i n  t h e  coke and breeze, so t h a t  t h e  

The w r i t e r  has found by graphic  s t u d i e s  not presented here, t h a t  t h e  su l fur  per- 

Thus t h e  co21 mixtures coked i n  1953 probably averaged s l i g h t l y  over 0 . 8  and 

7%; of t h e  veight of  c o a l  i n  Vie case of blast-furnace coke, and somewhat higher i n  
The case of foundry coke. 
a s h  content  of cc31 used l o r  uaking coke i n  1953 evident ly  averaged s l i g h t l y  over 
77;. 
centege i n  oven coke i s  similar t o  but  usua l ly  s l i g h t l y  lower than t h a t  i n  t h e  coa l  
used. 
0.G s u l f u r  r e s p e c t i v e l y  f o r  t h e  two types of m e t a l l u r g i c a l  coke. 

of metal lurg 'c  1 coke, e i t h e r  as mined o r  a f t e r  benef ic ia t ion ,  t h e  U. S. Bureau Of 
In  a sei-ies or' r e p o r t s  i n v e s t i g a t i n g  U. S. c o a l s  s u i t a b l e  f o r  t h e  production 

Mines states t77 : 

"According t o  present-day s tandards f o r  meta l lurg ica l  coa l ,  man7 
b e l i e v e  t h a t ,  on t h e  d r y  basis, t h e  s u l f u r  content o f  t h e  coa l  should not 
exceed 1.25 percent  and t h e  ash  8 percent .  Coal with more than t h i s  amount 
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of sulflq has been used f o r  uaking x e t a l l u r g i c a i  coke, e s 9 e c i a l l j  when 
blended witin coa l  containing less sulfur. I n t h i s  s e r i e s  of repor t s ,  1.25 
?ercent  s u i f u r  i s  used as a gage t o  determine whether or not  a c o a l  can be 
used t o  produce netel l .urgica1 coke. " 

I n  any given i n d u s t r i a l  area, t h e  maxifim a s h  and sulfur percentages t h a t  
\ r i l l  be acce i tab le  i n  inetal l i l rgical  coals  w i l l  depend u?on t h e  p u r i t y  and de l ive-ed  
c o s t  of t k e  ova i iab le  cokiLng coals ,  t h e  kind of i r o n  ore  used, e t c .  

Suli'Lr Form i n  U. S. Coals 
. .  

Three forms of s u l f u r  a r e  recognized i n  coa l :  ( a )  sulfur coabined v i t h  
i r o n  (FeS2) a s  p y r i t e  or marcasi te  and known as p-yr i t ic  sulfur, ( b )  sulfcz cookiiied. 
with t h e  coa l  subs tame as organic  sulfur, and ( c )  smll q u m t i t i e s  of  suir"z',e sulfu 
i n  Liie form of calcium s u l f a t e  o r  i r o n  s u l f a t e .  Fres:iLy(gjned ur-oxidized c o a l  usu- 
a l l y  conteics  only a very small mount of sulfate sulfur . 

Figures 6 and 7 show f o r  Ohio and I l l i n o i s  coa ls ,  the d i s t r i b u t i o n  of 
organic ,  p y r i t i c  and s u l f a t e  sulfur percentages versus  t o t a l  sulfur. It ;rill ie 
seen that organic s u l f u r  mounts  t o  20 t o  5@ of t h e  t o t a l  i n  most coe ls  frcm these 
s ta- les , that  p y r i t i c  s u l f u r  rznges from k 0  t o  aC$ i n  most cases ,  and t h a t  the s G f e t e  
s u l f u r  is 2 very small p a r t  of t h e  t o t a l .  The writer has mde similar b ~ a ~ r s  w;lic:1 
a r e  c o t  presented here, of sulfur forms from c e r t a i n  o t h e r  s t a t e s  i r c l u d i n g  Iode ,  
Kentucky and Tennessee. I n  a l l  of t h e  cases s tudied,  t h e  sulfur in  coa ls  c c n t e i r -  
ing 0.55 sulfur or less was almost e n t i r e l y  organic ,  wi th  p y r i t i c  sulPr b e a i m i n g  
t o  snow up a t  about. 0.5 or  0.6% t o t a l  sulfur. . 

The w r i t e r  has prepared numerous o ther  graphs for  s p e c i s i  g m o s e s  Yhich 
show t h e  frequency d i s t r i b u t i o n  of var ious coa l  cons t i tuents  and ?iyfsiczi p c o e r  ties 
by rank of coa l ,  c o a l  bed, geographical  area, e t c .  However, no addl'iional gra;3hs 
w i l l  be presented here  s ince  readers  w i l l  usua l ly  be i n t e r e s t e d  i n  s p e c i a l  ceses 
which they can bes t  s e l e c t  and graph f o r  themselves. 

Tzncis i n  Ash and Sul fur  Contents 

Not much~systematic information has been published on broad t r e r d s  i n  the  
ash and sulfur contents of commercial coa l  shipments. Since there a r e  mre than 
8,000 
s i z e s  of coa l  d i f f e r i n g  i n  a s h  and sulfa- contents ,  t h e  c o l l e c t i o n  znd s t a t i s t i c c l  
treatment of  such i n f o m a t i o n  vould be very cos t ly ,  and probably not worth t h e  
e f f o r t .  

coa l  mines operat ip4 i n  27 states, and s ince  most of  t h e s e  d n e s  sh ip  severa l  

Leading coa l  producers i n t e n s i v e l y  s tudy the c h a r a c t e r i s t i c s  of t h e i r  
coa l  reserves ,  including washabi l i ty  by ava i lab le  methods, and they regular l j -  t e s t  

ava i lab le  t o  them and they  may analyze shipments or' coa l  received.  
much information on coa l  zsh and sulfur percentages i n  company f i l e s ,  which ap$ies 
t o  s p e c i f i c  cases .  , 

. t h e  q u a l i t y  of coa l  shipsed. Larse coal  users  s tudy  t h e  c h a r a c t e r i s t i c s  o f  coals  
Thus there i s  

The l a c t o r s  which w i l l  a f f e c t  ash  and sulfur s i e c i f i c a t i o n s  f o r  p e r t i c u l a r  
uses i n  the  fu ture ,  and t h e  fdture a v a i l z b i l i t y  of coals t o  met  such spec i f ica t ions ,  
a r e  much too complex f o r  d i scuss ion  here. 
out  f o r  each s p e c i f i c - c a s e ,  depending on t i e  technica l  and reg iona l  economic f a c t c r s  
That a r e  involved. 

Sound decis ions w i l l  have t o  be worked 
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The Ifnited S t a t e s  hes enornous coa l  reserves  -- n e a r l y  one t r i l l i o n  tons 
' 

of recoverable c o a l  according t o  t h e  la tes t  estimate of the  U. S.  Geological Survey., 
T h i s  is eo-uivalegt t o  ?.boat 1900 years  supply a t  the present  rzte of U. S .  coal  
consimgtion. These reserves  igclude huge t o m a g e s  of both low sulfur a d  hi& 
s u l f u r  coals ,  of lo:$ 2sh acd Ugh  ash  coa ls ,  of coMng and non-coking coa is  -- 
i n  f a c t ,  c o a l s  of  a i l  rad&. 

However, the many grades and ranks of c o a l  do not  a l l  OCCUT i n  the sane 
region,  end f r e i g h t  c o s t s  limit t h e  d i s t a n c e  t o  which a given coa l  w i l l  be  shipped. 
P u r i t y  s g e c i f i c z t i o n s  f o r  coa l  f o r  a p a r t i c u l z r  use are not  absolute  values ,  but  
ere ins tead  s t r o n g l y  inf luenced by the na ture  of t h e  coals  t h a t  are economicnll;: 
a v a i l a b l e  i n  the  a r e a ,  and the cur ren t  s t a t u s  of t h e  u s e r ' s  tec,hology. 

About 6% of t h e  bituminous c o a l  produced i n  t h e  U. S. is  mecha?zically 
cleaned, 2nd t h e  Dercentage i s  increas ing .  There is g r e a t  a c t i v i t y  i n  c o a l  preQara- 
ticjn reseerch 50th  i n  t h e  U. S. and many fore ign  count r ies .  The w r i t e r  i s  confident 
t h a t  i n  t h z  decades ahead, U. S .  coa l  reserves  w i l l  prove adequate i n  quant i ty  ar?d 
q u a l i t y  t o  meet the expected need fo r  increas ing  tonnages of s p e c i f i c a t i o n  coal .  
Ccrtinued technologica l  progress  in t h e  mining, prepara t ion  and use or' c o e l w i l l  
so lve  problem which my arise. 
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$ ASH - AS RECEIVED BASIS 

Fig. 1 - Ash Contents of Typical Coals of the United States,  
Including All Ranks. Analyses from R e f .  1 (1942) 

$ SUIFUR - AS RECEIVED BASIS 

Fig. 2 - Sulfur Contents of  Typical C o a l s  of  the United States,  
Including A l l  Ranks. Analyses from Ref. 1 (1942) 
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$ ASH - DRY BASIS 

Fig. 3 - Ash Contents of  Coals of A l l  Ranks Purchased for Federal 
Government Use - 1956. Analyses from Ref. 2 (1957) 

Fig. 4 - Sulfur Contents of Coals of A l l  Ranks Purchased for Federal 
Government Use - 1956. Analyses from Ref. 2 (1957) 
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$7 SULFUR - A s  RECEIVED BASIS 

Fig.  5 - Estimated Tonnage of Bituminous Coals of  Various Su l fu r  
Contents Produced i n  t h e  Eastern H a l f  of t h e  United 
S t a t e s  - 195). Data estimated from Refs. 1 and 3 
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$ TOTAL SUE?vR - AS -8ECEIVED BASIS 

F i g .  6 - suuur  F O ~  i n  OHIO Coab--wge i n  Organic, Pyritic ana sulfate 
Sulfur at  Various Total Sulfur Percentages. 
samples from 16 counties and 9 coal beds. 

Represents tipple 
Analyses from Ref. 4 
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$ TOTAL SULFUR - DRY BASIS 
Fig. 7 - Sulfur Forms i n  ILLINOIS Coals--Range i n  Organic, Pyritic and 

Sulfate S u l f u r  at Various Total  Sulfur Percentages. Represents 
face samples (some from inact ive mines) from 36 counties and a l l  
colrrmercially important beds. Analyses from Refs. 5 and 6 
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ABSTRACT 

Coal i s  a product of geological as well as biological agencies; a s  such, 
the ash forming ingredients i n  the coal have had a conplex history.  ?he origins 
of ash forming ingredients i n  the c o d  are t r a c e d  through the ens i re  cycle 
of coalification--from the l i v ing  plant,  through the  peat s t ags  d.urir.g bci--iel 
and compaction, and f i n a l l y  t o  the weathering stzge. 
placed upon minor eiements, not nornally concentrated i n  t h s  se132rable r ixerais ,  
but more l i k e l y  concentrated by l i v ing  plants,  and by chemiczi cdbl t?ayisxs  
with degradation products of coal f l o r a  i n  the peat stage.  Analyses of as+ 
Of o r ig ina l  peat, and of ash of peat ex t rac ts  such as h m i c  acids,  hunics: 
holocellulose, and alpha c e l l d o s e  yield s ign i f icant  data r e l a t ive  t o  the 
f u c t i o n  of degradative products as concentrating agents f o r  heavy traxsL;lor_ 
elements such as Co, N i ,  Cu, Zn, Nb, k, Sn, Au, Pb, and B i .  
detected i n  any plant ashes, nor i n  any peat ashes, i s  found i n  t h e  ash 05' 
humic acid ex t rac ts  from the same peats.  The zlkaline and alkaiioe eert:? 
elements a re  generally lower i n  the ash of coals and peats than i n  the ash 
of p lan ts  and the reasons f o r  t h i s  a re  discussed i n  the l i g k  of t h e  I l f e  
cycle of plants.  The low manganese content of plant degradative _:rcducts 
and of coal i s  compared t o  the  high i ron  content of coal and of  plant degrada- 
t i ve  products. 

Special  enshasis is 

Gema?im, r.0: 
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Not f o r  Publication 
Presented Before the Division of Gas and Fuel C h e n k r y  

American Chemical Society 
Chicago, I l l i n o i s ,  Meeting, Septeniber 7-12., 1958 

BIOCEMICAL AND GEOCHEMICAL ORIGINS OF ASH-FORNLNG II'GREDIETZPS IN COAL 

Maurice Deul 
Bituminous Coal Research, Im., Pittsburgh, Pa. 

I N T R O D ~ I O N  

Coal i s  a product of geological as tiell. as biological agencies, A l l  
too often the  geological aspect of coa l  i s  ignored.. 
g i s t s  and f u e l  chemists dealing with the whole coal as a substance consider 
ash-free o r  mineral matter-free coal as a s t a r t i n g  point f o r  processing o r  
f o r  calculation. This i s  a snare ard a delusion unless one always keeps i n  
mind the  f a c t  that mineral-matter free o r  ash-free coal i s  only a concept 
and is  idea l ly  approached on r a re  occasions only by carefu l  separation of 
se lec ted  v i t r a i n .  

In general  coaltechnolo- 

It is e n t i r e l y  improper and qui te  inaccurate t o  consider minerals deposited 
with Tlant materials i n  a coal swamp as adventitious matter. 
occurring body of water, from a droplet  on the  end of a s t a l a c t i t e  t o  an 
ocean basin, i s  a s u i t a b l e  environment f o r  mineral deposition. 
ence o f  coal is dependent upon a r a re  sequence of geologic events. 
contributing t o  the  transformation of l i v ing  plant material  i n t o  coal a l so  
e f fec ts  sone t r ans fe r  t o  what a r e  commonly termed mineral elements. 

Every naturally 

The very ex is t -  
Each stage 

This paper i s  concerned with the biochemical as w e l l  as the  geochemical 
or ig ins  of the  ash  fo*ming ingredients i n  coal, and is intended t o  serve as 
a guide t o  the appreciation of the m a n y  f ac tors  involved in adding and reuoving 
elements from an open system throughout the coa l i f ica t ion  cycle. 

Samples and Analysis:--Sixty-nine samples of ash of coal f l o ra ,  of peat, 
and of peat ex t rac ts  have been analyzed spectrograpbxically by the  seniquanti- 
t a t i v e  method of Waring and Annell. (1) 

Twenty of these samples were from the  herbarium o f  the Smithsonian 
Ins t i t u t ion  and an addi t iona l  p lan t  sample was collected from near th, * museum 
grounc?s in Washington, D.C .  
furnace before being analyzed spectrographically. 

These 5ampLes were ashed a t  600°C i n  a muffle 

Thirteen peat samples were from Rice Lake Bog near D u h t h  , Minnesota; 
these samples represented one-foot in te rva ls  of a 13-foot core. 
were ashed a t  800°C i n  a muffle furnace. 

These s w l e s  

Thirty-five samples af ash from seven composite peat samples from Rice 
Lake Bog, from ex t r ac t s  of humic acids,  humins, holocellulose, and alpha cellu- 
l o se  from each of these  peat samples were supplied by Professor M -  PzsseL- of 
the  University of Minnesota a t  Duluth. These samples were ashed a t  600°C in  
a muffle furnace. 
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General Considerations of Ash-Forming Ingredients:--Total mineral matter 
i n  coal i s  taken t o  be the summation of a l l  elements present which a re  not con- 
s t i t uen t s  of the coal substance--the organic matter i t s e l f ,  which consists 
of carbon, hydrogen, oxygen, nitrogen, and su l fur .  

There is a difference between "minerals" i n  coal and "mineral matter" i n  
coal. Minerals, 
i n  the geological sense, have d i s t i n c t  properties and can, i n  la rge  part ,  be 
physically separated from the organic coal substance, t he  l imi ta t ion  of separa- 
t i o n  being physical d i s t r ibu t ion .  Mineral matter i n  coa l  includes the minerals 
i n  coal, and, i n  addition, should include those chemically b o d  elements other 
than C,  H, 0, N, and S. Some of these elements, l i k e  fluorine and chlorine, are 
la rge ly  removed during conibustion o r  ashing. 
beryllium, make a large contribution t o  the t o t a l  ash content because of the 
oxygen combined w i t h  them. In contrast ,  some carbon may be present as carbonates 
ia minerals; cer ta in ly  hydrogen and oxygen are  present as water o r  hydroxide i n  
clays; additional oxygen is  present i n  the s i l i c a  and alunina and other oxiades 
i n  minerals; ni;trogen is  r a re  i n  minerals in  coal. Sulf?lr as  pyr i te  a d  as 
su l fa tes  usually exceeds organic sulfur.  

The d is t inc t ion  i s  an ac tua l  one and is  not only theore t ica l .  

Other elements l i k e  boron acd 

An ultimate analysis fo r  carbon, hydrogen, sulfur,  nitrogen, and oxyzea 
accurately represents the composition of the organic matter i n  coal cay when 
corrections a re  applied t o  account for those elements present i n  tn2 miir3rals 
i n  the coal. Unless a complete mineral analysis i s  made t o  determine the con- 
posit ion and the  amounts of minerals present i n  the coal, the corrections can 
only be made from formulas applied t o  the ash content of the coal. 
crudest of estimations the percent ash i s  equated t o  mineral matter. larr, 
among others, recognized t h i s  as  on ly  a gross approximation and made refine- 
ments by applying corrections based on the  su l fur  content o f  the coal and 
su l f a t e  i n  the ash together wi th  other factors.  

In the 

King, kries,  and Crossley (2) added fac tors  uh c were varied deaending 
upon experience w i t h  spec i f ic  Br i t i sh  coals. Millot has fur ther  rrcdified 
the King, Wries,  and Crossley formula t o  spec i f ica l ly  compensate f o r  a i n e r z l  
matter in carbonaceous shales associated with B r i t i s h  coals. These correctiocs 
have been given much a t ten t ion  by the fue l  s c i e n t i s t  ana fuei engineer concerned 
with the  inherent f u e l  value of coal as well a s  by the research chenist concerned 
w i t h  an accurate analysis of the reactive organic materials.  

A thorough investigation of the nature of ash-forming ingredients i n  coal 
must consider the  f a c t  t h a t  the  environment of deposition of plant debris--the 
coal swamp or peat bog--is i n  essence a medim in  which chemical reactions 8i-e 
occurring. 
substances are being added. Some of the materials added a re  r e l a t ive ly  i n e r t  
while others are highly reactive.  The reaction vessel is large--for a small 
peat bog, the order of acres i n  area, and f o r  a Carboniferous coal swamp, ?;ens 
of thousands of square miles. Not a l l  the reactions a re  proceeding sirnultane- 
ously, nor w i l l  a l l  of the reactions necessarily take place within a given limited 
a rea  i n  the coal swamp, but the summation of these reaccions should yield a 
p ic ture  which can be log ica l ly  interpreted.  

Materials are being dissolved and removed from the system; otner 

Thus the possible or ig ins  of ash-forming ingredients i n  coal are:  

A .  From elements or ig ina l ly  present i n  coal forming p lan ts  and not 
l o s t  during degradation and coal i f ica t ion .  
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B. From elements combined with organic matter during the  peat stage. 

C. From elements combined with organic matter during compaction and 
b u r i e l -  

D. From elements conbinea with orgaric matter during weathering a.nd 
oxidation. 

E. Prom f i n e l y  divided minerals deposited i n  the coal swamp. 

F. From minerals formed i n  the  coal &uring the 2eat stage and during 
subsequent geoiogic h is tory ,  

The products o f  these s i x  sources of ash-forming ingredients can be related 
t o  t e r y , + y m o d y  used by coa l  tecbnologists. It has previously been suggested 
by  Deul that the ash-forming ingredients consist  of u~~chan ica l ly  separable 
minerals , inseparable minerals arid non-volatile elements organically combined, 
coaplexed, or base-exchanged. 
terms l i ke  "inherent ash" o r  "fixed ash",which t o  many persons implies t ha t  
t he  ash is t h a t  derived from the  or ig ina l  plant substance. 

The use of such terns is  b e t t e r  than ilse of 

Separable ash and inseparable ash are te ras  essent ia l ly  incorrect.  One 
does not separate ash from -mburned coal--one only can separate ash-forming 
ingredients. 
appropriate corrections i n  a n  ultimate analysis w i l l  r ead i ly  mderstand the 
inherent inaccuracy i n  using such a concept. 

Anyone who haE vorked with high-ash coals and attempted t o  make 

All ash-forming in.gredients are not necessarily minerals --a cer ta in  per- 
cencage of them are bound with the organic matter as  compounds o r  as  complexes. 
The r e s t  of t h i s  paper i s  a genetic treatment of the or ig in  of ash-forming 
ingredients i n  coal. 

EUMENTS IN PURE3 

Before discussing the  kinds of mineral matter tha t  a re  deposited i n  a 
coa l  swamp o r  i n  a pea t  bog, it i s  necessary t o  consider the  nature o f  %he 
so-called inorganic elements t ha t  were present i n  the l i v ing  plants t ha t  died, 
were i n  pa r t  degraded, an& later buried mder  sediments and preserved as coal. 
The very p l a r t s  t h a t  a r e  now coal cannot 3e studied but same of the  Carboni- 
Terous plants and almost a l l  of  the Ter t ia ry  plants have i i v ing  re la t ives .  
Even though these younger re la t ives  may d i f f e r  i n  s ize  and i n  range of occurrence, 
they s t i l l  provide a l iv ing  l i n k  with the pas t  i n  t ha t  t h e i r  l i f e  processes 
and t h e i r  nu t r i t i ve  demands are s i a i l a r  t o  those of t h e i r  anceszors, 

Certain elements a r e  known t o  be e s sen t i a l  t o  l i f e  processes. Although 
au thor i t ies  d i f f e r  i n  minute d e t a i l s  there is  a remark b e concurrence of opinion, 

p lan t  nu t r i t ion  and s o i l  f e r t i l i t y  l i s t s  16 elements considered necessary f 
the growth o reen p lan ts .  These a re  iden t i ca l  t o  those l i s t e d  by Miller yg) e 

GoldSchmidt f77 l i s t s  t h e  b iophi i  elemerrts and, though not d i f fe ren t ia t ing  5e-  
tween plant and animal l i f e ,  he includes a l l  16 elements Eentioned by Dean and 
by Miller. 
addition t o  C, H, 0, N, and S. 
included i n  this l i s t  as growth-promoting o r  otherwise benef ic ia l  elements, but 
tb-ey are not uo2Jersaily benef ic ia l  O r  e l s e  they have such a complex nietabolic 

especially insofar  as t h e  p lan ts  a re  concerned, Oean P5t i n  a discussion of 

These elements a re  P, K, Ca, I@, Fe, Cu, C1, Mn, Zn, S and Mo, i n  
A )Tide var ie ty  of other elements c o d d  have been 
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function t h a t  much doubt ex i s t s  as t o  the  va l id i ty  of including them as essent ia l  
elements. However, t h i s  doubt i n  no way prevents consideration of the function 
of some plants as concentrators of cer ta in  elements, i r respec t ive  of the nut r i -  
t i o n a l  need fo r  the  elements so concentrated. Sodium, iodine, and cobalt are 
known to be present i n  most green plants,  these are es t ial  t o  animals but 
have not been proven e s sen t i a l  t o  green plants.  Dean BfS recognizes that  a l -  
though s i l i con  and aluminum occur almost universally i n  p lan ts  they perform 
no recognized function. 

Unlike many animals plants have l i t t l e  s e l e c t i v i t y  of p lan t  nu t r ien ts .  
I f  p lan ts  become rooted i n  a toxic  e n v l r o m n t  the  plant continues t o  accumu- 
l a t e  the toxic element alon i t h  the nut r ien t  elements and a s  a r e su l t  the  
organism may perish.  Dean b y  s t a t e s  that: 

"The r a t e  of nu t r ien t  accumulation i s  not independent of the 
concentration i n  the  ;oil solution, and (except f.or instances of high 
concentrations) this r a t e  of absorption i s  proportional t o  the  
concentra'tion of a spec i f ic  ion species. Ion accumulation or absorp- 
t i on  thus i s  regulated by both external and in t e rna l  f ac to r s . "  

and that: 

"In the case of boron ( t o  a l e s s e r  degree the  other 
microconstituents ) i f  the  
quantit ies a re  absorbed by plants and growth is  res t r ic ted ."  

o i l  contains excessive amounts, tox ic  

For this investigation, the  ash of 2 1  samples o f  coal f l o r a  have been 
analyzed spectrographically and examined i n  an attempt t o  de temine  the range 
of concentrations f o r  the  inorganic elements. 
a re  typ ica l  of Carboniferous coal p lan ts  and among these 16 sdecizens eight 
genera a re  represented. The Ter t ia ry  f l o r a  represented f i v e  soecil;lens repre- 
s t a t i n g  f ive  d i f f e ren t  genera. 
of such plants known t o  have been analyzed; and, though there  Kay be some 
questions as t o  the  se lec t ion  of materials, the data are by f a r  bet-cer T h a n  
the available analyses of cereal plants and ce r t a in  crop p lan ts .  Use of herbar- 
ium samples has considerable merit i n  t h a t  they a re  p lan ts  selected by botanists 
as representative specimens, and which presumably show no abnormalities. There 
are many analyses of the ash o f  wood used f o r  lumber, but there  a re  invariably 
of low ash heartwood and include none of the bark, stems a d  leaves.  

Sixteen of t he  twenkf-one plarits. 

These 2 1  samples a re  the l a rges t  collection 

The semiquantitative spectrographic analyses of ashes of the  21 p lan ts  
detected 32 elements. Seventeen of these elements were detected i n  every 
plant ash 23 were found i n  more than ha l f ,  and only niue were detected i n  
l e s s  than half of the plant ashes. 
tvo plant ashes showed 29 of the 32 elements detected. 
elements C, H, 0, N, S,  and C 1 ,  which are not detectable by the specxrographic 
technique used, and Zn which was below the l imi t  of detection i n  a l l  the p lan t  
ashes, then 39 elements in a l l  m u s t  be present among these p lan t  ashes. 
minimum of from 26 t o  36 elements i s  present in each of these p lan ts .  

No p lan t  ash showed fewer than 19 elenents; 
If we add t o  these 

A 

The data from the analyses a re  tabulated i n  Figure 1 as  a frequency 
d is t r ibu t ion  of the elements within the  concentration ranges detected. 
Because of some uncertainity i n  the exact percentage present , the  ranges are 
separated by broken l ines ,  indicating t h a t  elements may be present i n  higher 
o r  lower concentrations. Furthermore, elements not detected i n  cer ta in  samples 
are not assumed t o  be present in  the next lower range, nor a re  they presumed 



t o  be totally absent, hence, the tapered boundary Bointing'downward. 
doubt l i t h i u m  is  present i n  a l l  the plant ashes, b u t  the re la t ive  inseni t iv i ty  
of t h i s  pa r t i cu la r  ana ly t i ca l  method t o  lithim explains why it w a s  not founti 
i r  four sanples. 
neodymium w a s  not detectea--probebly not because of iSs lower concentration 
but r a the r  because i ts  spec t ra l  s e n s i t i v i t y  i s ' o n l y  one-tenth that of 
lanthanum a d  neoaymium. 
spec t r a l  detection, l i k e  s i l ve r ,  that i t s  absence i n  20 p1m.t ashes i f i  indeect 
a goad k a i c a t i o n  t'et it is present i n  concentratioas fzr below one paFt per 
milLion i n  the  ash. 

NO 

Cerim, which i s  much more abundaiit that  lanthnurn and 

On the other hand, beryllium is so sensit ive t o  

'Variation i n  t h e  ash contents i s  l a rge ,  from as lob1 as 2.9 percent t o  
Within e single genus a high of 59 percent of dry  weight--a fac tor  of 20. 

t h e  ash  content does not appear t o  vary by more than a f ac to r  or two. 
f e w  samples were studied t o  permit more than t n e  grossest generzlizations b ~ t  
it does appear t h a t  t h e  ash content of various species of a single genus coi- 
l e c t e d  from the  same l o c a l i t y  may show variations as grea t  as specimens of the 
same genus co l lec ted  from di f fe ren t  l oca l i t i e s .  The ash content of ind.ividua1 
specimens is  of no great significance when taken alone, but when compared t o  
t h a t . o f  a group of Giant ashes some.sensible pa t te rn  i s  discernable. 

Too 

Median concentrations of the  elements estimated by inspection of the data 
i n  Figure 1 are  com2ared i n  F i g m  2 t o  the abundance of elements i n  the ea r th ' s  
c rus t  (8). Generalizations can be made which, i f  they have no other purpose, 
demnst ra te  the wide range of elemental concentrations exhibited by tyTical coal 
f l o r a  as shown i n  Figure 1. I n  some instances these concentrations may vary 
5 y  8 fac tor  grea te r  than 1000 as for aluminum and titanium, and by a factor 
of greater than seve ra l  hundred f o r  manganese, lead, a i d  zirconium, and by 
f ac to r s  of from 50 t o  100 f o r  many other elements. Even where the median 
concentration, i n  p l an t  ash i s  below that of the . c rus t a l  abundance, the  pexen t -  
age of t ha t  element i n  one o r  more of the  21 p lan t  ashes exceed the c rus ta l  
average f o r  the elements t i tanium , aluminum, and vanadium. 
which are notably enrichea i n  plant ashes, each of the 21 specimens shows con- 
centrations which exceed the  c rus t a l  abundance; these are A@;, F, Sr, B, Cu, 
Be and Pb. These da t a  indicate t h a t  a var ia t ion  by a fac tor  of ten, contram 
t o  the  opinion of Horton and Aubrey (91, may w e l l  be expected fro= similar 
p lan ts  collected a t  the same si te.  

For other elements, 

ELZMEWS IN PFAT 

Knowing that elements both e s sen t i a l  and nonessential t o  plant nutri t ion 
may be present i n  t h e  ash of plznts i o  varying concentration the next logical 
s t ep  i s  t o  determine the  range of  elemental concentrations i n  peat ash of these 
and other elements not detected i n  the p lan t  ash.  

~yy j t rog raph ic  analyses of peat have been made by Mitchell(1o) and by 
S a M  
genetic sequence as is presented in  this paper. 

but there is  no treatment of analyses i n  the l i t e r a t u r e  t o  shov a 

The analyses of the  ash  of 13 one-foot samples of the peat a re  given i n  
Figure 3. The differences i n  the conposition of the peat ash are great,  not 
on ly  from consideration of the percentage of elemems present, b u t  from the 
r e l a t ive ly  n a r r o ~  range of concertration f o r  some of the  eieuents. For ease 
i n  comparing the range of concentration of elements i n  ash o f  peat t o  ash of 
coa l  f lora  as shown i n  Figure 1 the peat ash ~ a l y s e s  a re  presented in the 
same order I n  a frequency diszribution diagrau in Figu-e 3 .  
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T h e  a l k a l i  and a lka l ine  earth elements K, Ca, M g ,  Na, L i ,  Ba and Sr ,  which 
a re  concentrated i n  p lan t  ashes, are notably depleted i n  peat ashes. 
elements are r e l a t ive ly  soluble and are  almost immediately l o s t  f rom plant 
f l u ids  during the e a r l y  peat stage. 

These 

Manganese and iron, both e s sen t i a l  t o  plant l i f e ,  show s t r ik ing  differences 
i n  geochemical behavior. 
i ron  is  grea t ly  enriched i n  peat w h i l e  manganese i s  depleted. 
conditions prevelant i n  a peat swamp manganese i s  renoved while i ron  is fixed 
a s  sulfides.  

Compared t o  t h e i r  r e l a t ive  concentraticm i n  plant ashes, 
Under the  reducing 

of 
ed 

Zinc, another e s sen t i a l  element, present i n  p lan t  ashes well  below the limit 
Reclaim- detection by this ana ly t ica l  me hod, i s  highly concentrated i n  peat.  

peat so i l s  i n  New York state(=Jhave been found t o  contain concentration of 

Zinc i n  solution i n  
zinc tha t  are toxic f o r  some crops. Probably zinc is l o s t  from plan t  f lu ids  in 
the ear ly  degradative stages and i s  fixed by hunic acids.  
ground and surface waters would a l so  be f ixed  i n  the  peat i n  thz  same vdnner. 

ELEMENTS PRESENT I N  ASHES OF HUMTC ACID EXTRACTS FROM FEAT 

The elements Fe, Cu, Mc, Za, Pb, C r ,  N i ,  Co, and Sn are m r e  higbly con- 

The analyses of the ash of huuic acid ex t rac ts  a r e  sho:m 
centrated i n  the humic acid f r ac t ion  separated from peat than i n  the peat o r  
any other fraction. 
i n  Figure 4. 

Niobium, bismuth, germanium and gold are found i n  the  ash of humic acia  

Tannic acid,  a p1m-t 
f rac t ions .  These elements were not detected i n  plant ashes, i n  the whole ?eat 
ash  nor i n  any other f r ac t ion  separated from t h e  peat. 
ex t rac t  closely re la ted  t o  and probably included am% these h m i c  acids,  hzs 
long been used t o  prec ip i ta te  heavy metals i n  quantitative analysis.  ?ijFobim 
spec i f ica l ly  i s  subject t o  prec ip i ta t ion  by tannic acid, and, i f  found at  a i l  
i n  an organic environment it i s  not unexpected t h a t  it be i n  the h a c  acid 
fraction. 

Of perhaps more in t e re s t  is  the occurrence of g e r m a i m  i n  the  h l i c  acid 
fraction. 
dusts as possible commercial sources of germanium, but t o  t h i s  time no large 
readi ly  concentrated sources have been found. 
manium c a n  be concentrated i n  coal from solution so long as the hunic acids have 
not been condensed o r  polymerized t o  the leve l  t h a t  they are no longer reactive.  

The electronic age has stimulated investigation of coal and f 3 e  

It seems most l i k e l y  t h a t  ger- 

The geological environment of peat deposits is not t o  be igcored. The 
da ta  i n  Figures 3 and 4 are not typ ica l  for boron. 
p lan ts  with respect t o  the  c rus t a l  abundance. 
lying these Duluth peats are probably def ic ien t  i n  boron--hence, the  plants v'hich 
formed this par t icu lar  peat were a l so  boron def ic ien t .  
Minnesota w i l l  not support good crop growth unless 50 pounds of borex per acre 
i s  added t o  the s o i l .  

Boron is highly enriched i o  
But the highly mafic rocks under- 

Reclaiced peat so i l s  i n  

ELEMENTS I N  MTNERALS FOUND I N  COAL 

The contribution of d e t r i t a l  minerals t o  the t race  element assemblage in 
the  ash of whole coal i s  d i f f i c u l t  t o  evaluate. 
l i k e l y  the l i thophi le  elements--Si, A l ,  Fe, T i ,  Mg, K, N a ,  K?, Ba ,  Sr and Z r .  
These elements are a l so  present i n  la rge  percentages i n  plant ash and i n  peat 
ash. As f z r  as  known no unweazhered American coals have been fractionated t o  

The elercents added are DOSG 
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separate and concentrate minersls with subseqzent analysis of the  nineral  con- 
centrate and t h e  organic concentrate and then compared with the  or ig ina l  coal 
t o  determine a mass balance. However, i f  such a mineral separation from coal 
were made and the r e l a t ive  concentrr-tion of the li-thophile eleaents i n  the 
mirerals compared t o  the  coal substance, a b e t t e r  appreciation coula be had of 
t h e  importance of d e t r i t a l  minerals t o  the  elemental d i s t r ibu t ion  of ash of 
vhoie coal. 

P y r i t e ,  i ron  d i su l f ide ,  i s  an important contri'outor of  i ron  t o  coal ash. 
Some weathered l i g n i t e s  w i t h  l i t t l e  o r  no p y r i t e  present, show high ccncentretion 
of "organic" iron--probably i ron  held in  codoination with rea.ctive humic material 

Sodium chlorirle, o r  ha l i t e ,  is now recognized t o  be a not uncommon mineral 
i n  coals,  e spec ia l ly  i n  some English and American deposits. 
some in  which marine f o s s i l s  a r e  occasionally found, probably owe some of  t h e i r  
sodiun chloride content t o  catastrophic marine invasions, but not a11 the sodim 
chloride w a s  necessar i ly  derived f r o m  ocean water. 

Coals, including 

ELEI@NTS COMBTIED WITH ORGANIC MTTER DURING IEATHERING ADD OXIDATION 

Cozl beds near t h e  surface a r e  subject t o  oxidation and weathering, es- 
Alteration of pyr i te  i s  a f i r s t  indication of 

Near surface coals a r e  rarely f r ee  of gypsum formed by interaction 
pec ia l ly  i n  f rac tured  strata. 
t h i s .  
of calcium ions in  ground water with su l f a t e  ions derived from oxidized sulfide. 
Oxides of i ron  will s t a i n  coa l  o r  may combine w i t h  su l fa tes  t o  fo-m jasosite,  
a yellow potassium i ron  su l f a t e  o r  other su l fa tes .  A simple calculation w i l l  
show- why the a sh  content r i s e s  i n  weathered coal. 

Percolating surface and ground waters may carry elements i n  solution 
which w i l l  r e a c t  w i t h  the coal c %stance t o  form unusual deposits of some trace 
elements. Recent s t u d i e s ( l 3 ~  lrtY have shown t h a t  uranium and molybdenum are  
combined with organic matter i n  low rank coals atiring weathering and tha t  i r o n  
ana germanium may be added t o  coals during t h i s  stage as well. 

1 

4 

Too few da ta  are a t  hand fo r  elements other than uranium but it is a o s t  
l i k e l y  that chemical r eac t iv i ty  of coal compollents is  ah important factor in 
contrpll ing the  amount of an elemsnt t h a t  can be held by coal. 
Gray t15r have shown that uranium i n  Dakota l i gn i t e s  is concentrated i n  those 
zones which a r e  highest  i n  translucent humic degradation matter--a highly re- 
active component. 

Schopf and 
, 

Unless t h e  geological and geochemical h i s tory  o f  a coal  i s  well  known the 
elements combined w i t h  organic m t t e r  during the weathering stage w i l l  'oe diffi- 
cul t  t o  de tec t  because the changes awing  t h i s  stage may well be masked by r e -  
actions tha t  proceeded i n  a11 previous stages. This f a c t  notvithstanding, the 
addition of ash-forming elements during weathering and oxidation is always pos- 
sible i n  near surface or fractured coals. 
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SUMMARY 

The origins of ash-forming ingredients i n  coal have been traced from 
the  l i v ing  p lan t  through t o  the  weathering and oxidation of cos l .  
r i ch  in  plant ashes and leached during degradation a re  K, Ca, Mg, N a ,  L i ,  Ba, 
alld Sr. Elements concentrated i n  peat and derived i n  la rge  p a r t  from origirial  
Plants a r e  zinc and boron. Manganese is l o s t  from plan ts  and r a re ly  enriched 
i n  coal. The humic acids extracted from peat a re  enriched i n  Fe, Cu, Mo, Pb, 
C r ,  N i ,  Co, Sn and Zn. The elements Nb, B i ,  Ge, and Au were not detected i n  
p lan t  ashes and i n  pea-c ashes but are found i n  the ash of humic acid f rac t ions .  
Uranium, molyhtenum, and perhaps i ron  and germanium are  combined with organic 
macter i n  coal during weathering. 

Elements, 

Minerals a8.ded t o  coal i n  the peat stage are the common sedinentary 
Pyr i te  is formed i n  the peat bog and during diagenesis. d e t r i t a l  clays. During 

weathering, py r i t e  oxidation foras abundant su l f a t e s  with a concomitant increase 
i n  ash content. 
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Fig. la -- Concentk t ion  of  elements i n  ash  of 2 1  coa l  flora shown 
as a frequency d i s t r i b u t i o n  within percentage ranges. 

Cr Zr V r 
Fig. lb -- Concentration of elements in ash of 21 coal  f l o r a  shown 

as 8 frequency d i s t r i b u t i o n  within percentage ranges. 
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Crustal Abundance 
$ or PPm 
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Figure 2. Crustal Abundance and Median Concentration o f  Some Elements 
Detected i n  Ash of Coal Flora and Relative Emichment o r  
Depletion of Elements Detected Compared t o  Crustal Abundance 



Fig. )a -- Concentration of elements i n  ash of 13 peat samples 
shown as a frequency d i s tr ibut ion  v i t h i n  percentage ranges. 

I 1 1 3  I 

1 / 1 3  

I 

Fig. 3b -- Concentration of elements in ash of 13 peat saatpies 
shown BB a frequency d ie tr ibut ion  v i t h l n  percentage ranges. 
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Fig. ka -- Concentration of elements in- ash of humic ac id  extracts from 7 
peat samples ahom as a frequency d i s tr ibut ion  v i t h i n  percentage rangel 

t-!. 0001 

F i g .  4b -- Concentration o f  elements In ash of humic a c i d  ex trac t s  from 7 
peat samples s h o w  as a frequency d1str ib~:~Ion withiu percentage ranges. 



-183- 

Abstract 

,The mmer o f  dispersion of p p 5 t e s  pa r t i c l e s  il p l + e r i z e d  coal, and 
t h e i r  separabili ty from L i e  carboiaeous Fatter vas s t d e d .  

The pyrites content uzs dete--rinined i n  forty-one pulverized cca l  sacples, 
and LT the heavy fractions of these sayples obtair-ad i n  a der?sity separation i n  a 
liquid medim. f i m  of these samplas weL? segregated in to  sieving frzctions. 
Thesn f r x t i o n s  vere also subjected t o  ppi+&es determinations an2 dexsity sz2ara- 
tioils. 

Kore than one half o f  this group of  sa i les  ras chosen froan a r . 0 ~  Lgh- 
sulfur-content coals. 

Vdws f o r  Yac renoval i n  the h e a v  f rac t ion  of pyrites, ash an! COD- 

bwt ib l e  Ratter, are tabulated. 
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Tie fluid &&we used vas chosen because shm? sepa-&ions uerz  more 
readi ly  obtzin2Sle i n  it Liul i n  o t i e r  n5.xtui-s~ tbat ?rere t r ied .  

The separations wert: trade ~ j t n  saqjles 02 5 g a s  of pulyreriaed coal, ir 
p y r s  funnels i..A a generrting 

X t e r  intrcfiucing tha  p m i e r  llito "sire f m e l ,  251) TJ o f  den- 

XiL̂ fer o m  Lo-XI- t 5 e  csntects Bere c z r e f d l ~  sh,ken i n  s w h  a 

i z t e r  

$l? d StOFpred c015 .c~  sepaa t ing  funnels. 
mgle of nsarly 1 7 O .  

sity fl-uid were acided, t he  funnel s t o p p r e d  ulS  ell ehden, arid Tinally c l a q e d  I n  
a v e r t i c a l  ws i i i oc .  
manner t ka t  tiie q,per pa r t  o f  t t e  'i.ssSel vould be  :.jell vetted, the- floztLTg i'rzction 
thoroughly disturbed, but t ? e  hezw frzction left essent izUy L ? S ~ - C O & . ,  
cne T P X ~  koa-,  t h i s  procedure era rspe&%a; t i e  fume1  :?zs then lleft a t a u k e c !  w-til 
2 c 1 s a  separation had c o m  &wt. ~e&er?t xera &am 
o f f  iit the  b t t o n  md f i l t e r ed ;  the weight or" the se&?@t ?:zs o b t a s d  a f t e r  dry+- 
t o  constant wei&t a t  lCC°C. The floaC, f rac t ions  were sLni12r17 recl&ed qaqtita- 
t ively.  

F p i t e s  deteminations were n?&e =cording to  -a mo&fLcation6), of 2 meMod 
describer! by Eotth). 2 i i t e s  
and as2 > e r e  dete-ed i n  W l e s  before a density separztion ha3 been rade, and ir? 
the f l o a t  f rac t ion  a f t e r  such a separation. The p i t e s  content ad ash conte2t of 
tine sink frzctions couLri then be calculated. (Eecover;. of the sir& frzctions from 
the f i l t e r  paper f o r  d i r ec t  determination of these quuztities, troulrl have been un- 
satisf ac toq  because of tie small mounts invclvea.) 

?:?E firs-t ;O FCL of f luid 
-6 

A s h  7:s de te rzzed  'q the aethod of GTN 3 271-1;S31. 

I n  tiie tabulation o f  data, "sink bss"  r e p e s e n t s  the percentage of t k e  
dry powdered coa l  t h a t  .sirks i n  t he  density fluid. V y r i t e s  rer+avall', l'ash remval" 

~ "conbustible bss" express t b z  pelcentages of tAe or ig ina l  ;=;rites, ash ulc coz- 
bustible coRtents respectit-ely, t h a t  are fcund i n  the h e a v  frEcticn of the dens i t7  
separation. ' 

ijescription of Sanples 

Sarples f r o m  a nmber of different lanes vere used.  the:^ ~ 2 y  be a.rzng;Ed. 
iq two group. The first group, t abuk ted  belori, c o n s i s 2  of 3 i t r 5 n o z s  c o a s  frm 
Pemqrlvznia and \Jest Tiredz.  If m r e  than one s w l e  fro% J. Fins ::as '~eci ,  t h i s  
i s  hdicatcci by the nm-ber follok<ng the raxe of tne dne. 

'T22I.5 I 

First Grou? o f  Coal %mples ?xamiE& 

Fc. Mame o f  Fine Sta t e  of Srigin General Classific t t i o o  

1 
2 
3 
h 
5 
6 
7 
8 
9 

;u: 
11 
12 
u 
I&-16 

?le st  C i r g i n i  a 
Pennsylvarria 
viest V i r g i ~ i 2  
%lest Virginia 
:;e st V-irgiir?i a 
Penn,ylvar;ia 
iiest ' J i r k i n i a  
Xes t Virginia 
iiest VirgLm a 
west VirL5nia 
Pennsylvaea 
Pennsylvania 
Pennsylvmia 

_ _  

- 

Fa i rwn t  
District Ho. 1 

Faim,cnt 
Faimont 
Dis%rict >To. 1 
F a i m n t  
Fa imsnt  
Faimont 
r 'airront I 

&strict ?io. 1 
i b t r i - c t  No. 1 
Dis t r i c t  Fo. 1 
RU of 1.iiI.l 

F&?37QI?.t 



m e  samples of this group were all ,ground i n  the sane comerc ia l  m i l l .  It 
i s  pmbabbly ~ - p s s i b l e  t o  ob ta in  priders w i t h  tLe saxe pa- t i c l e  s i ze  d is t r ibu t ion  
from d i f fe ren t  coals, even i f  the fac tors  tha-c influence the operation of the m i l l ,  
i n s o f a  as they do not stem fram t he  coal, C~YU be kept c o n s t a t ,  
p o p e f l i e s  of *.e various coa ls  d i f f e r  x ide ly  ( g indab i l i t y ,  harc?ncss). 

Fatiemore,  the 

Of this grow, an average of abovt Ds of a sample passes a 100-nesh 
sieve, an~l nearLv €cCS passes a 200-nesh sieve. 

T h e  second group of saq las ,  ident i f ied  i n  Tzble V I  by t i icir  s t a t e s  of 
ori&n, H ~ S  a se lec t i sn  of high-sillfw-conttnt coa l  s ~ ~ p l z s  'su~pliac! by t'he 2. 8. 
Tu-eau of ~ . n e s , "  
average of about 88% or^ a sa@e passes a lCC!-mesh sieve, a d  ahmt  92% passcs a 

.2CO-.liesh sietre. 

TKLS p u p  of sszples  >ias ,ri.oun.ci i n  2 I d r c r a b r y  type xiUe b 

3ata and Msc-msion 

dll experimental da ta  presented a re  averages of a t  l e a s t  two replAcatz de- 
te r r ina t ions ;  derived da ta  are based on these a~e rages .  

Pa r t i c l e  Size Ckitribution, Percent o l  %hole Coal Powder 

Fraction I4i.13. axis PAch H i l l  

<325 mesh 36.b.5' 
225-200 23-65 
m-m0 27 95 
loo-% It 11.x. 
9-33 " 1.50 
3-16 " .12 

h.33 
24.73 
22.90 
7.13 

.86 

.o 3 

P d t e s  Pe-rcentage i n  %%ole Coal, Sieving Fractions 
and in Float and Sink Fractions of Tiiese Sievirg h.-.zictions 

:3.lliams Zci-I F i l l  
>Eole Coal: 1.65 %ole Coal: 1.78 

Sieving kiho l e  ;?%ole 
Fraction Traction F'bats Sinks Frzction l l o a t s  Sinks 

<325 'mesh .sa .39 25.2 1.59 .52 2L.7 
203-325 I' 1. a0 29 27 .o 1.95 .1L 15.5 
u)0-200 It 2.26 -31 27.7 2 .h  .13 1 h 6  

9 - E O  1' 2-38 e 3 1  46.6 3.37 .22 4c.s 
@ r i t e s  content o f  the  s ink  f rac t ions  of the  siaving fractions varied frorr. 

t o  46.65 (Table III). Vitii the exception of the i i n e s t  f i-xtion, z t  l eas t  
34.8Z of the pyr i tes  o f  each f rac t ion  %?E88 found i r ?  the corrosponEng sink frzction 
(Tab15 I V ) .  

* Through the courtesy of MI-. R. P. Abernathy 2nd b. J. J. Zarnes, Central m e r -  
iment Station, Reaon V, U. S, Bureau of Nines, Pittsburg!, Pa. 
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Heax-- Fractions 3ata 

+ieavy Sraction as $ of  
come spndi-&g sieving 
fraction. :emved in si& f n c t i o n .  

Percentsge of -.Jrites 
in a sievizg f r ac t ion  

Fraction !Kllians 3 c h  E i l l  XiI3im.s E c h  Fill 

<325 mesii 1.96 1.47 56.5 3 . 5  
2CO-325 " 5.67 11.30 8L.2 93.7 
100-200 n 7 .oc 16.3.5 27.3 94.2 
so -mc 11 7 .%I 20 70 27.3 94.3 

This suggests t ha t  a large par t  of tiie Tyrites i n  thess t v o  po;;aezed coals was  
present i n  a comparatively unencu.2lerea state, and ti& a relat5veI.y sa11 p a r t  of 
the total i-reight of t i e  ?-mites VELS located in s i ae  o f  c o d  ga r t i c l c s  o r  at5ached to 
relabively lar?;e coa l  particles.  This m s  borne out b y  a f c r o s c o ~ c  iaspection of 
the si* frzctions. To this pur-mpse sazples o f  tiese heai.l;ir f rzc t ions  were er-iedded 
in blocks of luc i te ,  tkf~ch ?:ere tiien sround a d  ,mlisl?ed. 
)325 nesh, were attaci.,ed to  carbonaceous particles.  
other ino i -g ,a~c  materials. 

7ev F e % e s  particles,  
;Tone ::ere f ~ ~ d  attached to 

Computation shows t:ht &&-e sa. 0; t h e  ~70m.t~ o f  pp?.lkes Cia% s e t t l e  h 
the  h e a q  f rac t ions  i s  i n  excess of 80:: of the  pyz i t sconten t  of  the or i ,g i>al  s a -  
ple. 
and m.0; of the  p p i t e s  f ron  ?ich ?ill :ihola pr i te r .  

A density separation renoves 86.3;; of  tis m t e s  from XLlizs -&oie Sader ,  

Xo r;ason :ias ;omd t o  eirtend this detailed xork -b ot'zer p-drnriieed 
coals. hmever, the s q a r a 3 i l i t y  o i  the  ?;rites fro= other ::hole coal  s z q l e s  r:as 
de te r r~ned  by the density separa t im niettod xencioned. Tke &.?a o b t z h e d  i n  these 
separations, as $:e11 as t h e  i-ecdlts o f  ~ l x s  and as5 detex-L?sticns, ax? 5er:iroci 
data, are given i n  Tables V and 17. 
percentages achieved with taese  forty-one coa l  smples at a demi ty  l eve l  of l.m, 
i s  a??arent from tiie data presented b tkese tables.  
reiived i n  the s i n k  fraction; t.his teav;. f rzc t ion  v v i e s  frox 3.25; t o  21.05,; o f  the 
weight of t i e  or ig ina l  sanpb. T!erty-tm s a q l e s  !ai z'sink l o s s  of less than 10:. 

The r m z s  cf ti.e -3fr"erct  re?ovd a d  1csa 

Q r i z e s  a d  ash arz ix yzrt 

The percentage of t i e  m i t e s  tha t  is re.mved, q r e s z e d  on t?le basis 03 
t i e  or ig ina l  &Tic suux content, varies f r o m  475 t o  9G. 

Ash renoval percentages vary from 27s to LG. 
Combustible losses in the si& f rac t ion  range fmn? 2.6% t o  17.42. 
i i a rdpve  grinca'sility numbers I-ax-e been tabulated when available. 

. 

'iiese 
values, 
ident i f ica t icn  o f  the coals. 

in-omation of geogTaphic natzre have only been given f o r  the be t t e r  

Ele vzrious loss and reno-zal l a t a  s5en. froir. one seTarstion operztion. If 
tlze Sirk fraction i s  subJected t c  an adilitionai density se2aration i n  a f l u i d  of the 
3W.e density 2s previously used, a part 0; tile conbs t ib l e  Ta t te r  C&? be SzClair;Sd. 
This YnTas not syste:?stical& investigated. I n  t::o cases (saT?les 1 2nd 2) the  corn- 
bustible loss could thas  be decreased by .75, boxever. 
limit of separabili ty by physical neans, had been appmached -b one density separ- 
ation. 

I n  these two cases, the 

i t  i s  not likely t ha t  m a n y  of the  sanples studied are tau repreSWtaEve 



Conclusions 

1) Ppites pu‘ticles ir! co~nercLa1lly pulvsrized coa l  i r e  lL-gely ?resent 
as f r e a  particles,  o r  as p a - t i c k s  f k c t  are rc la t ive ly  unencu-kered by cazbonaceous 
o r  other inorgaic mctter. 
g rea t e r  de,ree i n  2 laboratory type -mill. 

;his  i s  also t rue  <or con1 pulverized t o  a somarhat 

2) P a t  of the  E T i t e s  c a ~  be se6re@e6 froo; the pulvenzad coal  by a 
densi ty  fluid.  
percentage of m i t e s  r a o v e d  varied from h7;; t o  9XA. At, t i e  same time, the ash 
content of the powder xis decreased by an m.ount vzirying fron 272 t o  L6,. 
accoxpnieci b;r a l o s s  of cor.bustible nat ter ,  ranan& fror? 2.6;; t o  17.G. 

7orty-om sanples rrere studied. A t  2 demi ty  level of 1.L50, the 

This was 
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Abstract 

Lot t l  s aothod, involYing tiT0 s i z d - t a e o u s  acid extrzctims of 2ol:iszed 
c o a l  sap les ,  has been s icpl i f ied  t o  a k?mr saving n o n - s k l t z x o u s  ei%rxc-,ior 
procecii;l.e, applicable i n  cases where o n l y  pyri t ic  sulfur has *to be detepireci .  



Ir, case it is  not necessa.q or  essent ia l  t o  deterxine sulfate,  bd% 0n1>~ 
?>*tic s u l f u r ,  z sixp'3.fic.ctiori r a s i d t i n j  i n  t he  s a r k g  o f  m r k ,  czq be a?pE.ed, 

It i s  9ropsed tha t ,  i n  contrast  53 th2 3.C.R,A. or ~fsimit.taiieoull rethod, 
a llnon-sim.fltzn.eous" procedkre bs foi loxed.  
tered a d  msiied. ?he ex t rac t  ic fiscarded. 
fe r red  t o  the n i t r i c  acid, ex%ra.c%ed, fi l terec! and irashid. 
f i l t r a t e  and :ras.?ings i s  d e t e r i c e d ;  it i s  solel;. of p>c-x%ic or ig in ,  
sUlrur i s  tnen c i l c d a t e d  f r o r  t he  p ropr t ion ,  S = 1 . l l r B  Fe. 

The c o a l  i s  extracted :i%th €1'31, f i l -  
Tne residue is quantitatively tzins- 

The i ron  k tile combhd 
The 2)Ticic 

h t h  methods wero applied t o  a ser ies  of smples  of bitminous coals fron 
Tennsylvania and ::Test Virgi,nia. 

Zxperhental  

Deteminations o f  pyr i t ic  suLfur : m e  made i n  611 sm21es 5;- the  E.2.R-A 
&hod. 
ing  t o  the follohing de ta i led  <ascription. 

These r a re  f0llo:ied ?TJ determinations made b7 the n?odifiec! r?ethod accord- 
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me tabulated results zee averages of dilplicate deteminations.  &An 

d d i t i o l a l  PinetJr-six p d r s  cf ducEcate d s t e d n a t i o o s  o f  p2rciiti.c sulfw rqere rnade 
k-y the modizied r?etbd, uzhs s z ~ p l e s  of coal  frsn 3s naiy &ffs:er&t SOLU%ES. 
~ h e s e  data =e Zot preser;tsd, hotievey, th-cy xere used i n  the  s t a t i s t i c a l  calcula- 
t ions.  

The stax?xrd de t i a t ion  of tifie differences Setxeen duglicate @rs of  de- 
te rn ins t ions  was found t o  be equal t o  2 .GET$ pyre s f o r  ; h t t * s  nethcd (based on 
t:.relvf: s e t s  of data),  and equal to f, .Cs&i g ) ~ .  3 f o r  t k  noi?ified metho? (bssed on 
ninety-six s e t s  of dat;). 

In t hz  case o f  b t t ' s  method, the e'qected mcer t2 in ty  i n  the  r.ean o l  a 
@.r of dupplicate detemknations, rdl l  not exceed t .l92j(; p p .  S i n  ,"$a o f  all 
cases. 
p a i r  of 2 .2 l i ca t a  deterrinations :xi.ll not excsed t ,106;; ~ m ,  5 f o r  the  no3ifisd 
netkod. 
no&fied zit!iod d f o r d s  greater p x i s i o n  t b m  Ztt' s method, 
i s  simpler (yex!in,;s uld obsergztions are reduced t o  50; of tbe nm5er necessary 
f o r  X o t t ' 3  pethod), 
i f i e d  method. 

A i  t?&e sace confi.der;ce level, the e z e c t e d  uncertzinty i n  the xean of  & 

On the  b x i s  of tnese cdcu la t ed  v21msa it m)- be conclrz-led %hat the 
The modified :nr-thod 

This nay in part  account for the  greater precision of the zod- 

Apl ica t ior?  o f  St.dact 's  t t e s t  t o  the da ta  i n  Table I shows t h a i  there 
- .  is no s. igi ,f icx.t  LiZference between the mem v d ~ e s  obtained f o r  the series of 

twelve s a F l e s  Sy tile two cethods. 
s ign i f icant  sj-sta,latiC Cifference bstveen the ki.0 methods. 

.' 
' '. Therefore, i t  my be concluied t h a t  there i s  no 

A xodiZication of P:ott's method f o r  the  deter?rrinztion of ,n3llitic eu l fur  
S t a t i s t i c a l  treatment i n  coa l  was developed. This mdi f i ca t ion  i s  labor saving. 

of dzta obtaiqsc! OI! a se r i e s  of coal saqples, using both xethds, shows t hz t  the 
m d i f i e d  metno2 cm22ras favorably -pLth the  existing method. 

1 
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SFFLCT OF HYDEGGEN SULFIDZ ON TEE SULFUB COW!XXT OF 3ITUHINGUS COKE 
AT 800 TO 1000°C. 

T. S. Polamky and E. C. K n a p p  

Department of Fuel Technology, The Pennsylvania S t a t e  University,  

* Research Chemist, Shawinigan Resins Corporztion, Sp r ing f i e ld  2,  Hass. 
University Park, Pennsylvania 

AESTUCT 

Three samples o f  coke were reocted with t w o  d i f f e r e n t  
concentrations of hydrogen su l f ide  a t  800, 900 acd 1000°C. f o r  
two hours each. The samples represented a bulk svlple pre- 
pared f r o m  a High Vo la t i l e  A c o a l  i n  a small l abora tory  oven 
a t  U00”C. wall temperature. liedaction of t he  bulk coke t o  
minus 10 mesh and screening gave sample A ,  10 x 60 aesh, uld 
sample C ,  minus 60 mesh. A n  a l iquot  o f  sample B ground t o  
minus 60 mest: produced s q l e  B. 
e r t i e s  a d  co lor ,  coke C was assumed t o  be  l e s s  carbonizad 
than  coke A .  

900°C. with each s q l e .  O r g d c  salfur i s  c h i e f l y  resr;on- 
s i b l e  f o r  t h e  i rc rease .  Coke C w a s  nost r ezc t ive  and coke A 
l e a s t .  These d i f fe rences  ind ica t e  t ha t  t h e  r eac t ion  begrns 
below 300°C. and t h a t  t h e  degree of r e a c t i v i t y  i s  influenced 
by t h e  nature of t h e  carbon and i t s  u l t r a f i n e  s t ruc t l l re .  

based on t h e  grinding prop- 

Increeses in s u l f u r  content reached a &nuin a t  about 

I 

i 
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INT WIDUCTION 
Hydrogen su l f ide  is t h e  predominating sulfur-bearing component of bituminous 

c o a l  gas i n  t h e  byproduct coke oven process.  
t h e  sulfur  i n  t h e  crude gas  a t  a concentrat ion range o f  0.3 t o  3.0 volume per  cent ,  
which depends l a r g e l y  on t h e  amount of s u l f u r  i n  t h e  coal.  
c i a 1  c o a l  gas contains  about 0.6 volume per  cent (1) .  
r e t o r t  operat ions,  analyses show that 25 t o  30% of t h e  c o a l  sulfur i s  l i b e r a t e d  
as hydrogen s u l f i d e  (2) .  
h igher ,  of the  coal sulfur is  retained in t h e  coke. 

g ins  at about 250°C. 
completed i n  t h e  range of 500 t o  8!10°C (3). Both t h e  organic and inorganic,  
mostly p y r i t i c ,  forms of s u l f u r ,  which c o n s t i t u t e  over 90% of t h e  sulfur i n  most  
coking coals ,  form hydrogen s u l f i d e  (4).  The s u l f a t e  form, which exists only i n  
small q u a n t i t i e s ,  is reduced t o  t h e  s u l f i d e  form i n  t h e  coking process. 
amount of hydrogen s u l f i d e  l i b e r a t e d  ranges from about 2 5 ' t o  50% of t h e  organic 
s u l f u r  i n  t h e  coal. P y r i t e  decomposes completely a t  600°C. in coal  t o  produce 
hydrogen s u l f i d e ,  f e r r o u s  s u l f i d e ,  and pyr rhot i te  (4). Its decomposition i s  
favored a t  the  temperatures ex is t ing  in coke ovens, wherein hydrogen and methane 
a r e  t h e  main components of t h e  c o a l  gas (5). 

evolved from t h e  p l a s t i c  zone s u f f e r  secondary decomposition during t h e i r  t r a v e l  
of contact with incar.descent coke and hot  oven walls. Secondary react ions appear 
t o  be the most important f a c t o r  inf luencing t h e  t o t a l  amount and concentration of 
t h e  sulfurous v o l a t i l e s  regard less  of t h e  Darent stllfur forms i n  t h e  coal.  More- 

It usua l ly  amounts t o  o v w  95% of 

However, moat comer-  
From coke oven and gas 

The analyses also show t h a t  50 t o  60% and sonetimes 

The evolut ion of hydrogen s u l f i d e  and other  s u l f u r  compounds from c o a l  be- 
The reac t ions  which produce t h e s e  v o l z t i l e s  are la rge ly  

The 

The reac t ions  occurr ing in coke ovens a r e  complex, s ince  t h e  primary products 

over ,  the  nature  of minera i  matter i n  coal-may a l s o  be an important f a c t o r  in 
a f f e c t i n g  the  amount and types of sulfurous v o l a t i l e s  l i b e r a t e d  (6) .  

The most  marked change determined d i r e c t l y  by chemical means occurs with 
p y r i t e .  The organic f o r m  i n  both coa l  and coke is obtained by difference.  
form i n  coke is i n  s t a b l e  complex combination Kith carbon atoms or iginat ing par t ly  
from t h e  organic form of t h e  parent c o a l  and p a r t l y  from t h e  s u l f u r  Liberated by 
the decomposition of p y r i t e  and adsorbed during carbonization (4 ,7) .  The nature 
of the stable complex formed by reac t ion  of s u l f t v  procluced from decomposition 
of p y r i t e  with coke was descr ibed a s  analogous t o  t h e  c a r b o n - s d a c e  oxide complex 
of c o a l  (8). 

The organic sulfur i n  coa l  
p a r t l y  forms complexes w i t h  carbon in t h e  range of 400' t o  WO°C. which do no% 
exhib i t  t h e  proper t ies  o f  t h e  o r i g i n a l  form i n  c o a l  (4) .  In coke, the  conrplex 
was described as a s o l i d  s o l u t i o n  of  carbon and s u l f u r  which includes absorbed 
f r e e  sulfur (9) .  

Its 

The c o n s t i t u t i o n  of this complex i s  unlmown (7). 

X-ray analyses  indicated t h a t  t h e  so lu t ion  character izes  a 
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mixed Crys ta l  systeni i n  which it is believed a sulfur z t o a  rep laces  a carbon atom 
wi th in  t h e  graphite-Like crystal la t t ice  (10,11,12). 
a h o  considered t o  e x i s t  p a r t l y  as a so iu t ion  o r  as phys ica l ly  held by aeso-tion 
m d  t h e  remaioder as chemical combination which compounds were impossible t o  
i s o l a t e  (13). 

i n  sulfurous czrbons formed by i n t e r a c t i o n  o f  carbons with hydrogen s u l f i d e ,  sulfur 
d b x i d e 9  s u l f u r  acd o ther  sulfucous gases ( 7 , 5 ) .  
cons t i tuents ,  i r o n  oxide and s i l i c a ,  on t h e  f i x h t i o n  o f  s u l f u r  i n  f i l t e r  paper char 
i n t e rac t ed  with hydro-gen s u l f i d e  a t  7OO'C. w2s  i nves t igz t ed  ( 9 ) .  
chars  t o  1200°C, t h e  presence oE iron has apparently caused a marked r k t e n t i o a  of  
Sul fur  while s i l i c a  exhib i ted  very l i t t l e  o r  no- r e t en t ion .  
t h e  carbon-sulfur complex i n t e r a c t s  with both  t h e  i r o n  s u l f i d e  formed a t  lower tem- 
pera tures  and t h e  s i l i c a  d t h  a c o z s e p e n t  loss of sulfur. 
sulf i r r  i n  coke was also observed when p y r i t e ,  f e r rous  oxide, me ta l l i c  i r o n  and other  
che&cds ,  which,produce s t a b l e  s u l f i d e s ,  were added t o  t h e  coa l  before czrboniza- 
t i o n  (4,14,15). . The.reterition appears a t t r i b u t a b l e  t o  t h e  f a c t  that - the  a f f i n i t y  or^ 
Iron f o r  sulfur i s  g rea t e r  t han  tha t  of hydrogen f o r  sulfur at t h e  temperature exist- 
ing i n  t h e  coke oven (7). Ferrous s u l f i d e  i s  t h e  chief stable sulfurous compound of 
coke? and any i r o n  formed by i t s  reduct ion  i n  the coke oven vi11 genera l ly  teod  t o  
r e v e r t  t o  t he  sulfide i n  t h e  presence of hydrogen sulfide (7). 

r e a c t  with hot coke t o  forn t h e  carbon-sulfur complex ( ' i , i5?16).  
hydrogen s u l f i d e  decomposes i n t o  hydrogen aod diatomic sulftrr a3ove 650°C. (17). 
Based on t h i s ,  it appears t h a t  elemental s u l f u r  is very Likely an intermechate in t h e  
formatioa of t h e  carbon-sulfur complex i n  coke. 
u a l  organic sulfw of t h e  raw coal  and t h a t  from re6uction o f  f e r rous  srl-fide consti-  
t u t e  t h e  t o t a l  o rga r ik  sulfur i n  coke. In t h e  by-product coke oven process,  hydrogen 
suLfide comes i n t o  contact with.hot coke.during i t s  escape from t he  phastic  s t a t e  of 
t h e  coal.  

h igh - t eqe ra tu re  coke i n  t h e  temperature range o f  800' t o  1000°C. 
determine i t s  effect on t h e  sulfur content and on t h e  d i s t r i b u t i o n  of s u l f u r  f o r &  

The organic sul f f lr  in coke was 

Conclusive evidence of t h e  ex is teace  of similar complexes has been es tab l i shed  

h ~ n g  these  t h e  e f f e c t  or" coa l  ash 

Upon.heating o f  t h e  

Above this telrrperzture 

S imi l a r  r e t e a t i o n  of 

Although..no qusn t i t a t ive  da t a  are recorded, hydrogen s u l f i d e  i s  recog&zed t o  
When heated alone, 

This complex toge ther  with tile res id-  

Coosequently, its reac t ion  with coke may t a k e  p lace  a t  various temperat1ures. 
T h i s  inves t iga t ion  i s  concerned with the  i n t e r s c t i o n  of hydrogen s u l f i d e  acd 

The purpose i s . t o  

'-.of coke at these  temperatures. 

\ PTSZ'ABATlON A !  P.NALYSEs OF COEE SMPLLS 
t Carbonization of t h e  Coal. The bituminous coa l  employed t o  prepare t h e  coke samples 

was of High Volatile A Hank from t h e  Elkhorn Xoao. 3 seax i n  Letchar Zounty, iiantidky. 
It wa.s ground t o  minus 10 mesh (U,S. Standard) for carbonization. 
ana lys i s  was l,O$ moisture, 36.2s volat i le  matter, 2.63 ash ,  and 60.2$ f ixed  czrbon. 

ca l ib ra t ed  r i n g  dynamometer and Baldwin-Lima s t r a i n  gauge ana lyzer  for meas?lriog 
A seve>-pound simple of bulk dens i ty  43.4 Xss./cu.I"t. 

was coked i n  30 minutes with the  oven walls heated e l e c t r i c a l l y  at 11C)O'C. 
rnaxhm force  obtained was 58 lbs. which i s  equivalent t o  about I lb./sq.in. of t h e  

A y i e l d  of 4.4 pounds of coke was ob tahed .  

I ts  proxi.:?ats 
, 
' 

) carbonization pressure (18). 
'! 
I' 

1 i lusse l l  oven (19).  
,' Smples  of Coke Prepared. The coke was recidced t o  minus 10-nssh (U.S. Standard) 
,' by successively passing it through a jaw crusher and Bram pzlver izer .  A 200-g. 
1 r i f f l e d  sample was then fu r the r  reduced t o  miads 60 nesh (E.S. Stuldard) i n  a Milcro- 

K i l l  pu lver izer  f o r  analysis.  
.j duced 4v; of ninus 60-nesh s i ze .  This procedure allowed t h e  separa t ion  o f  coko, i n t o  
) d i f f e r e n t  f r ac t ions  based on t h e i r  g r indab i l i t y  cha rac t e r i s t i c s .  

that  these  f i n e s  contained more of t h e  coke t h a t  was produced i n  t h e  c e n t r a l  por t ion  ' of t h e  coke oven charge. 
,) and less carbonized than t h e  10 x 60 por t ion  adjacent t o  t h e  coke oven walls. 

'\minss 60 mesh. 
l.1, size. 

The coal was coked in a, smfl la5oratory movable-wall Oven equi?ped with a 

The 

Scree,+ng of t h e  remaining minxs 10-3as'n sample pr3- 

It was assiuned 

The f ines  appeared blac!cer i n  co lor ,  s o f t s r  to the touch 

The remaining 53! (10 x 60 mesh) was divided arid about half was $round t o  

Table I indicates t h e  degree of carbonization of t h e  coke according t o  t h e  
T h i s  gave t r y 0  samplzs of t h e  harder f r a c t i o n  of d i f f e r e n t  m e a n  p a r t i c l e  

. 

J 
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dry ,  ash-free v o l a t i l e  mat te r  content. 
contained 2.8$ v o l a t i l e  ma t t e r  whdreas cokes A and B ,  representing 
of tne o r i g i n a l  minEs-10 s z n p l a ,  contained Z.O$ v o l a t i l e  mattsr. 
Cheroical Analyses. 
su l fu r  by t h e  Lschka nethod were e q l o y e d  f o r  t h e  c o a l  and Coke sanples ( 2 0 )  
t h e  Eschka method, t h e  s u l f u r  i s  o-uidized t o  t h e  sulffats f o m  and tha amount of SUI- 
?ur i s  f inal ly  ca l cu la t ed  from t h e  a_uantity of bariiun sd.€ate d e t e r i n e d .  

t h e  sulfate T o m  wi th  dilute txitric ac id  (4) .  
so lu t ion ,  free cf i r o n ,  is converted t o  barium s u l f a t e  f ron  xhich t h e  p y r i t i c  sulfur 
is ca lcu la ted .  
c l i lo r ic  ac id  and barium ch lo r ide  t o  p r e c i p i t a t e  t h e  s u l f a t e  (4).  
t h a t  t h e  c o a l  under study d i d  not con ta in  any s u l f a t e  srrlfur. 

Acid-volati l ized inorganic  Fulfur w a s  detsrmined because hydrogen s u l f i d e  was 
de tec t ed  during analysis o f  a number of  cokes for p y r i t e  (4 ) .  Previous workers a l so  
observed th i s  and a t t r i b u t e d  this r e a c t i o n  t o  t h e  presence of su l f ides  of calcium, 
e t  c e t e r a  (4,15,22), Its determination was c a r r i e d  out i n  a c losed  systsm by t r e a t -  
ing 2 g. o f  c o a l  or coke wi th  100 n l .  of d i l u t e  n i t r i c  acid,  1.3, from a dropping 
funnel.  The hydrogen s u l f i d e  l i b e r a t e d  was swept by a i r  f o r  an h o w  i n t o  an ammoni- 
a c a l  so lu t ion  of cadmium ch lo r ide  contained i n  two f lasks .  The so lu t ion  was prepared 
by d i s s o l ~ g  3.2 g. of anhydrous cadmium ch lo r ide  i n  100 ml .  of d i s t i l l z d  water and 
adding 60 ml. of concent ra ted  &mnoniUm hydroxide t o  t h i s  so lu t ion .  
cadinium su l f ide  is detarmined and the perceatage sulfur i s  accordin@ calculated.  
The organic f o r m  of s u l f u r  was determined by d i f f e rence  between t h e  sum of t h e  inor- 
ganic  forms and the t o t a l  sulfur content,  The ana lyses  of t h e  c o a l  and coke smpies 
are presented i n  Table I. 

Co!ie C ,  the s o f t e r  minus 60-mesh f r a c t i o n ,  
the  harder f r ac t ion  

A.S,T.fl, Standard procedi ies  f o r  proximate ana lys i s  and t o t a l  
I n  

The p y r i t i c  form o f  s u l f u r  was determined by o-xidation during ex t r ac t ion  t o  
The s u E a t e  i n  t h e  f i n a l  pu r i f i ed  

The de termina t ion  of t h e  s u l f a t e  form was Fade by using d i l u t e  hydro- 
It is t o  be noted 

The y i e l d  of 

Screen Analysis of  Coke Samples, 
are shown i n  Table 2. 
istics of t h e  bulk  coke sample i n  its reduction t o  mnus 10 mesh. The harder and t h e  
s o f t e r  coke data were ca l cu la t ed  using t h e  method of' Hatch and Choate ( 2 3 ) ,  and these  
d a t a  are shown on log-probabi l i ty  paper in Figure 1 f o r  convenience. 

ease  of grinding. 
sample. 
caused by t h e  l i m i t a t i o n  o f  t h e  d a t a  and t h e  dev ia t ion  f r o m  t h e  theory. 
obtained by omitt ing t h e  upper l i m i t  of 3.0 mesh in t h e  theory. 
t i o n  by dr during grinding and s iev ing ,  t h e  d a t a  dev ia t e  from t h e  s t r a i g h t  l i n e  i n  
t h e  lower po r t ion  of t h e  curve i n  t h e  f i n e  p a r t i c l e  s i z e  region. 
by the dot ted  l i n e  marked "theoretical" i n  Figure 1. The lower devia t ion  cannot b e  
caused by a bu i ld  up of minera l  matter i n  t h e  f i n e s ,  s ince  t h e r e  may be a s l i g h t  
reverse tendency as ind ica t ed  by  t h e  ash  values on Table 1. 
coke-mineral matter combination is s l i g h t l y  harder t han  t h e  coke which contains less 
fi.rmly bonded mineral  matter. 

that exists during carbonization. 
recognized (24,251. 
temperature of formation o f  coke as opposed t o  a decrease in s h a t t e r  index of the 
same coa l  (26). F l o t a t i o n  o f  ground coke i n t o  var ious  f r ac t ions  has shown t ha t  t h e  
b lack  pa r t  of coke ( s ink  f r a c t i o n )  contained more v o l a t i l e  matter and ash  than the  
more carbonized p a r t  ( f l o a t  f r a c t i o n )  (27). 
Table 1 and t h e  d i f f e ren t  s lopes  of t h e  s t r a i g h t  l ine  por t ion  o f  t h e  s i eve  analysis 
d a t a  i n  Figure 1 show evidence of t h e  unhomogenous nature of coke. 

The size d i s t r i b u t i o n  da ta  f o r  cokes A ,  E and C 
The d a t a  confirm t h e  viewpoint on t h e  g r indab i l i t y  character-  

The s lope  of t h e  s t r a i g h t  l i n e  po r t ion  of this curve is a n  ind ica t ion  of t h e  
T h a t  is,  the g r e a t e r  t h e  s lope ,  t h e  harder it is t o  g r ind  t h e  

This is  
The departure from t h e  s t r a i g h t  l i n e  i n  t h e  upper po r t ion  of t h e  curve is 

Because of f lu id iza-  

This i s  i l l u s t r a t e d  

This might mean t ha t  t h e  

The p rope r t i e s  of coke vary pr inc ipa l ly  because of t h e  temperature gradiext 
I ts  non-unifortxity in co lo r  and s t r eng th  has been 

The s t r e n g t h  of co!<e on grinding was found t o  i nc rease  with t h e  

The ana lys i s  of t h e  coke samples i n  

APPAkATUS AND PdOCDUE 
The apparatus is schematically represented i n  F iewe  2.  The numbers r e fe r  t o  

the corresponding numbers i n  Table 3 which includes a de t a i l ed  des ign  and specifica- 
t i o n s  of t h e  apparatus. The p u r i t y  of t h e  gases is a l so  shown in Table 3. 
des ign  allowed a metered stream of hydrogen s u l f i d e  d i lu t ed  with nitrogen. 

The simple 
The gas 
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mixture was preheated before it made contac t  with a v e r t i c a l  f i x e d  bed of coke 
which was maintained a t  t h e  temperat.we of t h e  run. 

A 45-g. coke sample was introduced i n t o  t h e  r e a c t o r  through a funne l  a t  the 
top end allowed t o  drop on t o  t h e  support screen, The de l ivery  and condenser sys- 
t e n  was then connected t o  t h e  r eac t a r .  Nitrogen gas at a constant rate of 0.3 cu. 
ft./hr. purged t h e  entrapped air .  The r e a c t o r  and t h e  prenea ts r  were regula ted  t o  
the  run  temperature. The hydrogen s u l f i d e  s ipp ly  
was adjusted t o  t h e  des i r ed  ra te ,  and t h e  r eac t ion  with t h e  hot coke proceeded f o r  
two hours. 
cold n i t rogen  was used t o  return t h e  coke t o  room teapera ture .  

s u l f i d e ,  0.013 cu. ft./hr o r  mol concentration of 4.2p and 0.029 cu.ft . /hr o r  mol 
concentration Of 8.8% using n i t rogen  as c a r r i e s  gas. 
with cokes A ,  B and C a t  800, 900, and 1000°C. are shown i n  Table 4. 

This required about 20 minutes. 

A t  t h e  end of t h e  run, after c u t t i n g  of f  t h e  supply o f  hydrogen s u l f i d e ,  

The reac t ions  were c a r r i e d  out with two d i f f e r e n t  concentrations of hydrogen 

The results of t he  r eac t ions  

DISCUSSION Or" RZSULTS 
The analyses of t h e  coal given i n  Tables 1 and 2 show 0.70% s u l f w  and 2.65 

ash. The relatively small 
amounts of sulf'ur,mineral matter and p y r i t e  permitted t h e  study of t h e  r e a c t i o n  of, 
hydrogen s u l f i d e  and coke, which f a c t o r s  would have l e s s  e f f ec t  on t h e  r eac t ions  
cont r ibu t ing  t o  t h e  s u l f u r  content of t h e  coke. 
a h o s t  50% of t h e  c o a l  s u l f u r  was l i b e r a t e d  dur iag  carbonization. This agrees with- 
i n  t h e  range of values reported by other  workers ( 2 ) .  
t h e  p y r i t i c  sulfur contributed t o  t h e  organic s u l f u r  o f  coke, ca l cu la t ions  show that 
t h e  percentage of t h e  organic sulfur l i b e r a t e d  ranges from about 49.5 t o  50. 
has been reported t h a t  t h e  amount of organic s u l f w  re leased  ranges f r o 3  25 t o  50$'(4). 
NO d i s t i n c t i o n  i n  t h e  organic sulfur content was found between t h e  cokes A ,  E ,  and 
C ,  but t hese  d i f f e r  Kith t h e  bulk  sample, probably due t o  e-qerimentzl  errors. 

i nd ica t e  that s u l f i d e s  of calcium and of other  ca t ions  have been forned  as based 
o n  evolution of hydrogen s u l f i d e  under ac id  conditions. 
has been reported by o ther  workers (4 ,15 ,22 ) .  
f o r m  i n  cokes A ,  B ,  and C indicate t h a t  a c i d  v o l a t i l e  s u l f u r  and p y r i t e  decomposi- 
t i o n  are favored a t  more severe carbonizing conditions.  However, t hese ,d i f f e rences  
a r e  very c lose  t o  t h e  l imi t s  of t h e  experimental e r r o r  ioherent  i n  t h e  anz lys i s .  

The e f f ec t  of t he  r eac t ion  of hydrogen s u l f i d e  on t h e  sulfur content of t h e  
coke sangles  is shown i n  Figure 3. In each case the  sulfur increased, b u t  t h e  in- 
c rease  var ied  with t h e  Concentration of hydrogen s u l f i d e ,  t h e  r e a c t i o n  t e q e r a t u r z  
and t h e  nature of t h e  coke. Greater increases  i n  sulfur occurred wi th  t h e  higher 
concentration of hydrogen s u l f i d e ,  which amount reached a.maximum a t  about 900°C. 
A t  t h e  lower concentration optimum r e a c t i v i t y  appeared s l i g h t l y  below t h i s  tempera- 
t u r e ,  i nd ica t ing  the probable e f fec t  of concentration on t h e  equilibrium conditions.  
The r e s u l t s  i nd ica t e  t h a t  t h e  carbon-sulfur complex becomes less s t a b l e  above t h i s  
temperature. Ferrous su l f ide  and o ther  su l f ides  are more s t a b l e  at these  tempera- 
t u r e s  (4,7). 

Coke C, being t h e  s o f t e r  por t ion  of t h e  bulk sample, was more r eac t ive  than 
t h e  harder cokes A and B. 
p a r t  Coke B ,  minus 60 mesh, i nd ica t ing  t h a t  surface area probably inf luences  t h e  
reaction. 
shows t h e  possible e f fec t  of carbonizing conditions i n  t h e  oven. 
suggest t h a t  t h e  reac t ion  begins and proceeds more e f f ec t ive ly  with coke produced 
a t  some lower tenpera tures  than t h a t  a t  t he  coke oven walls. The na ture  and t h e  
s t a b i l i t y  of t h e  carbon-sulfur complex, t h e  poros i ty ,  s i z e  and t h e  nature of t h e  
coke a s  well as the  mineral matter may influence t h e  degree of t h e  r eac t ion  and t h e  
amount of s u l f u r  retained. 
Figure 2. 

and 5. 

The Sulfur  i s  91.$ organic and 8.63 p y r i t i c  i n  nature. 

The bulk coke d a t a  i n d i c a t e  t h a t  

Ass*dng  that up t o  ha l f  o? 

It 

The percentages of inorgaIxic forms of s u l f u r  i n  t h e  coK2s g iven  in  Table 1 

The format ioo  o f  s u l f i d e s  
The d i f fe rences  i n  t h e  inorganic 

Coke A ,  10 x 60 mesh, was l e s s  r eac t ive  t h a n  i t s  counter- 

The g rea t e r  r e a c t i v i t y  of Coke C ,  minus 60 mesh, over t h a t  of Coke B 
These d i f fe rences  

These could account f o r  t h e  va r i a t ions  ind ica t ed  i n  

The influence of hydrogen s u l f i d e . o n  t h e  sulfur forms is  given i n  Figures 4 
In View of t h e  s c a t t e r i n g  of t h e  d a t a  and of t h e  Limits of experimectal 
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e r r o r ,  it is apparent t h a t  concentrat ion O f  hydrogen s u l f i d e  and temperature had no 
markea influence on t h e  quant i ty  of inorganic su l fur .  
mount of this sulfur  #as greater .  than  t h a t  i n  the  o r i g i n a l  coke saqles because 
t h e  t o t a l  su l fur  was higher  i n  t h e  reac ted  samples. 
i c  sulfur  cons t i tuent  i n  t h e  coa l ,  was  probably deconposed t o  form fe r rous  s u l f i d e  
under t h e  conditions s tudied.  
as a c i d  ex t rac ted  and v o l a t i l e  st l l fu r ,  poin ts  t o  t h e  fo rma t im of s c l f i d e s  with 
calcium a d  o ther  cat ions.  

t h e i r  difference i n  ex t rac ted  sulfur content given ia Table 4. 
C was highest a t  aJJ. r e a c t i o n  temperatures and concentrat ion o f  hydrogen s u l f i d e .  
The resriLts suggest that t h e  r e a c t i o n  i s  favored a t  lower carbol l iza t im tempetatures. 
Under such contiitions the mineral  a a t t a r  kz probably less f i rmly  bonded t o  the more 
porous coke which uould account f o r  t h e  higher r e a c t i v i t y  of coke C. 
l e a s t  r e a c t i v e  which implies  that p a r t i c l e  s i z e  a d  porosi ty  a r e  f a c t o r s  af€ecting 
t h e  react ions.  

The increase  in t o t a l  su l fur  i s  c h i e f l y  parzlleleci  by t h e  increase o f  organic 
s u l f u r  a s  i l h s t r a t e d  i n  Figures  3 and 5. Optimum r e s c t i v i t y  appeared a romd 9O@*C. 
whereat t h e  higher concentrat ion of  hydrogen s u l f i d e  was more reac t ive .  
shows t h a t  maximum increase  of organic sulfur was about 3,4-fold while t h a t  of t o t a l  
sulfur was around 3.6-fold. T h i s  experimental evidence supports t h e  view of various 
workers t h a t  hydrogen s i l l f i de  contr ibutes  t G  t h e  organic s u l f u r  o f  coke during the 
carbonizat ion process (4,7,15,16,25) 

The reac t ion  of hydrogen s u l f i d e  n i t h  hot coke was deemed t o  involve t h s  for-  
mation of a carbon-sulfur complex on t h e  surface of t h e  carbon (1). After  t h e  com- 
p l e x  reached a s u f f i c i e n t  concentrzt ion,  t h e  s u l f u r  was evolTed a s  carbon disu l f ide .  
It i s  generally recognized that 'carbon d i s u l f i d s  i s  produced a t  higher tenpera twes  
of carbonizat ion (28). 
i n  t h i s  study is explained on t h i s  bas is .  

and sulfur ( S z )  a t  65OoC. (17). Although its decomposition temperature during car- 
bonizat ion is unknown, it na doubt decomposes a t  temperatures below t h a t  a t  t h e  coke 
oven w a l l s .  
temperatures,  but with increas ing  temperatures from t h e  p l a s t i c  s t a t e  of t h e  coal. t o  

. t h e  coke oven walls, a"y such molecules if formed, vould tend t o  d issoc iz te  into 
smller units. 
nature of t h e  complex was considered t o  b e  similar t o  B e a d  and Kheeler 's  carbon 
s u r f a c e  oxide complex C 0 
a l  e lec t ronic  configuragi8ns of sulfur and oxygen =e sinilar, suifur and oxygen 
atoms might r e a c t  with c a r b o n i n  an analagotls manner. The initid fornation of t h e  
Carbon-suUur complex v i a  hydrogen s u l f i d e  appears t o  depend upon the  w t u r e  of t h e  
r e a c t i v e  s i t e s  on carbon and upon t h e  environment. 
would probably be governed by t h e  extent  of t h e  competing dehyckogenation react ions 
involved with f r e e  su l fur .  
decomposition nature  of t h e  reac t ion ,  it is probable t h a t  t h e  formatien of t h e  com- 
p l e x  commences somewhere above 500°C. 

The nature of t h e  carbon appears t o  b e  important i n  t h e  formation of t h e  
complex. 
this i s  due t o  t h e  high degree of unsaturat ion of t h e  surface a t o m  of such c s b o n  (8). 
From a physical  point  of view, t h e  magnitude of s p e c i f i c  surface areas  of (powdered) 
cokes was considered t o  be connected with t h e  f o w a t i o n  of carbon sulfur complexes (7) .  
The evidence in this study tends t o  support these  vier-. 

The higher r e a c t i v i t y  of coke C over carbonized cokes A and B suggests that 
t h e  r e a c t i o n  takes  p1ac.e more ef fec t ive ly  with coke produced a t  temperatures below 
t h a t  at t h e  coke oven w a l l s .  
upon which the  su l fur  is probably adsorbed and r e a c t s  more eas i ly  with t h e  carbon. 
Although t h e  r e t e n t i o n  of s u l f u r  as a complex i s  k n o m  t o  depend on t h e  temperature 
and t h e  atmosphere preva i l ing  during carbonizat ion,  it may *also depend on t h e  nature 

For t h e  most p a r t ,  t h e  

P y r i t e ,  being the  o i i l y  inorgan- 

The increased amomf of inorganic s u l f u r ,  determined 

Again coke C was more r e a c t i v e  than  t h e  harder  cokes A and E as  ind ica ted  by 
Its content i n  soica 

Coke A was 

Table 4 

The decrease i n  organic s u l f u r  of t h e  coke samples a t  1000°C. 

Hydrogen s u l f i d e  has been found t o  decompose homogeneously t c  give hydrogen 

Sul fur  i s  known t o  e x i s t  a s  polyatonic molecules at r e l c t i v e l y  low 

Its ability t o  form carbon-sulfur complexes Is wel l  h o r n .  The 

( 8 ) .  Eased on this arid on t h e  f a c t  t h a t  t h e  outer  orbi t -  

The avai labi l l i ty  o? t h e  s i t e s  

Because of t h e s e  f a c t o r s  and because of t h e  secondany 

It was suggested that only  amorphous caxbon forms t h e  complex 2nd t h a t  

Such coke presumably contains  more r e a c t i v e  s i t e s  
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of t h e  complex. 
l e s s  s t a b l e  than t h a t  of cokes B and B at 1000" under t h e  condi t ion  studied. 
temperature g r a a e n t  i n  a byproduct oven sugges ts  t h a t  a por t ion  of t h e  complex 
formed by reac t ion  with hydrogen s u l f i d e  would tend  t o  surv ive  t h e  czrboniza t ion  
process. 

Phys ica l ly ,  t h e  forination of coke from the semicoke s t a g e  is a progressive 
coc t rac t ion  process. 
t u r e  a continuous decrease occurs i n  t h e  diameters of t h e  c a p i l l a r y  cons t r i c t ions  
assoc ia ted  with t h e  i n t e r n a l  s t r u c t u r e  of coke (29) .  
on t h e  decreased s i z e  of gaseous molecules necessary t o  pene t r a t e  i n t o  t h e  i n t e r n a l  
s t ruc ture .  
woulc! be  g rea t e r  with coke produced a t  lower temperatures. 
r e a c t i v i t y  of t h e  coke samples tend t o  support this concept. 

F igure  5 shows t h a t  t h e  organic sulfur of coke C i s  considerably 
The 

Recent s t u d i e s  show that with increased carboniza t ion  tempera- 

Zvidence of t h i s  was based 

This implies t h a t  t h e  d i f fus ion  of hydrogen s u l f i d e  i n t o  t h e  c a p i l l a r i e s  
The d i f f e rences  i n  t h e  

i 

1 
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TABLE I 

PROXIMATE ANALYSIS AND SULFUR FORMS O F  COAL AND COKES 

Proximate AnaTysis, X 

I 

\ 

Sample Basis (1) Moisture 

Coal 1 - 1.0 

2 - 
3 

Coke A (2) 1 0.6 

2 - 
3 - 

Coke B (2) I 0.9 

2 

3 - 
Coke C (2) 1 1.2 

2 - 
3 - 

V.M. F.C. Ash Total 

36.2 60.2 2.6 0.69 

36.6 60.8 2.6 .70 

37.6 62.4 - 

---- 

2.2 92.0 5.1 0.56 

2.2 92.7 5.1 .56 

2.3 97.7 - - 

1.9 93.1 4.4 0.56 

1.9 93.7 4.4 .56 
2.0 98.0 - - 

1.9 92.1 5.1 0.56 

1.9 92.9 5.2 .56 

2..0 98.0 - - 

2.6 90.7 5.5 0.56 

2.6 91.8 5.6 .57 

2.8 97.2 - - 

Sulfur Analyses, Z 
Inorganic 

Extract.. - Vol. Organic 

0.06 

.06 
- 

0.02 

.02 
- 

0.01 

.01 
- 

0.01 

. 01 
- 

0.02 

.02 
- 

0.00 

- 
- 

0.06 

.06 
- 

0.05 

.05 
- 

0.05 

.05 
- 

0.03 

.03 
- 

(1) 1, as received; 2, d r y ;  3, dry, ash-free 

(2) Coke A, 10 x 60 mesh of  o r i g i n a l  -10 mesh; Coke B, 
coke A ground t o  -60.mesh; Coke C, -60 mesh of 

' o r i g i n a l  -10 mesh 

0.63 

.64 

.65 

0.48 

.48 

.51 

0.50 

.50 

.53 

0.50 

-50 

.53 

0.51 

.52  

.55 

... 
.A,.. 

. ,  

- 
. .. 

S 

\ 
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TABLE 3 

APPARATUS SPECIFICATIONS; ITEM NUMBER 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

REFER TO FIGURE 2 

DESCRIPTION 

Cylinder (nitrogen gas; Matheson Co. Inc., water- 
pumped, standard pur i ty)  

Brooks rotameter, s i z e  1-15-3, maximum capac i ty  
0.40 cu.ft .  p e r  hr. a t  25'C., 1 am. 
"Dr ier i te"  drying towel and copper wool deox i f i e r  
with furnace a t  45OOC. 

Cylinder (hydrogen su l f ide ;  Matheson Co. Tac., 
99.9% pure) 

F ischer  rotameter, No. 08-150 D.W. G. -S-21654-3, 
maximum capac i ty  0.05 cu . f t .  per  hour a t  25'C., 
1 am. 
Mixing tee 

Preheater, Hevi Duty furnace, type 70, 1-inch ID 
and prehea ter  tube packed with porce la in  rods; 
temperature maintained at 5OOaC. w i t h  var iac  type 
116 
Mul l i te  Coors r eac to r  tube, 24" long and 1-inch 
ID, 29/42 P female j o i n t s  at ends, with prehea ter  
zone packed with s i l ica  rods 114 inch  OD and 1 2  
inches long, support screen, n icke l - i ron  a l loy ,  
60-mesh and 1-inch dia.  as shown i n  the enlarged 
view in Figure 2. Chmmel-Alumel thermocouple, 
encased in Vycor g l a s s  w e l l  a t  base of r e a c t o r  tube, 
and a t tached  t o  Hoskins thermoelectric pyrometer 
type AH 

Reactor furnace, Hoskins, type FH 3038 equipped with 
a 15-wlt 37-ampere output trsnsfonuer cont ro l led  by 
va r i ac  type 116 

Liebeg condenser, 20 inches long, w i t h  150-ml 
condensate t r a p  and f i n e s  t rap ;  24/40 8 j o i n t s  

Hydrogen s u l f i d e  absorption t r ap  v i th  f r i t t e d  
g l a s s  f i l t e r ,  corning extra course, absorption 
medium 10% aqueous monoethanolamine 

Sargent Wet T e s t  Meter, maximUm capac i ty  100 cu . f t .  
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TABLE 4 

EFFECT OF HYDRM;EN SULFIDE ON THE SULFUR CONTENT 
OF COKX FOR TWO-HOUX RUNS AT 800, 900, and 1000°C. 

Analyses Before &ac t ion ,  % Sulfur  

Inorganic S u l f u r  Organic") Total 
Extracted Vo la t i l e  Su l fu r  Sul fur  

Sample 

Original Coal 
Bulk Coke 

.06 . 00 .63 .69 

.02 .06 .48 .56 

Coke A, Hard, 10x60 mesh .01 .05 . SO .56 
Coke B, Hard, minus 60 mesh . 01 .05 .50 .56 
Coke C, Soft ,  minus 60 mesh a 02 .03 .51 .56 

Analyses A f t e r  Reaction, % Sulfur  

Flow rate of Hydrogen Sulfide: 

Temp., 'C. 

0.013 cu.ft./hr. (0,015 mols/hr.) (Mol conc.4.2%) 

800 Coke A, Hard, 10x60 mesh -08 . 00 .72 .80 
Cake B, Hard, m i n u s  60 mesh .14 .04 1.06 1.24 
Coke C, Sof t ,  minus 60 mesh .34 .02 1.36 1.72 

900 Coke A, Hard, 10x60 mesh . O l  .01 .66 .68 
Coke B, Hard, minus 60 mesh .04 .02 .72 .78 
Coke C, Sof t ,  minus 60 mesh .22 .02 -. 1.39 1.63 

1000 Coke' A, Hard, 10x60 mesh .02 . 00 .. 66 .68 
Coke B, Hard, minus 60 mesh .07 .03 .78- .88 
Coke C, Soft ,  ~ ~ R L I S  60 mesh -24 .04 .54 .82 

Flow r a t e  of Hydrogen Sulfide: 0.029 cu.ft./hr. (0.034 molslhr) (Mol conc.8.8%) 

800 Coke A, Hard, 10x60 mesh .07 a 01 .81 .89 
Coke B, Hard, minus 60 mesh .12 .05 .96 1.13 
Coke C, Soft ,  minus 60 mesh .28 . 00 1.68 1.96 

900 Coke A, Hard, 10x60 mesh .04 .03 -98 1.05 
Coke B, Hard, minus 60 mesh .12 .03 1.08 1.23 
Coke C, Soft, minus 60 mesh .27 .01 1.74 2.02 

loo0 Coke A, Hard, 10x60 mesh .01 .01 .79 .81 
Coke B, Bard, minus 60 mesh .13 .02 1.10 1.25 
Coke C, Soft ,  minus 60 mesh .32 .52(2) 1.20 2.04 

(1) Organic s u l f u r  i s  all s u l f u r  o the r  than inorganic (extracted and vo la t i l e )  
(2) Believed t o  be in error r 
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FIGURE 2 - EXPERIMENTAL APPARATUS 
(REFER TO TABLE 3 FOR 
SPECIFICAT IONS) 
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