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EXECUTIVE SUMMARY 

Although I l l i n o i s  has t h e  l a r g e s t  reserves  of h igh -vo la t i l e ,  

bituminous coa l  i n  t h e  United S t a t e s ,  most of i t  i s  high i n  s u l f u r .  The 

major c o n s t r a i n t  on i t s  use is  t h e  high cos t  of technology f o r  keeping 

oxides of s u l f u r  out  of t h e  atmosphere. Advances i n  t h e  technology of 

u t i l i z i n g  high-sulfur  coa l  a n t i c i p a t e d  from research  proposed i n  t h i s  

r epor t  should be of i n t e r e s t  t o  government and i n d u s t r i a l  planners  a t  a l l  

l e v e l s  who a r e  concerned with t h e  impact t h a t  r e s t r i c t i o n s  on high-sulfur  

coa l  a r e  having on t h e  economy of t h e  s t a t e  and t h e  na t ion .  

About 4 mi l l i on  tons  per  year  of I l l i n o i s  coa l  goes i n t o  coke making 

f o r  me ta l lu rg ica l  app l i ca t ions .  Only low-sulfur coa l  i s  s u i t a b l e  f o r  coke 

making i n  conventional coke ovens, and i t  must be blended wi th  e a s t e r n  

coa ls  t o  make high q u a l i t y  coke. Char made from coa l  is  an in termedia te  

i n  emerging technology f o r  making formed coke i n  continuous, c l ean ,  pro- 

cesses  t h a t  u t i l i z e  a wide range of coa ls .  But demonstration of t h i s  new 

technology on a commercial s c a l e  has been l imi t ed  t o  low-sulfur I l l i n o i s  

coa l .  Demonstration of an economically a t t r a c t i v e  way t o  use high-sulfur  

I l l i n o i s  c o a l  a s  a feed s tock  could encourage the  establ ishment  of a formed 

coke indus t ry  i n  I l l i n o i s  t o  provide coke f o r  domestic a s  w e l l  a s  fore ign  

markets. Coke s e l l s  a t  four  t imes t h e  p r i c e  of c o a l ,  and i t  i s  t h i s  d i f f e r -  

ence t h a t  provides an a t t r a c t i v e  economic incent ive  f o r  i ndus t ry .  Further-  

more, problems of n a t i o n a l  s e c u r i t y  and increas ing  balance of t r a d e  d e f i c i t s  

would be ameliorated i f  United S t a t e s  s t e e l  companies could decrease t h e i r  

heavy dependency upon imported coke. 

A new method of d e v o l a t i l i z i n g  c o a l  (U.S. pa t en t  a p p l i c a t i o n  296,860) 

has been developed a t  t h e  I l l i n o i s  S t a t e  Geological Survey (ISGS); t h e  

s u l f u r  i n  t h e  char  produced from t h i s  new method has been shown t o  be 

suscep t ib l e  t o  chemical a t t a c k  and removal. This r e p o r t  descr ibes  t h e  

techniques,  procedures and equipment t h a t  w i l l  be requi red  a t  t he  ISGS 

Applied Research Laboratory t o  conduct t h e  bench-scale t e s t s  t h a t  must 

precede p i l o t - s c a l e  production of formed coke from low-sulfur char  pro- 

duced from high-sulfur  coa l .  



INTRODUCTION 

I n  order  t o  determine i f  t h e  q u a l i t y  of a semi-coke o r  char  is 

s u i t a b l e  f o r  the  manufacture of me ta l lu rg ica l  formed coke, i t  is 

necessary t o  consider those processes t h a t  use semi-coke o r  char  and t h e  

p rope r t i e s  required f o r  making formed coke. The p rope r t i e s  requi red  f o r  

making formed coke depend on t h e  condit ions i n  each s t a g e  of t h e  formed 

coke process and on t h e  blending components or  b inders  used. The q u a l i t y  

of semi-coke o r  char  depends p r i n c i p a l l y  on the  coa l  from which i t  is 

made and t h e  hea t ing  cyc le  (heat ing r a t e ,  maximum temperature, and 

cooling r a t e )  t o  which t h e  coa l  is subjected.  The q u a l i t y  may subse- 

quently be a f f ec t ed  by a d d i t i o n a l  phys ica l  or  chemical t reatments  such 

a s  those involved i n  t h e  production of ISGS chars.  

The ISGS chars  produced by Kruse and Shimp (1) a r e  formed i n  a 3- 

s t a g e  sequence of char r ing ,  ac id  leaching,  and hydrodesul fur iza t ion  t h a t  

removes 80 percent  t o  90 percent  of t he  s u l f u r  from h igh-vo la t i l e  

bituminous, high-sulfur ,  I l l i n o i s  coa ls .  Charring is c a r r i e d  out  i n  a 

continuous-feed char r ing  oven i n  which beds of coa l  2 t o  18 mm t h i c k  a r e  

placed on a conveyor of overlapping s t a i n l e s s  s t e e l  t r a y s ,  moving counter  

t o  the  d i r e c t i o n  of t h e  removal of v o l a t i l e  components. 

Because the re  a r e  no s tandard techniques f o r  t h e  eva lua t ion  of semi- 

coke o r  char ,  i t  is  necessary t o  devise  such methods by considering t h e  

s tandard techniques f o r  t h e  eva lua t ion  of coa l  and conventional  coke and 

by examining t h e  e f f e c t s  of s u l f u r  renoval  by chemical means. Determina- 

t i o n  of t he  s u l f u r  d i s t r i b u t i o n  is  p a r t i c u l a r l y  important i n  chars  made 

from I l l i n o i s  coa ls  because of the  d i f f i c u l t y  of s u l f u r  removal. 

I n  t h i s  paper w e  w i l l :  (1) d i scuss  the  p r i n c i p a l  formed-coke 

processes,  i nd ica t ing  which process is t h e  most appropr i a t e  f o r  use wi th  

ISGS chars;  (2 )  descr ibe  techniques f o r  eva lua t ing  c o a l  and coke; (3) 

d i scuss  methods of monitoring t h e  s u l f u r  d i s t r i b u t i o n  i n  coa l ,  semi-coke, 

and coke; (4) suggest  techniques f o r  eva lua t ing  semi-coke f o r  t h e  pro- 

duct ion of me ta l lu rg ica l  formed coke; a n d ( 5 )  l ist t h e  equipment and 

ma te r i a l s  required f o r  conducting such t e s t i n g .  



PRODUCTION OF FORMED COKE 

Formed coke i s  produced by t h e  complete o r  p a r t i a l  c a rbon iza t i on  of 

c o a l  b r i q u e t s  o r  p e l l e t s  t h a t  have been mechanical ly  shaped and hea ted  

beyond t h e  decomposition temperature  of t h e  c o a P ( 2 ) .  A t  l e a s t  20 

d i f f e r e n t  p rocesses  have been developed t o  v a r i o u s  s t a g e s  ( 3 ) ,  al though 

only a few of t h e s e  processes  have been f u l l y  developed f o r  commercial 

use .  The advantages of producing formed coke r a t h e r  than convent iona l  

coke a r e :  ( 1 )  t h e  range of s u i t a b l e  c o a l s  i s  i n c r e a s e d ; (  2) t h e  q u a l i t y  

of coke produced by a continuous process  is  uniformly h igh ;  (3 )  t h e  s i z e  

and shape of t h e  coke can be  c o n t r o l l e d ;  and (4) b e t t e r  c o n t r o l  of 

p o l l u t i o n  i s  p o s s i b l e .  

The produc t ion  of formed coke i s  based on one of t h r e e  p r i n c i p a l  

methods. I n  t h e  f i r s t  method, thermal  decomposition of t h e  bituminous 

subs tance  i s  delayed u n t i l  t h e  t r a n s i t i o n  i n t o  t h e  p l a s t i c  s t a t e  ha s  

occur red ;  then  t h e  h o t  p l a s t i c  mass i s  formed i n t o  b r i q u e t s  t h a t  undergo 

f u r t h e r  thermal  t rea tment .  This  method is  exemplif ied by t h e  Did ie r  

Keihan Sumitomo (D.K.S.) p rocess  ( 4 ) ,  which u se s  a blend of 0-20 pe rcen t  

coking c o a l ,  70-90 pe rcen t  non-coking c o a l ,  and 10 percen t  b inde r .  

The b lend  i s  hea ted  t o  mel t  t h e  b inder  and formed i n t o  b r i q u e t s ;  t h e  

b r i q u e t s  ( e i t h e r  preheated o r  green)  a r e  carbonized and then quenched. 

The second method i s  based on t h e  low-temperature ca rbon iza t i on  of 

low-rank c o a l  t o  ob t a in  semi-coke and a bituminous subs tance  a s  a b inder .  

The semi-coke and b inde r  a r e  then formed i n t o  b r i q u e t s  which a r e  sub- 

s equen t ly  hea t - t r ea t ed .  For example, i n  t h e  Food Machinery Company 

(F.M. C.  ) process  (5) ,  c o a l  (-3 mm) of any rank  i s  pyrolysed i n  a f l u i d -  

i z e d  bed t o  produce a ca l c ined  char  and p i t c h  b inder .  The re-combined 

components are formed i n t o  b r i q u e t s  a t  low temperatures  and subsequent ly  

ca l c ined  t o  y i e l d  formed coke. The c h a r a c t e r i s t i c s  of t h e  char  and b inde r  

can b e  c o n t r o l l e d ,  and supplementary b inde r  may b e  added r e g a r d l e s s  of 

t h e  type  of c o a l  used. Although c o a l  of any rank  can b e  used,  high- 

v o l a t i l e  c o a l s  may reduce o r  e l i m i n a t e  t h e  need f o r  a supplementary b inder .  

The t h i r d  method c o n s i s t s  of h o t  b r i q u e t i n g  t h e  semi-coke obtained 

from l e s s  c o a l i f i e d  c o a l s  (using coking c o a l  as a b inde r )  followed by 



thermal  t rea tment  of t h e  b r i q u e t s .  The Bergbau-Forschung Lurgi  (B.F.L.) 

p rocess  (6 )  uses  t h i s  p r i n c i p l e ,  i n  t h a t  a  ho t  f ine-gra ined  char  and a 

b inde r  c o a l  (up t o  30 percen t  by weight)  a r e  mixed, h o t  b r i q u e t e d ,  and 

carbonized.  The quan t i t y  r a t i o s  and t h e  temperature  of t h e  char a r e  

s e l e c t e d  s o  a s  t o  ob t a in  coking c o a l  t h a t  e x h i b i t s  optimum s o f t e n i n g  

behavior  f o r  b r i q u e t i n g  and carboniza t ion .  I f  t h e  b inde r  c o a l  i s  n o t  a  

good coking c o a l ,  a  b inde r  agent  can be  added. 

The f i r s t  two methods descr ibed  produce formed coke of h igh  s t r e n g t h  

and a  well-developed arrangement of pores ,  a l though t h e  compact coke 

subs tance  has  remained o p t i c a l l y  i s o t r o p i c .  The t h i r d  method a l s o  can 

produce formed coke of h igh  s t r e n g t h  w i th  a  good pore system con ta in ing  

some a n i s o t r o p i c  a r e a s .  However, i t  i s  s t i l l  unc lear  a s  t o  whether t h e  

p a r t i c i p a t i o n  of a  more ordered phase showing o p t i c a l  an i so t ropy  a s  i n  

t h e  c l a s s i c a l  cokes i s  necessary  i n  formed cokes t o  be used f o r  metal-  

l u r g i c a l  purposes .  I f  s o ,  then i t  i s  necessary  t o  develop t h i s  phase by 

us ing  t h e  coking c o a l s  o r  o the r  m a t e r i a l s  a s  a  b inder  component. Never- 

t h e l e s s ,  Holgate  and Pinchbeck ( 7 )  i n d i c a t e d  t h a t  100 pe rcen t  F.M.C. 

coke can r e p l a c e  convent ional  coke i n  t h e  b l a s t  fu rnace .  Tes t i ng  of t h e  

B.F.L. product  i nd i ca t ed  t h a t  t h i s  product  compared favorab ly  w i th  t h e  

F.M.C. product .  

It seems l i k e l y  t h a t  t h e  F.M.C. p rocess  w i l l  be  t h e  f i r s t  of t h e s e  

formed coke processes  t o  be used on a  commercial b a s i s  f o r  i r o n  making i n  

t h e  United S t a t e s .  This  m u l t i s t a g e  process  i s  used by F.M.C. t o  manufac- 

t u r e  coke b r i q u e t s  from h i g h - v o l a t i l e  coa l s  a t  Kemmerer, Wyoming. This  

p l a n t  ha s  a  d a i l y  capac i t y  of 250 tons  of formed coke. F.M.C. formed 

coke made from E lko l  c o a l  a t  Kernmerer has  been t e s t e d  i n  t h e  In land  S t e e l  

No. 5 b l a s t  fu rnace  and i t s  ope ra t i on  was found t o  be  normal when up t o  

about 50 percen t  F.M.C. coke was used (8) .  A F.M.C. p i l o t  plant a t  

P r ince ton ,  N J ,  h a s  been made a v a i l a b l e  by t h e  McKee Corporat ion f o r  

t e s t i n g  c o a l s .  The Consol B.N.R. and t h e  United S t a t e s  S t e e l  (U.S.S.)  

c l ean  coke processes  a r e  o the r  methods f o r  producing formed coke, a l -  

though t h e  U.S.S. process  i s  r e a l l y  a combination of chemical convers ion 

and a  coking process  f o r  producing char  p e l l e t s  by b a l l i n g  a  b lend  of 

heavy o i l  o r  t a r  and char .  Coke p e l l e t s  a r e  sma l l  i n  s i z e  i n  comparison 



wi th  formed coke b r i q u e t s ,  and a r e  no t  u s u a l l y  s u i t a b l e  f o r  b l a s t  fu rnace  

work because t h e  permeabi l i ty  of t h e  b l a s t  fu rnace  s t a c k  is  impaired by 

t h e  sma l l  s i z e .  

EVALUATION OF COAL 

I n  order  t o  i d e n t i f y  coking c o a l s  and those  which can b e  used i n  

formed coke processes  i t  i s  necessary  t o  e v a l u a t e  o r  c l a s s i f y  coa l s  

according t o  e s t a b l i s h e d  s tandard  techniques .  

Basic  Analyses and T e s t s  

Bas ic  methods f o r  t h e  a n a l y s i s  and t e s t i n g  of c o a l  a r e  given i n  

American Soc ie ty  f o r  Tes t ing  and M a t e r i a l s  (A.S.T.M.) P a r t  26 ( 9 )  and 

B r i t i s h  Standards  (B.S.) 1016 (10).  Proximate a n a l y s i s  of c o a l  involves  

t h e  de te rmina t ion  of mois ture ,  ash ,  v o l a t i l e  m a t t e r ,  and carbon conten t .  

Ul t imate  a n a l y s i s  of c o a l  is  t h e  de te rmina t ion  of i t s  e lementa l  carbon, 

hydrogen, n i t r o g e n  and s u l f u r  con ten t .  Su l fu r  content--whether i n  

s u l p h a t e ,  p y r i t i c ,  o r  o rgan ic  form--is important  because t h e  s u l f u r  may 

remain i n  t h e  coke made from t h e  coa l .  

T e s t s  on t h e  coking and swel l ing  p r o p e r t i e s  of c o a l  a r e  fundamental 

i n  t h e  eva lua t i on  of coa l .  Informat ion from the se  t e s t s ,  i n  a d d i t i o n  t o  

t h e  proximate. a n a l y s i s  d a t a ,  is  used t o  c l a s s i f y  a  c o a l  sample, a l though 

d i l a t o m e t r i c  d a t a  a r e  u sua l l y  requi red  t o  d e f i n e  t h e  coking propens i ty  

of a  coa l .  The coking and swe l l i ng  t e s t s  determine t h e  c r u c i b l e  swe l l i ng  

number and t h e  Gray-King coke type.  I n  t h e  c r u c i b l e  swe l l i ng  t e s t  ( i . e . ,  

t h e  Free Swelling Index or  F. S. I .) , t h e  c o a l  i s  shock hea ted  t o  above 

800°C a t  a  r a t e  g r e a t e r  than 300°C per  minute ,  whereas i n  t h e  Gray-King 

t e s t  t h e  c o a l  i s  r a i s e d  i n  temperature  from 300°C t o  600°C a t  5°C per  

minute.  The t e s t s  measure d i f f e r e n t  phenomena, bu t  bo th  involve--to a  

g r e a t e r  o r  l e s s e r  extent-- the phenomena of p a r t i c l e  adherence (cak ing) ,  

s o f t e n i n g ,  p y r o l i t i c  swe l l i ng ,  and shr inkage ,  each of which can be  con- 

s i d e r e d  a s  a  fundamental p roper ty  of c o a l  i t s e l f  t h a t  a f f e c t s  t h e  forma- 

t i o n  of a  s a t i s f a c t o r y  coke. 

Washabi l i ty  Tes t i ng  

A high-ash conten t  e f f e c t i v e l y  d i l u t e s  t h e  coa l ;  t h e r e f o r e ,  i f  coke 

o r  semi-coke i s  made from high-ash c o a l ,  f l u x  a d d i t i o n s  a r e  needed t o  



remove i m p u r i t i e s  from i r o n  i n  t h e  b l a s t  fu rnace ,  thus  i n c r e a s i n g  t h e  

volume of s l a g  produced. Coal c l ean ing  involves  t h e  s e p a r a t i o n  of t h e  

combust ible  o rgan ic  minera l s  from t h e  incombust ible  i n o r g a n i c  i m p u r i t i e s .  

This  s e p a r a t i o n  is  achieved by e x p l o i t i n g  d i f f e r e n c e s  i n  p h y s i c a l  

p r o p e r t i e s  ( l l ) ,  s p e c i f i c  g r a v i t y ,  f o r  i n s t ance .  The incombus t ib le  i n -  

o rgan ic  i m p u r i t i e s  t h a t  remain a s  ash  on combustion of t h e  raw c o a l  

can be  considered a s  i n t r i n s i c  and extraneous.  

I n t r i n s i c  i m p u r i t i e s  a r e  thought t o  c o n s i s t  of t h e  i n o r g a n i c  

conten t  of t h e  o r i g i n a l  p l a n t  s t r u c t u r e ,  c layey materials t h a t  i n t e r -  

mingled o r  were absorbed wh i l e  t h e  vege t a t i on  was undergoing decompo- 

s i t i o n ,  and s a l t s  t h a t  were d i s so lved  i n  swamp water .  Extraneous 

i m p u r i t i e s  a r e  considered t o  be: (1) bands of s h a l e  i n t roduced  i n t o  

t h e  c o a l  seam dur ing  i t s  format ion when l a y e r s  of mud o r  s i l t  were 

depos i ted  between l a y e r s  of vege t ab l e  matter; ( 2) p y r i t e s ,  c a l c i t e ,  

a n k e r i t e ,  and gypsum t h a t  have en t e r ed  f r a c t u r e s  dur ing  o r  a f t e r  t he  

convers ion of vege t ab l e  matter i n t o  c o a l ;  and (3) o t h e r  f o r e i g n  material, 

p r i n c i p a l l y  s h a l e  and f i n e  c l ay ,  from t h e  roof and f l o o r  of t h e  seam. 

The washab i l i t y  of c o a l  h a s  been def ined  a s  t h e  amenab i l i t y  of t h e  

c o a l  t o  g r a v i t y  concen t r a t i on  ( 1 2 ) ;  washab i l i t y  t e s t i n g  c o n s i s t s  of 

s i z i n g  t h e  c o a l ,  s o r t i n g  each s i z e d  product  i n t o  a s p e c i f i c  g r a v i t y  

f r a c t i o n ,  and ana lyz ing  t h e  f r a c t i o n  f o r  ash.  

Coal Dila tometry 

The c l a s s i f i c a t i o n  of hard coa l s  according t o  t h e  i n t e r n a t i o n a l  

s tandard  (13) ,  and Marshal l  (14) ,  i nc ludes  a  measure of t h e  swe l l i ng  of 

c o a l  i n  a  d i l a tome te r .  The ma jo r i t y  of l a b o r a t o r i e s  i n  Europe have made 

u se  of equipment based upon t h e  des ign  of t h e  Ruhr d i l a t o m e t e r  (15) ,  a  

v a r i a n t  of t h e  Audibert  Arnu d i l a tome te r  (16).  A d i l a t o m e t e r  can b e  used 

f o r  c l a s s i f i c a t i o n  purposes a s  w e l l  a s  f o r  eva lua t i on  of coking propens i ty .  

Coking coa l s  undergo a  volume con t r ac t i on  and a  subsequent  expansion 

dur ing  h e a t i n g  ( t he se  volume changes a r e  r e f e r r e d  t o  a s  t h e  p l a s t i c  s t a g e ) ,  

a f t e r  which t h e  c o a l  is  f u r t h e r  hea ted  i n t o  t h e  p o s t - p l a s t i c  s t a g e .  

Gibson ( 1 7 )  has  i n d i c a t e d  t h a t  t h e  q u a l i t y  of coke depends p r i n c i p a l l y  on 

t h e  behavior  of t h e  c o a l  from which i t  i s  made i n  t h e  p l a s t i c  and post- 



p l a s t i c  s t a g e s .  Behavior i n  t h e  p l a s t i c  zone has  been eva lua ted  by 

v a r i o u s  techniques  (18) , b u t  most s u f f e r  t o  vary ing  e x t e n t s  from t h e  

e f f e c t s  of v o l a t i l e  ma t t e r  emission.  Depending on t h e  t r u e  v i s c o s i t y  of 

t h e  p l a s t i c  mass, t h e  emissions cause format ion of a  foam and g ive  a  

d i s t o r t e d  v a l u e  f o r  v i s c o s i t y .  Di la tometry has  been used t o  i n t e r p r e t  

a c c u r a t e l y  t h e  phenomena of t r u e  p l a s t i c i t y  and d e g a s i f i c a t i o n .  Ruhr 

d i l a tome t ry  r e s u l t s  can t ake  i n t o  account t h e  temperature  range dur ing  

which p l a s t i c  behavior  i s  observed and a l s o  t h e  degree of p l a s t i c  con- 

t r a c t i o n  and d i l a t i o n ,  expressed i n  a  s i n g l e  term known a s  t h e  coking 

capac i t y .  The coking capac i t y ,  a s  used by Gibson (18), i s  r ep re sen t ed  

by a  f a c t o r  g ,  and i s  c a l c u l a t e d  from t h e  d i l a t i o n  c h a r a c t e r i s t i c s .  

A comparison has  been made of t h e  temperature  range dur ing  which 

p l a s t i c  behavior  i s  observed by u s e  of bo th  t h e  G ie s l e r  viscometer  and 

Ruhr d i l a tome te r  (18). I n  t h e  l a t t e r ,  t h e  s o f t e n i n g  and r e s o l i d i f i c a t i o n  

temperatures  decreased f a i r l y  r e g u l a r l y  w i th  i n c r e a s e  i n  v o l a t i l e  ma t t e r  

con t en t  of t h e  coa l ;  t h a t  i s ,  t h e  Ruhr d i l a tome te r  gave a  c l e a r e r  p i c t u r e  

of t h e  swe l l i ng  c h a r a c t e r i s t i c s .  Also,  d i l a t i o n  was u n r e s t r i c t e d  i n  t h e  

Ruhr d i l a tome te r .  The technique of Ruhr d i l a tome t ry ,  descr ibed  i n  a  

s p e c i a l  r e p o r t  ( l g ) ,  involves  hea t i ng  a  p e n c i l  prepared from powdered 

c o a l  a t  a  cons t an t  r a t e  i n  a s t e e l  r e t o r t  pos i t ioned  i n  a  fu rnace  block.  

The change i n  l e v e l  of a p i s t o n  r e s t i n g  on t h e  sample i s  observed cont in-  

uously,  and a record  produced t h a t  i s  c h a r a c t e r i s t i c  of t h e  swe l l i ng  

p r o p e r t i e s  of t h e  coa l .  It  has  been found (17)  t h a t  a  c o a l  o r  c o a l  blend 

t h a t  e x h i b i t s  a  G f a c t o r  i n  t h e  range 0.95 t o  1.15 is capable  of forming 

m e t a l l u r g i c a l  coke. 

P o s t - p l a s t i c  zone d i l a t i o n  c h a r a c t e r i s t i c s  have been considered by 

Gregory (18), bu t  s i n c e  t h e s e  c h a r a c t e r i s t i c s  a r e  mainly r e l a t e d  t o  

f i s s u r i n g  and cracking of t h e  coke, i t  is  t h e  p l a s t i c  zone t h a t  i s  of 

g r e a t e r  s i gn5 f i cance  i n  t h e  format ion of coke. Since semi-coke i s  formed 

a t  a temperature  near  t h e  end of t h e  p l a s t i c  zone ( h e a t i n g  does n o t  

proceed much i n t o  t h e  p o s t - p l a s t i c  zone),  d i l a t i o n  c h a r a c t e r i s t i c s  may 

a l s o  be  used t o  eva lua t e  o r  c h a r a c t e r i z e  semi-cokes or  cha r s .  



Coal Petrography- 

Coal microscopy, t h e  main f i e l d  of c o a l  petrography,  developed much 

later than  d i d  i no rgan i c  rock microscopy because of t h e  d i f f i c u l t i e s  i n  

t h e  p r epa ra t i on  of c o a l  specimens (20) .  The I n t e r n a t i o n a l  Committee f o r  

Coal Petrography (I.C.C.P.) s tandard ized  t h e  a n a l y t i c a l  methods used i n  

c o a l  petrography i n  1955. The Stopes-Heerlen System, based on t h e  exam- 

i n a t i o n  of po l i shed  s u r f a c e s ,  has  been e s t a b l i s h e d  a s  t h e  s t anda rd  method. 

I n  s p i t e  of t h e  numerous organ ic  e n t i t i e s  t h a t  occur i n  c o a l  and t h e  

p r o l i f i c  terminology t h a t  has  been a s soc i a t ed  wi th  them, t h e  u s e  of pe t ro-  

g r aph i c  a n a l y s i s  f o r  app l i ed  work i s  r e s t r i c t e d  t o  only a few b a s i c  

measurements, p r i n c i p a l l y  v f t r i n i t e  r e f l e c t a n c e  and macera l  a n a l y s i s .  

The measurement of v i t r i n i t e  r e f l e c t a n c e  and maceral  a n a l y s i s ,  i nc lud ing  

t h e  d e f i n i t i o n  of terms and methods of sample p r epa ra t i on ,  a r e  descr ibed  

i n  t h e  I . S . O .  p u b l i c a t i o n  (21 ) .  

Re f l ec t ance  of v i t r i n i t e .  The r e f l e c t a n c e  of v i t r i n i t e  can be  

determined by u se  of a s p e c i a l i z e d  o p t i c a l  microscope w i th  a s t a b i l i z e d  

l i g h t  source ,  l i g h t - i n t e n s i t y  measuring equipment, and a d i s p l a y  u n i t ,  

which a f t e r  c a l i b r a t i o n  i n d i c a t e s  d i r e c t l y  t h e  r e f l e c t a n c e  va lue .  The 

r e f l e c t a n c e  of v i t r i n i t e  2s determined because i t  i s  t h e  macera l  group 

t h a t  makes up t h e  bulk of t h e  c o a l  and i s  known t o  be  r e spons ive  i n  a 

p rog re s s ive  manner t o  changes i n  c o a l  rank. Much work has  been r epo r t ed  

on t h i s  s u b j e c t  (22).  

Maceral a n a l y s i s .  Maceral a n a l y s i s ,  t h e  assessment of t h e  percen tage  --- 

of macerals  i n  a c o a l ,  has  been used f o r  t h e  p r e d i c t i o n  of coking pro- 

p e r t i e s  of s i n g l e  o r  blended c o a l s .  I n  a l l  proposed methods, t h e  maceral  

a n a l y t i c a l  d a t a  and t h e  most important  rank d a t a  have been summed and 

grouped i n t o  two c a t e g o r i e s  of r e a c t i v e s  and i n e r t  c o n s t i t u e n t s  as 

descr ibed  by Thompson and Benedict  (23) .  A l l  r e a c t i v e  c o n s t i t u e n t s  of 

c o a l s  s u i t a b l e  f o r  c a rbon iza t i on  pass  through t h e  p l a s t i c  s t a t e ,  whereas 

i n e r t  c o n s t i t u e n t s  do no t .  The r a t i o  of r e a c t i v e s  t o  i n e r t s  i s  t h e r e f o r e  

considered important  i n  t h e  eva lua t i on  of t h e  coking p ropens i t y  of a 

c o a l  o r  c o a l  blend. 

Methods have been e s t a b l i s h e d  f o r  t h e  i d e n t i f i c a t i o n  of c l e a r l y  

i n e r t  o r  r e a c t i v e  c o a l  c o n s t i t u e n t s ,  bu t  t h e r e  i s  disagreement about  t h e  



a n a l y s i s  of t h e  semi- iner t  cons t i tuen ts - - those  e n t i t i e s  which r e a c t  only 

i n  p a r t  dur ing  ca rbon iza t i on  and which, t h e r e f o r e ,  must b e  d iv ided  i n t o  

bo th  r e a c t i v e  and i n e r t  c a t ego r i e s .  Various methods and techniques  have 

been proposed (23,24,25,26).  

Although t h e  macera l  con ten t  of a  c o a l  o r  c o a l  blend is  impor tan t ,  

i t  does n o t  enab le  one t o  p r e d i c t  wi th  p r e c i s i o n  t h e  coking propens i ty  

of c o a l ,  i f  used a lone .  I d e n t i f i c a t i o n  of macerals  i n  c o a l  i s  a l s o  a  

problem r e q u i r i n g  a  t r a i n e d  c o a l  pe t rographer .  Also,  i t  is s t i l l  no t  

c l e a r  i f  some macerals  may be  considered r e a c t i v e  o r  i n e r t .  

EVALUATION OF CONVENTIONAL METALLURGICAL COKE 

Chemical Analys i s  of Coke 

Proximate and u l t i m a t e  ana ly se s .  Proximate and u l t i m a t e  ana ly se s  of 

coke a r e  important  because they i n d i c a t e  t h e  mois ture ,  a sh ,  v o l a t i l e  

ma t t e r  and f i x e d  carbon con t en t s ,  and t h e  e lementa l  a n a l y s i s  r e s p e c t i v e l y .  

(The s a m e  ana lyses  could b e  c a r r i e d  ou t  on a  semi-coke.) Moisture  i s  

important  because i t s  removal c o n s t i t u t e s  an e x t r a  thermal  load i n  t h e  

furnace ;  mois ture  should normally b e  low and cons t an t  i n  va lue .  The 

s u l f u r  con ten t  must be  less than 1 pe rcen t ,  s i n c e  t h e  bu lk  of t h e  s u l f u r  

i n  iron-making ( ~ 9 0  percen t  of t h e  t o t a l  load)  o r i g i n a t e s  i n  t h e  coke. 

The ash con t en t  of coke, which should be  l e s s  than  10 pe rcen t ,  i s  dependent 

upon t h e  ash  conten t  of coa l .  Ash c o n s i s t s  most ly  of s i l i c a  and alumina 

and must b e  f luxed  i n  t h e  furnace  w i th  l ime b e f o r e  i t  e n t e r s  t h e  s l a g .  

The v o l a t i l e  ma t t e r  con ten t  of coke should no t  exceed 1 pe rcen t .  The 

carbon con t en t ,  which l a r g e l y  determines  t h e  c a l o r i f i c  va lue  of t h e  f u e l ,  

should b e  g r e a t e r  than  85 percen t .  Proximate and u l t i m a t e  ana ly se s  on 

coke a r e  not  r o u t i n e  t e s t s  a s  d a t a  may be  obtained from a n a l y s i s  of t h e  

c o a l s  from which t he  coke is  made. 

R e a c t i v i t y .  R e a c t i v i t y  t o  carbon d iox ide  and oxygen a r e  s p e c i a l i z e d ,  -- 
non-rout ine t e s t s ,  a l though t h e  c r i t i c a l  a i r  b l a s t  i g n i t a b i l i t y  test (10) 

is  r equ i r ed  f o r  combustion processes .  R e a c t i v i t y  depends on how long and 

a t  what temperature  t h e  coke was carbonized,  on t h e  pore  s t r u c t u r e  of 

coke, and on t h e  presence of i m p u r i t i e s  t h a t  can e x e r c i s e  a  c a t a l y t i c  

e f f e c t  (27) .  For example, t h e  r e a c t i v i t y  of pure  char  i s  known t o  b e  low 



b u t  is  inc rea sed  by sma l l  a d d i t i o n s  of i r o n  o r  sodium oxide; t h i s  i s  

p a r t i c u l a r l y  t h e  ca se  w i t h i n  t h e  b l a s t  f u rnace ,  where t h e  a l k a l i  con t en t  

can b e  h igh .  Weight l o s s  i s  u s u a l l y  recorded a t  a  f i x e d  temperature  i n  

an ox id i z ing  gas atmosphere. The coke may b e  i n  a g ranu l a t ed  form o r  i n  

i n t e g r a l  lumps. I d e a l l y ,  i n  t h e  b l a s t  f u rnace ,  coke should b e  un reac t i ve  

t o  carbon monoxide and extremely combustible i n  a i r ;  i n  p r a c t i c e ,  

r e a c t i v i t y  i s  secondary t o  t h e  development of s u i t a b l e  s t r e n g t h .  

C a l o r i f i c  v a l u e  de te rmina t ions  a r e  made when r equ i r ed  by a  s tandard  

c a l o r i m e t r i c  technique (9 ,10) ,  a l though c a l c u l a t e d  va lues  may be  ob ta ined  

when t h e  coke a n a l y s i s  is  known. 

Phys i ca l  Tes t i ng  of Coke 

Coke s t r e n g t h .  Coke s t r e n g t h  i s  u s u a l l y  measured on an i n d u s t r i a l  - 
s c a l e  by s u b j e c t i n g  a sample of coke t o  s t anda rd i zed  abuse then  s i z i n g  

t h e  r e s u l t i n g  products .  An assessment of t h e  phys i ca l  p r o p e r t i e s  of 

b l a s t  f u rnace  coke, p r i n c i p a l l y  i n  drum tests, has  been desc r ibed  by 

Wilkinson ( 2 8 ) .  The e x i s t i n g  methods f o r  t e s t i n g  coke have been o u t l i n e d  

by Gregory e t  a l .  (29).  The drum t e s t  is  widely accepted a s  t h e  b e s t  

means of coke t e s t i n g ,  and t h e  drop s h a t t e r  test ha s  dec l i ned  i n  u se  

s i n c e  i t  does no t  adequately  r e f l e c t  p r a c t i c a l  cond i t i ons .  Most drum 

t e s t s  involve  t h e  use  of a  horizontally-mounted drum, cons t ruc t ed  t o  

s tandard  dimensions,  which may con t a in  a  number of f l i g h t s  p a r a l l e l  t o  

i t s  h o r i z o n t a l  a x i s .  The drum revolves  f o r  a s t anda rd  number of revolu-  

t i o n s  i n  a  f i x e d  per iod  of t ime. The test sample, which c o n s i s t s  of a  

s tandard  mass of coke of a  f i x e d  lump s i z e ,  i s  s i z e d  a f t e r  r o t a t i o n .  The 

most commonly used drum t e s t s  a r e  summarized i n  t a b l e  1. 

The Micum drum test s tandard  i n d i c e s ,  M40 and M l O ,  a r e  g iven  by t h e  

percen tage  of t h e  r e s idue  remaining on t h e  40 mm s i e v e  and pass ing  through 

t h e  10 mm s i e v e .  Grainger (30) used va lues  of M40 > 7 5  and M10 < 7 t o  

i n d i c a t e  coke of accep tab le  q u a l i t y .  The A.S.T.M. tumbler test is more 

s e v e r e  than  t h e  Micum t e s t ;  t h e  i n d i c e s  a r e  t h e  cumulat ive percen tages  

remaining on t h e  25 mm (1-inch s t a b i l i t y  f a c t o r )  and 6 mm (%-inch 

hardness  f a c t o r )  s i e v e s .  The Japanese drum t e s t  i n d i c e s  D: 8 and D! 2 O (31) 

r e p r e s e n t  t h e  amount of +15 mm coke remaining a f t e r  30 and 150 r e v o l u t i o n s  



Table  1. C h a r a c t e r i s t i c s  of coke drum t e s t s .  

Coke Drum Tes t  
S t r eng th  index 

w t  s i z e  l eng th  d i a .  rpm t Tot.  
Tes t  kg mm m m rnin r ev .  breakage ab ra s ion  

% 25.0 >60 0 .5  1 .0  25 4 100 %>40mm %<lo  rnm 
Micum 0440) (MI01 

IRSID 50.0 >20 1 .0  1 .0  25 20 500 %>20 mm % < l o  mm 
(120) (110) 

ASTM 10.0 51-76 0.46 0.91 24 58.8 1400 %>25 mtn %>6 mm 
(Stab. (Hardness) 
f ac . )  

The coke used i n  t h e  ASTM and J l S 1  tests i s  s i z e d  on square  a p e r t u r e  
s i e v e s ;  t h e  o the r  tests use  round a p e r t u r e  s i e v e s .  

r e s p e c t i v e l y .  A l i m i t a t i o n  of drum t e s t i n g -  w i th  t h e  except ion  of t h e  

French (I .R.S.I .D.) and Japanese I r o n  and S t e e l  I ndus t ry  t e s t s  (J . I .S .1 . ) - -  

i s  t h a t  they are made on non rep re sen t a t i ve  samples of t h e  coke used,  and 

cover a wide range of l e v e l s  of i n t e n s i t y  of breaking (32).  For i n s t a n c e ,  

coke sampled a t  t h e  b l a s t  fu rnace  s k i p  may have Micum i n d i c e s  d i f f e r e n t  

from t h o s e  of t h e  same coke sampled a t  t h e  coke a r e a s ,  due t o  abuse caused 

by t r a n s p o r t a t i o n .  Those t e s t s  t h a t  s u b j e c t  t h e  coke t o  minimal b reak ing ,  

such a s  i n  t h e  Micum and tests, a r e  s e n s i t i v e  t o  t h e  i n i t i a l  s i z e  

d i s t r i b u t i o n  and t o  t h e  degree of p re t rea tment  t o  which t h e  coke i s  sub- 

j e c t ed .  The I.R.S.I.D. and A.S.T.M. t e s t s  of 500 and 1400 r e v o l u t i o n s  

r e s p e c t i v e l y  a r e  more v igorous ,  b u t  they a r e  a l s o  l e s s  s e n s i t i v e  t o  t h e  

p o i n t  of sampling and involve  d i f f e r e n t  mechanisms of abuse than  those  

encountered i n  p r a c t i c e .  It  i s  t h e r e f o r e  d i f f i c u l t  t o  u se  such tests t o  

compare coke q u a l i t y  a t  d i f f e r e n t  p l a n t s  and t o  c o r r e l a t e  drum i n d i c e s  

of cokes w i th  furnace  opera t ion ,  It i s  even doub t fu l  i f  t h e  d a i l y  

v a r i a t i o n s  i n  coke q u a l i t y ,  o r  coke-size d i s t r i b u t i o n s  a t  t h e  b l a s t  

fu rnace ,  can b e  p r ed i c t ed  i f  t e s t i n g  i s  conducted a t  t h e  coke ovens. A t  

b e s t ,  t h e  drum t e s t  g ive s  an i n d i c a t i o n  of t h e  i n i t i a l  s i z e  d i s t r i u b t i o n .  



Laboratory s c a l e  s t r e n g t h  t e s t s  have been c a r r i e d  ou t  by Ignas i ak  

and Berkowitz (33) ,  who developed a method of p repar ing  and p h y s i c a l l y  

t e s t i n g  cokes made from d i f f e r e n t  c o a l  blends.  They t e s t e d  homogeneous, 

f i s s u r e - f r e e  70 mm diameter  coke d i s c s  of about 70 g  i n  weight  and 20 mm 

t h i c k .  They assessed  t h e  mechanical s t r e n g t h  by q u a r t e r i n g  each d i s c ,  by 

s u b j e c t i n g  t h e  p i ece s  t o  a mini-drum t e s t ,  and by d i r e c t  compression of 

t h e  coke d i s c s  t o  f a i l u r e .  

P a t r i c k  and Stacey (2) have u sedd fame t r i ca l  compression t e s t s  t o  

e v a l u a t e  coke s t r e n g t h .  Cores 10 mm i n  diamter and 9 mrn long  were d r i l l e d  

from coke p i ece s  and compressed d i a m e t r i c a l l y  t o  f r a c t u r e .  Breakage 

u l t i m a t e l y  occurred along t h e  l i n e  of t h e  diameter a s  a  r e s u l t  of t e n s i l e  

s t r e s s e s  developing a t  r i g h t  ang l e s  t o  t h e  l i n e  of t h e  a p p l i e d  load.  

Jones  (34) ha s  a l s o  used t h i s  t e s t  (known a l s o  a s  t h e  B r a z i l i a n  t e s t ) ,  

wi th  coke c y l i n d e r s  formed i n  confined condi t ions .  This  e l i m i n a t e s  

d r i l l i n g  c o r e  samples. The B r a z i l i a n  t e s t  has  been widely used i n  rock 

mechanics and has  been shown (35) t o  b e  both s imple  and convenient  t o  

u s e  f o r  b r i t t l e  m a t e r i a l s .  

High temperature  t e s t i n g .  The p r o p e r t i e s  of coke i n s i d e  t h e  b l a s t  

fu rnace  change i n  t h e  lower p a r t  of t h e  b l a s t  fu rnace ,  p a r t l y  because of 

t h e  high-temperature environment. Consequently, h o t  s t r e n g t h  t e s t s  have 

become i n c r e a s i n g l y  important .  Bi rge  e t  a l .  (36) hea ted  coke t o  a  

temperature  of 191000C and t e s t e d  i t  i n  an A.S.T.M. drum. They concluded 

t h a t  t h i s  procedure gave a  good i n d i c a t i o n  of probable  coke behavior  i n  

t h e  b l a s t  fu rnace .  Vega (37) hea ted  coke i n  a s i l i c o n  c a r b i d e  tube  i n  

which a  tumbler t e s t  was performed. This  test probably measured only 

ab ra s ion  r e s i s t a n c e ,  and i t  was found t h a t  t h e  r e s u l t s  ob ta ined  a t  room 

temperature  gave no i n d i c a t i o n  of t h e  high-temperature behavior  of coke. 

Murakami (38) used a s imple  h o t  r e a c t i o n  t e s t  and determined t h e  

r e a c t i v i t y  and a f t e r - r e a c t i o n  s t r e n g t h  of 200-g coke specimens; a  high 

degree of c o r r e l a t i o n  between t h e s e  two i n d i c e s  w a s  found (39) .  The 

a f t e r - r e a c t i o n  s t r e n g t h  decreased wi th  i n c r e a s e  i n  percen tage  r e a c t i v i t y ,  

except  f o r  s p e c i a l  cokes such as formed coke, and w a s  r e l a t e d  t o  t h e  po re  

c h a r a c t e r i s t i c s  such a s  s i z e ,  p o r o s i t y ,  and pore  w a l l  t h i cknes s .  These 

p r o p e r t i e s  v a r i e d  a s  a  f u n c t i o n  of p re t rea tment  of t h e  c o a l ,  t h e  



carboniz ing  cond i t i ons ,  and t h e  method of coke quenching, b u t  appeared 

t o  b e  most a f f e c t e d  by t h e  b a s i c  p r o p e r t i e s  of t h e  raw c o a l ,  such a s  

degree  of e o a l i f i c a t i o n  and f l u i d i t y .  

Clendenin (40) ha s  i n d i c a t e d  t h a t  coke degrades  more r a p i d l y  a t  h igh  

temperature ,  b u t  t h a t  coke w i th  a  poor low-temperature s t r e n g t h  a l s o  

e x h i b i t s  poor s t r e n g t h  a t  high temperatures ,  and v i c e  ve r sa .  

P o r o s i t y  of coke. The apparen t  and r e a l  d e n s i t i e s  of coke a r e  o f t e n  

determined exper imenta l ly  and used t o  c a l c u l a t e  t h e  percen tage  of 

po ros i t y .  The form of t h e  pores  (open, c lo sed ,  o r  e longated)  i s  a l s o  

impor tan t ,  a s  i s  t h e  n a t u r e  of t h e  pore  w a l l s  (wa l l  t h i cknes s ,  o p t i c a l  

an i so t ropy ,  and degree of c rack ing) .  However, t h e  s t r u c t u r e  of semi-coke 

does n o t  change g r e a t l y  on f u r t h e r  h e a t i n g  t o  form coke. 

EVALUATION OF SEMI-COKES AND CHARS 

Both semi-coke and char  a r e  m a t e r i a l s  t h a t  can b e  considered t o  b e  

i n t e r m e d i a t e  between c o a l  and coke. Coal and coke can be  c l a s s i f i e d  w i t h i n  

t h e  l i m i t a t i o n s  p r ev ious ly  d i s cus sed ,  b u t  semi-coke and char  must be  

c h a r a c t e r i z e d  according t o  t h e  maxiumum temperature  t o  which they  a r e  

hea ted .  The term semi-coke sugges t s  t h a t  i t  has  been made from a coking 

c o a l  and would t rans form i n t o  coke on f u r t h e r  c a rbon iza t i on ,  whereas a  

char  may be  formed from a non-coking c o a l  and would no t  b e  transformed 

i n t o  coke on f u r t h e r  hea t i ng .  

I f  techniques  used f o r  t h e  eva lua t i on  of c o a l  and coke a r e  used t o  

eva lua t e  a  semi-coke o r  cha r ,  t h e  parameters obtained w i l l  b e  d i f f i c u l t  

t o  c o r r e l a t e  wi th  e i t h e r  c o a l  o r  coke. Therefore ,  d a t a  must b e  ob ta ined  

f o r  "standard" o r  r e f e r ence  semi-cokes o r  cha r s  ( t h a t  i s ,  f o r  m a t e r i a l s  

known t o  be  s u i t a b l e  f o r  making formed coke).  S imi l a r  d a t a  f o r  t h e  ISGS 

cha r s  can then  be  compared w i th  s-tandard da t a .  For example, t h e  F.M.C. 

p rocess  r e q u i r e s  a  char  t o  be mixed w i th  a  b inde r ,  which i s  ob ta ined  

u s ing  t h e  v o l a t i l e  matter from h igh  v o l a t i l e  coa l s .  Consequently, ISGS 

cha r s  can be compared wi th  F,M.C. char  on t h e  b a s i s  of p h y s i c a l  and 

chemical parameters .  



Comparison of Phys i ca l  Parameters of Chars 

S t r eng th .  The s t r e n g t h  of a  semi-coke o r  char  can be  measured only 

i f  an aggrega te  mass of m a t e r i a l  of s tandard  shape is crushed.  D i r e c t  

t e n s i l e  t e s t i n g  i s  n o t  f e a s i b l e  f o r  such b r i t t l e  m a t e r i a l s  because t h e  

e longa ted  sample r equ i r ed  f o r  such t e s t i n g  i s  d i f f i c u l t  t o  f a b r i c a t e  and 

test.  I t  i s  a l s o  d i f f i c u l t  t o  s u b j e c t  a  char ,  i n  g r a n u l a r  form, t o  

e i t h e r  compressive o r  t e n s i l e  s t r e s s e s .  Jones (34) sugges t s  t h a t  an  

a t tempt  b e  made t o  p a r t l y  ca rbonize  c o a l s  t o  form cha r s  i n  a  confined 

space  under a  s tandard  p h y s i c a l  c o n s t r a i n t .  I f  semi-coke o r  char  c y l i n d e r s  

can b e  produced, then they can be  t e s t e d  according t o  t h e  B r a z i l i a n  t e s t ;  

a  compression cage connected t o  a  bench-mounted tens iometer  and a u x i l i a r y  

equipment can be  used. 

P a r t i c l e - . s i z e  d i s t r i b u t i o n .  To measure p a r t i c l e - s i z e  d i s t r i b u t i o n  - 
f o r  a  comparative eva lua t i on ,  t h e  t rea tment  of t h e  semi-cokes and cha r s  

must b e  i d e n t i c a l .  

P o r o s i t y  and pore  w a l l  c h a r a c t e r i s t i c s .  O p t i c a l  microscopy can b e  

used t o  eva lua t e  t h e  p o r o s i t y  and t h e  o p t i c a l  c h a r a c t e r  of t h e  pore  w a l l s  

( i . e . ,  an i so t ropy  and t h i cknes s  of g r anu l a r  and compacted semi-coke o r  

cha r ) .  Po ros i t y  may a l s o  b e  determined by mercury poros imet ry  and by t h e  

u s e  of a  Beckman a i r  comparison pycnometer, f o r  measurement of s m a l l  

volumes of pu lver ized  semi-coke o r  char  (34) .  

Comparison of Chemical P r o p e r t i e s  of Chars 

Composition. Proximate,  e lementa l  and t r a c e  element a n a l y s i s  by 

convent iona l  methods may be c a r r i e d  ou t  a s  f o r  c o a l  and coke on bo th  

semi-coke and char  and on s t anda rd  r e f e r ence  m a t e r i a l s ,  f o r  t h e  purpose 

of comparison. 

Reac t i v i t y .  There i s  much t o  b e  learned from examination of t h e  

carbon-carbon d iox ide  r e a c t i o n ,  a s  l i t t l e  fundamental r e sea rch  has  been 

done t o  i n v e s t i g a t e  t h e  r e a c t i o n  k i n e t i c s  a t  e l eva t ed  temperatures .  This  

is an important  r e a c t i o n  i n  t h e  iron-making b l a s t  f u rnace ,  p a r t i c u l a r l y  

i n  t h e  raceway a r e a s  i n  f r o n t  of t h e  tuyeres  where t h e  fo l lowing  r e a c t i o n s  

occur : 



C + o2 - co, 
C + C 0 2  , 2 C 0  

llc 2 C  3. o2 \-~ 2CO 

Coke a r r i v e s  a t  t h e  t uye re s  a t  a temperature  of about 1 5 0 0 ° C  and comes 

i n t o  con t ac t  w i th  a i r  t h a t  i s  u s u a l l y  above 1 0 0 0 ° C  under cond i t i ons  of 

h igh  tu rbu lence .  The coke burns t o  C 0 2  w i t h i n  100 mm of t h e  nose of t h e  

tuyere  and because of t h e  i n s t a b i l i t y  of C 0 2  i n  excess  carbon a t  a 

t empera ture  of about 2 0 0 0 ° C  r e a c t s  t o  g ive  CO f o r  about  2 m i n t o  t h e  bosh. 

The mechanisms of c a t a l y s i s  by elements commonly found i n  t h e  b l a s t  

f u rnace ,  such a s  a l k a l i s ,  should a l s o  b e  i n v e s t i g a t e d .  R e a c t i v i t y  of 

carbonized m a t e r i a l  w i th  hydrogen may a l s o  b e  u s e f u l  f o r  eva lua t i ng  t h e  

r e a c t i o n  k i n e t i c s .  R e a c t i v i t y  t e s t i n g  r e q u i r e s  equipment i n  which t h e  

gas  atmosphere can b e  con t ro l l ed  over a wide range of temperatures  and i n  

which changes i n  weight  of sma l l  samples of c o a l ,  char  o r  coke (such a s  

a m a s s  f low thermobalance) can b e  measured. 

S u l f u r  d i s t r i b u t i o n .  The h igh  s u l f u r  con ten t  of I l l i n o i s  c o a l  is  a - -- 
major problem f o r  t h e  u t i l i z a t i o n  of bo th  t h e  raw c o a l  and i t s  carbonized 

forms. D r .  H. V .  Jones  i s  c u r r e n t l y  moni tor ing t h e  s u l f u r  d i s t r i b u t i o n  

i n  char  and coke made from such c o a l ,  us ing  t h e  a n a l y t i c a l  e l e c t r o n  

microscopy (AEM) f a c i l i t i e s  a t  t h e  M a t e r i a l s  Research Labo ra to ry (  MRL) . 
This  p r o j e c t  is based on t h e  work c a r r i e d  ou t  by P ro fe s so r  C. Wert and 

M r .  K .  C .  Hsieh ( 4 2 )  i n  t h e  Department of Metal lurgy and Mining Engineer- 

i ng  a t  t h e  Un ive r s i t y  of I l l i n o i s .  A technique has  been developed f o r  ( 

prepar ing  samples f o r  t ransmiss ion  e l e c t r o n  microscopy; t h i s  technique 

has  enabled t h e  i d e n t i f i c a t i o n  of very  sma l l  s u l f i d e  p a r t i c l e s  a s  p y r i t e  

and p y r r h o t i t e  c r y s t a l s  i n  coa l .  Mic ropa r t i c l e s  of c l a y s  have a l s o  been 

found . 
I n  order  t o  examine t h e  changes i n  t h e s e  micro-cons t i tuen ts  du r ing  

ca rbon iza t i on ,  w e  sugges t  t h a t  chars  b e  produced over a wide range of 

temperatures  and eva lua ted  us ing  AEM. The technique of M8ssbauer spec t ro-  

scopy can a l s o  be  used t o  i n d i c a t e  t h e  s t a t e  of i r o n  i n  combination w i th  

s u l f u r  ( t h a t  i s ,  i n  t h e  i r o n  s u l f i d e  p a r t i c l e s ) .  We recommend t h a t  t h e  

cha r s  b e  produced i n  a thermobalance, s o  t h a t  weight l o s s  d a t a  and 



su l fu r -bea r ing  v o l a t i l e  ma t t e r  may b e  recorded.  Convent ional  wet a n a l y s i s  

of chars  can a l s o  be  c a r r i e d  ou t  t o  complement t h e  r e s u l t s .  

We a l s o  recommend t h a t  i n  a d d i t i o n  t o  t h i s  p ro jec t - - to  add t o  t h e  

fundamental  knowledge of s u l f u r  i n  I l l i n o i s  coals--research b e  conducted 

on t h e  py r i t e - t o -py r rho t i t e  r e a c t i o n  by us ing  thermogravimetr ic  a n a l y s i s  

( i . e . ,  i n  a  thermobalance) t o  c o r r e l a t e  t h e  degree of r e a c t i o n  and 

v a r i a b l e s  such a s  r e a c t i o n  r a t e  and temperature  wi th  s t o i ch iome t ry .  This  

r e s e a r c h  could a l s o  prov ide  a  source  of "standard" compounds f o r  t h e  

purpose of comparison wi th  i no rgan i c  s u l f u r  compounds, as i d e n t i f i e d  by 

AEM, i n  c o a l ,  char ,  and coke. 

Coal is  gene ra l l y  considered t o  be composed of t h r e e  macera l  groups 

and mine ra l  ma t t e r .  We sugges t  t h a t  t h e  d i s t r i b u t i o n  of s u l f u r  i n  t hose  

fou r  groups and t h e  form i n  which s u l f u r  i s  combined should b e  examined. 

A c o r r e l a t i o n  of s u l f u r  compounds w i th  maceral  groups,  combined w i th  

geo log i ca l  in format ion ,  might p rov ide  an explana t ion  of how t h e  sma l l  

c r y s t a l l i t e s  of s u l f i d e s  occurred i n  t h e  c o a l  i n  t h e  f i r s t  p l a c e .  

Research should a l s o  b e  conducted on t h e  organ ic  s u l f u r  i n  c o a l  and 

i t s  carbonized forms, and on t h e  a b i l i t y  of char  and coke t o  absorb o r  

r e a c t  w i th  su l fur -bear ing  v o l a t i l e  m a t t e r ;  f i nd ings  from such r e s e a r c h  

should i n d i c a t e  whether s u l f u r  t h a t  i s  removed i n  a  gaseous form from 

t h e  c o a l  dur ing  ca rbon iza t i on  is  absorbed back i n t o  t h e  cha r  o r  coke when 

i t  i s  allowed t o  remain i n  con t ac t  wi th  t h e  s o l i d  m a t e r i a l .  

Compatabi l i ty  of Char and Binder - 

Tar o r  p i t c h  can b e  used a s  a  b i n d e r ,  a s  i n  t h e  F.M.C. p rocess .  We 

sugges t  t h a t  t h e  technique of Ruhr d i l a tome t ry  be  used t o  e v a l u a t e  char  

and b inde r  compatab i l i ty  p r i o r  t o  mechanical forming. It may be p o s s i b l e  

t o  use  t h e  d i l a t i o n  c h a r a c t e r i s t i c s  of char-binder b lends  i n  t h e  same way 

a s  those  of c o a l  blends.  Such in format ion  could be  ob ta ined  from r e f e r e n c e  

m a t e r i a l s  ( t hose  known t o  be  good f o r  u se  i n  i n d u s t r i a l  p l a n t s )  and 

compared wi th  ISGS cha r s  and v a r i o u s  b inder  combinations.  The cha rac t e r -  

i s t i c s  of b inde r s  can a l s o  be  i n v e s t i g a t e d  by us ing  s t anda rd  bitumen 

tests, such a s  s o f t e n i n g  p o i n t  and p e n e t r a t i o n  tests, and e lementa l  

a n a l y s i s ,  e s p e c i a l l y  f o r  s u l f u r  and i t s  forms. 



Tes t i ng  of Green and Carbonized Br ique ts  

Br ique ts  can be  produced i n  a  l abo ra to ry  b r i q u e t t i n g  p r e s s  o r  a t  t h e  

f  omed coke p l a n t .  Both carbonized o r  uncarbonized b r i q u e t s  ( i  . e .  , 
formed coke o r  green b r ique t s )  made from r e f e r e n c e  and ISGS chars  can 

then  b e  compared on t h e  b a s i s  of s i z e ,  weight ,  p o r o s i t y ,  and f r a c t u r e  

s t r e n g t h .  The e f f e c t  of b r i q u e t i n g  v a r i a b l e s  such a s  b r i q u e t i n g  p r e s s u r e  

may a l s o  b e  examined. 

A PROGRAM PROPOSAL 

The techniques  used f o r  t h e  eva lua t i on  of c o a l  a r e  we l l - e s t ab l i shed ,  

a t  l e a s t  f o r  t h e  well-known carboni fe rous  c o a l s  such a s  t hose  found i n  

t h e  midwestern United S t a t e s .  However, procedures  f o r  t h e  eva lua t i on  of 

m e t a l l u r g i c a l  coke r e q u i r e  f u r t h e r  development on bo th  a  l abo ra to ry  and 

i n d u s t r i a l  s c a l e .  There i s  a  p a r t i c u l a r  need t o  s t a n d a r d i z e  t h e  p h y s i c a l  

s t r e n g t h  de te rmina t ions  and t h e  r e a c t i v i t y  t o  carbon d iox ide  t e s t .  Never- 

t h e l e s s ,  we propose t h a t  t h e  eva lua t i on  of cha r s  be  conducted by us ing  

t h e  techniques  descr ibed  i n  t h e  prev ious  s e c t i o n  of t h i s  paper .  Research 

on (1) p h y s i c a l  parameters ,  ( 2 )  chemical p r o p e r t i e s ,  (3 )  i n t e r a c t i o n s  

between char  and b inde r ,  and (4) t e s t i n g  of b r i q u e t s  a r e  important  s t e p s  

toward advancing t h e  technology of u t i l i z i n g  low-sulfur cha r s  made from 

h igh-su l fur  I l l i n o i s  coa l s  f o r  t h e  manufacture of m e t a l l u r g i c a l  g rade  

coke. Well-equipped f a c i l i t i e s  and experienced personne l  a r e  a v a i l a b l e  

a t  Champaign-Urbana f o r  such a  r e sea rch  program. 

E x i s t i n g  F a c i l i t i e s  and Personnel  

The Applied Research Laboratory (ARL) i s  one of t h r e e  b u i l d i n g s  of 

t h e  I l l i n o i s  S t a t e  Geological  Survey which i s  loca t ed  on t h e  campus of 

t h e  Un ive r s i t y  of I l l i n o i s .  The ARL b u i l d i n g  was completed i n  1941 t o  

p rov ide  f a c i l i t i e s  f o r  semi-plant s c a l e  r e sea rch  on I l l i n o i s  c o a l  and 

mine ra l s .  Within a  few y e a r s  a f t e r  i t s  completion t h e  l abo ra to ry  housed 

a  p r e s s  and oven f o r  making c o a l  b r i q u e t s ,  a  p i l o t  coking oven, and c o a l  

p r e p a r a t i o n  equipment. The l a r g e  coking oven has  been rep laced  by low- 

temperature  ca rbon iza t i on  equipment f o r  producing t h e  types  of cha r s  t h a t  

can be  chemical ly  b e n e f i c i a t e d ,  bu t  a complete range of bench-scale c o a l  

c lean ing  u n i t s  remain. The l abo ra to ry  ha s  been remodeled ex t ens ive ly  i n  



t h e  p a s t  two yea r s  w i th  more than  $350,000 of funds from t h e  C a p i t a l  

Development Board. The a d d i t i o n s  i nc lude  new l a b o r a t o r i e s  f o r  ASTM tests 

on c o a l  and coke, f o r  chemical b e n e f i c i a t i o n  of c o a l ,  f o r  m ine ra l  

p rocess ing  r e sea rch ,  and f o r  dus t -cont ro l led  gr ind ing  and s i e v i n g .  

The M a t e r i a l s  Research Laboratory (MRL) i s  an i n t e rdepa r tmen ta l  

u n i t  of t h e  College of Engineer ing of t h e  Univers i ty  of I l l i n o i s .  The 

MRL i s  a f f i l i a t e d  wi th  va r ious  Un ive r s i t y  departments such a s  Geology 

and M e t a l l u r g i c a l  and Mining Engineer ing,  and a l s o  w i th  a l l i e d  s ta te  

agenc ies  on t h e  campus such as t h e  I l l i n o i s  S t a t e  Geolog ica l  Survey. 

The MRL, d i r e c t e d  by D r .  P.  Flynn, i s  supported p r imar i l y  by t h e  U.S. 

Department of Energy, t h e  Nat iona l  Science Foundation, and funds from t h e  

Un ive r s i t y  of I l l i n o i s .  This  major f a c i l i t y  houses a n a l y t i c a l  e l e c t r o n  

microscope equipment t h a t  would b e  used i n  t h e  program desc r ibed .  

Programs i n  c o a l  c a rbon iza t i on  and i n  t h e  b e n e f i c i a t i o n  of f i n e  c o a l  

a t  t h e  ARL a r e  d i r e c t e d  by D r .  C a r l  Kruse. A s  of September 1981 t h i s  

s e c t i o n  i nc ludes  f i v e  fu l l - t ime  ISGS s t a f f  members and v i s i t i n g  s c i e n t i s t  

D r .  H. V. Jones ,  a  ha l f - t ime  employee. These r e sea rch  pe r sonne l  have 

e x p e r t i s e  i n  c o a l  ana lyses  and t e s t i n g  methods, chemical and p h y s i c a l  

b e n e f i c i a t i o n  of c o a l ,  c a rbon iza t i on  of coa l ,  coke making f o r  me ta l l u rg i -  

c a l  a p p l i c a t i o n s ,  and spec t ro scop i c  methods of examining c o a l  and i t s  

ca rbon iza t i on  products .  

Addi t iona l  Equipment Needed 

The fol lowing equipment o r  i t s  equiva len t  w i l l  b e  needed a t  t h e  ARL 

f o r  t h e  proposed research .  

Sample p r epa ra t i on  

Rotary sample d i v i d e r  ( eg . ,  Pa sca l1  type)  

Micronizing m i l l  ( eg . ,  McCrone type) 

Drying oven w i th  forced  convect ion 

High-precision automatic  balance 

Est imated Cost 

$ 3,000 

1,600 

1,800 

5,000 



Dilatometry 

Ruhr d i l a tome te r  and c o a l  p e n c i l  d i e  
and p r e s s  

L inea r  temperature  v a r i a b l e  r a t e  programmer 
wi th  Platinum/~latinum-Rhodium thermo- 
couples  (eg. ,  S tan ton  Redcrof t  type)  

M i l l i v o l t a g e  p l o t t e r  ( eg . ,  Speedomax c h a r t  
r e co rde r ,  0-10 mv s c a l e )  

R e a c t i v i t v  

Estimated Cost --- 

$ 2,500 

Mass f low thermobalance (eg. , Stan ton  o r  
Cahn type)  19,000 

D i g i t a l  pyrometer and po ten t iometer  wi th  
~ la t inum/Pla t inum-13% Rhodium thermocouples 400 

Gas c y l i n d e r s  of carbon d iox ide ,  carbon monoxide, 
hydrogen and n i t rogen  w i th  flow meters ,  va lve s  
and gages f o r  c o n t r o l  of gas supply t o  t h e  
thermob a l ance  2,400 

pH m e t e r  700 

S t r eng th  tests 

T e n s i l e  t e s t i n g  machine, v e r t i c a l  bench 
mounted type 15,000 

Compression cage f o r  compressing char  and coke 
i n  t h e  t e n s i l e  t e s t i n g  machine 200 

X-Y pen recorder  f o r  r ap id  s t r e s s - s t r a i n  p l o t s  
of d a t a  from t h e  t e n s i l e  t e s t i n g  machine 1,200 

TOTAL $56,300 

To c a r r y  out  t h e  proposed r e sea rch  program a t  Applied Research 

Laboratory,  two r e sea rch  a s s i s t a n t s  w i l l  be  r equ i r ed ,  one t o  p repare  

samples and conduct d i l a t i o n  tests, t h e  o t h e r  t o  s e t  up and ope ra t e  t h e  

thermobalance. A l abo ra to ry  a s s i s t a n t  w i l l  a l s o  be  needed t o  h e l p  

assemble and main ta in  t h e  equipment and make l abo ra to ry  i t ems  such a s  

s e a l  r i n g s  f o r  ends of a  r o t a r y  tube furnace ,  o r  a  sample s t a n d  f o r  t h e  

thermobalance. One o r  two a d d i t i o n a l  a s s i s t a n t s  w i l l  be  r equ i r ed  t o  h e l p  



wi th  work a t  t h e  Ma te r i a l s  Research Laboratory such a s  i o n  m i l l i n g  c o a l  

and char  samples f o r  u s e  i n  t h e  e l e c t r o n  microscope. 

This  program would o f f e r  a good oppor tun i ty  f o r  pos tg r adua t e  s t u d e n t s  

wi th  a B.S. i n  meta l lu rgy ,  chemistry  o r  physics  t o  work f o r  a M.S. o r  

Ph.D. degree under a p p r o p r i a t e  supe rv i s ion .  Research p r o j e c t s  could be  

based on t h e s e  proposa l s ,  and t h e  employment of r e sea rch  a s s i s t a n t s  o r  

pos tgradua te  s t u d e n t s  (depending on t h e  economic s i t u a t i o n )  should  ensu re  

a d e t a i l e d  r e sea rch  program. 



GLOSSARY 

Acid leaching  - Disso lv ing  i n  ac id .  

Ana ly t i ca l  e l e c t r o n  microscopy - The use  of an e l e c t r o n  microscope i n  
conjunc t ion  wi th  X-ray a n a l y s i s  and e l e c t r o n  d i f f r a c t i o n  techniques 
t o  i d e n t i f y  e lementa l  composition and c r y s t a l  s t r u c t u r e s  
r e s p e c t i v e l y .  

Anistropy - P r o p e r t i e s  of a subs tance  v a r i e s  w i th  d i r e c t i o n .  

B la s t  fu rnace  - V e r t i c a l  tube furnace  f o r  iron-making. 

B la s t  fu rnace  s k i p  - Bucket used t o  f i l l  t h e  b l a s t  fu rnace  w i th  coke and 
i r o n  ore .  

Bosh - Region j u s t  above the  tfiyeres i n s i d e  a b l a s t  furnace.  

C a l o r i f i c  va lue  - Number of hea t  u n i t s  obtained by t h e  complete 
combustion of u n i t  mass of a f u e l .  

Carbonizat ion - Process  of coke formation. 

C a t a l y s i s  - A subs tance  which a c c e l e r a t e s  a chemical r e a c t i o n .  

Charring - P a r t i a l  ca rboniza t ion  of any coa l .  

Coal - Carbonaceous sedimentary rock der ived  from vege tab le  d e b r i s .  

Coke - So l id  r e s i d u e  formed by hea t ing  c e r t a i n  coa l s  i n  t h e  absence of a i r .  

Flux - Substance added t o  s o l i d  t o  i n c r e a s e  i t s  f u s i b i l i t y .  

Hydrodesu l fur iza t ion  - Removal of s u l f u r  by r e a c t i o n  wi th  hydrogen. 

Maceral - Microscopical ly  recognizable  i n d i v i d u a l  o rganic  c o n s t i t u e n t s  of 
c o a l  which have evolved from d i f f e r e n t  organs and t i s s u e s  of t h e  
p l a n t s  from which t h e  c o a l  was o r i g i n a l l y  formed, by t h e  process  of 
c o a l i f i c a t i o n .  Macerals a r e  anologous t o  minera l s  i n  inorganic  rocks.  

Mijssbauer spectroscopy - A t e c h n i q u e u s e d t o  eva lua t e  t h e  i r o n  content  i n  
m a t e r i a l s  us ing  X-rays. 

Petrology - Study of t h e  o r i g i n ,  cond i t i on ,  composition a l t e r a t i o n  and 
decay of rocks.  

Py ro lys i s  - Heating. 

P y r o l i t i c  swel l ing  - Expansion due t o  hea t ing .  

React ion k i n e t i c s  - The s tudy  of mechanisms involved i n  c o n t r o l l i n g  t h e  
speed of a chemical r eac t ion .  

Stoichiometry - Rat io  of elements i n  a compound. 

Tcyeres - A i r  i n j e c t o r s  i n  b l a s t  fu rnace  (cause b l a s t  of a i r  t h a t  burns 
coke) .  

V i t r i n i t e  - One of t he  t h r e e  maceral groups found i n  coa l .  
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