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INITILL STEPS IN THE CCjALIFICATION P3OCESS 
Fi.:’T CCidSTITIEIITS AS3 TF!PIR DEC-MDATICN T3 THE PXAT STAGE 

Elso S. h rghoorn  
Larvarci ‘Jniversi ty ,  Carribridge, h s s a c h u s e t t s  

Srqanic matter i-s produced i n  n a t u r e  a t  a r a t e  on the order  o f  
d7 gran:s ?er year .  
i n t o  t h e  cycle  i n  bo+h m r i n e  and t e r r e s t r i a l  environments, ye t  during the 
coiirse of qeolos.lc time a f r s c t f c n  has escape6 t o  f e r n  the fcssil .  fue l s .  
I n  t e r r ? s t . r l a l  organic  sedirrentation, u l t i x z t e l y  leading to  coal, 0r.e of 
ti:e mst s i q i f i c 2 n t .  cgc t r ibo t ions  i s  t n a t  m d e  by woody t i s s u e s  of plants .  
I t  becomes of i n t e r e s t ,  thercfcre ,  t o  exarAne i n  some d e t a i l  the  s t r a c t w a l  
ana cr,eir.ical a l t e r a t i c n  of ~ J O O ~ J  plant n z t e r i a l  i n  the ear ly  staz8s of 
a l - l e r a t i m  to peat  and u l t i r a t e l y  to coal. 
t o h E i c a 1  and k.istccheriica1 rrocesses  i n  tne d e y a d a t i o n  of wood in the 
o?.rly s t3ges  of or5znic  accumuI.atior,.” 

9.e v a s t  mjor i t3-  o f  t h i s  .is annually passed back 

. .  

This paper dea ls  with the h i s -  

’‘iorD12te panuscr ipt  not received i n  time f o r  preprint ing.  
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THE T R A M I T I O N  FROM PEAT TO LIGNITE 
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A A ConpA?tely s a t i s f a c t o r y  d i s t i n c t i o n  between pea t  and l i g n i t e  is  seldom made i n  
coal c l a s s i f i c a t i o n  schemes and o f t e n  pea t  i s  excluded e n t i r e l y  from t h e  category of 
coal.  I t  i s  not d i f f i c u l t  t o  understand why t h i s  s i t u a t i o n  e x i s t s ,  but t h e  f a i l u r e  t o  
fo rea l ly  recognize pea t  as a form of coal  has  an e f f e c t  which i s  lamentable, i n  t ha t  
i t  c rea t e s  a "no-man's land" between the  provinces of t h e  biochemist  on one hand and 
the  coal chemist on t h e  o the r .  Few biochemists f i n d  it rewarding t o  work i n  t h i s  f r inge  
area and coal chemists a r e  i n  general  abhorred by t h e  thought o f  concentrat ing t h e i r  
e f f o r t s  i n  the  study of pea t s .  

In  c c n t r a s t  with t h e  above, t h e  common absence of an adequate d i f f e r e n t i a t i o n  o f  
l i g n i t e s  (or brown c o a l s )  and p e a t s  i n  coa l  c l a s s i f i c a t i o n s  i s  obviously not t o  be 
viewed with alarm. I t  s e e m s  apparent t h a t  any such d i s t i n c t i o n  w i l l  be an a r b i t r a r y  
one and no g rea t  need e x i s t s  a t  the moment f o r  e s t a b l i s h i n g  a f i rmly  f ixed  ' l i ne  of 
demarcation. The a n a l y t i c a l  d a t a  p re sen t  i n  t h e  l i t e r a t u r e  c o n t r a s t i n g  t h e  composi- 
t i o n  of pea t s  and l i g n i t e s  are use fu l  and o f t e n  informative,  a t  least i n  a general  
way. .bong o the r  things,  t hese  d a t a  show t h a t  pea t s  commonly con ta in  s i g n i f i c a n t l y  
higher percentages of moisture and ni t rogen.  However, few would f e e l  prone t o  assert 
tha r  a i r  d r i s d  pes t  i s  l i g n i t e ,  o r  t h a t  l i g n i t e  can be produced from pea t  merely by 
leaching the  nitrogeneous substances from t h e  mass. From t h i s  it is evident  t h a t  
such da ta  represent  t h e  average e f f e c t  of t h e  a c t u a l  changes which occur i n  the  
t r . x i s i t i on  from peat t o  l i g n i t e .  A t r u e  understanding of t h e  t r a n s i t i o n  can hardly 
be achieved without i n spec t ing  t h e  na tu re  of t h e  var ious ind iv idua l  changes, each 
of which may a f f e c t  t h e  average moisture,  n i t rogen  or carbon content  i n  a d i f f e r e n t  
manner. The ma te r i a l s  undergoing t h e  changes are t h e  minerals  which are composed of 
inorganic  substances and the  macerals which are f a b r i c a t e d  o f  o rgan ic  ma te r i a l .  

The mineral substances p re sen t  i n  coal seams occur i n  d i s c r e t e  masses which 
usua l ly  possess well-defined boundaries by v i r t u e  of t he i r 'mode  of o r i g i n .  Equally 
d i s c r e t e  a re  the  masees of ma te r i a l  formed of maceral substances and, as i n  t h e  case 
of t he  mineral nasses,  t h e  d i sc re t eness  ob ta ins  because o f  t h e  manner i n  which the  
substance o r  aggregate of substances has been formed. In  some ins t ances  these  bound- 
a r i e s  are inhe r i t ed  from the  source ma te r i a l s  as i n  t h e  case of d e t r i t a l  rock fragments 
and fragments of c e l l  o r  t i s s u e  s y s t e m s .  In  o t h e r  cases, t h e  boundaries a re  determined 
by the  s i z e  and shape of the  space i n  which a newly formed mineral  or maceral may be 
emplaced. Figure 1 of P l a t e  I i l l u s t r a t e s  t h i s  p o i n t  by showing t h e  c l e a r l y  defined 
boundaries of t he  maceral mater ia l  which has been formed, i n  s i t u ,  through t h e  a l t e r a -  
t i o n  of mater ia l  composing t h e  secondary wall o f  t h e  ves se l s .  Within t h e  ves se l  
cav i ty  another maceral substance occurs  and t h e  s i z e  and shape of t h e  mass have been 
determined by t h e  shape o f  t h e  cav i ty  and t h e  volume of t h e  i n t r u d i n g  ma te r i a l .  
Comparison o f  Figure 1 with Figure 2 (P la t e  I )  leaves l i t t l e  doubt as t o  the  i n  s i t u  
development of t h e  buff colored, an i so t rop ic  maceral ma te r i a l  which now makes up the 
remnant of t h e  o r i g i n a L v e s s e 1  wall .  The l a t t e r  was i n i t i a l l y  c o l o r l e s s  and has taken 
on t h e . b u f f  hue during c o a l i f i c a t i o n  i n  the  pea t  s t age .  

The evolut ion of  maceral substances i n  t h e  pea t  - l i g n i t e  t r a n s i t i o n  can be 
observed r e a d i l y  but l i t t l e  i s  hown concerning t h e  chemistry of t hese  changes. Certain 
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of  t h e  m a t e r i a l s  composing p e a t  are t y p i c a l l y  s t a b l e  during t h e  t r a n s i t i o n ,  as Suggested \ 
by t h e  photomicrographs presented  a s  Figures  3 and 4 of P l a t e  I. The i l l u s t r a t i o n s  
i n d i c a t e  t h a t  f u s i n i t e  as w e l l  a s  c e r t a i n  anthraxylous macerals belong i n  t h i s  category. 
The observat ions made thus  f a r  suggest t h a t  e s s e n t i a l l y  a l l  of t h e  maceral sui,tes 
possess  macerals which a r e  u s u a l l y  s t a b l e  through t h i s  t r a n s i t i o n .  

3, 

Although many m a t e r i a l s  appear t o  be common t o  l i g n i t e s  and pea ts ,  comparative 
s t u d i e s  make equal ly  obvious t h e  numerous changes which cont r ibu te  t o  the  general  
p r o p e r t i e s  taken on by t h e  newly formed coa l  type. P l a t e  I1 d e p i c t s  some of t h e  
organic  substances encountered i n  p e a t .  These inc lude  a g r e a t  v a r i e t y  of mater ia l s  
ranging from c o l o r l e s s  and chemical ly  unal tered substances on t h e  one hand t o  d r a s t i -  
c a l l y  modified opaque and h i g h l y  colored macerals on t h e  o ther .  
t h e  c o l o r l e s s  organic substances a r e  uncommon i n  l i g n i t i c  coa ls  but a r e  commonly 
encountered i n  t h i n  s e c t i o n s  of  pea t .  L igni f ied  and suberized t i s s u e s  y ie ld  a number 
of mater ia l s ,  some of  which appear t o  provide l i g n i t e s  with t h e i r  s lacking proper t ies .  
Several  of these  develop out  o f  t h e  c o l o r l e s s  m a t e r i a l s  encountered i n  pea ts  and the 
r e s u l t a n t  macerals may be b u f f ,  yellow-brown, red-brown o r  brown i n  co lor .  Maceral 
m a t e r i a l s  of the  buff and brown types do not appear t o  cont r ibu te  t o  t h e  s lacking of 
l i g n i t i c  masses. The bulk of t h e  yellow-brown and red-brown mater ia l s  a re  phys ica l ly  
d is rupted  when placed i n  a d e s s i c a t i n g  environment, whereas masses of mater ia l  composed 
of buff or brown maceral substances remain unaffected.  

As i s  t o  be expected, '\ 

Tannic and phenol ic  substances a r e  conspicuous i n  many pea t  types and the  l a t t e r  
group of mater ia l s  or t h e i r  d e r i v a t i v e s  appear a s  reddish and brownish a a c e r a l s  i n  
l i g n i t e s  (compare P l a t e  I, Figure 1 with P l a t e  11, Figure 2 ) .  The f a t e  of t h e  b r i l l i a n t  
red tannins  i s  not c l e a r  but  i n  t h i s  i n v e s t i g a t i o n  they have not been observed t o  
occur as  such, i n  o t h e r  than p e a t  masses. C r y s t a l l i n e  inc lus ions  which a r e  found i n  
t h e  cells of a v a r i e t y  of p l a n t s  appear t o  be destroyed i n  t h e  peat  environment for ,  
so f a r  as could b e  determined, they  have not been observed i n  l i g l l i t i c  c o a l s .  

With respect  to  t h e  mineral  content  of p e a t s  and lignites, the  most i n t e r e s t i n g  
c o n t r a s t  appears t o  be t h a t  a s s o c i a t e d  with t h e  occurrence of p y r i t e .  This mineral 
is a common component i n  l i g n i t e  seams and i n  o t h e r  coa l  beds of higher rank. I t  is  
o f t e n  present  i n  microscopica l ly  v i s i b l e  masses and as such i s  readi ly  de tec ted .  In 
t h e  p e a t s  examined, p y r i t i c  m a t e r i a l  i s  conspicuous by i t s  absence. Although d e t a i l e d  
s t u d i e s  have not been made, it seems evident  t h a t  i f  p y r i t i c  mater ia l  is present  i n  
. the p e a t s  being s tudied ,  it i s  dizseminated i n  minute p a r t i c l e s  within t h e  organic  
substances. The more conspicuous masses previously r e f e r r e d  t o  must be developed 
during or subsequent t o  t h e  p e a t  - l i g n i t e  t r a n s i t i o n .  

Bur ia l  of a pea t  mass beneath a t h i c k  cover of o t h e r  sedimentary mater ia l s  
normally r e s u l t s  i n  t h e  t h i n n i n g  of  t h e  peat  seam, l a r g e l y  through t h e  loss of water. 
This presumably inc ludes  t h e  loss of both ; :+nt%er-par t ic le"  water and " in t ra -par t ic le ' '  
water. The removal of t h e  i n t e r - p a r t i c l e  water obviously p laces  adjacent  p a r t i c l e s  
i n  more in t imate  contact  and causes  them t o  adhere t o  one another t o  a c e r t a i n  extent .  
Wherevef p i a s t i c  substances a r e  present  t h e  coherency of t h e  mass i s  increased and 
it i s  f u r t h e r  augmented by the "matting e f f e c t "  encountered i n  pea ts  containing 
s i z e a b l e  concentrat ions of f i b r o u s  mater ia l .  
cannot be produced u n t i l  t h e  bulk of the  mater ia l  i s  a l t e r e d  t o  maceral substances 
which w i l l  behave p l a s t i c a l l y  under t h e  impact of t h e  forces  produced by t h e  weight of 
t h e  overburden. I t  seems reasonable  t o  assume t h a t  t h e  p l a s t i c  deformation of an 
ind iv idua l  mass r e s u l t s  i n  an increased  adhesion with adjacent  p a r t i c l e s  and an 
" inter- lacing ' '  6f p a r t i c l e s  through t h e  ac tua l  flowage of material i n t o  i n t e r - p a r t i c l e  
spaces .  
t o  be r e s t r i c t e d  t o  migrat ion i n t o  any voids which may be present  i n  t h e  gross 
s t r u c t u r e  of the invaded p a r t i c l e .  No evidence was found suggest ing an " inter-  
molecular" mingling of t h e  invading and invaded substances,  hence, t h i s  type of 

A t r u l y  coherent or "consolidated" mass 

The ac tua l  impregnation of % . f o r e i g n  p a r t i c l e  by a mobile mater ia l  appears 
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impregnation i s  not thought t o  play a major r o l e  i n  t h e  forming of consol idated c o a l s .  

The s i z e ,  shape and t e x t u r e  of t h e  d i s c r e t e  nasses  of mater ia l  comprising l i g n i t e  
seams provide evidence as t o  which of t h e  macerals have had a p l a s t i c  phase i n  t h e i r  
h i s t o r y .  Of t h e  macerals der ived  from l i g n i f i e d  o r  suberized source mater ia l s  c e r t a i n  
of the  buff ,  yellow-brown and red-brown macerals appear t o  show t h e  g r e a t e s t  e f f e c t s  
of having been p l a s t i c  o r  mobile a t  some s tage  i n  t h e i r  development. Volumetrically 
these mater ia l s  comprise t h e  l a r g e r  p a r t  of most l i g n i t e  seams. It seems possible ,  
therefore ,  t h a t  t h e  development of  these macerals o r  t h e i r  p l a s t i c  progeni tors  i s  
e s s e n t i a l  t o  the  consol ida t ion  of a coal seam. I f  they f a i l  t o  develop, a poorly 
consolidated mass of "b row coa l"  r e s u l t s .  Their  development appears t o  be character-  
i s t i c a l l y  assoc ia ted  with t h e  peat  - l i g n i t e  t r a n s i t i o n .  Macerals which e x h i b i t  
p l a s t i c  p r o p e r t i e s  under the  normal pressure  condi t ions  encountered i n  coal measure 
s t r a t a  a r e  undoubtedly present  i n  higher  rank coals  but t h e  above mentioned mater ia l s  
a re  apparent ly  of  primary importance i n  br inging  about t h e  i n i t i a l  consol ida t ion  of  a 
coal semi. 

411 of t h e  preceeding implies  t h a t  i t  i s  p r o f i t a b l e  t o  view coa l  seams as  a 
mixture of macerals and minerals .  The rank, t h e  degree of consol ida t ion ,  t h e  s lacking  
proper t ies  and a i l  o ther  c h a r a c t e r i s t i c s  a r e  then a func t ion  of t h e  r e l a t i v e  concentra- 
t i o n s  of the cons t i tuent  macerals and minerals .  The importance of understandigg t h e  
physical and chemical na ture  of these  components and t h e  p r o p e r t i e s  of the  n a t u r a l  
naceral  assemblages i s  se l f -ev ident  and research  i n  t h i s  f i e l d  should be acce lera ted  
i n  the i n t e r e s t s  of achieving the  g r e a t e s t  b e n e f i t s  from t h e  e x p l o i t a t i o n  of our coa l  
reserves .  

, 
i 
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Figure  1 : Transverse s e c t i o n  of  l i g n i t i -  
zed wood (Persea s p . )  from the Brandon 
l i g n i t e .  Vessel walls are composed of  
a buff-colored a n i s o t r o p i c  m a t e r i a l .  
( 4 1 0 ~ )  

Figure 3: Sect ion  of p e a t  from Okefeno- 
kee Swamp, Georgia. Opaque f u s i n i t e  is 
shown i n  lower r i g h t ,  yellow-brown t o  
reddish  anthraxylous material occupies  
remainder of photograph. ( 1 1 2 ~ )  
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PLATE I 

Figure 2:  Transverse s e c t i o n  of wood 
of  Persea  borbonia. Vessel wal ls  
are c o l o r l e s s .  (310x) 

Figure 4: Sect ion  of  l i g n i t e  from 
Harding County, S.D. Opaque f u s i n i t e  
is shown in lower r i g h t ,  yellow-brown 
to  reddish  anthraxylous mater ia l  
occupies  remainder of photograph. (95x) 
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Figure 1: Thin s e c t i o n  of mater- 
i a l s  encountered i n  p e a t  from 
Okefenokee Swamp, G a .  (20x) 

Figure 2 :  Wood from pea t  of Shark 
River  area,  southern  F lor ida .  Brown 
phenol ic  subs tances  i n  rays  a r e  
i n h e r i t e d  from source  mater ia l .  (84x) 

Figure 3: 
swamp p e a t .  Mater ia l s  vary from c o l o r l e s s  t o  a v a r i e t y  of 
yellow-brown, red, and opaque materials. (27x) 

Typical  assortment of substances composing Nyssa 

PLATE I1 
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Natural  r e s i n s  are formed i n  t r e e s  a s  a p r o t e c t i v e  measure when t h e  
bark is in jured .  An exuded viscous l i q u i d  covering t h e  i n j u r y  looses  its 
more v o l a t i l e  components and apparent ly  undergoes polymerizat ion and conden- 
s a t i o n .  These r a t h e r  s t a b l e  substances appear t o  occur i n  low rank c o a l s  
i n  a s t a t e  s i m i l a r  t o  t h e i r  o r i g i n a l  s t r u c t u r e .  The l a c k  o f  chemical 
i n v e s t i g a t i o n  of coa l  r e s i n s  i s  undoubtedly assoc ia ted  with t h e  t a c i t  
assumption of t h e i r  s i m i l a r i t y  t o  the  n a t u r a l  r e s i n s  an& with t h e  ,observa- 
t i o n  t h a t  t h e i r  phys ica l  appearance suggests  l e s s  a l t e r a t i o n  than  any o t h e r  
maceral. 

Although microscopic resin-forms e x i s t  i n  r e s i n  d u c t s  observed i n  most 
coals ,  c e r t a i n  coa ls  conta in  some macroscopic p a r t i c l e s  which a r e  probably 
t h e  c o a l i f i e d  product of t h e  o r i g i n a l  exuded r e s i n s .  The lat ter can usual ly  
be freed from t h e  assoc ia ted  coa l  by proper  comminuition and separa ted  by 
g r a v i t y  methods, although prepara t ion  of a "pure" f r a c t i o n  i s  d i f f i c u l t .  

Most s t u d i e s  on coal  r e s i n s  have been l imi ted  to  t h e i r  phys ica l  descr ip-  
t i o n  and cons idera t ions  of recovery techniques.  
from l i g h t  yellow t o  deep brown and i n  s p e c i f i c  g r a v i t y  from 1.00 t o  about 
1.25. They possess  var ied  s o l u b i l i t y  c h a r a c t e r i s t i c s  although c o n s i s t e n t l y  \ 

water inso luble .  
a near ly  constant  elemental ana lys i s :  80% carbon, 10% hydrogen and 10% oxygen. 
A general ized c o n s t i t u e n t  c l a s s i f i c a t i o n  represent ing  f u n c t i o n a l  group compo- 
s i t i o n  inc ludes :  r e s i n  acids ,  r e s i n  a lcohols ,  r e s i n  esters and resenes.  
The l a t t e r  represents  hydrocarbons. 

These r e s i n s  range i n  co lor  

A wide melt ing range between 120 and 4OO0C, c o n t r a s t s  with 

The experimental d a t a  evaluated i n  t h i s  i n v e s t i g a t i o n  inc ludes :  solu- 
b i l i t y  i n  a l k a l i  and i n  organic  solvents ,  equiva len t  weights, mel t ing poin ts ,  
elemental analyses ,  saponi f ica t ion ,  c o r r e l a t i o n  with a b i e t i c a c i d  and amber 
proper t ies ,  2,4-dinitrophenylhydrazine r e a c t i o n  and absorp t ion  s p e c t r a .  

The coal  employed i n  t h i s  s tudy was a North Dakota lignite, of  t h e  
Paleocene For t  Union formation whose a n a l y s i s  appears i n  Table  1. The r e s i n s  
s tud ied  w e r e  recovered from t h e  crushed l ign i te  by a s i n k - f l o a t  procedure 
employing a mixture of n-heptane and carbon t e t r a c h l o r i d e  . ( s p e c i f i c  grav i ty ,  
1.15) as t h e  separa t ion  medium. A y i e l d  of 0.6 g. of pure r e s i n s  was 
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obtained from one kilogram of l i g n i t e .  The resins va r i ed  i n  co lo r  from 
l i g h t  yellow t o  deep red and were a r b i t r a r i l y  separated i n t o  t h e  t h r e e  c l a s s e s  
yellow-light orange, orange, and dark orange-red. 

Table 1 

Proximate Analysis of Sen t ine l  Butte U g n i t e  

Moisture 

Ash 

V o l a t i l e  Matter 

Fixed Carbon 

20.0% 

8.8% 

47.5% 

23.7% 

Moist B.T.U. 7500 

Figure 1 shows t h e  r e p r e c i p i t a t e d  acid f r a c t i o n  of t h e  resin color  
c l a s s e s  t o  possess  e s s e n t i a l l y  i d e n t i c a l  v i b r a t i o n a l  c h a r a c t e r i s t i c s .  T h i s  
is  also t r u e  f o r  t h e  o r i g i n a l  r e s i n  co lo r  c l a s s e s .  
a r i t y  appears i n  t h e  3 micron region.  The darker  colored r e s i n s  apparer.cly 
have an increased degrecj of a s soc ia t ed  hydroxyl v ib ra t ion .  The assignments 
given t o  the  var ious absorpt ions a re  ahown i n  Table 2 .  The u l t r z r i o l e t  
absorpt ion spec t r a ,  Figure 2, show equal  similari t ies between co lo r  c l i s s e s .  
However, the darker-colored resirs undoubtedly have a higher  chromophoric 
concentrat ion.  The 215 mil l imicron absorption maximum and the  v i s i b l e  
absorpt ion d a t a  (Figure 8 ) '  suggest a conjugated carbonyl s t r u c t u r e .  T h i s  
p o s s i b i l i t y  is confirmed by a p o s i t i v e  tes t  f o r  a ketone by formaTion of I- 

dark orange-red 2,I-dini  trophenylhydrazone. 

The c:.ly major d i s s imi l -  

Table 2 

Infrared Absorption Assignments of t h e  Resins and Resin Acids 

Wavelength (microns) 
\ 

2.93 

3.05 

3.42 

5.80 (shoulder)  

5.89 

6.81 

6.88 

7.25 

8.0-9.0 

9.19 

9.72 

10.26 

11.30 

. .  

Vibrat ional  Assignment 

0-H s t r e t c h  (unassociated)  

0 - I J  s t r e t c h  (associated)  

C-H s t r e t c h  ( a l i p h a t i c )  

C=O s t r e t c h '  

C=O s t r e t c h  

C-H bend ( a l i p h a t i c )  

C-H Bend ( a l i p h a t i c )  

CH symmetrical bend 

C-0 s t r e t c h  

r i n g  v ib ra t ion  

r ing  v i b r a t i o n  

C-H bend, o r  r i ng  v ib ra t ion  

C-H bend 

3 
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The noted v a r i a t i o n  i n  t h e  da rk  colored r e s i n s  i s  c o n s i s t e n t  with o the r  
observat ions.  The equivalent  weights have lower values  (Table 3) as  do t h e  
melting point  ranges (Table 4) .  In  addi t ion,  t h e  dark-colored r e s i n s  a re  
more soluble  i n  a number of common organic  so lven t s  (Table 5 ) .  

The melting range and s o l u b i l i t y  d a t a  i n d i c a t e  the  dark-colored res ins  
t o  b e  a lower molecular weight ma te r i a l .  However, s ince  t h e  s p e c t r a l  da t a  
ind ica t e  a l l  t h e  r e s i n  c o l o r  c l a s s e s  t o  have e s s e n t i a l l y  the same s t r u c t u r e ,  
i t  appears t h a t  d i f f e r e n c e s  : n  molecular weight must r e s u l t  from varying 
degrees of condensation of some bas i c  s t r u c t u r a l  u n i t .  Sapon i f i ca t ion  
s tud ie s  a re  i n  agreement with t h i s  conclusion. The saponif ied products of 
both the  orange and ye l loa - l igh t  orange r e s i n  ac ids  have common equivalent 
weights. I t  i s  suggested tha t  t he  major po r t ion  of t hese  resins,  t h e  resin 
acids,  a r e  at least  i n  p a r t  composed o f  a b a s i c  u n i t  s t r u c t u r e  condensed 
i n  the  form of an e s t e r .  

I n  consider ing t h e  na tu re  of th is  b a s i c  uni t ,  i t  seems l o g i c a l  t o  pursue 
an inves t iga t ion  o f  a b i e t i c  acid which has been s tud ied  ex tens ive ly  i n  deal-  
i ng  with n a t u r a l  p l a n t  r e s i n s ,  The oxidat ion tendencies  of a b i e t i c  ac id  a r e  
e spec ia l ly  s i g n i f i c a n t .  

A s  a b i e t i c  ac id  undergoes slow a i r -ox ida t ion  (Figure 3) i t s  i n f r a r e d  
absorption spectra becomes inc reas ing ly  s i m i l a r  t o  t h a t  of t h e  r e s i n  ac ids .  
The xa jo r  changes a re  a s soc ia t ed  with t h e  higher  oxygen content  (lower 
carbon and hydrogen values  - Table 6) and t h e  decreased c r y s t a l l i n i t y  
(amorphorous appearance and lower melt ing range - Table 4) o f  t he  oxidat ion 
products.  A second carbonyl band appears a t  5.80 microns, and t h e  absorpt ion 
i n  t h e  8.0 t o  9.0 micron,region, corresponding t o  C-0 s t r e t c h i n g  v ib ra t ions ,  
i s  increased.  The decrease i n  t h e  c r y s t a l l i n e  na tu re  of oxidized a b i e t i c  
ac id  i s  also markedly r e f l e c t e d  i n  t h e  i n f r a r e d  spec t r a .  The des t ruc t ion  
of a t  l e a s t  p a r t  o f  t h e  unsaturated s t r u c t u r e  by oxidat ion i s  ind ica t ed  by 
the  decreased band a t  7.82 microns, corresponding t o  the  > C = cE1 group. 

Related e f f e c t s  are noted i n  the u l t r a v i o l e t  absorpt ion s p e c t r a  (Figure 
4 ) .  These a r e  i n  general  a s soc ia t ed  with the  conjugated double bonds. The 
241 millimicron band maximum decreases  and a new absorpt ion appears a t  215 
mill imicrons i n d i c a t i n g  t h a t  t h e  t o t a l  unsaturated cha rac t e r  i s  not destroyed, 
but t h a t  one of t h e  double bands remains i n  conjugat ion with t h e  carbonyl 
group formed by the  ox ida t ion ,  

Although s imi l a r ,  t h e  i n f r a r e d  absorpt ion s p e c t r a  o f  the r e s i n  and t h a t  
of a i r -oxidized a b i e t i c  acid are not i d e n t i c a l .  The r e s i n  apparent ly  has 
a higher a l i p h a t i c  C-H content  and possesses  t h r e e  unique bands a t  9.72, 
10.26 and 11.30 microns. These l a t te r  absorpt ions a r e  found i n  amber, a 
na tu ra l  r e s i n  which is  considered to be a mixture of succino-abiet ic  acid 
and esters of s u c c i n i c  ac id .  I t  i s  c h a r a c t e r i s i t c a l l y  in so lub le  i n  a c e t i c  
acid.  

The r e s i n s  y i e ld  a g l a c i a l  a c e t i c  acid-soluble  f r a c t i o n  which is  
darker  i n  co lo r ,  has  a lower melting range and lower carbon-hydrogen content 
than the  o r i g i n a l .  The i n f r a r e d  s p e c t r a  of t he  acetic acid-soluble r e s i n  
f r ac t ion  and the air-oxidized a b i e t i c  ac id  (Figure 5) a r e  ve ry  similar, 
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Table 3 

Equivalent Beight Determinations 

Sample Zauivalent :,:eight 

A.  Precipitated r e s i n  acids 
1. Yellow-light orange 

Average 

2.  Orange 

Average 

3 .  Dark Grange-red 

Average 

3 .  Saponified r e s i n  a c i d s  
1. Yellow-light orange 

Average 

2 .  Grange 

Average 

C. Glacial  a c e t i c  a c i d  
inscjlubie f r a c t i o n  
1 .  Yellow-light orange 

2. Grange 

D. Abietic  ac id  
-1. Pure 

2 .  "Air-oxidized' ,  15 years 

726 
748 
737 

548 
660  
654 

55.6 
535 
546 

325 
341 
333 

32 7 
332 
34C 
333 

49 5 

433  
444 

Average 433 

23 9 
3C1 
3c3  

Average 301  

336 
337 
334 

Average 336 

. 
\ 
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Table 4 

Melting Point  Data 

Sanplc 

A. Xesins 

1. Yel low-l izht  oranze 

2. CranSe 

3 .  >ark orange-red 

3 .  P r e c i p i t a t e d  r e s i n  a c i d  (orange) 

C.  Acetic a c i d  s d l u b l e  f r a c t i o n  
(oranze r e s i n s )  

3 .  ?.cztic ac id  i n s o l u b l e  f r a c t i o n  
(ornnge r e s i n s )  

I 

2 .  Jbretic a c i d  

1. Pure 

2 .  a i r - o x i d i z e d  f o r  f i f t e e n  years  

Z .  .L:iier 

T a j l e  5 

; o 1 vent  

Acetons 

Chlorof orrn 

Ethano.1 

Melt ing Range('C1 

185- 210 

180-205 

170-190 

1EO-210 

141-167 

220-295 

i52-164 

9 1-95 

245-325 

Xrsin J o l u 5 i i i t y  Tests i n  Organic Solvents  

V e l  iov-i.i::ht Orange Orange Dark Crange-Red 

S l i g h t l y  s o l u b l e  Very s o i u b l e  Completely 
s o l u b l e  

Inso luble  S l i g h t l y  
s o l u b l e  . 

S i i g h t l y  
solub 1 e 

S l i g h t l y  s o l u b l e  Very s o l u b l e  Completely s o l u b l e  . 
Glacia l  Acet ic  Very s o l u b l e  

,=- Acid 

Benzene Inso luble  

Very s o l u b l e  Very s o l u b l e  

S l i g h t l y  s o l u b l e  S l i g h t l y  s o l u b l e  
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Table 6 

\ Results of alemental Analyses and Xol. ' i t .  Deteminations 
>lo 1. 
::t . 0 -  Szmple RC %;I %PI Ls %dsh 

Besin (orange) 

Precipitated resin ac ids  
(orange) 

Glacial  a c e t i c  ac id  
so lub le  fract ions  
1. Yellow-light orange 

2. Orange 

Abiet ic  Acid 

1. Pure 

a.  Theoretical 

2.  "Air-oxidized" for 
two years 

3. "Air-oxidized" fOT 
for f i f t e e n  years 

78.8 

78.5 

75.8 

75.0- 

75 .1  

79.6 

79.5 

79.4 

77 .1  

77 .1  

70 .3  

10.0 

10.h 

9.4 

9 . 4  

9.6 

1 0 . 2  

10.1 

10.0 

9.6 

9.5 

' 8 . 4  

0.8 none 

0.3 --- 6 35 --- 
\ 

--- -e- 

--- -e- 

.I 
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e s p e c i a l l y  i n  r e s p e c t  t o  t h e  decreased absorpt ions a t  9.72, 10.26 and 11.30 
microns which .are  r e l a t e d  t o  amber. The i n f r a r e d  s p e c t r a  of the g l a c i a l  
a c e t i c  acid-solubles  and inso lubles  a r e  s t r i k i n g l y  d i f f e r e n t .  The l a t t e r  

.F _-  c l o s e l y  approximates t h e  spectrum of  n a t u r a l  amber. The s t r o n g  hydroxyl 
band a t  2.93 microns, i n  t h e  amber spectrum, i s  a d i s s i m i l a r i t y ,  but  i s  i n  
agreement with t h e  less i n t e n s e  carbonyl bands observed. Supporting evidence 
i s  ind ica ted  i n  t h e  u l t r a v i o l e t  absorpt ion s p e c t r a  of  t h e  s o l u b l e  compound, 
Figure 6 ,  and of t h e  inso luble  f r a c t i o n ,  Figure 7 ; .  The d a t a  suggest  complete 
i s o l a t i o n  of t h e s e  compounds w a s  not  a t t a i n e d .  

r 
Y, 

\ 

By ass igning  the' 11.30 micron absorpt ion t o  amber, t h e  s p e c t r a  of t h e  
o r i g i n a l  r e s i n  co lor -c lasses  may be i n t e r p r e t e d  t o  i n d i c a t e  a cons tan t  l e v e l  
of amber concentrat ion.  Therefore, t h e  v a r i a t i o n  i n  equiva len t  weights of 

f - ,  

t h e  d i f f e r e n t l y  colored r e s i n  ac ids ,  cannot be r e l a t e d  t o  varying amber 
concentrat ions.  The d i f f e r e n c e  i n  t h e  equivalent  weights of  t h e  amber-like 
f r a c t i o n  ( a c e t i c  ac id- inso luble)  obtained from t h e  yel low-l ight  orange, and 
orange r e s i n s  i s  not  d i v e r s e  enough t o  account f o r  t h e  d i f f e r e n c e  i n  the 
equivalent  weights of  t h e  corresponding r e s i n ' s  ac ids .  S ince  i t  has  been 
ind ica ted  t h a t  s l i g h t  mutual contamination e x i s t s  i n  t h e  t w o  acetic acid- 
s o l u b i l i t y  f r a c t i o n s ,  one may conclude t h a t  t h e  equiva len t  weight of t h e  
amber i s  constant ,  but t h a t  of the  oxid ized-abie t ic  ac id  f r a c t i o n  v a r i e s .  
This  proper ty  of t h e  oxid ized-abie t ic  ac id- l ike  f r a c t i o n s  ( a c e t i c  acid-soluble)  
decreases  with increas ing  r e s i n  co lor  i n t e n s i t y .  

Since i t  has  been shown e a r l i e r  t h a t  s a p o n i f i c a t i o n  reduces t h e  equiva- 
l e n t  weights of t h e  d i f f e r e n t l y  colored r e s i n  acids  t o  a common value, it 
seems t h a t  t h e  "oxidized a b i e t i c  acid-like' '  mater ia l  e x i s t s  a s  an ester. 
This  i s  poss ib le ,  s i n c e  t h e  oxida t ion  products  of a b i e t i c  a c i d  have been 
shown t o  have hydroxyl groupings, and could e n t e r  i n t o  self-condensat ion 
reac t ions .  A p o s s i b i l i t y  of an a b i e t a t e  o t h e r  than a self-condensat ion 
product i s  discounted because of  t h e  s i m p l i c i t y  of t h e  s p e c t r a ,  and because 
of a high molecular weight a lcohol  would have been i n s o l u b l e  . i n  t h e . a l k a l i n e  
so lu t ion  a f t e r  saponi f ica t ion .  Such a self-condensat ion r e a c t i o n  could a l s o  
account f o r  t h e  d i f f e r e n c e s  i n  co lor  of  t h e  r e s i n s  and t h e i r  corresponding 
acids ,  i f  t h e  condensation involved a secondary hydroxyl group t h a t  might 
otherwise be oxidized t o  a chromophoric carbonyl group. 

I t  i s  concluded t h a t  t h e  r e s i n s  separa ted  from t h i s  North Dakota lignite 
have undergone only a moderate degree of a l t e r a t i o n  dur ing  the c o a l i f i c a t i o n  
process, t h a t  they a r e  composed of a mixture of amber (succino-abiet ic  acid 
and e s t e r s  of s u c c i n i c  ac id)  and a form of oxid ized-abie t ic  ac id .  I t  is 
suggested t h a t  t h e  oxid ized-abie t ic  ac id  component' has  undergone self-con- 
densat ion t o  form an ester. 
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Figure 1 Comparison of res in  acids.  
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Figure 5 Comparison of  "air-oxidized" a b i e t i c  ac id  ar.d g l a c i a l  
a c e t i c  a c i d  so lub le  f r a c t i o n ,  and g l a c i a l  a c e t i c  acid 
inso lub le  f r a c t i o n  and amber. 
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Figure 6 Comparison of g l a c i a l  a c e t i c  acid 
so lub le  f r a c t i o n  and "air-oxidized" 
a b i e t i c  ac id .  
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Not f o r  Wbl ica t ion  
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The Pr inc ipa l  Geological, Chemical and Physical Factors  
Controlling the  Minerai Content of Coal 

Maurice Deul 
Bituminous C o a l  Research, Inc.  

Pi t tsburgh,  Pa. 

Coal i s  e s s e n t i a l l y  a near end-member of a homologous s e r i e s  w i t h  100 
percent carbonaceous matter a t  one end of t h e  s e r i e s  and witli 100 percent mineral 
m t t e r  a t  t'ne other  end. This i s  t a c i t l y  recognized by chemists i n  t h e i r  cornon 
usage cf the mineral-matter-free bas i s  f o r  treatment of coal  analyses i n  experi-  
n w t a l  work and in  process indus t r ies .  

Whenever c l a s s i f i c a t i o n  of c o a l  has been subject  f o r  discussion o r  study 
!1,2,3)*,the mineral matter content of coal  i s  mathematically removed fi-om con- 
sideration--and r i g h t l y  so f o r  such a purpose. But n a t h e m t i c a l  elimination of 
mineral matter doi?s not e l imicate  the fundamental problem of n i n e r a i  matter i n  
c c s i .  

Minerals a re  an i n t e g r a l  p a r t  of a c o a l  bed. Once t h i s  f a c t  geins general 
acceptance the  genet ic  re la t ions  of the minerals found i n  coal  can be groperly 
a72ueclated. Many papers on t h e  kinds of n inere ls  (4,5,5,7), t h e  d i s t r i b u t i o n  
oi' ixinerals(8,3), end the  mode of occurrence of minerals (10) i n  coal  have been 
pb:l.ished. Tkii biochemical and geochemical or igins  of ash forming ingrzdients i n  
coal, the f a t e  of n i n e r a l  elements leached from degraded p lan ts ,  and the or ig in  
of minor elements i n  coal  a r e  t h e  subject  of a previous pape:? (11). The present 
peper discusses t h e  in te r re la t ionships  of the  geological,  chemical, and physical  
fac tors  wl?ich cont ro l  t h e  mineral content of coal .  

Coal is B rock rrhich i s  of grea t  economic value and i t s  'grade i s  la rge ly  
deternined by the  percentage of minerals prPscnt. 
a x  f z n i l i a r  with the  minerai matter content ol' coal  oilljr thi-ough tine residue re- 
Raining a f t e r  coabustion. Eut geologis ts  are concerned with coal  as a rock as 
vclli e s  i ts  value a s  a comncdity, and i n  mapping coal  formations throughout the 
wcrld they a r e  faced with t h e  problem of whether what appears t o  be coal should 
be cal led coal o r  sonething e l s e .  
of coal  becomes very inportant .  Here i s  h i s  def in i t ion :  

Most persons concerned r:ith coal  

In  such a s i t u a t i o n  Schopf's (12) def in i t ion  

"Coal is a readily curhust ible  rock contai:iing moi-e than 50 percent- 
by weight acd more than 70 percent by volme of carbonaceous r i t e r i a l  
formed from compaction o r  induration of variously a l t e r e d  p lan t  r e -  
mains similar t o  those i n  peaty deposi ts .  Differences i n  the kinds of 
plant  mater ia ls  (t.yye), i n  degree of uietamorphism (rank) and range of 
impurity (grade) a r e  c.haracteristic of v a r i e t i e s  of coal." 

On a weight b a s i s ,  Schopf extends t h e  def in i t ion  of coal  t o  include one 
h3lf of the homologous s e r i e s  discussed a t  the  beginninc of th is  paper. The 
l a t e r a l  gradation of a coa l  seam with only a r e l a t i v e l y  small percentage of 
mineral matter i n t o  a carbonaceous shzle i s  not uncommoli i n  Cretaceous and 
l a t e r  coal beds of  t h e  western United S t a t e s .  Many thiri ly bed.ded deposits a re  

Schopf's def in i t ion ,  yet  these kin2.s of deposi ts  probably contain a f a r  grea te r  
*.Figures i n  parentheses r e f e r  t o  references l i s t e d  a t  end of pz.per. 

- not considered t o  be coal  beds nor Would they be icclude8 as such according t o  
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geologic reserve of carbonaceous mater ia l  than do the  coal  beds now included i n  
reserve data compiled by t h e  U. S. Geological Survey (13) .  

Geologicsl fac tors  o f  sedimentation a re  t h e  primary controls  of the mineral 
content of coal be&. 
occurs only during the p e a t  stage and during t h e  e a r l y  diagenet ic  stages of the  
coa l i f ica t ion  process. 
fac tors  become important i n  control l ing mineral deposition--but these operate 
d i r e c t l y  i n  conjunction wi th  chemical processes. 

m o l y  chemical cont ro l  of mineral deposition problably 

During t h e  subsequent h i s tory  of a coal bed certairi physics; 

GEOLOGICAL FACTORS 

The accumulation of pea t  i n  s u f f i c i e n t  quant i t ies  t o  permit the ultimate 
formation of a coal  bed of  commercial Importance requires  a degree of s t a b i l i t y  
short  of equilibrium. Organic Illaterial must accumulate a t  a r a t e  somewhat greater  
than that a t  which complete degradation occurs. 
being supplied t o  t h e  swamp, and with only a r e l a t i v e l y  small percentage of organic 
matter accumulating a carbonaceous shale forms, ra ther  than a coa l  bed. A coa l  
swamp, throughout its l i f e ,  i s  a bas in  of deposition i n t o  which minerals a re  being 
brought by water and wind. These are m i n l y  hydromica and kaolin nunerals with 
mincr amounts o f  quartz  and t l a c e s  of r e s i s t a n t  accessory 'de t r i ta l  minerals such 
as zircon, garnet, tourmaline, and other minerals as reported by Gauger, Barret t ,  
and W i l l i a m s  (7).  

But minerals a r e  continuously 

The clay minerals t h a t  occur as pers i s ten t  par t ings i n  so many coai beds are  
typ ica l  of the  geological control  of sedimentation o p e r a t i w  on a very large scale.  
The so-called "coal balls," which are la rge  masses of 1imestor;e o r  d o l a t e  found 
i n  grea t  abundance within cer ta in  coal beds owe their presence i n  coa l  t o  geologi- 
cal  controls.  

Once again it m u s t  be  emphasized that geological conditions and geological 
grocesses are the  primary controls i n  es tab l i sh ing  the grade of an incipient  coal. 
bod. B u t  even beyond this first  stage of development of coal,  beyond t h e  px-ek;  
sedimentary stage, geological  fac tors  have an influence on t h e  chemical and physical 
controls  which a r e  t o  be discussed. 

The chemical envirorment of the  coal  swamp can be ef fec t ive  in  modifying the 
composition of minerals. 

The acidit; of swamp vaters is cer ta in iy  an important fac tor  i n  influencing 
the  ultimate disposi t ion of the  suspended and d e t r i t a l  mineral matter brought into 
the  peat  bog. 
i n  15 Minnesota peat bogs had an average pH of 4.2. 
Table I and are  taken from Passer ' s  report  (14). 

The acidit;- of 54 samples of  peat  taken 0.5 foot  below the surface 
The pH data are given i n  

These data are probably t y p i c a l  f o r  most peat  bogs not located i n  limestone 
o r  dolomite terranes.  
t o  most chemists and t h i s  i s  wh;. these da ta  have been presented. Coastal swamps, 
which may be brackish o r  which may alternate between f r e s h  water and mariile water 
environments m u s t  have an  e n t i r e l y  d i f fe ren t  range of ac id i ty  but pH data are 
lacking f o r  such swamps. 

The high a c i d i t y  of  these peat  bogs is probably surprisiw 

'> 

Generally, the pH of samples from any given peat p r o f i l e  w i l l  decrease from 
Cne example a mirimum value near t h e  t o p  t o  a. maximum a t  o r  near t h e  s o i l  base. 

i s  a peat  p r o f i l e  from Rice Lake Bog i n  S t .  Louis County, Minnesota, where t h e  pH 
var ies  from 3.6 t o  5.5 as indicated i n  Table 11. 
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TABU I.  p H  OF 64 SAMPLES TAKEN FFDM 15 MTNNESOTA F%AT BOGS 
J..QCATED I N  FIVE C O W I E S  (14) 

FEAT COG 

Rice Lake 

Floodwood 
Sta te  

Corcna 

Cook 

Cwson 

~ L Z  Fal l s  

Iied Lake 1 

R x i  i r k e  2 

Rapid River 

Lonjion 

E h e  I 

Tim 

Cs tt on -Skaw 

Payne 

P1.osit 

S t .  LOUlS 

St. Louis 

Carlton 

St. Louis 

S t .  Louis 

iCoochichitg 

Belti.ami 

3eltrami 

Lake of the  Woods 

St. Louis 

S t .  Louis 

S t .  LOl l iS  

St. Louis 

S t .  Louis 

S t .  Louis 

17 

8 

5 

3 

1 

3 

6 

2 

3 

3 

3 

3 

3 

3 

1 

TABLE 11. FRGFILE OF p H  AT POSITION CV, RICE WXE BOG 
ST. LOUIS COUKTY, MNN. (Ref. 14, p.4) 

DE?TH 
0.5 
1.5 
2.5 
3.5 
4.5 
5.5 
5.5 
7.5 
8.5 
9.5 

10.5 
11.5 
12.5 

3.5 
3.5 
4.1 
4.0 
3.9 
4.1 
4.4 
4.5 
4.4 
5 -1 
5.0 
5.5 
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A r e l a t ive ly  low pH m a l  be an important f ac to r  i n  a l t e r i n g  the character 
of the c l ay  minerals deposited i n  a coal swamp. G r i m  (15) believes t h a t  the 
leaching of a lka l i e s  an& alk la ine  ear ths  under such circumstances may account 
f o r  the dominance of kao l in i t e  i n  f resh  water lake sediments. The intense acid 
leaching of clays associated w i t h  coal beds may well account fo r  the  or ig in  of the 
high grade f i r e  clays so commocly found with coa l  beds. Car ro l l  (16) experimented 
with prec ise ly  t h i s  type o f  system i n  the  laboratory and found tha t  under anaerobic 
conditions i n  f resh  water a s  much a s  62 percent of t he  f e r r i c  oxide present on 
the clay minerals tes ted  were removed i n  only 23 days. 
bac te r ia  t he  pH generaily was reduced 3 units or  more. 
chemical a c t i v i t y  the charac te r  of the  sedimentary minerals may be changed and 
i ron  made available f o r  fu r the r  chemical reaction. 

By t h e  actiori of anaerobic 
This demonstrated tha t  by 

\ 

Bacteria are fac tors  i n  the  chemical cont ro l  of mineral matter i n  coal.  Sui- 

\ f i d e  minerals, and espec ia l ly  py r i t e  and marcasite, are among the most important 
rniierals t o  be found i n  coa l .  The ro les  of these minerals i n  a f fec t ing  the 
d t i l i za t ion  of coa l  a r e  too  numerous t o  be mentioned i n  this paper. 
are ac t ive  i n  two ways here--one group of organisms w i l l  a t t a c k  the protein in  the 
plants and a6 a consequence of t h a t  ac t iv i ty  w i l l  u l t imate ly  re lease  hydrogen 
su l l ide ;  while $e t  another group of bac ter ia ,  the Desulfovibrios of Zobell end 
3it tenberg (17), reeuce s u l f a t e  ions t o  su l f ide  ions. Quant i ta t ive ly  the contribu- 
t i o n  of su l f ida  ion from reduced sulfate is f a r  more important and has previously 
oeen discussed by Deul (18). Even insofar as the  composition of surface waters 
enzering a peat swamp i s  concerned there  a re  geological overtones. I n  basins of 
limited extent geological cont ro ls  a r e  e f fec t ive  determinants of t he  chemical 
nature of the surface waters i n  a drainage area.  
oy Davis (19) i n  a discussion of the geologic control of t h e  mineral compositicn 
of surface waters of the  Southern Coast Ranges of California.  Davis shows tha-c 
the r a t i o  of bicarbonate t o  s u l f a t e  concentrations a re  re la ted  t o  the  l i thologg 
of the rocks exposed i n  t h e  t r i b u t a r y  drainage a rea  and t h a t  the r a t i o  may vary 
from 0.8 t o  6. (dominantly bicarbonate) t o  a r a t i o  of 0.02 t o  0.7 (dominantly 
su l fa te ) .  

Bacteria 
\ 
1 

i 

An outstanding exaraple i s  given 

The nature of the  minerals deposited i n  the  pea t  swamp and the chemical 
modification of these  sedimentary minerals have been b r i e f l y  discussed. It i s  
now necessary t o  consider t he  in t e rac t ion  of physical  and chemical forces in  further 
transformations which may take place subsequent t o  t h e  peat stage.  When e q u i l i b r i a  
is interrupted and a peat i s  buried under an increasing load of sediment, water 
is squeezed out of  the ?ea t  and from the  underlying sediments. The expelled war;er 
migrates e i the r  l a t e r a l l y  o r  v e r t i c a l l y  upward under the compressive forces.  During 
t h i s  stage of b u r i a l  and compaction, called the  ea r ly  diagenetic stage,  chemical 
conditions a re  constantly changing. The expelled waters probably a r e  concen%rated 
i n  iron, s i l i c a ,  and i n  su l f ide  ions as compared with water i n  a peat svamp. 
Zeplacement of organic s t ruc tu res  by pyr i te  and quartz may well take place a t  t h i s  
stage. 
sen t  knowledge but the f a c t  of replacement a s  a process cannot be denied. 

Replacement phenomena a re  f a r  too complex t o  discuss i n  the  lighr. of pre- 

PHYSCIAL FACTORS 

Once a coal has been formed and the bed moisture is  reduced t o  below 20 Per- 
cent, as i n  a subbituminous rank coal,  c lea t ing  of coal becomes a prominent 
physical fea ture .  Cleats a re  c lose ly  spaced p a r a l l e l  v e r t i c a l  j o in t s ;  t h e i r  
o r ig in  i s  a t t r i bu ted  t o  pressure phenomena, t o  t ec ton ic  forces,  and t o  forces C f  
contraction following devo la t i l i za t ion  (20). These c l e a t  surfaces a re  Often coated 
with t h i n  layers of mineral matter. 
f o r  the c l e a t s  i n  coal a l l  observers agree t h a t  c lea t ing  occurs l a t e  i n  the history 
of a coal bed. 
formed can minerals be deposited i n  the voids formed by f rac tur ing .  
voids a re  deposited minersls or' a high degree of p u r i t y  and whichcan be das i ly  

'Aegardless of the mode of or ig in  suggested 

Cleating is a physical phenomenon and only a f t e r  c lea ts  have 
In  these 
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ident i f ied .  Fyr i te ,  kaol in i te ,  ca l c i t e ,  gypsum and h a l i t e  a r e  minerals which hzve 
been found on c l ea t  surfaces of coa l .  Their o r i g a s  obviously are s imi la r  desp i te  
the  g rea t  d i f fe rence  i n  composition of the minerals. 
formed by r ec rys t a l l i za t ion  from so lu t ion  of minerals alreaiiy present i n  the coai 
beds; ca l c i t e ,  gypsum, and h a l i t e  were i n  Bart formed from ions migrating through 
the  coal from outside $he coal ked. 

Py r i t e  and kaol in i te  were 

Erosicn, a geologicai f ac to r ,  may ex2ose a cos1 bed t o  the  atsosphere, and 
under s x h  cor.d.itions c l e a t  f r ac tu res  i n  coal my be enlarged by physical forces .  
Weathering proces,ses now imsose an e n t i r e l y  new set o f  chenical conditions upon the 
coal bed. Atmospheric oxidation and tne  ac t ion  o f  ground waters e f f e c t  changes 
i n  the mineral n a t t e r  of coal which z re  even more s t z r t l i n g  than the  changes i n  
the organic matter. Whole new s u i t e s  of minerals a re  formed while py r i t e  may 
be completely destrcyed. Minerals l i k e   sum, j a ros i t e ,  melanterite,  copiapite 
and many s the r  s c l f a t e  minerals a r e  formed from the  oxidation products of py r i t e .  
Allophane, an amorphous c l ay  ntineral which is ch ie f ly  a hydrous mixture of alumina 
znd s i l i c a ,  may be an extreme a l t e r a t i o n  product of c lay  minerals within the coal 
an2 i n  the overlying sediments (21).  

i. 

'4 

i 

\ 

i 
\ 

SWARY AND CONCLUSION 

Geological controls a r e  the primary fac tors  i n  de t emin ing  the  grade of coal 

The 
insofar  as the mineral content i s  concernee. These primary cont ro ls ,  operative 
i n  the geologic past ,  have influenced cur ren t  prac t ices  i n  coa l  u t i l i za t ion .  
chemical enviroment of t he  coal swamp ce r t a in ly  has played a ro l e  i n  modifying the 
!nrierals deposited i n  the swap ,  which has acted as a reac t ion  vesse l  witMn which 
pyr i te  and marcasite could form. Under changing physical conditions during b u r i a l  
and compaction, and l a t e r ,  i f  subjected t o  erosion and exposure t o  c i r cu la t ing  groW 
rrater and a i r ,  physical  f ac to r s  become dominant i n  cont ro l l ing  the  chemical t rans-  
fornatisns that occur. 

Perhaps it would have been more prec ise  t o  discuss the  f ac to r s  which cant ro l  
the mineral content of coal all under on ly  one classification--geochemical f ac to r s .  
I n  a broad sense geochemistry is concerned with a l l  the  changes by whlch the cheai- 
c e l  composition of e a r t h  systems are modified. Sedimentation, a geological p r x e s s ,  
i s  i t s e l f  controlled by d ias t rophic  forces  which a r e  i n i t i a t e d  by major geochedca l  
forces.  
debris t o  the-Gtimate exposure and oxidation o f  a coal bed, geochemical t r ans -  
formations a re  occurring. 

In every stage of coa l i f i ca t ion ,  from the  f i r s t  accumulation of p lan t  

Kowever, such broad concepts, unless one i s  accustomed t o  thinking i n  such 
te rns ,  do not Zoovey t o  the f u e l  chemist t he  idea t h a t  the  var iab le  mineral content 
of coal i s  dependent upon a r e l a t i v e l y  few fundamental processes. Therefore, an 
attempt has been made t o  weave i n t o  the discussion of chemical and physical f ac to r s  
the continuous thread of dependence upon geological control--and this, in essence, 
makes the  controls geochemical. 

The mineral content of coal i s  a na tu ra l  consequence of i t s  mode of deposit ion 
and i ts  subsequent geological h i s tory ,  and i s  not due t o  capricious causes. 
is  c m o n  knowledge t h a t  the? mineral content of coal influences its u t i l i z a t i o n ,  
often in  a de le te r ious  manner. Coal preparation a s  now prac t iced ,  can ef fec t ive ly  
reduce the  mineral content of almost any coal. With a b e t t e r  understamding of 
how minerals i n  coal a r e  formed, and how they occur, the  technology of coal prepara- 
t i o n  can be fu r the r  improved. 

It 
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Not f o r  Pub l i ca t ion  
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-- 

PROPERTIES AND REACTIONS EXHIBITED-BY VITRINOID MACER& 
FROM BITUMINOUS COALS. - 

W i l l i a m  F. Berry 
The Pennsylvania S t a t e  University,  Univers i ty  Park, Pennsylvania 

The commercially important bituminous coa ls  a r e  composed i n  l a r g e  p a r t  of 
v i t r i n i t i c  substances. This f a c t  coupled with what has been a somewhat vaguely 
defined assoc ia t ion  of these  substances with t h e  coking c h a r a c t e r i s t i c s  of coal 
places a premium value on any s p e c i f i c  information concerning t h e  na tu re  and proper- 
t ies of ' t hese  organic coa l  components. The d a t a  presented and discussed i n  the  
following pages represents  a por t ion  of t h e  r e s u l t s  obtained i n  t h e  course of a 
program of research focused upon these  ma te r i a l s .  

The f i r s t  phase of t he  inves t iga t ion  was i n i t i a t e d  i n  1952 and t h i s  d e a l t  with 
the  problem of developing pe t rographic  desc r ip t ions  of coa l  seams which would serve  
t o  p red ic t  t h e  coking p rope r t i e s  of any given coa l .  Preliminary s t u d i e s  brought 
out the  f a c t  t h a t  coa l  is  made up of a complex of ma te r i a l s  or e n t i t i e s ,  each 
possessing d i f f e r e n t  o p t i c a l  p roper t ies ,  and-presumably possessing d i f f e r i n g  chemi- 
c a l  c h a r a c t e r i s t i c s  and carbonizing p rope r t i e s .  These pre l iminary  s t u d i e s  a l so  
demonstrated t h a t  t h e  desc r ip t ive  s y s t e m s  here tofore  used were inadequate t o  allow 
d i f f e r e n t i a t i o n  of t h e  coa l  macerals t h a t  were important i n  determining reac t ing  

systems, t he  one t h a t  had evolved out  of t h e  work of Stopes (1935) was used t o  
describe a number of coa l  seams occurring i n  a single mining area i n  Kentucky. 

proper t ies .  As a s t a r t i n g  poin t ,  t h e  most' d e t a i l e d  of t h e  e x i s t i n g  d e s c r i p t i v e '  -. . >* 

The coal seams of  t h i s  a r ea  a r e  a l l  of High Vo la t i l e  "A" rank, and were very 
s imi l a r  i n  t h e i r  proximate and u l t imate  analyses,  bu t  g r e a t  d i f f e rences  were noted 
when they w e r e  carbonized t o  produce meta l lurg ica l  coke. This presented t h e  oppor- 
t un i ty  t o  determine whether these  d i f f e rences  i n  coking. a b i l i t y  could be r e l a t ed  t o  
the  petrography of t h e  coa l .  The pe t rographic  eva lua t ions  showed'that t he  seams 
varied i n  e n t i t y  composition. 
varied i n  t h a t  they were d i f f e r e n t i a l l y  banded, t h a t  is, each coa l  seam was made up 
of many l aye r s  of d i f f e r i n g  composition. 
ca l l ed  the  pe t rographic  d iv i s ions  of t h e  coa l  seam. .F igu re  1 presen t s  a t yp ica l  
petrographic ana lys i s .  Note t h a t  within t h i s  seam t h e r e  a r e  22 l aye r s  or petrograph- 
i c  d iv is ions  ea& d i f f e r i n g  i n  composition from t h e  ones immediately adjacent t o  it. 

In addi t ion ,  t h e  inves t iga t ion  revealed t h a t  t h e  seams 

These l aye r s  of d i f f e r i n g  composition were 

From the  pe t rographic  d a t a  amassed on these  seams i t  became apparent t h a t  i f  
s u f f i c i e n t  mater ia l  could be obtained from some of t hese  d i s t i n c t  bands occurring i n  
the  subjec t  coa ls ,  test samples would be ava i l ab le  t h a t  ranged i n  t h e  major component 
composition from 38 % t o  92% v i t r i n i t e ,  1% t o  35% ex in i t e ,  5% t o  40% micr in i t e  and 
from e s s e n t i a l l y  none t o  about 14% f u s i n i t e .  This ma te r i a l  could then be carbonized 
and subjected t o  t h e  tes ts  used to eva lua te  me ta l lu rg ica l  coke i n  o rde r  t o  demonstrate 
t he  e f f e c t  of t he  pe t rographic  Composition of t he  coa ls .  
each of-'l.9 narrow coa l  bands were hand mined from t h r e e  coal- seams. 
was cu t  i n t o  two p a r t s :  one f o r  a pe t rographic  check, and the  o the r  was coked i n  
dupl ica te  i n  a 30 pound t e s t  oven and subjec ted  t o  drop-sha t te r ,  tumbler and micro- 
s t rength  eva lua t ions .  The r e s u l t s  of t h e s e  inves t iga t idns  have a l ready  been repor ted  . 
(Spaclooan, Brisse, Berry, 1957). In b r i e f ,  t he  conclusions were as  follows: 

Severa l  hundred pounds of  
This mater ia l  

1. That i n  genera l  t he  mater ia l  designated f u s i n i t e  was de t r imenta l  t o  coke 
s t rength  i f  p resent  i n  l a rge  p a r t i c l e  s i z e  because it  served as  a locus of 
f r ac tu re  po in t s .  
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2. That t h e  mater ia l  m i c r i n i t e  was bene f i c i a l  t o  coke s t r eng th  up t o  a c e r t a i n  
concentration. This ac t ion  was likened t o  a concrete mixture. Pure cement 
w i l l  not make a s t rong  product (cement = v i t r i n i t e ) ;  when aggregate i s  added 
t o  t h e  cement - water mixture up t o  a Cer ta in  limit, a very s t rong  product 
r e s u l t s  (aggregate = m i c r i n i t e ) .  Therefore the re  is, for concrete,  an op t i -  
m u m  mixture f o r  g r e a t e s t  product s t rength ,  l ikewise  these  t e s t s  ind ica ted  
t h a t  t he re  was a l s o  an optimum maceral r a t i o  f o r  maximum coke s t r eng th .  For 
t h e  coa ls  i n i t i a l l y  s tud ied  t h i s  r a t i o  is on.: t h e  o rde r  of 3 p a r t s  v i t r i n i t e  
t o  one pa r t  mic r in i t e .  

coa l  blends and' when p resen t  i n  concentrations of over lo%, mate r i a l ly  enhanced 
t h e  s t rength  of t h e  coke. 

p rope r t i e s  of t h e  coa ls  t e s t ed .  This is  i n  p a r t  due t o  i t s  g r e a t  predominance 
i n  the  subjec t  coa l s .  No e n t i r e  seam inves t iga ted  contained l e s s  than 50% 
of t h i s  mater ia l  and one had g r e a t e r  than 80% v i t r i n i t e .  
mater ia l  i s  one of  t h e  substances of t h e  coa l  t h a t  produces i t s  f l u i d  charac- 
teristics when heated. Figure 2 presents  t h e  expressed r e l a t ionsh ip  between 
t h e  v i t r i n i t e  content and the  coke s t r eng th  (reproduced from Spackman, Br isse  
and Berry, 1951). Notice t h a t  there is an optimum amount of t h i s  mater ia l  
assoc ia ted  with maximum coke .s t rength  and t h a t  an excess or def ic iency  of t he  
mater ia l  r e s u l t s  i n  a loss of coke s t rength .  

3. That t he  mater ia l  e x i n i t e  cont r ibu ted  t o  t h e  bonding capac i ty  of c e r t a i n  

4. That t he  mater ia l  v i t r i n i t e  is t h e  prime f a c t o r . c o n t r o l l i n g  t h e  carbonizing 

Secondly, t h i s  

With t h i s  co r re l a t ion  i n  hand i t  was decided to  t e s t  f u r t h e r  t h e  v a l i d i t y  of 
t h e  i n f e r r e d  r e l a t ionsh ip  by coking samples on a l a r g e r  s c a l e  (5006 test oven). I f  
t h e  curve w a s  va l id  each samples' v i t r i n i t e  content would cause it t o  f a l l  on the  - 
c o r r e l a t i o n  curve. Figure 3 p resen t s  t h e  r e s u l t s  of these  experiments. Note t h a t  
fou r  of t h e  f i v e  poin ts  f a l l  where expected, but t he  f i f t h ,  a known poor coking coal,  
f e l l  completely off t he  supposed co r re l a t ion  curve. Re-examination of t h i s  f i f t h  
sample brought out a very cur ious  f a c t :  t h e  mater ia l  c lassed  a s  v i t r i n i t e  i n  t h i s  
coa l  contained a va r i e ty  of ma te r i a l s  with d i f f e r i n g  o p t i c a l  p rope r t i e s  but under the  
desc r ip t ive  sys tem used t h e r e  w a s  no choice o the r  than t o  c l a s s i f y  them as  v i t r i n i t e .  
Re-evaluation of t he  o the r  four  seams showed t h a t  t h i s  was t r u e  t o  a much l e s s e r  
degree. Sample 5 was found t o  conta in  between 15% and 20% of ma te r i a l s  t h a t  d i f f e red  
from t h e  t y p i c a l  " v i t r i n i t e "  which predominated i n  t h e  o the r  four samples. For the 
t i m e  being t h e  more abundant mater ia l  was ca l l ed  v i t r i n i t e ,  and when sample 5 was 
re-analyzed counting only t h i s  material , .as "v i t r in i t e " ,  t h e  poin t  moved t o  the  pre- 
d i c t e d  pos i t i on  a s  shown on t h e  o the r  graphs i n  Figure 3. 

I t  would appear then  t h a t  : 
1. The maceral terms as proposed by Stopes do not, i n  f a c t ,  desc r ibe  the  bas ic  

e n t i t i e s  of coal,  r a t h e r  they inc lude  a group of g e n e t i c a l l y  r e l a t e d  mater ia l s  
t h a t  i n  a c t u a l i t y  d i f f e r  i n  op t i ca l ,  phys ica l  and chemical p rope r t i e s .  

2. Recognizing t h e  v a r i a b i l i t y  within any one of Stopes'  "macerals" it was 
suggested t h a t  t hese  terms be e leva ted  t o  a maceral group s t a t u s  because 
t h e r e  was a va lue  i n  r e t a in ing  . the gene t i c  aspec ts  of t h e  c l a s s i f i c a t i o n .  
Th i s  would allow the  desc r ip t ion  of t h e  e n t i t i e s  occur r ing  i n  t h e  group 
and t h e i r  des igna t ion  a s  macerals (see Spaclanan, 1958). 

3. To f a c i l i t a t e  t h i s  t h e  following changes a re  suggested: Stopes'  terms have 
achieved world wide recogni t ion  i n  descr ib ing  coal ma te r i a l s  so i n  order t o  
avoid confusion, i t  is suggested t h a t  these  desc r ip t ive  names be re ta ined  
but t h e  s u f f i x  changed t o  "oid" t o  des igna te  t h a t  t h e s e  represent  a group 
of mater ia l s ,  and, t h a t  as  t he  macerals a r e  described, they be named appropri- 
a t e l y  and u s e  t h e  ending " in i te" .  

For present  purposes the  macerals comprising any one group are designated by 
type  number u n t i l  more complete d a t a  has  been amassed. 
f i c a t i o n  as it i s  p resen t ly  used. 

Table 1 presen t s  t he  c l a s s l -  



Table 1 
Maceral Groups Vi t r ino ids  Micrinoids Fusinoids Resinoids Exinoids 

I -- I I I I 
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2 3  $2  ? l Y C 3 ? l l ? l  
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+ + ~ ~ c e e e e w  
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- U t i l i z i n g  t h i s  c l a s s i f i c a t i o n  system, the  next phase of research  opened with the  
sampling of coa ls  of a l l  ranks from widely separa ted  geographical areas.  Coals were 
co l lec ted  from Utah, I l l i n o i s ,  Pennsylvania, Ohio, West Virginia,  Kentucky and Alabama. 
A l l  of these  coa ls  were examined using normal pe t rographic  methods and t h e i r  e n t i t i e s  
clas-sified on the  bas i s  of t h e i r  o p t i c a l  p rope r t i e s .  This completed, t h e  next s t ep  
was t o  be s u r e  t h a t  t he  e n t i t i e s  c l a s s i f i e d  by o p t i c a l  means w e r e  indeed d i f f e r e n t  i n  
t h e i r  r eac t ive  p rope r t i e s .  

To f a c i l i t a t e  t h i s ,  and s ince  t h e  primary i n t e r e s t  a t  t he  time was t h e  a b i l i t y  
t o  p red ic t  any c o a l ' s  coking po ten t i a l ,  a research  instrument was assembled t o  evalu- 
a t e  the thermal p rope r t i e s  of t h e  e n t i t i e s .  
microscope and a temperature cont ro l  un i t  comprise the  b a s i c  components of t h e  assembiy. 
This apparatus i s  shown i n  Figure 4. 
of heat,  t o  any temperature between 0 and 1000° Centigrade. 
sample can be viewed i n  t ransmi t ted  or r e f l e c t e d  l i g h t  while being brought through i t s  
heating cycle.  A n i t rogen  atmosphere is maintained i n  the  furnace t o  s top  oxidation 
of the subjec t  ma te r i a l .  A l l  r eac t ions  can be biewed as  they occur, and t o , f a c i l i t a t e  
t he  recording of the  d a t a  a t i m e  lapse-.motion p i c t u r e  camera i s  included in the  system. 
This allows the  recording by co lor  motion p i c t u r e s  of t h e  r eac t ions  of t he  various e n t i t i e s  
as  they take place.  Figure 5 presents  a p i c tu re  of t he  con t ro l  pane l  assoc ia ted  with 
t h i s  hea t ing  s tage  microscope. 
allows the  se l ec t ion  of any r a t e  of heat from 3O t o  15°C./minute, by s e t t i n g  t h e  des i red  
r a t e  on the upper l e f t  t i m e r  cont ro l .  I f  a per iod  of soaking at any.temperature between 
looo and 900°C. i s  des i red ,  t h e  con t ro l l e r  can be s e t  t o  cu t  out at  t h a t  temperature, 
t h e  soak timer ( d i r e c t l y  below the  aforementioned r a t e  c o n t r o l l e r )  can be s e t  t o  any 
period of t i m e  and w i l l  cause the  main c o n t r o l l e r  t o  maintain t h e  des i red  temperature. 
A t  the  c lose  of t he  soaking period the  t i m e r  w i l l  throw t h e  con t ro l  t o  t h e  r i g h t  hand 
r a t e  con t ro l l e r  which w i l l  p i ck  up the  o r i g i n a l  r a t e  of hea t  or any o the r  des i red  r a t e .  
The camera cont ro l  ( l e f t  lower cen te r )  allows camera,speeds of 1 frame every 5 seconds 
t o  8 frames per second. A secondary p iece  of equipment allows camera speeds up t o  
32 frames per second. 
microcinephotography. The sequence on the  l e f t  shows a mass of  ex inoid  mater ia l  j u s t  
at  i t s  melting poin t ,  t h e  next frame shows i t  i n  a p a r t i a l l y  f l u i d  s t a t e ,  t h e  t h i r d  
i n  a t o t a l l y  f l u i d  s t a t e  and t h e  four th  shows i t s  residue. The sequence on the  r i g h t  
shows t h e  melting and v o l a t i l i z a t i o n  of one of t h e  r e s ino ids .  Note t h a t  i t  i s  almost 
completely vola t J l ized  i n  t h e  l a s t  frame. Af te r  preliminary inves t iga t ions  on seve ra l  
of the  important coal macerals t o  a sce r t a in  t h a t  they were d i f f e r e n t  i n  t h e i r  r eac t ing  
proper t ies ,  i t  was decided t o  work f i r s t  with t h e  group of ma te r i a l s  occurring most 
abundantly i n  the  coa l .  These were the  v i t r i n o i d s .  The s u i t e  of coa ls  were thoroughly 
s tudied  microscopically and t h e  nine most prominent v i t r i n o i d s  were i s o l a t e d  f o r  
d e t a i l e d  property ana lys i s .  

A Le i t z  1000° hea t ing  s tage ,  a research 

This hea t ing  s t age  can be brought, a t  any rate 
I t  i s  so b u i l t  t h a t  a 

The incorpora t ion  of a program c o n t r o l l e r  i n  t h e  system 

Figure 6 i l l u s t r a t e s  t h e  type d a t a  t h a t  can be obtained by 

The f i r s t  series of tes ts  involved the  hea t ing  of s p e c i f i c ' v i t r i n o i d  types a t  a 
hea t ing  r a t e  of 3OC/min. which i s  roughly equiva len t  t o  t h e  r a t e  of  hea t  used i n  a 
commercial coke oven. Figure 7 presents  t h e  r e s u l t s  of t h i s  study. A l l  of t he  d a t a  
presented a re  based on at l e a s t  f i v e  runs i n  which reproducib le  r e s u l t s  were obta ined ,  
Note t h a t  the  e n t i t i e s  s tud ied  can be grouped i n t o  t h r e e  ca t egor i e s :  
Semi-plastic, and P l a s t i c  types .  "pe non-plastic v i t r i n o i d s ,  Types I and 11, a r e  
predominant i n  occurrence i n  High Vo la t i l e  C and B coa l s  and f o r  a l l  i n t e n t s  and 
purposes a r e  i n e r t  a t  t h i s  r a t e -o f  hea t .  The semi-p las t ic  v i t r i n o i d ,  Type I X ,  i s  
common i n  occurrence i n  t h e  l o w  v o l a t i l e  coa ls  but i n  genera l  i t s  percent  occurrence 

Non-Plastic, 

R 
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i s  low. The p l a s t i c  m a t e r i a l s  Types 111, IV,  V, V I ,  V I I ,  and V I 1 1  a r e  found i n  
varying amounts throughout t h e  bituminous coa l  range. Based on t h e  coa ls  s tud ied  t o  
date,  it appears t h a t  these n i n e  v i t r i n o i d  types appear i n  the range of bituminous 
coa l s  as shown i n  Table 2. 

Table 2 

Influence of Vi t r ino id  Type on Rank Designation of Bright Coals 

Vi t r ino id  Composition of Typical Bituminous Coals Resultant Rank 
Predominant Type Major Types Minor Types Designation 

I I1 I11 and I V  High Vo la t i l e  C 

I1 I and 111 IVY V and V I  High Vo la t i l e  B 

I V  111 and V 11, V I  and V I 1  High Vo la t i l e  A 

V I  I I V  and V I 1 1  111, I V ,  V, I X  Medium Vola t i l e  

V I 1 1  V I  and V I 1  V and I X  L o w  Vo la t i l e  

Although a l l  of t h e  v i t r i n o i d  types described i n  Figure 7 exh ib i t  some d i f f e rence  
i n  t h e  manner i n  which they  respond t o  t h i s  hea t ing  program, s i m i l a r i t i e s  a re  evident 
i n  t h e  case  of t h e  p l a s t i c  v a r i e t i e s .  An attempt has  been made t o  emphasize t h i s  
f a c t  by separa t ing  obviously d i s s i m i l a r  mater ia l s  with ho r i zon ta l  l i n e s .  

Figure 8 presents  d a t a  on  an i d e n t i c a l  study using a h e a t i n g . r a t e  of 12OC per  

One of t he  most s t r i k i n g  d i f fe rences  apparent i s  
'minute, t h e  ob jec t  being to..determine t h e  manner i n  which each v i t r i n o i d  r eac t s  
under another set of condi t ions .  
t h a t  t he re  a r e  no longer v i t r i n o i d s  which f a i l  t o  show f l u i d i t y  when t h i s  acce lera ted  
hea t ing  r a t e - i s  used. 
enhanced i n  every case, a l so  t h a t  t h e  p a r a l l e l  l i n e s  de l inea t ing  v i t r i n o i d s  of s imi l a r  
p rope r t i e s  have shifted-.  

Notice t h a t  the capac i ty  t o  fuse  with s imi l a r  p a r t i c l e s  i s  

From these  s t u d i e s  involv ing  only a change i n  r a t e  of heat, two major conclusions 
can be drawn: 1. tha t  t h e  o p t i c a l l y  d i s t i n c t  v i t r i n o i d  types do possess d i f f e r i n g  
thermal p rope r t i e s  and can be expected t o  r e a c t  d i f f e r e n t l y  i n  c e r t a i n  indus t r i a l .  
p rocesses ;  2. t h a t  an inc rease  i n  hea t ing  r a t i o  e l i c i t s  a va r i e ty  of r eac t ions  from 
the  v i t r i n o i d s  - inves t iga ted .  

The next s e r i e s  of tests on these  v i t r i n o i d s  were designed t o  record the d i f f e r -  
ences, i f  any, i n  the  r e a c t i o n s  exhib i ted  when t h e  e n t i t i e s  were sub jec t ea  to sho,ck. 
hea t ing  a t  600 and 800OC. 

Figure 9 i l l u s t r a t e s  t h e  extremes i n  the  recorded reac t ions  of thi.q studK. In. 
t hese  tests a chip of pure v i t r i n o i d  mater ia l  was photographed before  
exposure t o  shock hea t ing  i n  a top  and s i d e  view. 
t r a t e  two v i t r i n o i d s  which exhib i ted  extremes i n  behavior. 
a c t u a l l y  v o l a t i l i z e s  with such explosiveness t h a t  a loss  i n  volume over, t h a t  of the' 
o r i g i n a l  material r e s u l t s .  
t o  s eve ra l  times the  s i z e  of t h e  o r i g i n a l  mater ia l .  
t h e  r e s u l t s  obtained i n  these  t e s t s .  
shows l i t t l e  change i n  mass; however when shock heated a t  800°C., a, large: portion of 
t h e  mater ia l  v o l a t i l i z e s  leav ing  a mass smaller i n  s i z e  than t h a t  of- the: o r i g i n a l  
mater ig l .  Type I11 shows an inc rease  i n  mass a t  600° and an even. g;reater expansion 
a t  800 . Type I V  dispAays a s t rong  inc rease  i n  mass a t  600' shock but when exposed 
t o  temperatures of 800 t h e  ma te r i a l  expands s t rong ly  but has a period of cont rac t ion  
be fo re  s o l i d i f i c a t i o n .  This i s  a l so  t r u e  of T es V I 1  and V I I I .  Type V I 1  shows a 
massive increase i n  Volume when shocked a t  600 , t h i s  is  e s p e c i a l l y  i n t e r e s t i n g  because 

The tests shown in,  Figure- 9. illus- 
One of th.em,. Typ,e 11, 

The o the r  mater ia l ,  Type V I I ,  shows a strong. s,yel.l,ing 
Figure 10 i l l u s t r a t e s  some of 

Note t h a t  Type 11, when shockheated  a t  600OC.- 

P 
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coals  t h a t  are assoc ia ted  with oven p res su re  problems i n  t h e  me ta l lu rg ica l  coke indus t ry  
a r e  gene ra l ly  r i c h  i n  t h i s  v i t r i n o i d  type.  
less expansion, perhaps ind ica t ing  t h a t  when dea l ing  with a s t rong ly  Swelling Coal a 
f a s t e r  rate of hea t  w i l l  l e ssen  the  p o t e n t i a l  p ressure  dangers.  
a behavior p a t t e r n  s i m i l a r  t o  Type V I I ,  however, t h i s  ma te r i a l  s w e l l s  t o  a much 
lesser degree. 

When shocked a t  800° Type VI1 displayed 

Type V I 1 1  e x h i b i t s  

Conclusions t o  be drawn from t h i s  tes t  series are,  again, t h a t  t h e  subjec t  
v i t r i n o i d  types  vary i n  t h e i r  r eac t ions  and t h a t  f o r  c e r t a i n  app l i ca t ions  the  des i r ed  
r eac t ion  can be enhanced by a g r e a t e r  rate of hea t .  

The curve previous ly  presented a s  Figure 2 which r e l a t e d  one of t h e  v i t r i n o i d s  
t o  coke s t r eng th  showed t h a t  t he  presence of  t o o  much o r  too  l i t t l e  of t h i s  ma te r i a l  
would cause a l o s s  i n  s t r eng th .  
and t h e  micrinoids of approximately 3 t o  1 produced t h e  s t r o n g e s t  coke. The ques t ion  
then a rose  as t o  what amount of mater ia l  each of t h e  v i t r i n o i d  types  could a s s imi l a t e  
i n t o  a coke mass, and what t h e  a f f e c t  of such an a s s imi l a t ion  would be on the  s t r e n g t h  
of t he  r e s u l t a n t  coke. 

I t  was a l s o  noted t h a t  a r a t i o  between t h i s  v i t r i n o i d  

A series of small  tests were performed using pure v i t r i n o i d  types and varying 
amounts of an inorganic  i n e r t  mater ia l .  
out,  with microscopic con t ro l ,  t o  allow t h e  running of dup l i ca t e  t e s t s  on each of 
t h e  v i t r i n o i d  types  using t h e  following propor t ions  (Table 3). 

Enough of t hese  pure subs tances  were picked 

Table 3 

Composition of T e s t  Blends 

Percent Pure Vi t r ino id  Type 
100 
90 
80 
70 
60 
50 
40 
30 
20 
10 

Percent Inorganic I n e r t  
0 
1 0  
20 
30 
40 
50 
60 
70 
80 
90 

The i n e r t  substance used was hydrated alumina and t h e  tests cons is ted  of coking 
t h e  pure and d i l u t e d  v i t r i n o i d  types in s m a l l  c ruc ib les ,  i n  an e l e c t r i c  muffle furnace.  
The eva lua t ion  f o r  s t r eng th  w a s  done on a microhardness tester. 

The experimental r e s u l t s  on the  tests performed on v i t r i n o i d  Type I1 a re  presented  
Figure 11 c o n s i s t s  of photographs of t h e  a c t u a l  coke but tons  i n  Figures 11, 12 and 13. 

produced i n  the s tudy  and t h e  unassimilated i n e r t  ma te r i a l .  
w a s  coked, violeIkteruptions of f l u i d  coa l  took  p l ace  and i n  seve ra l  cases the  material 
produced minor explosions.  This  continued u n t i l  30% i n e r t  ma te r i a l  was mixed i n  ( r e f e r  
t o  photographs). 
added t h a t  any unagglomerated res idue  appears. Notice a l s o  t h a t  t h e  apparent s t a b i l i t y  
of t h e  coke mass improves u n t i l  t h e  amount of i n e r t s  added becomes too  g rea t  t o  be  
assimilated.  Figure 12 p resen t s  c ross  sec t ions  of t h e  coke but tons  showing t h e  appar- 
e n t  e f f e c t  on the  coke s t r u c t u r e  of i n e r t  addi t ion .  Notice t h e  e f f e c t  of t he  v i o l e n t  
r eac t ion  of t h i s  pure v i t r i n o i d  on its i n t e r n a l  s t r u c t u r e  and how t h e  s t r u c t u r e  stab- 
i l i z e s  with t h e  add i t ion  of i n e r t  mater ia l .  With 80% of i n e r t  material i n  the  mix 
a stable-appearing s t r u c t u r e  is s t i l l  i n  evidence. Figure 13  p resen t s  d a t a  on t h e  
y i e ld  of coke of a p a r t i c u l a r  s t r eng th .  

When t h e  pu re  v i t r i n o i d  

Note a l s o  t h a t  it is not u n t i l  a f t e r  40% of i n e r t  mater ia l  has  been 

N o t i c e  t h a t  not u n t i l  g r e a t e r  than 40% i n e r t  
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ma te r i a l  has been added does the s t r eng th  drop below t h a t  of t h e  pure maceral, i n  f a c t  
a t  40% d i l u t i o n  a s l i g h t  rise i n  s t r eng th  i s  noted. 

The test  r e su l t s  of v i t r i n o i d  Type I11 are  presented i n  Figures 14, 15 and 16. 
The coke but tons  shown i n  Figure 14 show t h a t  t h i s  ma te r i a l  can a s s imi l a t e  up t o  
40% of i n e r t s  without loss of t h e  s t a b i l i z i n g  e f f e c t .  In Figure 15 the  but ton  cross- 
s ec t ions  show t h i s  s t a b i l i z i n g  e f f e c t  t o  a much g r e a t e r  degree than i n  the  case of 
t h e  r e s u l t s  obtained by blending Type I1 mater ia l  and Figure 16  presents  a s e t  of 
d a t a  which con t r a s t  markedly t o  those  presented i n  Figure 13. Note tha t  g rea t e r  
than 50% i n e r t s  were added before  t h e  coke s t r eng th  dropped below t h a t  of t he  pure 
Type I11 mater ia l  and a l s o  t h a t  t he re  i s  an impressive ga in  i n  s t rength  a t  t he  30% 
d i l u t i o n  l e v e l .  

Figures 17, 18 and 19 represent  t h e  accumulated d a t a  on Type IV. Figure 17 again 
p o i n t s  out t h e  s t a b i l i z i n g  e f f e c t  of t h e  addi t ion  of i n e r t  mater ia l .  Note here  t h a t  
t h e  50% d i l u t i o n  l eve l  has  been reached before any unbonded i n e r t  mater ia l  becomes 
ev ident .  Figure 18 s u b s t a n t i a t e s  t h e  po in t s  brought out by the  previous f igu re  and 
i l l u s t r a t e s  th?  fact  t h a t  t h i s  i n e r t  add i t ive  tends t o  s top  the  f i s s u r i n g  apparent 
i n  t h e  blends high i n  Type IV. Figure 19 presents  t he  s t rength-y ie ld  curve f o r  t h i s  
type.  Note t h a t  the i n e r t  d i l u t i o n  approaches 60% before  t h e  s t rength  drops below 
t h a t  of t h e  pure maceraI and t h e r e  is  a s i zeab le  s t r eng th  increase  over a r a the r  
l a r g e  range exhib i ted  by t h i s  maceral. 

The t e s t i n g  of Type VI1 brought out s eve ra l  i n t e r e s t i n g  po in t s  on t he  expansion 
p rope r t i e s .  This i s  e s p e c i a l l y  informative because, as  was mentioned before,  coals 

' t h a t  p resent  problems to the  coke oven opera tor  i n  t h e  form of s t i ck ing  charges and 
unsafe pressure  on t h e  oven w a l l s  o f t e n  conta in  l a r g e  por t ions  of v i t r i n o i d  Type  VI1 
i n  t h e i r  composition. Figure 20, t he  coke button photographs, i l l u s t r a t e  t h i s  swell- 
ing  property.  Note t h a t  i n  t h e  p i c t u r e  of t he  pure maceral t h e  button i s  t h e  l a rges t  
and as t h e  i n e r t  percentage becomes g r e a t e r  t h e  button s i z e  decreases and genera l ly  
s t a b i l i z e s  i n  s i z e  a t  about 50% d i l u t i o n .  
of  incorpora t ing  g r e a t e r  than 50% i n e r t  mater ia l  i n t o  t h e  mass is also evident .  
Figure 21 makes evident one of t h e  f a c t o r s  respons ib le  f o r  t h i s  swelling proper ty .  
Note t h a t  i n  the  button c ross -sec t ion  of t he  100% Type VI1 t h e r e  i s  a very l a rge  
cen te r  vacuole. This vacuole was made by entrapped gases i n  t h e  cen te r  of the  button 
which were apparently unable t o  force  t h e i r  way through the  viscous surrounding 
ma te r i a l .  These gases then  caused t h e  mass t o  s w e l l  and with no e x i t  rou te  the  
gases  i n  the  vacuole were trapped. 
becomes g rea t e r ,  the swelling and t h e  vacuole s i z e  diminishes.  This tends t o  show 
t h a t  i n e r t  addi t ion  e i t h e r  allows t h e  gases t o  e x i t - :  through t h e  viscous mass or 
t h e  v i s c o s i t y  of the f l u i d  v i t r i n o i d  Type VI1 has  been lowered t o  allow normal 
bubbling of f  of the gases.  Figure 22 again shows a d i s t i n c t i v e  d i l u t i o n  s t r e n g t b  
y i e ld  i n  which over 50% d i l u t i o n  i s  necessary before t h e  s t rength  is. increased 
approximately 20% over t h a t  o f  t h e  pure maceral. Note t h e  wide range of s t r eng th  
bene f i c i  a t  ion .  

The f a c t  t h a t  t h i s  mater ia l  has the  a b i l i t y  

Notice thfrt as  t he  percentage of i n e r t  substances 

Vi t r ino id  Type VI11 d i f f e r s  from a l l  o the r  v i t r i n o i d  types.  Note the  f ro th iness  
of  t h e  but tons  (Figure 23) and t h e  p ro jec t ions  on t h e  button tops .  The f ro th iness  
i s  apparent ly  due t o  f a s t  coking i n  which the  gases of t he  mass were trapped i n  the  
cell  s t r u c t u r e .  The top  p ro jec t ions  ind ica t e  t h a t  t h e  ou te r  button wall  was coked 
and s o l i d i f i e d  quickly fo rc ing  the  inner f l u i d  mater ia l  t o  e rupt  through the  top 
of  t h e  button. Greater than 50% of i n e r t  mater ia l  can be incorporated i n t o  the  mass 
and s t r u c t u r e  s t a b i l i z a t i o n  i s  brought about by t h e  addi t ion  of i n e r t  ma te r i a l .  The 

inc reases  swelling and c e n t r a l  vacuole development. In e f f e c t  i n e r t  d i l u t i o n  causes 
the  mass t o  become more v iscous  thus  present ing  a b a r r i e r  t o  escaping gases.  Figure 
25 i l l u s t r a t e s  t he  s t r eng th -y ie ld  c h a r a c t e r i s t i c s  of  v i t r i n o i d  Type VIII. 

. but ton  cross-sections (Figure 24) show t h a t  d i l u t i o n  with i n e r t  mater ia l  i n i t i a l l y  

f 
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The tests dea l ing  with t h e  ass imi la t ion  c a p a c i t i e s  of  these macerals of c o a l  led 

t o  many important conclusions.  The f i r s t  and most obvious i s  t h a t  each e n t i t y  t e s t e d  
d isp lays  a d i f f e r i n g  behavior pa t te rn .  Figure 26 compares t h e  two type extremes 
showing t h e i r  apparent a s s i m i l a t i o n  p o t e n t i a l s .  Figure 27 compares f i v e  types of  
_vi t r ino id  by i . l i u s t r a t i n g  t h e  but ton produced by t h e  pure v i t r i n o i d  types and t h e  
blend of that  type with i n e r t  material t h a t  produced the  h ighes t  s t rength .  In  Figure 
28, coke but ton cross-sect ions-show t h e  s t r u c t u r e  and vacuole development of the  
pure mater ia ls ,  and i n  t h i s  f i g u r e  t h e  blends y i e l d i n g  t h e  h ighes t  s t rength  coke 
and the  maximum vacuole development are a l s o  depic ted .  

This research has  produced d a t a  t h a t  shows graphica l ly  t h a t  t h e s e  mater ia l s  
The d a t a  presented d i f f e r  i n  at  l e a s t  o p t i c a l ,  phys ica l  and thermal p r o p e r t i e s .  

h e r e  has  a l l  been s l a n t e d  toward e s t a b l i s h i n g  t h e  b a s i s  f o r  eva lua t ing  bituminous 
coal f o r  u'se i n  meta l lurg ica l  coke production. However, t h i s  i s  n o t  t h e  only applica- 
t i o n  t h a t  w i l l  come from t h i s  type of  study. Work is  nearing completion on the  e f f e c t  
o f  the  v i t r i n o i d s  on one another. I t  i s  important t o  know the a f f e c t s  of one e n t i t y  
on the  o t h e r  because a coal seam genera l ly  has  one predominant v i t r i n o i d  type and 
two or t h r e e  o t h e r s  t h a t  occur i n  q u a n t i t i e s  l a r g e  enough t o  e f f e c t  t h e  commercial 
products. Once t h e  c r i t i c a l  d a t a  are obtained i t  should be p o s s i b l e  t o  descr ibe  the 
combustion, carbonizat ion,  and hydrogenation p o t e n t i a l  o f  a coa l  seam from small 
samples such a s  those obtained i n  exploratory d r i l l i n g  operations.. In  addi t ion,  
such information should provide t h e  b a s i s  f o r  prescr ib ing  more e f . f ic ien t  prepara t ion  
and blending operat ions.  Through these  avenues a cont r ibu t ion  should be made t o  
increas ing  the  e f f i c i e n c y  and ef fec t iveness  with which coal  i s  u t i l i z e d .  
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Mot f o r  Publication 
,-, Presented &fore the Division of Gas and Fuel Chemistry 

American%hemical Society 
Boston, Massachusetts, Meeting, April 5-10, 1959 

* 
Some Properties of Cuticle-Derived Coufponents of Coal 

By R. C. Neavel and L. V. Miller 

Indiana Geological Survey, Bloomington, Indiana 

The chemical and physic& cha rac t e r i s t i c s  of any coal seam o r  portion of a seam 
are  determined by the chenlicd asld physical cha rac t e r i s t i c s  of the  consti tuent p a r t s  
called macerals or phyterals.  
t r i bu t ing  plants,  predominates in most coals; while micrinite,  r e s i n i t e ,  ex in i te ,  and 
fus in i t e  make up only minor amounts of m o s t  coals,  An above average amount of any of 
these l a t t e r  four cons t i tuents  in a coal sample w i l l  r e s u l t  in that sample being 
classed a s  chemically and physically abnormal when compared t o  typ ica l  coals from the 
s a c  v i c in i ty .  

Vi t r in i te ,  derived from the c e l l  w a l l s  of the con- 

h a n g  the coal ingredients which normally cons t i tu te  a minor p a r t  of a coal seam, 
a r e  the remains of p l an t  cu t i c l e s  (which a re  classed with the ex in i t e s ) .  
e mx-like covering on leeves and young twigs, and serves t o  de t e r  dessication o f  
these succulent t i s s u e s .  Cutin, the consti tuent material  of cu t ic les ,  I s  formed by 
the atnospheric condensation and OXidEtiOA of f a t t y  ac ids  which migrate to the surface 
of the p l a m s  (Weaver and Clements, 1938). 
bac te r i a l  and chemical destruction when deposited i n  swap conditions and thus a re  
presei-ved i n  an e s s e n t i a l l y  unaltered condition i n  mast peat deposits.  V a n  Krevelen 
and Schuyer (1957, p.  241), as well a s  other authors, indicate that exines (of which 
cu t i c l e  i s  one) are l ess  affected by dynamic mctvnorphism than l igno-ce l lu los ic  con- 
s t i t u e n t s  and thus tend t o  r e t a i n  t h e i r  d i s t i nc t ive  i d e n t i t i e s  well i n t o  the bituminous 
r a k  coaLs. Thus, i n  high-volati le bituminous coals, cu t in i t e  i s  chemically d i s t i n c t  
from the associated v i t r i n i t e s .  It seems bes t  t o  r e f e r  t o  cu t icu lar  remains i n  coal  
as "cutinite," (Stopes, 1935) as they &re been altered,  i f  only s l igh t ly ,  from the  
or ig ina l  cutin.  

Cuticle is 

Cuticles are e s sen t i a l ly  r e s i s t a n t  to 

Legg and 'Wheeler (1925, 1929) conducted the f i r s t  modern aqpJj.ses of present-day 
and f o s s i l  cu t i c l e s .  
t i - cp icd  p l an t )  Legg and Vheeler determined t h a t  cu t i c l e  cons is t s  of four major 
components, three of vhich a re  respectively soluble i n  boi l ing  water, alcohol, and 
cuprannonia solution. 
represents60 percent of the weight of the  o r ig ina l  cu t i c l e  and was  re fe r red  t o  as 
"cutin," the bas ic  cu t i c l e  substance. 
indicated t h e i r  compositions t o  be: 

Ey analysing cu t i c l e s  from &Eve ( a  highly cutinized, semi- 

The residue, a f t e r  ex t rac t ing  the  above soluble consti tuents,  

Ultimate anslyses of the dissolved f rac t ions  

\Jater soluble - carbon 48.7 hydrogen 6.7 ash 28.8 
Alcohol soluble (waxes) - 79 -1 13.1 10.8 
Cuprammonia soluble (ce l lu lose  ) - 44.1 . -6.4 2.0 
Cutin residue - 67.1 9.9 2.8 

Treatment of the  residue ( cu t in )  yielded t w o  semi-liquid acids, the  formulae for 
which Legg and Wheeler calculated t o  be C263006 and C,3E$203; and two so l id  acids, 
one with a melting poin t  of 107-108°C, thought t o  be phloionic acid,  and. the other 

\ 

> with a melting poin t  of 88-F0°C, t o  which no name w a s  assigned. 

i 
Published by permission of the  State.Geologist, Indiana Department of Conservation, 

, Geological Survey. 
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Matic (1955) was 'I.. . concerned with the separation, i so l a t ion  and s t ruc ture  of 
the  ac ids  const i tut ing the e the r  soluble f rac t ion  obtained on saponif icat ion of cut in  
from A .  americana L.". Matic succeeded i n  i so la t ing  5 acids, all of which he named 
with t h e i r  respect ive organic terms. 
presented, it is quite c l ea r  t h a t  the cu t in  acids  reported on previously (Fremy, 1859, 
1881, 1885; Legg and Wheeler, 1925, 1929) were not pure compounds, but  mixtures w i t h  
t he  possible  exception of Legg and Wheeler's 'phloionic' acid which w a s  probably in- 
pure phloionol ic  acid . . . ." 

He concluded t h a t  " i n  the  l i g h t  of evidence 

Legg and Wheeler (1929) a l s o  analysed cu t i c l e s  i so la ted  from several  coals. 
Russian Papierkoble samples were t r ea t ed  with NH OH t o  remove the  ulmins and the cu t i c l e s  
were then mechanically separated from any remainhg undissolved ulmins. 
l y ses  of the concentrated c u t i n i t e  indicated: 
sulphur 2.1, and ash 13.4 percent .  
ne i ther  water solubles nor ce l lu lose ,  although they undoubtedly do contain waxes. 
Roelofsen (1952) a f t e r  o p t i c a l l y  studying cu t i c l e s  , a l s o  concluded t h a t  a f t e r  severe 
ex t rac t ions  (which we might consider p a r t l y  analogous t o  biogentic coal formation) 
cu t i c l e s  s t i l l  contain waxes. 
English durain by oxidizing and subsequently removing the ulmins with N84OH. The durain 
contained; carbon 83.0 and hydrogen 5.5 percent,whereas the  i so la ted  cu t i c l e s  ( cu t in i t e )  
contained; carbon 65.2 and hydrogen 7.4, ash 4.9 percent, and t r aces  of nitrogen and 
sulphur. 

Ultimate ana- 
carbon 73.9, hydrogen 11.4, nitrogen 1.1, 

They f e l t  t h a t  f o s s i l  cu t ic les  ( c u t i n i t e )  contain 

Legg and Wheeler (1929) a l s o  i so l a t ed  cu t i c l e s  from an 

Analyses conducted by Edwards (1947) on hand picked cu t i c l e s  ( c u t i n i t e )  from 
pockets i n  the  Yallourn brown c o a l  of Austral ia ,  indicate  the following composition; 
carbon 70.4, hydrogen 7.6, ni t rogen 0.45, sulphur 0.20, oxygen 21.64, and ash 0.6 per- 
cent. The coal  from which these cu t i c l e s  were obtained had a fuel r a t i o  (PC/VM) of;, 
about 0.9, while the  cu t i c l e s  had a f u e l  r a t i o  of about 0.25. 

Legg and Wheeler ( 1 9 3 )  subjected Agave cut in ,  Papierkohle cu t in i te ,  and durain 
The r e s u l t s  a r e  derived cu t in i t e  t o  destruct ive d i s t i l l a t i o n  in a vacuum apparatus. 

presented as Table 1. 
a t t r ibu tab le  t o  the method of obtaining the  cu t ic le ,  that is, by severe oxidation and 
treatment with NH OH, t o  remove ulmins. 
coals (Schmidt, 1445, p .  666). 

The low d i s t i l l a t e  y i e l d  of the durain c u t i n i t e  may be p a r t i a l l y  

Oxidation is known t o  reduce tax y ie lds  of 

Table 1 
Dis t i l l a t i on  of Cutin (from Lea and Wheeler, 1929) 

Propert ies  of Oils 

F i r s t  appearance OC 
Main evolution OC 
Yield percent by weight 

Analysis percent 
Saturated Hydrocarbons 
Unsaturated Hydrocarbons 
Aromatic Eiydrocarbons 
Phenolic and Acidic O i l s  
Oxygenated Compounds 
Ether soluble r e s in  
Chloroform soluble p i t c h  

P l a n t  cu t in  -- 
280 

60 
300 - 350 

38 

16 
26 a 

4 
7 

t race  

Papierliohle 

25 
33 
9 

10 
16 

3 
3 

East Kirkby Durain Cutin ---- 
350 

350 - 370 
20 

11 
22 
22 
1 

22 .. LI 
11 
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I n  1958, a c o d  sea= containing abnormdlly abundant c u t i c l e  derived components 
was Ziscovered i n  Indiana. (See Heave1 and Guennel, in  manuscript). Chemical 
a n d y s e s  of c u t i n i t e  from t h i s  "paper coal." were ins t iga ted  a t  t h e  Indiana Geological , 

Survey. 
which the c u t i c l e s  were embedded. 
by diszggregztion of t'ae coal  i n  water and hand-picking p ieces  of c u t i n i t e .  
to check the r e s u l t s  obtained from analysing t h i s  sample, several  more samples of 
r e l a t i v e l y  pure c u t i n i t e  were obtained by dissolving the weathered v i t r i n i t e  of the 
paper coal i n  a d i l u t e  KOH solut ion.  Petrographic analyses of these l a t t e r  samples 
imiicated t h a t  they s t i l l  contained between 10 and 20 percent v i t r i n i t e .  Results of 
t h e i r  analyses could thus be calculated t o  a v i t r i n i t e - f r e e  bas i s .  Analyses of the 
cut i i i i tc  -.ere, i n  Q O S ~  cases, standard coal analyses r a t h e r  than organic chemical 
o n d y s e s .  
o f  the analyses of t h e  c u t i n i t e  concentrates from Indiana paper coal  and the  r e s u l t s  
ci' mzlyses conduc$ed Sy several  other  invest igators  on o ther  c u t i n i t e  concentrates 
a ' e  presented, along with r e s u l t s  of several  control  sample analyses, as tab le  2. A 
descr ipt ion of the  samples follows: 

!,Iechanical weathering of the  paper coal, removed much of the  v i t r i n i t e  i n  
Several grams of pure c u t i n i t e  were concentrated 

I n  order  

i<o attempts were nade t o  deternine molecular const i tuents .  The r e s u l t s  

S a q l e  Ro. Description 

1 
2 

5 

9 
6,7,8,  

10 
11 
1.2 

cnannel sample 01' weathered paper coal  
Grab sample of weaThered paper coal - analysed by U. S. Bureau of 

i!ines Laboratory - r e s u l t s  courtesy of D r .  J. M. Schopf, United 
Staces Geological Survey 

Coal ly ing  1-5 f e e t  below paper coal 
Coal V sample used fo r  control  i n  r e t o r t  
Pure c u t i n i t e  - hand-picked from disaggregated paper coal 
Cutknite concentrates obtained by t r e a t i n g  paper c o a  with.KOH __ 
Cut in i t s  from Austral ian l i g n i t e  (Edwards, 1947) 
Cutini te  from Russian paper coal (Legg and Wheeler, 1 9 3 )  
Cutini tc  from durain (Legg and Wheeler, 1929) 
Cutini te  from HVC bituminous coal (Kosanke, 1952) 

Tzble 2 - Analyses of Cut ini te  and Control Samples 

S m p .  Sanple Des- Noist. Ash VM BTU FRU S. H. C. N. 0. 
- cr i9 t ion  AR 

?:*per coai 14.3 
P3.pzr coal 5.0 
Lower coal 14.7 
!?*tort control 14.0 
Pure c u t i n i t e  11.0 
Cufinite conc. 5.4 
Cut ini te  conc. 6.7 
Cutini te  conc. 7.4 
Lignite c u t i n i t e  6.1 

iiussian Paper coal  NA 
W a i n  c u t i n i t e  . HA 

HVC b i t . c u t i n i t e  17.0 
*Data not avai lable  

Dry 
i K 9  
25.6 
7.7 
7.2 

10.7 
14.9 
13.3 
11.2 
0.6 

13.4 
4.9 

Tr . 

DAF 
6- 
60.2 
42.8 
44.4 
84.7 
79.2 
77.': 
77.1 
79.0 

NA 
NA 
NA 

AR 
azg5 
8690 

11411 
11360 
13320 
11372 
11258 
11510 

NA* 
NA 
NA 
NA 

DAF 
1-3 
12280 
14499 
14232 
16730 
14134 
13906 
14050 

NA 
NA 

NA 
ru 

DAF 
m2 
0.5 

4.23 
0.21 
0.45 
0.62 
0.17 
0.20 
2.1 
Tr.  
NA 

DAF - 
7.1 

5.4 
8.1 
8.2 
8.0 
7.7 
7.6 

l l . 4  
7.8 
6.3 

DAF - 
69.6 1.4 

78.9 1.7 
74.7 0.7 
74.5 1.2 
74.9 1 .3  
73.4 1.3 
70.4 0.45 
73.9 1.1 
68.5 w. 
74.5 

DAF 

21.4 

9.8 

- 

16.3 
15.6 

21.64 

15  -3 
17.5 

11.4 
23-3 

The znalyses of  svnple 5 best  show the  charac te r i s t ics  of c u t i n i t e  from the Indiana 
paper coal. The ash content appears t o  be exceptionally high when cognizance i s  taken 
of the  fac t  t h a t  there  i s  l i t t l e ,  if any, mineral matter i n  the  sample. 
a l l ,  of the 10.7 percent dry  ash is inherent ash; t h a t  is,it  i s  a c t u a l l y  a p a r t  of  t h e  
planc t issue.  Semi-quantitative spectrographic analyses indicate  that  over 30 percent 
of the ash i s  CaO and less than 5 percent i s  Al 0 Much of the  remainder i s  probably 
s i l i c a ,  although the techniques used d id  not alfd ' i ts  determination. 

All, or almost 

I 
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The amounts, in percent of c u t i n i t e  ash, of t r ace  and minor elemenxs, determined 

spectrographically, are (abundances i n  e a r t h ' s  c rus t ,  in parentheses, from Mason, 
1952): B - 0.14(0.0003), C r  - 0.066(0.02), Ge - 0.01(0.007), Fe - 0.78(5.0), Pb - 0.01 
(0.0016), !a - 0.044(0.1), Mg - trace(2.1),  
(0.12), Sn - 0.08(0.004), 
Y - 0.02(0.0028). Ash content and ash proper t ies  of any coal ingredient are,  howeyrer, 
functions of swamp environment and p lan t  type. The present r e su l t s ,  therefore, are not 
necessarily indicative of ash content and ash proper t ies  t o  be found i n  all cu t in i t e  
(note sample 12).  The high ash content of the Indiana paper coal does, however, point 
out the  inrportance of inherent o r  non-mineral matter ash in ce r t a in  coal ingredients. 

- O.Ol(O.OOl5, M i  - 0.01(0.008), p - 1 .0  
T i  - O.ll(O.kk), V - O.Ol(O.Ol5), Zn - 0.059(0.013), and 

The v o l a t i l e  matter content of cu t in i t e  is very high. On the basis o f  analyses oer-  
formed by the I.:diaua Geological Survey during the  last 4 years on over 400 smples  3f 
Indiana coals,  the average v o l a t i l e  rnatter content of Indiana coal is 47.9 percent (daf).  
The paper coal cu t in i t e  contains almost 85 percent dry, ash-free vo la t i l e  matter.  
samples 6, 7, and 8 are  not pure cu t in i te ,  t h e i r  v o l a t i l e  matter contents a r e  somewhat 
lower than 85 percent. 
c u t i n i t e  i n  samples 6, 7, and 8 w a s  determined. Thin-sections of pe l l e t i zed  portions 
of these samples were anzlysed petrographically, and samples 6, 7, and 8 were Sound t o  
contain, respectively,  82, 84, and 90 percent cu t in i t e ;  the remainder w a s  ' r i f r i n i t e .  
No mineral loztter was v i s i b l e  although the higher ash content of semples 6 a d  7 ipdiczze 
t h a t  they probably contained some adventit ious mineral matter. 

As 

In order t o  check t h i s  f igure  of 85 percent, the mount of 

V i t r i n i t e  from coal wherein the cu t in i t e  has a vo la t i l e  matter content of 85 perce:?t, 
should have a vo la t i l e  content o f  about 40 percent. 
po lz t ing  the f igures  given by Van Krevelen and Schuyer (1957) in  t h e i r  Table X, 1, E;. 
239. 
ex in i t e  is the sum of the v o l a t i l e  mazter derived,from each of the consti tuents.  There- 
fore ,  the following equation was s e t  up: 
Total  VM as daf$ of sample. 

This value was obtained by extya- 

The t o t a l  dry, ash-free vo la t i l e  matter of a sample containing v i t r i n i t e  .zd 

VWp (vitrinitc$)+ V@ (exinite$) X 100 = 

By subs t i tu t ing  the  respective mounts fo r  v i t r i r i i t e  and ex in i t e  dete-mined xicro- 
scopically, 40 percent foy VM of v i t r i n i t e ,  and the r emec t ive  total..VM in.parh c a m 1 0  

the  ex in i t e  in sietples 6, 7, -&b& 8 respectively.  
which corresponds quite well with the f igure  of 84.7 percent determined on pure cu t in i t e  

: one a r r ives  et  figures of 88.0, 84.2 and 81.3 percent . fo r  the. v o l a t g e  matter consent 
. 

The average of these three  is 8L.5 

(sainple 5). 

When one r ea l i zes  t h a . t h e  c a l o r i f i c  value of coal i s  normally inversely p r o p o r t i m d  
t o  the t o t a l  v o l a t i l e  matter content, the r e s u l t s  of calorimetry of cu t in i t e  are someihat 
surprising. 
of several  determinations, and is f e l t  t o  be f a i r l y  accurate. The authors found it same- 
what d i f f i c u l t  t o  reconcile t he  r e l a t i v e l y  low c a l o r i f i c  values fo r  samples 6, 7 and 8 
with the  c a l o r i f i c  value of sample 5'(pure cu t in i t e ) ,  even if it is assmed that the 
v i t r i n i t e  i n  samples 6, 7, and 8 has no heating value, which probably i s  not t rue .  It 
i s  probable that the treatment of the samples with KOH af fec ted  t h e i r  heating 'ralu?, 
bu t  not t h e i r  v o l a t i l e  matter y ie lds .  The ca lo r i f i c  value of cu t in i t e  is apparently 
higher than the  ca lo r i f i c  value of  associated coals subjected t o  the sane metamorphiss 
and consequently of the same "rank." An in te res t ing  point ra i sed  by t h i s  f a c t  i s  t h a t  
the  coal  ingredients containing the  most v o l a t i l e  matter ( ex in i t e )  and the l e a s t  
v o l a t i l e  matter ( fus in i t e )  have higher c a l o r i f i c  values than v i t r i n i t e  (which has 
intermediate v o l a t i l e  matter content)  from the same coal. 

of hydrogen, which is r e f l ec t ed  i n  the high vo la t i l e  matter yields.  

1aLionshiPS of t y p i c d  macerals. 
ed  when necessary) as P l a t e  1 and the  r e s u l t s  of the cu t in i t e  analyses (including those 

The figure o f  16,780 Btu/lb for sample 5 (daf bas i s )  represents an average 

- . - ... ~ . .  

The pres-nt ultimate analyses indicate that c u t i n i t e  contains a high proportioll 
Van Krev-lerl and 

. Schuyer (1957) have prepared graphs t o  represent the carbon, hydrogen, and oxygen re -  
Four of these graphs have been reproduced (and extend- 
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of Edvards (1947) and Legg and Vheeler (1929)) a re  superposed on the  grapns. 
are umbered t o  correspond t o  t h e  sample numbers in table  2. 
the  exinite areas except those on f i g .  1, which p l o t s  v o l a t i l e  matter against  carbon. 
Even sample 5, which is pure c u t i n i t e ,  is w e l l  outs ide the ex in i te  lines, suggestizg . 
that the e x i n i t e  area should curve downward Fn the  lower carbon region, as a0 the  l i n e s  
f o r  micr in i te  and v i t r i n i t e .  
p l o t s  the r a t i o  of atomic hydrogen and a tonic  carbon against  the  r a t i o  of atomic oxygen 
and atomic carbon). 
l i n e  f o r  the  e x i n i t e s  tends t o  subs tan t ia te  both the  graph and OUT assuption t h a t  
sample 5 is pure cu t ln i te .  

The Points 
\ 

All of the  poin ts  f i t  i n t o  - 

Only the point  f o r  s q l e  5 i s  placed in f i g .  2 (winich 

The fact t h a t  the point  f o r  senple 5 falls  almost on t i e  median 

Because coals  containing abnormally high proportions of ex in i te  nay serve as sources 
of p e t r o l e m  subst i tutes ,  d i s t i l l a t i o n  assays were conducted .on the  c u t i n i t e  s q l e s  ts 
determine t h e  types of y ie lds  which could be expected from the  e x i n i t e  r ' ract lsn of coals.  

The method used to  determine d i s t i l l a t i o n  y ie lds  was patterned a f t e r  the F i s c h s -  

A r e t o r t  6" long w a s  machined out of a stai;lless steil 
Schraeder low temperature carbonization method w i t h  modifications of apparatus t o  
u t i l i z e  the  equipment-on hand. 
rod  t h a t  w a s  I" in d i m e t e r .  The r e t o r t  chamber vas tapered f o r  ease of coke rernm=L 
and holds a maximum coal charge of 3 grams. 
tar d i s t i l l i n g  f lask  w i t h  a copper tubing which.during carbonization was wrzpped :.rith 
a heating tape t h a t  reached a temperature of approximately hOO°C. 
ing anhydrous calcium chlor ide w a s  a t tached t o  the  far d i s t i l l i n g  f l a s k  t o  absorb any 
water that may have escaped the tar d i s t i l l i n g  f lask.  The tar d i s t i l l i n g  f l a s k  ires iv.- 
inersed in i c e  water. The light o i l  tube attached t o  the calcium chloride tube w2s a 
conventional 100 m. "U".tube s t u f f e d  w i t h  glass wool and was icnersed t o  its side ani s  
i n  dry i c e  and acetone. During carbonization no a t t e n p t  w a s  made t o  u e a s r e  the volme 
of gas  that ,was evolved. The first noticeable condensation i n  t i e  tar d i s t i i i i o g  flssir. 
w a s  between 52O - 80°C. 
and the  f i r s t  drop of tzr was not iced  a t  45OOC. I n  all Instances, gas stoppea e7rolvir.g 
around 760Oc. The r e t o r t  vas allowed to  reach 95OoC and vas heid a t  t h i s  -cemperat,x-z 
f o r  7 minutes; The r e t o r t  was heated by means of a Hoskins FA120 Furnace vhich vas 
a t tached t o  a temperature cont ro l le r ,  permittin4 temperatures t o  be control ied >iitn e 
fair degree of accuracy. This furnace i s  recommended f o r  v o l a t i l e  determinations by 
A.S.T.M.D-2n. The time consumed for the e n t i r e  experiment w a s  a p p r o x A r d y  1 hour. 

The charged r e t o r t  was connected t o  the 

A "U" tube contain- 

Visible  vaporous v o l a t i l e s  were given of f  f r o 3  200° - 250'C 

The results are  shown in Table 3. Sample number 4, a sanple of Indiana coal V, 
was first run as a control  o r  standard sample. Thin-sections of t h i s  svnple inciiczte 
it to  be a t y p i c a l  v i t r i n i t i c  coal  with s e v e r d  percent of e x i n i t e  and several  percent 
of  opaque matter. About ll percent  of t h e  dry, ash-free sample was prec ip i ta ted  as 
tar, ammonia, and l i g h t  o i l .  The c u t i n i t e  concentrates (samples 6, 7, ani 8; i r s u f f i -  
c i e n t  material was l e f t  of sample 5 t o  run tar asszys) yielded over four t i x e s  t h i s  
amount. 

. Table 3 - D i s t i l l a t i o n  Yields of Cut in i te  Concentrates 

Samp. C h a r .  Tar Lt. Oil Gas T a r  Calculated 
No. DAl? DAF DAF DAF 1 2 3 4 

6 26.5 58.6 0.2 l l . 3  53-5 45.3 49.4 39.7 
7 24.8 53.4 0.5 19.0 50.5 43.5 45.5 38.5 

4 66.3 10.5 0.6 2l.g 13.2 17.9 14.8 18.0 

8 22.1 48.2 1.6 23.2 45.5 40.6 43.0 36.3 
1 
2 
3 
4. Selvig and Ode (1957) tar = (0.783 x VM) - (0.96 x 0 )  - 7.3 

Francis  (1954) tar and oU = eK 1.5 x 5.48 whfre eH is  H over 3.6 
Selvig and Ode (1944) tar = 0.697~ + 0 . 0 0 3 1 ~  
Selvig and Ode (1944) tar ( f o r  cannel coals)  = 12.3 (H2 - 4.2) 

- 6.4 where x = F,i - (1.3 x 0 )  

Y 
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Ifle amount of dry, ash-free char produced averaged about 1.18 times the amount of 
dry, ash-free f ixed carbon i n  the or ig ina l  semple; meaning t h a t  some of the or iginal  
material driven of f  as v o l a t i l e  matter i n  the  proximate analyses i s  retained i n  the 
c h u  of the assays. only the  organic 
port ion of the  char (percentage of ash i n  char was determined experimentally) as the  
percentage of the  dry, ash-free charge. The y i e l d  of tar shown i n  Table 3 represents 
d i s t i l l e d  v o l a t i l e s  less moisture (from proximate analysis)  calculated as percent of 
dry, ash-free charge. 

The y i e l d s  of char shown i n  Table 3 represent  

The calculazed tar y i e l d s  shown i n  Table 3 were obtained from several  formulae 
suggested by the  respective authors as means t o  e s t i s a t e  t a r  y ie lds  froin proxinate and 
ult-imte analyses data.  
y ie lds  obtained with those estimated, t h e  general re la t ionship  of highest  t o  lowest 
yields  from samples 5 through 8 i n  both the  experimental and calculated r e s u l t s  suggests 
That the experimentally determined y ie lds  are probably correct .  The experimental y ie lds  
ue ,except  f o r  sample 4, all higher than t h e  estimated yields ,  probably as a function of 
the  high f i n a l  texperature used. 
inversely re la ted  t o  the  amount of petrographically determined c u t i n i t e  i n  saaples 6, 
7 and 8. 
consequently all of  the  y ie lds  woulu oe even higher if pure, untreated c u t i n i t e  Ifas - 
uc i l i zed .  

.Uthough there appeass t o  be no constant f a c t o r  re la t ing  t h e  

It might be noted t h a t  the  tar y ie lds  are apparently 

It is  fe l t  t h a t  t h i s  apparent anomaly i s  a funct ion of sanple.treatment, and 

swmary : 

Analyses of the cuticle-de?ived componerrt f c u t i n i t e )  of Indiana paper coal which 
l i e s  i n  an area containing high-volatile C and high-volat i le  B bituminous coals indicate  
t h a t  cu t in i te  exhibits the following charac te r i s t ics  : 

1, Hagh ash content - enabyses of other  cu t in i te -sar ipks  by other  investigators 'L- - 
suggdst, however, that ash content var ies  from only a t race  t o  over 16 percent, and i s  
dependent upon swamp environment and p lan t  type. 

t o  be a m u t  85 percent of the dry, ash-free cu t in i te .  

16,000 Btu/lb. 

is 3bmdant i n  pure cu t in i te ,  a t ta in ing  a value of approximately 8 percent. 
oi a l l  of the ultmate analyses f a l l  within the  "exinite" areas or' the  g a p h s  prepared 
oy V a n  Krevelen and Schuyer (1957) to  show the  c h a r a c t e r i s t i c s  of macerals. 

50 perceiit of the  dry, ash-free ssmple. 

~ 

2. High v o l a t i l e  matter content - The apperent v o l a t l l e  matter content appears 

3. High c a l o r i f i c  v d u e  - D r y ,  ash-Eree c u t i n i t e  was determined t o  contain over 

4. CarDon, hydrogen and oyygen contents  - Ultlmate analyses indicate  toat hydrogen 
The r e s u l t s  

3. Tar, o i l  and coke assays - Tar y i e l d  w a s  exceptionally high, averaging over 

O n e  oI' the  proper t ies  of c u t i n i t e  i s  tha t  of' y ie lding high proportions of condensable 
tars. G a s  y ie lds  d i f fe red  l i t t l e  from yie lds  of n o d  coals of the  same rank. 

Unquestionably, coal containing a high proportion of  cu t in i te ,  i f  it is  not associa- 
t e d  with 'equally high proportions of opaque matter, would serve as an i d e a l  r a w  material 
f o r  the  ex t rac t ion  of tars and o i l s .  Such coals  should, wherever possible,  be u t i l i z e d  
f o r  t h i s  purpose. 

! 
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THE TRANSITION FROM BITUMINOUS TO ANTHRACITIC COALS 
Russell R. Dutcher, Richard-G. Moses and S i l a s  P. Mansfield 

The Pennsylvania S t a t e  University, Universi ty  Park, Pennsylvania 

With reference-to t h i n  sec t ion  techniques and the  normal sect ioning of  coal t h e  
fol1owing.comments have been made: "... the method f a i l s  with an thrac i tes  and o ther  
coals  r i c h  i n  carbon ..." (Seyler, 1925, p. 117) and "anthraci te  has  f a i l e d  t o  respond.." 
(Turnqr, 1925, p. 127). 
Can no longer be s tudied by, t ransmit ted l i g h t  f o r  t h e  an thrac i te  has  l o s t  transparency 
even i n  t h e  very th innes t  sections". 
made before and a f t e r  t h e  da tes  c i ted,  p r i n c i p a l l y  by t h e  European coal  p e t r o l o g i s t s .  
There i s  no doubt t h a t  an thrac i te  and semianthraci tes  have presented g r e a t  technological 
b a r r i e r s  t o  t h e  t h i n  sec t ion  workers. Petrologic .s tudy of these higher  rank coals  has  
been sorely neglected when compared t o  t h e  wealth of information developed f o r  those  
coals  lower i n  rank. 

More recently, Plumstead (1957, p. 12) has  s t a t e d :  "... they 

These cgmments a r e  very s i m i l a r  t o  many o t h e r s  

,/, 

Recently, however, a technique has  been developed a t  t h e  Anthracological Labora- 
t o r i e s  of The Pennsylvania S t a t e  Universi ty  f o r  the  preparat ion of c red i tab le  t h i n  
sect ions of semianthracite and an thrac i te .  The two most important f a c t o r s  which d i f f e r  
from previous methods used are t h e  mounting medium and t h e  extended preparat ion t i m e .  
An epoxy r e s i n  (Biggs Bonding Agent R-313) i s  used and allowed t o  "cold-set". Allowing 
t h e  r e s i n  t o  "set" without t h e  use of hea t  lengthens t h e  curing t i m e  but a l s o  minimizes 
the  stresses and s t r a i n s  set up due t o  hea t ing  and cooling of the microscope s l i d e ,  t h e  
mounting medium and the  coal  block. So-called standard techniques a r e  employed f o r  
preparatTon of the  coal  surface, "cut-off", and removal of excess mater ia l  from t h e  
s l i d e .  The mounting of t h e  block (as previously mentioned) and t h e  f in i sh ing  operat ions 
a r e  where var ia t ions  occur. Fine f i n i s h i n g  is car r ied  out on a Belgian hone as would 
normally be done. After  this s tep,  hand f in i sh ing  with e rasers  or corks dipped i n  
cerium oxide or red rouge are used t o  br ing the  sect ions to canyrletion. 
last  s tep  t h a t  i s  very tedious and t i m e  consuming. 

It is t h i s  

The t h i n  sec t ions  of an thrac i te  prepared to  date  are not of t h e  high q u a l i t y  i t  
is  possible  t o  a t t a i n  when one works with bituminous and other lower rank coal. However 
it is possible  t o  view many of  t h e  organic e n t i t i e s  present  under t ransmit ted l i g h t .  
The anthrinoids, micrinoids and fusinoids  are  present  and may be s tudied  i n  considerable 
d e t a i l .  
have been encountered i n  a recognizable form. 

Thus f a r  no representat ives  of t h e  "resinoid" or "exinoid" maceral groupsa 

Geology and many of t h e  o ther  s c i e n t i f i c  d i s c i p l i n e s  owe a g r e a t  deal  t o  W i l l i a m  

With spec ia l  reference to  coa l  and t h e  evolut ion of p l a n t  
Morris Davis. 
appl icable  i n  most f i e l d s .  
mater ia ls  t o  form peat, l i g n i t e ,  subbituminous, bituminous and anthracitic coals  it is 
of p a r t i c u l a r  s ignif icance.  In a l l  coa l  seams a p a r t i c u l a r  s e t  of cons t i tuents  e x i s t s  \ J  
at  each point  i n  t h i s  progression. These materials are acted upon by a s e t  of physical  
and chemical forces  which act or  have acted f o r  a per iod of t i m e .  Thus we have 
s t r u c t u r e  - the  materials a t  hand, process - the  forces  act ing upon these  materials, 
and st'age - t h e  t i m e  f o r  which these forces  have acted and the  degree t o  w h i c h  t h e  
const i tuents  have progressed t o  produce t h e  subject  mater ia l s ,  

His presenta t ion  of the concept of  "structure-process and stage" is  

The origPnal qsstructuresPV w e  have t o  work with, t h e  progeni tors  of a l l  the macerals, 
a r e  t h e  plant  materials deposi ted i n  t h e  o r i g i n a l  coal  Swamp. It is not t h e  purpose of 
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t h i s  a r t i c l e  t o  t race  t h e  evolut ionary development of these p lan t  mater ia l s  through t h e  
var ious c o a l i f i c a t i o n  s tages ,  but t o  look more c lose ly  a t  t h e  maceral re la t ionships  
encountered i n  the high-volat i le ,  low-volatile and an thrac i te  coals. I t  seems evident 
t h a t  t h e r e  are more macerals present  i n  t h e  medium- and low--volatile coals  than there  
are  i n  e i t h e r  those of high-vola t i le  or a n t h r a c i t i c  rank. This i s  a t  f i r s t  surpr i s ing  

. but evaluat ion of many hundreds of t h i n  sect ions makes this  apparent. 

I t  has  been general ly  f e l t  t h a t  i n  t h e  c o a l i f i c a t i o n  series of pea t  t o  an thrac i te ,  
t h a t  t h e  degree of complexity of  composition decreases with an increase in  f ixed  carbon 
and a decrease i n  v o l a t i l e  mat ter .  Overall t h i s  i s  t rue ,  but there  i s  an increase i n  
the  t o t a l  number of macerals present  when medium- and low-volatile bituminous, coals  a re  
examined. Figure 1 i s  an attempt to show this phenomenon diagrammatically. No exact 
numerical values  have been determined for the  macerals present  i n  the  peat ,  l i g n i t e  and 
subbituminous coals .  However they f a r  outnumher those present  i n  coals  of higher  rank. 

The decrease of macerals as one goes from pea t  t o  t h e  high-volat i le  bituminous 
coals  i s  explained by .the f a c t  t h a t  c e r t a i n  maceral types present  i n  t h e  e a r l y  -s tages  
of c o a l i f i c a t i o n  a re  1ost .completely during the increase  i n  rank of t h e  coals .  Also 
two or more macerals may combine t o  form one type higher i n  t h e  c o a l i f i c a t i o n  series. 
The sudden increase  i n  numbers of e n t i t i e s  present  i n  t h e  medium- and low-volatile 
bituminous c o a l s  poses c e r t a i n  problems. The series which h a s  been approaching near 
homogeneity i n  an thrac i tes  and meta-anthracites here  devia tes  i n  pat tern.  why does 
t h e  general  p i c t u r e  of a decrease i n  numbers suddenly reverse  i t s  t rend  and show an 
increase,  numerically and i n  complexity, about the medium- and low-volatile bituminous 

. range? This increase in numbers and complexity of  themacerals-occurs  pr imar i ly  i n  
the v i t r i n o i d  and exinoid groups. 
Longer- than -the o.thers,- and after t h e  o thers  a r e  somewhat s t a b i l i z e &  the.y bre-ak down 
to form new const i tuents .  These are recognizable by s t r u c t u r e  (and tex ture)  and by 
color. Thermal decomposition d a t a  a l so  support these  d i f fe rences  i n  v i t r i n o i d s  and 
exinoids  (Spackman, Brisse and Berry, 1957). 

These substances have r e s i s t e d  change during "process" 
.~ * 

Within t h e  an thrac i tes  t h u s  f a r  examined, th ree  maceral groups have been recognized - 
the  anthr inoids ,  micrinoids, and fusinoids .  There a r e  three  pr inc ipa l  anthr inoids  a l l  
of which are opaque i n  sec t ions  of normal thickness. In  t h e  except ional ly  t h i n  sect ions 
used i n  t h i s  study one of  t h e s e  macerals appears a s  a red t o  red-brown homogeneous 
mater ia l  and t h e  second i s  d u l l ,  drab brown and appears t o  be very homogeneous. A 
material which may have been der ived from t h e  semi-fusinite i n  a lower rank "stage" is  
also present  and include6 in  the anthrinoids. 

The fusinoids  are represented by f u s i n i t e  only, and t h i s  mater ia l  occurs i n  masses 
which appear e i t h e r  lens-shaped or round. Certain of t h e  masses are  s i m i l a r  t o  those 
which have been ident i f ied  as s c l e r o t i a  or s c l e r o t i n i t e  by Stach (1934, 1956a, 1956b). 
and as  r e s i n  rodle t s  by Schopf (1939) and Kosanke and Harrison (1957). Micr ini te  i s  
t h e  only micrinoid encountered so f a r  and it occurs p r i n c i p a l l y  as very f i n e l y  divided 
s t r i n g e r s  of opaque matter i n  t h e  red anthrinoid. 

The use of t h i n  s e c t i o n s  i n  an thrac i te  petrology and petrography i s  not expected 
t o  replace t h e  use of pol ished surfaces  but it has  been shown t h a t  they should be 
f u r t h e r  employed t o  gain valuable  supplemental d a t a  f o r  pol ished surface work and t h a t  
they can add g r e a t l y  t o  our lmowledge of t h e  c o a l i f i c a t i o n  series and t h e  problems of 
Coal genesis. 
i n  mind, w e  can more adequately evaluate  t h i s  organic sediment. 

By looking a t  coal with t h e  "structure, process and stage" concept always 
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PROPERTIES AND REACTIONS EXHIBITED BY ANTHRACITE LITHOTYPES 

UNDER THERMAL STRESS 

Mason Walsh, Jr. and Russel l  R. Dutcher 
The Pennsylvania S t a t e  University, Universi ty  Park, Pennsylvania 

e.__ 

Although an thrac i te  i s  no longer as important a meta l lurg ica l  f u e l  as formerly, i t s  
chemical and physical  p roper t ies  as w e l l  as t h e  advantageous loca t ion  of t h e  an thrac i te  
f i e l d s  make consideration of i t s  u s e  as a metal lurgical  f u e l  imperative. 
u s e  raw anthraci te  as  a f u e l  f o r  b l a s t  furnace and cupola operat ions have shown it t o  be 
less s a t i s f a c t o r y  than coke. The major l i m i t a t i o n  i n  t h e  u s e  of a n t h r a c i t e  i n  t h e  metal- 
lu rg ica l  industry i s  i t s  tendency t o  decrepi ta te  when subjected t o  extreme temperature - 
gradients .  The ex ten t  of t h i s  decrepi ta t ion  v a r i e s  depending upon t h e  heat ing conditions 
and the nature of t h e  coal .  The decrepi ta t ion  of anthraci te ,  when subjected t o  thermal 
shock, i s  believed t o  be caused by several  f a c t o r s  including rapid moisture and v o l a t i l e  
matter evolution, c r y s t a l l i t e  growth and d i f f e r e n t i a l  expansion of a n t h r a c i t e  laminations 
(see Delvaux e t  a l ,  1957, Eckerd e t  a l ,  1957, and Nelson e t  a l ,  1958). Decrepitation i s  
the occurrence of one or a combination of these fac tors  r e s u l t i n g  i n  an i n t e r n a l  pressure 
i n  excess of tha t  required t o  overcome t h e  physical  s t rength  of t h e  mater ia l .  The thermal 
decrepi ta t ion,  then, i s  a d i s in tegra t ion  of the  a n t h r a c i t e  when subjected t o  high tempera- 
tu res  which cause excessive pressure drops during cupola and b l a s t  furnace operation 
resu l t ing  i n  r e s t r i c t e d  gas and air flow i n  t h e  s tock column. The decrepi ta t ion  process 
of anthraci te  is t h e  t o t a l  e f f e c t  r e s u l t i n g  from a series of reac t ions  which are dependent 
upon t h e  physical and chemical proper t ies  of the  coal, and one g r a i n  of an thrac i te  may 
or may not produce a product of physical  s t rength  comparable t o  another under i d e n t i c a l  
thermal conditions. 

Attempts t o  

A n  informative review of  previous work i n  t h i s  f i e l d  (Nelson e t  a l ,  1958) shows t h a t  
invest igat ion of an thrac i te  decrepi ta t ion  has been concerned pr imar i ly  with the  t r e a t i n g  
of lump coal. However, i t  i s  f e l t  t h a t  d i s rupt ion  of equal importance occurs when small 
s i z e  p a r t i c l e s  are involved. This i s  of s ign i f icance  because of t h e  poss ib le  e f f e c t  of 
such f rac tur ing  on t h e  s t rength  of a metal lurgical  coke produced with an thrac i te  i n  t h e  
blend. 
d i s t i n c t  an thrac i te  p a r t i c l e s  under thermal stress. 

Thus;an inves t iga t ion  w a s  undertaken t o  determine t h e  behavior of  petrographical ly  

Equipment and Methods of Invest igat ion 
0 To adequately study t h e  decrepi ta t ion  phenomena of small p a r t i c l e s  a Lei tz  0-1000 C. 

heat ing stage was employed. This s tage  w a s  mounted on a Lei tz  Panphot microscope which 
i s  equipped with o p t i c s  t o  allow observation with oblique i l lumina t ion  a t  28.5 t o  137.5 
diameters. Vert ical  i l lumina t ion  i s  poss ib le  i n  t h e  42x t o  5 6 2 . 5 ~  range. The objec t ives  
giving the f i r s t  range a r e  most o f t e n  employed because of  t h e i r  long working dis tance 
and therefore  they a r e  s a f e r  from a n y  de le te r ious  e f f e c t s  of high,femperatures: The rate 
of heating i s  control led manually and temperatures a r e  read d i r e c t l y  on a "direct-readi&' 
galvanometer. The instrument a s  used i s  shown i n  P l a t e  I. A close-up of t h e  micro- 
furnace i s  shown as P l a t e  11. 
open window, on a quar tz  specimen holder. 
showed t h a t  a l l  coa ls  studied could be  readi ly  shown t o  cons is t  of. four  types of p a r t i c l e s .  
These a re :  1 )  a b r i g h t  p a r t i c l e ,  having a v i t reous  l u s t e r  and exhib i t ing  conchoidal 
f r a c t u r e ;  2) a d u l l  p a r t i c l e  with a m a t t e  surface and i r r e g u l a r  f r a c t u r e ;  3 ) . a  mixture 
of one and two as  more or less a l t e r n a t i n g  bands; and 4) gra ins  having a fibrous, porous 
s t r u c t u r e  and appearing l i k e  charcoal. 

A gra in  of an thrac i te  Can be seen i n  place, through an 
Preliminary examination of an thrac i te  p a r t i c l e s  

For these four  l i tho types  the terms v i t r a i n ,  

c 
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durain, c l a r a i n  and fusa in  have been t e n t a t i v e l y  employed. 
are shown on P l a t e  111. 

The mater ia l s  se lec ted  f o r  s tudy were t a k e n  from the  p l u s  2 inch f r a c t i o n  of channel 
The seams represented are t h e  middle s p l i t  of t h e  Mammoth Seam and the  Primrose 

Representative gra in  types 

samples. 
Seam, both from Northumberland County, Pennsylvania, and t h e  Buck Mountain Seam from 
Schuykill County, Pennsylvania. 
c i t e s  A, E and C. 

In  the  order  presented they a re  re fer red  t o  as anthra- 

Two p a r t i c l e  s i z e s  were s e l e c t e d  for study, 1 0  x 14 mesh and 6 x 10 mesh. The 
an thrac i tes  were subjected t o  thg following experimental gondi t ions:  1) gradual heat ing 
t o  temperatures ranging from 500 C. t o  approximately 1000 C. at varying heat ing r a t e s ;  
2)  shock hea t ing  a t  temperatures ranging from 300 C. t o  approximately 1000°C. f o r  varying 
t i m e s  and with d i f f e r e n t  p a r t i c l e  sizes; and 3) preheating t o  varying temperatures p r i o r .  
t o  shock heat ing.  

0 

Effect  o f  Heating R a t e  on Decrepitation ----- 
Invest igat ions were c a r r i e d  out  concerning t h e  e f f e c t  of heat ing rate on decrepita- 

t ion .  Table 1 shows the r e l a t i o n  between t h e  temperature at which decrepi ta t ion  f i r s t  
v i s i b l y  occurred'and the  hea t ing  r a t e .  In t h e  absence of a program cont ro l le r  heating 
rates less than 5'C. per minute w e r e  not accurately attainable. 
performed w i t h  c l a r a i n  grains .  The maximum temperatures employed were i n  t h e  range of 
92OoC. t o  96OoC. 
observable decrepi ta t ion,  although a t  t h e  higher  hea t ing  rates t h e  decrepi ta t ion  did 
cons is ten t ly  occur i n i t i a l l y  at  a higher  ,temperature. 

These experiments were 

These f igures  show no s i g n i f i c a n t  r e l a t i o n  between heat ing r a t e  and 

Table 1 

Effect  of Beating R a t e  on the  Temperature t Which 

Heating Rate Temperature a t  which Visible  Decrepitation 
(OC./min.) F i r s t  Occurred (OC.) 

B Decrepi ta t ion Flrst Visibly Occurred 

5 750 
10 800 
15 600 
20 650 
40 67 5 
50 800 
57 800 
70 800 
78 ( a f t e r  cooling) 

'Experiments c a r r i e d  out on the +2" f r a c t i o n  o f  "Anthracite B" 

Most of t h e  work done on t h e  e f f e c t  of gradual heat ing was with c l a r a i n  p a r t i c l e s  
because . t h e  o t h e r  petrographic  ent i t ies  of t h e  an thrac i te  used, v i t r a i n ,  durain, and 
fusain, underwent no v i s i b l e  d e c r e p i t a t i o n  whatever when subjected t o  heat ing r a t e s  
varging from 25OC. per minute t o  63OC. p e r  minute t o  maximum temperatures of  94OoC. t o  
980 C. However, while no d e c r e p i t a t i o n  i n  fusa in  p a r t i c l e s G s  observed, these  par t i -  
cles a f t e r  treatment were much weaker than before and w e r e  very e a s i l y  crushed. 

An attempt .was made t o  c o r r e l a t e  change i n  w e i g h t  of t h e  p a r t i c l e s  due t o  heat ing 
with thermal decrepi ta t ion.  The existence of such a re la t ionship  seems reasonable i n  
view of the believed causes of  decrepi ta t ion ,  i n  p a r t i c u l a r  rap id  evolut ion of moisture 

"Anthracite 8" subjected t o  h e a t i n g  r a t e s  of  5OC. p e r  minute t o  78 C. , p e r  minute. 
1 shows no d e f i n i t e  r e l a t i o n  between weight change due t o  heating and heat ing ra te ,  
e i t h e r  with or without segrega t ion  according t o  range of p a r t i c l e  s ize ,  although a 

. and v o l a t i l e  matter. These experiments w e r e  car r ied  out  with c l a r g n  p a r t i c l e s  of 
Figure 
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general decrease i n  weight loss occurs for increasing hea t ing  r a t e s .  

A general decrease i n  f r i a b i l i t y  a t  low heat ing r a t e s  is i n  accord-with pr ior  inves- 
t i g a t i o n s  (Grace and Jackson, 1954; Jackson and Grace, 1954; Geller et al ,  1955) which 
reasoned tha t  lower hea t ing  r a t e s  permit s u f f i c i e n t  t i m e  f o r  t h e  gases t o  escape without 
developing c r i t i c a l . g a s  pressures  within t h e  coal  s t r u c t u r e  g r e a t e r  than those s u f f i c i e n t  
t o  overcome the physical s t rength  of t h e  mater ia l .  Recent work (Delvaux e t  al, 1957) 
has reported an i n i t i a l  rise i n  f r i a b i l i t y  at low hea t ing  r a t e s .  

Ef fec t  of Shock Heat on Decrepi ta t ion ----- 
The d i f f e r e n t  petrographic e n t i t i e s  s tudied were subjected t o  shock hea t  treatment 

a t  temperatures varying from 50OoC. t o  970°C., the  t i m e  of shock h e a t  varying from 10 t o  
15 minutes. Table 2 and P l a t e  I V  show t h e  r e s u l t s  of t h i s  work. Durain and v i t r a i n  
f i r s t  demonstrated observable decrepi ta t ion  when s u b j e c t e d - t o  shock heat  a t  95OOC. 
Although fusain showed no v i s i b l e  cracking u n t i l  shock hea t  at  95OOC. , the  t r e a t e d  product 
i n  each case of shock heat  a t  lower temperatures was so ppwdery and e a s i l y  crushed t h a t  
i t  was concluded t h a t  decrepi ta t ion  had occurred t o  a g r e a t  ex ten t .  
only e n t i t y  t o  undergo v i s i b l e  decrepi ta t ion  at  a shock heat  temperature below 95OoC., 
doing so a t  SOO°C. 

Clarain was t h e  

The decreoi ta t ion  which c l a r a i n  underweat was more immediate and more ' 

violent  than t h a t  of the  o ther  e n t i t i e s .  

Table 2 
1 Effec t  of Shock Heat on V i s i b l e  Decrepi ta t ion 

Temperature of 
Shock Heat OC. V i  t r a i n  Durain Fusain - 

500 None Visible  ,None v i s i b l e  No v i s i b l e  ,crack: 
ing occurred but 
t r e a t e d  product 
e a s i l y  crushed 

11 - 11 600 None v i s i b l e  None v i s i b l e  

700 Xone v i s i b l e  None v i s i b l e  

800 None v i s i b l e  None v i s i b l e  

I t  

11 1 

950 Vis ib le  crack- Visible  Visible  crack- 

of gra in  
ing and s p l i t t i n g  cracking ing  

C 1  ar a i n  

No-ne vi_sible, :- 

None v i s i b l e  

None v i s i b l e  

Grain s p l i t  i n  
ha l f  immediately 
on placing i n  
furnace 

Immediate crack- 
ing and s p l i t t i n g  
occurred 

Experiments car r ied  out on t h e  +2" f r a c t i o n  o f  "Anthracite B" 
1 

P l a t e  I V  shows petrographic  p a r t i c l e s  before any treatment and t h e  r e s u l t i n g  products 
a f t e r  subject ion t o  shock heat  a t  var ious temperatures. These p a r t i c l e s  were a l l  shock 
heated f o r  10 t o  15 minutes i n  a ni t rogen atmosphere. 

Clarain was se lec ted  f o r  more d e t a i l e d  s tudy under thermal shock condi t ions on t h e  
bas i s  of t h e  r e s u l t s  presented i n  t h e  preceeding paragraphs which i n d i c a t e  a more 
observable decrepi ta t ion  present  i n  these than i n  the  o ther  p a r t i c l e s .  
within a weight range of  1 t o  8 milligrams from Anthraci tes  A, B and C were subjected t o  
shock hea t  treatment. Figure 2 shows t h e  r e l a t i o n  between l o s s  of weight and shock heat  
temperature. For each s e r i e s  of experiments except Anthraci te  B(2) t h e  c r i t i c a l  tempera- 
t u r e  ( the temperature above which f u r t h e r  increases  i n  shock heat  temperature produce a 
s igni f icant  increase i n  decrepi ta t ion)  i s  i n  t h e  range of 625OC. t o  675OC. Anthracites 
A and B underwent v i s i b l e  decrepi ta t ion  i n  a l l  but a very few experiments on shock 
heat ing a t  70OoC. or grea ter ,  while Anthraci te  A showed almost no observable cracking 

Clarain p a r t i c l e s  
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even a t  900°C, 
tendency f o r  t h e  l i g h t  v i t r a i n  bands t o  blend i n t o  and become indis t inguishable  from the 
d u l l  durain background. 

A t  the  h igher  temperatures of shock heat  (7OO0C.- and above) there  was a 

Experiments were run varying t h e  time of shock heat  i n  an attempt t o  determine 
whether decrepi ta t ion  i s  pr imar i ly  an immediate phenomenon o r  one dependent upon time 
of exposure t o  heat .  While t h e  degree t o  which a given an thrac i te  w i l l  fragment or 
decrepi ta te  var ies  depending on the heat ing condi t ions and t h e  nature  of t h e  coal, c larain 
p a r t i c l e s  of "Anthracite B" were chosen because of t h e i r  tendency t o  readi ly  undergo 
decrepi ta t ion.  Although there  i s  a general d i s p a r i t y  of r e s u l t s  as shown by Figure 3, 
the  t rend shows t h a t  a t  t h e  shock hea t  temperature employed, 800°C., decrepi ta t ion as 
r e l a t e d  t o  t h e  weight loss i s  not  an e n t i r e l y  immediate e f f e c t .  
shown i n  Figure 3 resu l ted  i n  cracking immediately on placing t h e  c la ra in  gra in  i n  the  
furnace a t  8OO0C., but i n  severa l  cases no cracks were v i s i b l e  un t i l  the e n t i r e  heating 
per iod was completed. 

Many of the experiments 

A l i k e l y  source of the  wide d i f fe rence  of percent w e i g h t  l o s s  i n  Figure 3 ( in  
p a r t i c u l a r  a t  10, 15 and 25 minutes) a s  w e l l  as  i n  t h e  o ther  weight l o s s  calculat ions 
is the  necessi ty  of working with very s m a l l  q u a n t i t i e s ,  of  t h e  order  of 1,5 t o  15 m i l l i -  
grams, from which it follows t h a t  a difference i n  weight of 2/10 of one milligram can cause 
a d i f fe rence  i n  weight l o s t  of from 13 percent down t o  1 percent, depending on the s ize  
of the  p a r t i c l e  examined. 

Ef fec t  of P a r t i c l e  Size on Decrepitation -- 
As considerable work had been done i n  t h e  p a s t  on t h e  e f f e c t  of s i z e  of anthraci te  

on decrepi ta t ion,  an i n v e s t i g a t i o n  was made i n t o  t h e  r e l a t i o n  between p a r t i c l e  s i z e  and 
thermal decrepi ta t ion  f o r  each of t h e  petrographic e n t i t i e s  being s tudied.  Figures 4 
and 5 show t h e  r e l a t i o n  between loss i n  weight due t o  heat ing and t h e  o r i g i n a l  p a r t i c l e  
weight. Although the amount of  weight l o s t  increased i n  each case with t h e  p a r t i c l e  
s i z e  (Figure 4), the  percent  loss  (Figure 5),with the  exception of durain, e i t h e r  
remained near ly  the  same o r  decreased with increasing p a r t i c l e  s ize .  These r e s u l t s  are  
cont ra ry  t o  evidence reported by previous workers (Wright e t  a l ,  1941; Delvaux e t  a l ,  
1957; Eckerd and Tenney, 1957; Anthraci te  I n s t i t u t e )  who found t h a t  the degree of 
decrepi ta t ion  increases  with t h e  size of the coal. There a r e  two relevant  d i s t inc t ions  
between the  pas t  work and t h a t  c a r r i e d  out i n  the i n s t a n t  inves t iga t ion :  1 )  a l l  past  
work w a s  performed with lump s i z e  coal  while t h i s  inves t iga t ion  d e a l t  so le ly  with much 
smaller  s ized p a r t i c l e s ;  2)  t h e  previous s tud ies  were of an thrac i te  as  "whole coal", 
while t h i s  work was concerned w i t h  t h e  petrographical ly  d i s t i n c t  e n t i t i e s  of anthraci te .  

A concept of ten  used t o  e x p l a i n  t h e  increased decrepi ta t ion  of l a r g e r  sized anthra- 
c i t e  i s  t h a t  t h e  increased sur face  a rea  indicates  a less dense s t r u c t u r e  and hence lesser  
s t rength.  
p a r t i c l e  s i z e  i s  accompanied by increased surface area, t h e  sizes of a l l  t h e  p a r t i c l e s  
are so s m a l l  as  t o  render any d i f fe rence  i n  decrepi ta t ion  due s o l e l y  t o  p a r t i c l e  s i z e  
nominal. 

This would seem t o  have a minimum of a p p l i c a b i l i t y  here  where, though increased 

The study of an thrac i te  decrepi ta t ion  on a petrographic  bas i s  causes another d i s t inc-  
t i o n  t o  be made. 
e n t i t i e s  may show e i t h e r  no change or even a decrease i n  decrepi ta t ion  f o r  increased 
p a r t i c l e  s ize ,  an increase i n  decrepi ta t ion  which t h e  other  e n t i t y  may undergo could be 
more than s u f f i c i e n t  t o  o f f s e t  t h e  t o t a l  decrease of the  other  e n t i t i e s  and cause the  
an thrac i te  t o  s u f f e r  a net  increase  i n  decrepi ta t ion  with increased p a r t i c l e  s ize .  Due 
t o  t h e  heterogeneous na ture  of coal, t h e  decrepi ta t ion  c h a r a c t e r i s t i c s  of one an thrac i te  
need have no necessary r e l a t i o n  t o  those of another an thrac i te  (Figure 2 ) .  

For a given an thrac i te ,  though two o r  even three  of the  four petrographic 

This inves t iga t ion  does not  purport  t o  show t h a t  decrepi ta t ion  does not increase 
o v e r a l l  w i t h  increasing size of  anthraci te ,  but r a t h e r  t h a t  a t  t h e  smaller leve l  no 

I 
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increase  was noted within t h e  petrographic e n t i t i e s  with the  exception of durain (Figure 
5). i .- 

Effec t  of Preheat Treatment 0" Decrepi ta t ion --- 
Several p r i o r  inves t iga t ions  have noted t h a t  an thrac i te  which has been subject  t o  

gradual heat ing showed a reduced tendency t o  decrepi ta te  when subjected t o  extreme 
temperature gradients  (Miroshnichenko, 1938; Skomorochov, 1938; Clendenin e t  a l ,  1945; 
Erenburg, 1954). Work at The Pennsylvania S t a t e  Universi ty  (Delvaux et a l ,  1957) 
ind ica tes  t h a t  a c r i t i c a l  hea t ing  r a t e  e x i s t s  f o r  each an thrac i te  which i f  exceeded 
r e s u l t s  i n  increased decrepi ta t ion.  Also ind ica ted  i s  t h e  exis tence of a c r i t i c a l  
temperature l e v e l .  Once t h i s  i s  reached, t h e  r a t e  of heat ing does not e f f e c t  decrepi ta-  
t ion .  
determined conclusively. 

Neither the  c r i t i c a l  heat ing rate nor t h e  c r i t i c a l  temperature has  as  yet been 

The previous work re fer red  t o  was car r ied  out with lump s i z e  an thrac i te  while t h e  
present  study was confined t o  smaller sized petrographic e n t i t i e s  of an thrac i te .  Prev- 
ious ex eriments had preheazed t o  r e l a t i v e l y  high temperatures at  low heat ing r a t e s :  
t o  1400 C. a t  a r a t e  of 1 .3  C. per  minute (Miroshnichenko, 1938; Skomorochov, 1938), 
and t o  140OOC. a t  a r a t e  of 5OC. t o  6OC. p e r  minute (Erenburg, 1954). 
reduce t h e  required proFess t i m e  as well as the  cost  of pretreatment, higher  r a t e s  of 
heat ing t o  lower ul t imate  temperatures were invest igated.  

8 
I n  an attempt t o  

For these experiments c l a r a i n  p a r t i c l e s  of "Anthracite B" were chosen. The p a r t i c l e s  
were subjected t o  preheat treatment a t  a uniform heat ing r a t e  (14OC. per  minute) the  
preheating being c a r r i e d  out  t o  varying temperatures. The p a r t i c l e s  were then cooled 
and each subjected t o  thermal shock a t  900°C. 
presented as Table 3 and P l a t e  V, show t h a t  preheat ing t h e  gra ins  t o  900°C. p r i o r  t o  
shock heat  d e f i n i t e l y  reduced t h e  v i s i b l e  decrepi ta t ion  t o  a marked ex ten t .  More d a t a  
i s  necessary on preheating each of t h e  petrographic  e n t i t i e s  t o  d i f f e r e n t  m a x i m u m  tempera- 
t u r e s  and p a r t i c u l a r l y  at reduced heat ing rates i n  order  t o  determine t h e  mode as  w e l l  
as the  extent of preheat treatment which w i l l  maximize thermal s t a b i l i t y .  Previous work 
(Clendenin et  a l ,  1945) has shown t h a t  while some coa ls  which had a lower physical  
s t a b i l i t y  before thermal treatment showed an increase i n  s t rength  a f t e r  the  treatment, 
o ther  coals  demonstrated reverse  behavior. Other work (Delvaux e t  a l ,  1957) has even 
indicated t h a t  none of the  supposed causes of decrepi ta t ion ,  v o l a t i l e  mat ter  and moisture 
evolution, and pore s t ruc ture ,  a re  r e a l l y  usefu l  i n  determining t h e  degree of decrepi ta-  
t i o n  which an thrac i te  undergoes when subjected t o  thermal shock, but r a t h e r  t h a t  c e r t a i n  
types of coals ,  as ide  from these c h a r a c t e r i s t i c s ,  a r e  more s t a b l e  than o thers .  The key 
t o  t h i s  problem might w e l l  be i n  ident i fy ing  t h e  decrepi ta t ion  c h a r a c t e r i s t i c s  of t h e  
petrographic  e n t i t i e s  and determining t h e  tendency of t h e  p a r t i c u l a r  an thrac i te  t o  
decrepi ta te  from t h e  decrepi ta t ion  c h a r a c t e r i s t i c s  of t h e  petrographic  e n t i t i e s  and t h e  
r e l a t i v e  amounts of the  various e n t i t i e s  present  i n  t h e  coal. 

The r e s u l t s  of these  inves t iga t ions ,  

Table 3 

Effec t  of Preheat Treatment & Decrepi ta t ion --- 
Maximum Temperature of 
Preheat Treatment (OC. ) 

500 

600 

Observations During Preheat Treatment 

N o  v i s i b l e  decrepi ta t ion  during preheat. 
No immediate cracking on shock heat, but 
a f t e r  3-4 minutes of shock heat ,  v i s i b l e  
decrepi t  at  ion  occurred. 

and Upon Thermal Shock 

N o  v i s i b l e  decrepi ta t ion  during preheat. 
Some immediate, and g r e a t  dea l  of delayed 
cracking occurred upon shock heat. 
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Table 3 (Cont.) 

Maximum Temperature of 
Preheat Treatment (0C.) 

700 

800 

Observations During Preheat Treatment 

N o  v i s i b l e  decrepi ta t ion  during preheat. 
On shock heat  a g r e a t  deal of immediate 
cracking and very l i t t l e  delayed cracking 
took place.  

Few small cracks appeared on preheat. 
No  immediate cracking and very l i t t l e  
delayed cracking on shock heat .  

and Upon Thermal Shock 

900 No v i s i b l e  decrepi ta t ion  occurred e i t h e r  
on preheat treatment or on shock heat ing 

Clarain p a r t i c l e s  of +2" f r a c t i o n  of "Anthracite B" preheated a t  r a t e  of 14OC. per  
minute t o  varying temperatures, cooled, and subjected t o  shock hea t  a t  900°C. f o r  15 
minutes. 

On the  b a s i s  of the experiments performed an attempt has  been made t o  rank the 
petrographic e n t i t i e s  i n  t h e  order  of increasing res i s tance  t o  decrepi ta t ion .  Work 
done on t h e  e f f e c t  of heat ing r a t e  on decrepi ta t ion  ind ica tes  t h a t  fusa in  and c l a r a i n  
decrepi ta te  t o  a grea te r  ex ten t  than v i t r a i n  and durain when subjected t o  gradual 
heat ing . 

V i s u a l  observation of t h e  p a r t i c l e s  when subjected t'o shock heat  as w e l l  as the 
resu l t ing  product (Table 2)  shows t h a t  fusa in  undergoes a g r e a t e r  degree of decrepita- 
t i o n  than any of the o ther  en t i t i es . .  Clarain a l so  decrepi ta tes  t o  a g r e a t e r  extent  
than e i t h e r  v i t r a i n  or durain when subjected t o  shock h e a t ;  t h e  cracking occurs a t  a 
lower temperature of shock hea t  and i s  much more v io len t  than t h a t  exhibi ted by the 
o ther  l i tho types .  

Weight loss gudies  (Figures 4 and 5) show t h a t  fusa in  undergoes a much grea te r  l o s s  
i n  weight than any of the o ther  p a r t i c l e s .  Figures 4 and 5 might be in te rpre ted  as  
showing v i t r a i n  t o  be less resistant t o  decrepi ta t ion  than c la ra in ,  but t h e , r e s u l t s  of 
observing the  p a r t i c l e s  when subjected t o  gradual hea t ing  a t  varying r a t e s  as well as  
shock heat  a t  d i f f e r e n t  temperatures (Table 2) show t h a t  i n  the overa l l  p i c t u r e  c l a r a i n  
i s  much less r e s i s t a n t  t o  thermal decrepi ta t ion  than v i t r a i n .  

The c l a s s i f i c a t i o n  of t h e  petrographic  e n t i t i e s  of "Anthracite B" i n  the order of 
increasing res i s tance  t o  thermal decrepi ta t ion  on t h e  b a s i s  of t h e  inves t iga t ion  would 
be, 1 )  fusain, 2) clarain,  3)  v i t r a i n ,  4) durain. More da ta  would be necessary t o  
e s t a b l i s h  the  var ia t ion  among a n t h r a c i t e s '  of t h e  decrepi ta t ion  which these e n t i t i e s  
undergo. 

Conclusions 

From the work car r ied  out  t h e  following conclusions are drawn: 

1. A decrease i n  weight l o s s  accompanies increasing hea t ing  r a t e s  f o r  the range 

2. The c r i t i c a l  temperature does not  vary s i g n i f i c a n t l y  f o r  the  three  an thrac i tes  

3.  Decrepitation i s  not  an e n t i r e l y  immediate phenomenon, but tends t o  increase 

of heat ing rates employed (Figure 1). 

studied, being i n  the range of  625OC. t o  675OC. (Figure 2 ) .  

as the  t o t a l  heat ing time is  increased (Figure 3) .  

extent  or shows no change with increas ing  p a r t i c l e  s i z e  f o r  t h e  petrographic e n t i t i e s  
s tudied with t h e  exception o f  durain which shows a s l i g h t  increase (Figure 5). 

4. Decrepitation, as  measured by the  weight loss, e i t h e r  decreases t o  a s l i g h t  
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5. Preheating t h e  p a r t i c l e s  p r i o r  t o  shock hea t  reduced t h e  v i s i b l e  d r e c r e p i t a t i o n  
t o  a marked extent .  

6 .  The s tudies  of t h e  petrographic  e n t i t i e s  of  a n t h r a c i t e  i n d i c a t e  a res i s tance  t o  
thermal shock i n  the  increas ing  order  of 1) fusain,  2 )  c la ra in ,  3 )  v i t r a i n ,  4 )  durain. 
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PETROGRAPHIC STUDIES OF THE MECHANISM OF COKE FOREIATION 

N o m n  Schapiro and Ralph J. Gray 
United S t a t e s  S t e e l  Cor?oration, Monroeville, Pennsylvania 

Fetrographic s tud ies  and s m l l - s c a l e  carbonizat ion t e s t s  have 
shown t h a t  o p t i c a l l y  and physical ly  recognizable mater ia l s  i n  coa l  ( e n t i t i e s )  
behave d i f f e r e n t l y  under carhonizing condi+;ions and that, nlthough the 
e n t i t i e s  a r e  a l t e r e d ,  the  assoc ia t ion  of e n t i t i e s  produces an i d e n t i f i a b l e  
res idue i n  the cake. I n  addi t ion ,  empir ical  t e s t  data ha.ve been determined 
to i n t e g r a t e  f u r t h e r  these s t u d i e s  w i t h  qual i ty-cont ro l  tests.’’ 

/ 

% o q l e t e  manuscript no t  received i n  tine f o r  prepr in t ing .  

/ 
\ 
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EFFECT OF FIIGHCAKBON COMPON!GN!E AND OTHER ADDITIVES UPON CHAFACTER 
OF COKES: LABORATORY SCAT23 STUDY 

John A. Harrison 
Illinois State Geological Survey 

urbana, Ilunois 

INTFIODUCTION 

A high percentage of metallugical coke is pxluced by blending at least 
two coals in order to make a coke having the desired physical properties. A number 
of laboratories, some with pilot plant coking facilities, are conducting investiga- 
tions in which various coal blends that contain mar- coking coal are being 
tested. As reserves of coal, now considered as good coking coal, continue to de- 
crease, it w i l l  be necessary to h o w  how best to use the narginal coking coals to 
meet the demands for good. metallurgical coke. 

Laboratory investigations at the Illinois State Geolo@;ical Survey have 
indicated that the petrographic composition of the coal charge definitely affects 
the coke. 
ited basis in the pilot plant is the alteration of the petrographic composition of 
%he coal charge by increasing the amunt of high-carbon coal component fusain. Al- 
though direct correlation between the laboratory and pilot plant scale tests was not 
W e ,  the trends established in tumbler and shd2ter tests of cokes made in the labor- 
atory were generally the same as those fromthe Larger scale tests, and in each case 
certain physical properties of the resulting coke were imp3ulved with the addition of 
an optimum amount of fusain. 

One aspect of the laboratory investigation that hss been tested on a Ilm- 

The present study is concerned with the inflwnce upon the physical pmper- 
ties of coke produced by blending cod. with one of the components. These components 
or additives varied in w m t s  and size aad some additives contained a high percent- 
age of carbon. Laboratory scale coke tests on blends of No. 6 and No. 5 Coals es- 
tablished on optimum coal blend that was used as a "standard blend" to which the u- 
e b o n  components were added. Materials added to the "standard blend" axe referred 
to subsequently aa Edditives. Trends established in these LabOratOrY Studies in which 
the petrographic composition of the coal charge was closely controlled provide a basis 
for pilot scale tests. 

PRaxDuREs 

Coal Samples; Collection and Selection 

Chaaelsamples, s i x  inches wide and four inches deep, were cut from fresh 
coal faces of NO. 6 coal in Jefferson ~ounty, and from NO. 5 c o d  in w e  county. 
m g e  bands of mineral matter was removed and the samples were sealed in air-tight 
cans in the mine to mininize oxidation of the coal. 

crushing, achieved by propessive screening and crus- to prevent overcrushing of 
fine size, yielded opt- pbysical properties in the coke poduced fmm NO. 6 and 
~ J O .  5 coals on a laboratory scale. The same crushing procedure was aaapted for the 
present study. This procedure reduced a l l  the ssmple to minus 1/8-in~h 

previous studies (=shall et ale, 1958) demonstrated that a method of 
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except for 0.2 or 0.3 percent which consisted predominantly of shale and dull 
coal. 

The resulting sample was considered as standard end had constant size 
consist 
5 coal As essentially the same. 

as determined by screen analysis. The size analysis of both No. 6 and No. 

Adbtives; Collection and Selection 

Additives used in this investigation were Pusain, anthracite, coke dust, 
coke breeze, petroleun coke, minus &mesh coal from a preparation plant, black s M e  
and the blend of No. 6 and No. 5 Coals reduced to three size fractions smaller than 
the stanasrd size fmction. 

Lenses of &host pure fusain four to five inches thick were handpicked, 
dried, and screened through a minus l5O-mesh screen without crusbing. 
bearin@; fusain was retained on a 20-mesh screen. The screen analysis of the minus 
150-mesh fusain demonstrates that the natural breakage of the material is 92.9 per- 
cent minus 270-mesh. 

Hard mineral- 

Three sized samples of aathracite were prepared, m l y :  minus lo-nesh, 
minus 20-mesh, and minus l5O-mesh (the latter had approximately the same size consist 
as the minus 150-mesh fussin, fig. 1). 
the crushing procedures used for No. 6 and No. 5 coals. The sample was divided into 
three equal fractions, one for each size fraction. The minus 10-mesh sample was pre- 
pared by passing the anthracite three times through the rolls set at 14'8 inch. 
each crushing the minus 10-mesh material was screened out to prevent additional crush- 
ing of the fine sizes. 
in the preparation o f  the minus 20-mesh anthracite, which was also crushed and pro- 
gressively screened three times. 
material, comparable to that in the fusain, it was necessary alternately to hand 
grind and screen the anthracite until the desired size consist was reached. 

Coke dust and coke breeze for this investigation vas taken fromthe Survey's 

Anthracite was first crushed by duplicating 

After 

It was necessary to set the rolls of the crusher at 1/20 inch 

To secure the Ugh percentage of minus nO-mesh 

pilot plant oven. Coke dust was derived fromthe samples used in tumbler tests and 
the material was a l l  mkus 20-mesh. The minus 150-mesh sample was obtained by hand 
grinding and progressive screening. !t!wo size fractions, 6 x 10-mesh and minus 10- 
mesh =re screened fram the coke breeze. It was necessaxy to pass the coke breeze 
through the rolls set at 1/20 inch to obtain the minus 20-mesh coke breeze sample. 
No minus l5O-mesh coke breeze was used in the tests. 

The petroleum coke had. been previously crushed when furnished to our labor- 
atory. Only the minus 10- and minus =-mesh fractions were screened fromtbis mite- 
r i a l  for use in coking tests. 

The minus 48-mesh coal was added to the coke charge without additional 
screening in hopes that impravements could be made in the physical properties of coke 
with minimm preparation. 

A sample of black shale was collected from over the No. 5 coal in Fulton 
CountY, Illinois, and prepared in the same manner as the anthracite in minus lQ-mesh, 
minus =-mesh, and minus 150-mesh size fractions. 

The minus 10-mesh, minus =-mesh, end the ndnus 150-mesh size fxactions of 
the "standard blend" of NO. 6 and No. 5 Coals uere obtained by first screening the 
standard size samples to produce the minus 10-mesh size. 
screened for  the minus 20-mesh fraction, spd oversize u a ~  recrushed to produce the 
minus 150-mesh size consist. 

The oversize was crushed and 
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Petrographic and Shape Examination, fimlysis and Assessment -' 

Petrographic analyses of broken coal samples were determined by the point 
(See bfarshall et al., 1958, for  methods of sample preparation.) comt method. 

For this investigation macerals were designated as V i t r b i t e ,  exinite, semi- 
fusinite, and inertinite.  Vitr ini te  i s  a group tern which included all vitrain with the 
lower limit imposed by the resolving p e r  of the microscope, humic degradation matter, 
resin rcdlets, and resins classified as red resins i n  transmitted light studies. 
spore coats, cuticles, and yellow resins were considered as exinite. 
consisted of the mterial'intermediate between v i t r i n i t e  and fusinite. Under the term 
iner t ini te  were grouped the macerals known as f'usinite, micrinite, and a material t h a t  
resenbled sclerotinite. Visible mineral matter ws6 also determined. 

All 
Semi-fusinite 

A l l  petrographic analyses were made with an o i l  objective at a magnification 
of 320 diameters. 

Shape anslyses uere made with the same microscope but with an optical system 
using a dry objective which gave a magnification of 3-28 dianeters. 
lished f o r  the shape analysis placed individual coal particles i n  one of five categor- 
ies, equi-dimensional, elongate, rcdlike, triangular, and angular. 

Criterion estab- 

Chemical Analyses 

Proximite analyses were made on 8u samples. Gieseler f lu id i ty  and Free 
SweUing Index determinations also were made on all smiples which developed plasticity.  

Coke Production 

I n  an earlier investigation by Ymshsu. e t  al. (1959), the furnace used f o r  
coke production, the charging temperature, ra te  of heating, f iaal  temperature, and the 
final coking period were investigated thorougwv and reported in detail .  For this re- 
port a brief discussion of the Oven and crucible used, along with optimum coking 
temperatures, w i l l  suffice. 

The Oven is a Hasper G l o w  type furnace (pl. 1) with t h e m s t a t i c  controls. 
With the addition of a flue,  a series of closely adjustable dempers, and an exhaust 
system for  removal of volati les,  this furnace gave e x e l l e n t  service. 

The crucibles vere thin-walled alumina, cylindrical, three inches i n  diam- 
eter and approximately s- inches i n  height, i n  irhich coal charges of 300 t o  bC0 &rams 
could be coked conveniently. 
charge and the crucibles. 

Fireclay covers and bases were used t o  protect the 

Each coke m was made i n  t r ipl icate ,  and 8s the Oven would hold nine cruc- 
ibles, three different coke runs were undertaken each time the furnace was heated. 
The furnace was charged at a temperature of 842OF (450%). Temperatures were increased 
at the ra te  of 6 .50~ per minute (3.6%. per minute) u n t i l  it attained 18509 ( ~ o ~ O O C ) ,  
at which point a constant temperature was maintained for  a two-hour period. 

Upon removal from the furnace the contents of each crucible were quickly 
quenched in individual water baths, then removed from the water, placed i n  individual 
pans, and dried f o r  two days on the furnace top. 
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Coke Tests 

Two of the methods .of testing developed in the previous study by Marshall 
et d. , (1958) were used. These were modifications of ASTM shatter and tumbler pro- 
cedures in which it was hoped that the results would show trends similar to those 
shorn by the standard nethods of testing. Limited tests - three which considered 
size consist of the coal charge and three in which the amount of fusain vas varied - 
indicated that laboratory test cokes showed physical properties similar to those 
shown by pilot plant cokes, although the absolute values of shatter and tumbler in- 
dices differ in magnitude. 

Present day industrial evaluation of the pbsical properties of coke indi- 
cates that blast furnace behavior is more nearly characterized by tumbler tests than 
by shatter tests. Therefore two samples of each coke run were subjected to the tuabler 
tests and one to the shatter test. 

The tumbler test was made by placing the coke sample in a l/2 gallon metal 
can, and rotating the can, end over end, for 40 minutes at the rate of 40 revolutions 
per minute. 

The stability index was measured by the tumbler plus 1-inch percentage, and 
the resistance to abrasion (hardness) was measured by the tmnbler plus lib inch frac- 
tion. For this investigation the minus 1/4 inch index was plotted as this reflects 
more clearly the hardness character of the coke. The plus 1-inch fraction from the 
shatter test was considered a basis for a shatter index. Percentage data on plus 
1/4 and minus 1/4 fractions also have been plotted. 

It is realized that the modified shatter and tumbler tests used in this in- 
vestigation, like the standard ASTM tests, are highly emperical and must not be 
thought of as giving precise results. Test results which m e r  by small amounts are 
probably not significant, and a strict compaxative evaluation of cokes on the basis 
of small differences in shatter and tumbler indices is not intended. 

STUDY I-Esums 
Effect of Blending Mo. 6 and Mo. 5 coals in various Amounts 

For a standard blend, with which various sizes and amounts of additives 
were to be combined, 1Llinoi.s No. 6 and No. 5 Coals were blended. To obtain as nearu 
an optinnun blend as possible, eight mixtures of the standard size mtions of NO. 6 
and No. 5 Coals were coked. 

Coal mlxtures in this series varied, in 10 percent increments, from a blend 
of 9 percent NO- 6 coal and 10 percent NO. 5 c&; to 30 percent NO. 6 c o d  and 70 
percent No. 5 Coal. One run of 100 percent No. 6 Coal also was made. Variations in 
the physical properties of the resulting coke were not great in this series (fig. 2). 
In ev8luating these data tumbler W c e s  were considered more Fmportant tban shatter 
indices. Nevertheless, shatter values were not disregarded, and in some instances, 
when the tumbler indices of two cokes were essentially equal, the shakter indices were 
used as the deciding factor as to which coke was the better. 

optimum condition for shatter index was found in the 90 percent NO. 6 - 10 
percent No. 5 coal blend with 95.3 percent of the coke larger than 1 inch and 97.0 
percent h g e r  than 1/4 inch.  he Lowest of the tumbler minus 1/4-inch indices 9.5 
which l a  desirable, was produced by the blend of 40 percent No. 6 - 60 percent No. 5 
Coal. The highest tumbler plus 1-inch index occurred in the blend of 70 percent 

- 
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110. 6 - 30 percent No. 5 Coal, which appeared to be optimum of the blends when all 
tumbler and shatter indices were considered. An additional run using the blend of 
70 percent No. 6 - 30 percent No. 5 Coal not only showed the reproducibility of the 
testing, but also sustained the fact that this blend was the optimum. 
in all subsequent coke ruus, which included additives, the No. 6 and No. 5 propor- 
tions 'trere recalculated so that "standard blen6" plus additive totaled 100 percent. 
ALL subsequent comparisons relative to the "standard blend" refer to both shatter 
and tumbler indices obtained in testing coke produced from the blend of 70 percent 
NO. 6 - 30 percent NO. 5 cod .  

Therefore 

Petrographic analysis of No. 6 and No. 5 Coals was essentially the same 
(fig. 2). 
cent in No. 6 Coal and 6.3 percent in No. 5 C o a l .  

The msxirmrm variation of two percent was found in the U t e ;  8.3 per- 

Results of screen aaalysis of the standard samples of No. 6 and No. 5 
Coals showed that the breakage produced very neaxly the same size consist in both 
coels . 

Chemical analysis of both No. 6 and No. 5 coal samples were made. Gieseler 
fluidity for both coals is low; No. 6 coal had a lnsxirmun fluidity of 3 dial divisions 
per minute and the No. 5 c d  had 29 &al divisions per minute. 

Effect of W a i n  Additive 

Recent studies, both Laboratory and pilot  plant, have indicatedthat addi- 
tion of fusain in an opt- amount to the coal generally impmves the pbpical prop- 
erties of the resulting coke. In this investigation five, ten, fifteen and twenty 
percent minus 150 mesh m a i n  was mixed with the standard 70-30 blend of No. 6 and 
No. 5 coals. 

For reasons undetermined the tumbler plus 1 inch index decreasea below 
that of the "standard blend" with addition of 5 percent minus 150 mesh fusain, but 
rose to an optimum high of 90.2 when 10 percent TusaLn was added. The tumbler minus 
114 inch responded accordingly with an opzimum low of 9.4 with 10 percent added fusain. 
The shatter plus 1 inch rose to its opt- of 95.1 with addition of 5 percent minus 
150 nesh fusain and declined steadily thereafter. 
of its own, when an excessive amount is present which cannot be incorporated by the 
vitrinite and other macerals in the softening period of carbonization, weaker areas 
occur within the coke. 
to the coal charge. llith the addition or' 20 percent ~'Ussh, all indices of the re- 
sulting coke deteriorated. 

As fusain has no fusion properties 

T h i s  is strikingly demonstrated as 15 percent fusain is added 

As natural breakage of relatively pure fusain produces a size of minus 

A 20 x l5O-mesh size fusain was obtained an6 
150-mesh it is impossible to obtain larger sizes f o r  blending. 
r'rom mineralization of the fusain. 
blended with the "stan&d blend," but this fusain was highly mineralized. 

Larger sizes result 

Effect of Anthracite Additive 

Blending of anthracite with coal for production of metallurgical coke is 
not Gew, but results vary, and, therefore, during this investigation, the effect of 
amount and size of the anthracite blended with Illinois coals was studied. As prwi- 
ously stated three sized samples of anthracite were prewed, namely minus 150-mesh, 
minus 20-mesh, and minus 10-mesh. E8Ch size was blended with the "staudard blend" 
in amounts of 5, 10, 15, and 20 percent. 



Addition of minus l5O-mesh anthracite to  the "standard blend" produced 
cokes whose shatter and tmbler  indices were not as good as those of the "standard 
blend." It w a s  interesting t o  note that addition of 5 percent minus l5O-nesh antbra- 
c i t e  had an effect  similar t o  that Of adding the same quantity of fusain. 
plus 1-inch and minus 1/4-mesh as well as the shatter plus 1-inch indices indicated a 
coke of poorer quality than that produced from the "standard blend" alone. 
ing of 10 percent minus l5O-mesh anthracite produced an improvement, but not t o  the 
same extent as that with the fusain blend. 
mesh anthracite resulted in cokes whose indices decreased greatly. 

The tumbler 

The blend- 

Addition of 1 5  and 20 percent minus 150- 

When the minus 20-mesh sample of anthracite was blended the effect  on coke 
different. A l l  tumbler indices improved with the blending of 5 percent of values 

this anthracite and addition of 10 percent produced one of the best cokes made from any 
blend which included only coal and high-carbon components. 
index rose to 90.6 and tunbler minus 1/4-inch index f e l l  t o  8.4. T h e  tumbler plus 1- 
inch dropped t o  84.7 when 15 percent was added, but instead of continuing t o  decline as 
in previous tests with minus 150-mesh anthracite a d  fusain, this index rose t o  86.6 or 
1.4 above the "standard blend" f o r  this index. T h e  tumbler minuz 44-inch index also 
rose, -instead of declining, to 12.6 or 1 above tha t  of the standard blend." A 1 1  shatter 
t e s t  indices declined slightly.  

The tumbler plus 1-inch 

Shatter and tmbler indices derived from cokes produced from blends of minus 

Optimum results were obtained with the blencling of 10 percent minus 10-mesh 
10-mesh anthracite gave resul ts  similar t o  those produced f r o m  blends of minus 20-mesh 
anthracite. 
anthracite, but the amount of the tumbler plus 1-inch coke was not as great, nor the 
amount of tumbler minus 1/4-inch coke as smal l  in this optimum a s  corresponding values 
obtained with the minus 20-mesh anthracite. 

Effect of coke D u s t  Additives 

Coke dust was acquired from coke used i n  the tumbler test apparatus a t  the 
p i l o t  plant of the Survey and consequently all coke dust was d e r  than 20-mesh. 

Five percent minus 150-mesh coke dust mixed with the "standard blend" in- 
proved the tumbler indices of t h e  resulting coke, but all coke qualit ies declined as 
additional minus 150-mesh coke dust was added. 

As i n  anthracite, optimum ref3ultS were obtained with coke dust by blendirw 
the minus 20-mesh material with the "standard blend." T h e  blend of 5 percent minus 20- 
mesh coke dust resulted hi a slight increase in the tuuibler index for  plus 1-inch, but 
a l l  other indices were the ssme o r  showed a sl ight  decline from the "standard blend." 
A l l  tumbler values increased t o  an optimum with the blend of 10 percent minus 20-mesh 
coke dust, and all indices declined with additional coke dust. Coke dust minus 20- 
mesh and anthracite minus 20-mesh gave essentially the same optimum results in the 10 
percent blend. 

Effect of Coke Breeze Additives 

Of the three s i z e  fractions of coke breeze added, minus 20-mesh, minus 
10-mesh, and 6 x lO-msh, none produced coke having ill plqwkal p r o m i e s  bet ter  or 
equivalent t o  the !'standard.'blend'' cokes. The t W l e r  indices of cokes produced from 
the blend containing minus 20-mesh coke breeze remained relatively hi& through t h e  
10 percent blend, but the 1-inch index plunged from 79.9 to-g,8;4 when 15 percent coke 
breeze was added. 

i 

optimum coke from this series was prpaUced from blends v i th  5 percent minus 
10-mesh coke breeze; the index f o r  tumbler plus 1-'inch increased slightly,  giving a 
higher value than the "standard blend," but all other indices declined. With 10 percent 

-. 
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minus 10-mesh breeze the tumbler plus 1 inch dropped from 86.4 t o  79.9; trith 15 per- 
cent breeze this index decreased t o  58.4. 

Drastic deterioration in coke character was produced by mixim' the " S t a n d a r d  
blend" with 6 x 10 mesh coke breeze. Although the coke remained i n  one piece upon be- 
ing discharged from the crucible, and 'the shrirk%e appeared t o  be sl ight,  the tumbler 
+ l ' inch index was only 40 and the shatter + 1 inch index was 014. 60.4. 
10 percent 6 x 10 coke breeze caused a further drop i n  tumbler 4 1 inch index t o  16 
and i n  the shatter + 1-inch index t o  47.6. 

Blending of 

i 
Effect of Petroleum Coke Additive 

b. blend containing 5 percent minus 10-mesh petroleum coke produced optimum 
coke characteristics i n  this series. The indices f o r  tumbler plus 1-inch and tumbler 
minus 1/4 inch were generally comparable with coke produced from 10 percent minus 10- 
mesh anthracite, ( f ig .  3), and both were superior t o  coke produced from the "standssd 
blend." 
minus 10-mesh (fig.  3) and minus 20-mesh (f ig .  4) and did not show the large declines 
as observed with the coke breeze additive. 

A l l  indices remined relatively high i n  the petroleum coke blends, both 

Effect of "Fine Coal" bdditive 

To compare the relat ive effect on coke of reduced s izes  of the codl i t s e l f  
I 
I 

a?a the relatively high-carbon additives, a sample of the 70 percent No. 6 Coal -30 
percent No. 5 Coal was recuced t o  sizes comparable t o  those of the hiah-carbon com- 

I 

ponents, minus l5O-mesh, minus 20-mesh and minus 10-mesh size fractions 
tuted for  them i n  coal blends for  laboratory tes t s .  
obtained from blendiIy f ine  coal with the "standard blend" were closely related t o  
the physical properties of cokes produced by blending various percentages of 110. 6 
and No. 5 Coals, except f o r  two tes t s .  I n  these the tumbler indices showed an im- 
provenent when 5 and 10 percent of the minus 20-nesh f ine  coal was used; an increase 
i n  inertinite occured in  this minus 20-mesh fraction. 

and substi- 
Pkysical properties of cokes 

B l a c k  Shale Additive 

In hopes of finding some other natural substance t o  replace the high- 
carbon components, black petroliferous shale from above the No. 5 Coal vas obtained 
from a s t r i p  mine in western I l l inois .  
t o t a l  sulfur was hoped for .  Analysis shows an ash of 60.2 percent and a t o t a l  s u l f u r  
of 1.52 percent on the "as received" basis. 
size fractions, minus l5O-, minus 20- and minus lO-msh, and amounts of 2.5, 5, 7.5, 
and 10 percent were blended trith the "standard blend' of No. 6 and No. 5 Coals. 
TTone of the cokes produced from mixtures of minus 150-mesh black shale or minus 10- 
mesh black shale with the "standard blend" had tumbler and shatter indices equal. t o  
those of the "standard blend" when coked alone. 

A high-ash content was expected but a low 

The black shale was prepared i n  three 

. 

T h e  only black shale size fraction that produced a bet ter  coke than that 
of tb llstandsrd blend" WBS the  minus 20-mesh s i z e  blended i n  the mount of 5 per- 
cent. 

RfPect of Minus 48-mesh c o d  

Minus 48-mesh coal had previously been considered as  a source of a high 
concentration of fusain. U n f o r t u n s t e l y ,  petrographic analyses of this mater ia l  
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exhibited an inertinite (includes fussin) content of only l3.2 percent. The remaining 
86.5 percent was composed of 79.6 percent vitrinite, 3.4 percent exinite and 3.8 per- 
cent vis ible  minera.l. ma t t e r .  

Tumbler and shat ter  indices of the coke prcduced by blending this minus 48- 
mesh Coal  were deleterious except f o r  the  5 percent blend. 
f o r  tumbler plus 1-inch, shat ter  plus l / h n c h ,  and the shatter minus 1/4-inch showed 
a slight improvement. 
ation i n  future testing. 

In this coke the indices 

Although this trend was sl ight  it warrants additional consider- 

Effect of "Resin" or  "Asphaltine" Additive 

The  previous study by Marshall e t  al. (1958) denonstrated t h a t  a benzene 
soluble, petroleum ether insoluble, extract of coal tar pitch (termed "resin" or 
"asphaltene"), when added t o  a blend of coal and fusain, markedly inproved the qual- 
i t y  of laboratory cokes produced. 

For this la tes t  investigation "resin" was added to those mixtures of addi- 
t ives and "standard blend" which gave optimum co-ke results. In  blends not containing 
"restn" calculations were made so that the  "standard blend" plus the additive equaled 
100 percent. In these tests the same calculations were used and 5 percent additional 
"resin" was added to this blend. 
Parenthesis around the r u n  number indicates thst the coke quality of that run  is bet- 
ter than coke produced with the "standard blend." 

The results of these tests are shown in figure 5. 

Run  23.l demonstrates that coke quality is improved by addition of "resin" 
to the "standard blend," but a decided increase in  coke quality is pmduced when 10 
percent minus 150-mesh fusain is included i n  the blend (Run 2%). !Tumbler index plus 
1-inch increased f r o m  85.2 for  the "standard blend" to 93.5 and the index for tumbler 
minus 1/4-inch decreased from ll.9 to 6.3. Additional f u s e  in the blend caused deter- 
ioration of all cokes, a s  shown in Figure 5. 

"standard blend" mixture for the optiwnn coke in the anthracite series (Run 2 6 ~ ) .  
tumbler index for plus 1-inch was 91.7 and for minus y'b-inch was 8.3. Addition o f  5 
percent resin do optirmrmblends of coke dust or petroleum coke nas detrimental, and 
coke qualities declined below those of the  coke pmduced from the "standard blend." 

W n t y  percent ninus 20-mesh anthracite was needed in the "resin" and 
The 

FACTORS WHICH WSSIBIX AFFECT COKING FZSULTS 
WHEm ADDITIVES ARE USED 

Nature of the AddLtive 

A few of the factors that can possibly affect  the quality of coke produced 

A to ta l ly  inert  substance does not shrinkbut ex- 

F r o m  this, it can be concluded that the temperature 

by the addition of high-carbon components are considered. The nature of the additive 
i s  obviously an important factor.  
pands slightly upon heating, and therefore the shrinkage of the mixture is  reduced 
and thus fracturing is reduced. 
at which msximum apansion occurs is important because if m a x b m  expansion occurs 
after resolidification of the main mass, fractures will form t h a t  vill weaken the 
coke. A study of the possible different -ion temperature of high-carbon com- 
ponents used i n  this investigation was not investigated b~ should be considered. 



' J  The ab&ty of the surface of the additive to absorb the fluid products 
derived from heating the coal w i l l  affect the cokLng capacity of the chmge. 
probable that this ab i l i t y  vaxies i n  the additives used in this investigation. 

It is 

Shape of Indiv idua l  Particles of Additive 

An attempt t o  evaluate the effect of the shape of individual particles upon 
coke character did not produce a clean-cut correlation, but two observations uere &e. 
The shapes adopted fo r  this classification, as previously mentioned, were equidimen- 
s ion,  elongate, rod-like, triangular, and angular. In all shape ana.lyses, the mjor-  
i t y  of particles were classified as either elongate or  rod-like. 

like, 
other 

The shape of particles i n  the minus l5O-mesh fusain wa6 predominantly rod- 
79.6 percent, and t h i s  component produced the optimum coke, as conpared to 
additives, i n  the same size  range. 

fisain had a larger surface area than the other additives. 
additives produce optimum coke f'rom the minus 20-mesh size. 
optimum surface area for  an individual par t ic le  i s  necessary for  an optinnun coke. 

Considering only this size fraction, the 
Figure 3 shows that most 
It may be possible t h a t  an 

The second observation resulted f'romthe comparison of the shape analysis 
of the coke dust and coke breeze. ' 

the percentage of angular particles were higher, 15.8 percent as compared to 3.8 per- 
cent for  the coke dust. 

I n  the l a t t e r ,  which produced an inferior coke, 

Amount of Additive 

A direct relation between the amaunt of the additive a6a coke quality is 
shown i n  figures 3, 4, and 6, which show optinnun coke indices for each additive i n  
each particular s ize  category. 
marked changes i n  shatter and tumbler indices (see fusain column i n  f ig .  6). Antbra- 
c i te  in the minus 10-mesh fraction (fig. 3) and coke dust in the minus 20-nesh frac- 
t ion (fig. 4) demonstrate variations with sonewhat less  e t u d e .  b@zIred deterior- 
ations are produced when the minus 20-mesh and minus 10-mesh fractions of coke breeze 
are increased from 10 t o  15 percent. Marked deteriorations are also shown fo r  black 
shale minus 150-mesh, anthracite minus 150-meshJ and fusain minus l5O-mesh when the 
amount of each component w a s  increased f m m  10 t o  15 percent. 

For some components the variation of 5 percent produces 

Paxticle Size of Additive 

The effect  of the par t ic le  size of the additive upon coke is c l e a r l y  seen 
by combined study of figures 3, 4, and 6. Each figure m e s e n t s  coke data produced 
by blending various amounts of the additives of different s ize  range with the 
"standard blend.'' Parentheses have been placed wound the percentage figure, a t  the 
bottom of each chart, t o  identify those blends which produced cokes having better 
physical properties than the coke produced fm the "standard blend" alone. 
are referred t o  as "impr0ved.cokes." 

These 
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Only fusain i n  the minus 15O-mesh size range produced improved coke, but 
three blends of m i ~ m s  10-mesh miterial., two anthracite, and one petroleum coke pro- 
duced this Fnrproved coke. Seven blends of minus 20-mesh material, coke dust 10 and 
15  percent, anthracite 5 and 10 percent, f ine coal 5 and 10 percent, and black shale 
5 percent produced improved coke. 

T h e  amount of additive, the size of i t s  particles, and the nature of t h e  
material appear t o  be interrelated.  
for  the optimum coke i n  each s ize  range tested, ard i n  each produced an iqroved coke. 
Blends containing 5 percent additives were opthum for  black shale and petroleum coke 
in a l l  size fractions tested, and of these only the black shale minus 20-mesh and 
petroleum coke adnus 10-mesh gave Fmprwed cokes. For fine cod ,  optimum coke kzs ob- 
tained with 5 percent minus 20-mesh and 5 percent minus l5O-mesh material added, but 
i n  the minus 10-mesh material 15 percent additive w a s  necessary for  the most favorable 
coke indices. Two blends, the minus 2Q-mesh fraction i n  5 and 10 percent amounts pro- 
duced 811 improved coke. Five percent minus 10-mesh coke breeze was optFnur i n  this 
series, but for  the ninus 20-mesh fraction no amount proved t o  be optinu? Tor any one 
blenci, as both 5 and 10 percent additive &ave about the same aver-alJ. results. 
coke dust was used as an additive, 10 pgrcent of the luinus 20-mesh size consist was 
optimum and produced an improved coke, but in the minus l5O-mesh size  consist only 
5 percent additive was needed f o r  the optimum coke. 

For anthracite, 10 percent additive is required 

lihen 

variation in the Size Consist 

A n  attempt vas made t o  correlate the amount of additive needed, f o r  an op- 
tinurn coke, with the  distribution of the size of the rosterial within each size consist 
prepared, b u t . i t  was not possible t o  mike direct correlations using available inform- 
tion. 

Blends that Produced an Improved Coke - 

Figures 7 and 8 s b r  pwsical  properties of 16 improved cokes produced from 
blends of various additives and the "standard blend" of No. 6 and No. 5 C o a l s .  
additives tested are represented here except coke breeze and minus 48-mesh coal. The 
best cokes, as evaluatedby laboratory shatter and tumbler tes ts ,  resulted fromblends 
of coal, anthracite, o r  fusain, and "resin." Coke derived from coal and coke dust, 
anthrecite, o r  fusain had physical properties almost as good as those mentioned above. 
These  figures also demonstrate the ef'fect of size and amount of additive upon the coke 
produced. 

ALL 

CONCLUSION . 

Physical properties of coke produced from I l l ino is  coals, on a laboratory 

Character of the coke produced fromthese blends 
scale, canbe improved by a l te r ing  the petrographic composition with the addition of 
hi&-carbon and other components. 
depends upon a number of factors  among which are the petrographic composition and 
size of the coal. The surface character, expansion characteristics, chemical compo- 
si t ion,  amount, particle size, and possibly the shape of the material added are 
factors that  also should be considered. 

I t  has been shown that a certain amount of additive is needed t o  produce 
optimum coke indices with each s ize  fraction of additive, but this amount may be 
different f o r  the different s ize  fractions of the same additive and my varj for  dif- 
ferent materials added. 

I 
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From these data we can conclude that blending additives with a coal charge 
to produce optimum coke is not a haphaze process. Many factors must be considered 
and each evaluated for optinum conditions to obtain the most favorable shatter and 
tumbler indices in a coke produced from any one blend. 

A logical continuation of this investigation would be on a pilot scale to 
determine if tendencies as indicated on the laboratory scale would hold true in tests 
on the larger scale. 
a homogeneous mixture in a 700-pound charge if the sizes of.the coal and the additive 
vary  geatly. 
nace is impqrtant. 

It is recognized that certain problems exist, such as securing 

Preventing segregation in handling the mixture and chargiw the fur- 

A cknowledpents 

The author greatly appreciated the cooperation shown by the companies that 
fu-nished.the coals azd other components that were blended with the coal in this lab- 
oratory coking investigation. 
from the Sahara Coal Company's Mine No. 16 Saline County, Illinois. C o a l  sqles and 
fusein were talcen from the IJO. 6 coal of the Freeman C& Mining Corporation's Orient 
Iio. 3 nine in Jefferson County, Illinois. Anthracite was furnished by the Glen Alden 
Corporation, Hudson Coal Conpay, and Jeddo - Highland Coal Company. The Great Lakes 
Carbon Company supplied the petroleum coke for the investigation. 

The column sample from the $Io. 5 Coal was obtained 

The author is indebted to G. H. Yohe, Head of Coal Chemistry Section of the 
Geochenlical Group, Illinois State Geological Survey, who prepared the "resin" extract 
from the coal tar pitch. 

To other menlbers of the Geological Survey who assisted In nany ways through- 
out the investigation, I offer my sincere tharh. 

The author appreciates the help of H. W. Jachan, Head of Chemical Engineer- 
ing, who carefully read the manuscript and offered suggestions. 

Special thanlrs are due Jack A. Simon, Head of C o a l  Section, for his reading 
of the manuscript and clany helpful suggestions. 

Bibliograpw 

Cady,  G. H., et al., 1952, Minable coal resources of Illinois: Illinois Mol. Survey 
Bull. 78. 

Jackman, H. W;, Eissler, R. L., and Reed, F. H., 1955, Comparison of mine sizes of 
southern IUinofs coals for use in metsllurgical coke: Illinois Geol. Survey 
Circ. 205. 

Jaclonan, H. W., Helfinstine, R. J., Eissler, R. L., and Reed,  F..H.,  1955, Coke oven 
to measure expansion pressute - modified Illinois men: Am. Inst. Hn. Met. Eng., 
Blast Furnace, Coke Oven and Raw Materials Conference, Philadelphia, Pa. 

Jaclnoan, R. W., Henline, P. W., and Reed, F. H., 1956, Factors eecting coke size: 

Jaclonan, H. W., Eissler, R. L., and Reed, F. H., 1956, C O W  coals of IUFnois: 

Illinois Geol. survey circ. 213. 

I W i S  Geol. survey circ. ug. 



-94- 

Jackmn, E. W., Eissler, R. L., and Eelfinstine, R. J., 1958, Influence of C O W  
time on expansion pressure and coke quality: Illinois -1. survey circ. 24.6. 

Marshall, Charles E., m i s o n ,  John A*, Sinion, Jack A. j and Parker, Mwgaret A. , 
1958, Petrogram and coking charscter of coal: Illinois m i .  survey m. 84. 

Reed, F. E., Jacknm, H. We, Rees, 0. W e ,  Yohe, G. R., and Henllne, P. W., 1947, Use 
of Illinois coal for production of metallurgical coke: Illinois wol. survey 

71. 

Reed, F. Ha, JackDfan, H. We ,  ReeS, 0. W . J  Yohe, G. Re, and Henline, P. W., 1952, 
Some observations on the blenaing of coals for rnetallurbcal coke: 
eel. survey circ. 178. 

Rees, 0. W., and Piemon, E. DO, 199, Plastic and S w e U  properties of Illiuois 
coals: Illinois Geol. survey CFrC. 1%). 

Rees, 0. W., and Plemn, E- D., 1955, The effect of diluents on the plastic property 
of coal as measured by the Gieseler Plastameter: Illinois Geol. Survey circ. 
197 

Thiessen, G.j et al., 1937, Coke f rom Illinois coals: Illinois Geol. Survey Bull. 64. 

Illinois 



-95- 



.... 

I 

0 In 
r i  

r . -  . . 



-97- 

+ua3Jad 



-90- 

loo I 

1 

0 Shatter 
0 Shatter 
A Shatter 

Tumbler 
m Tumbler 
A Tumbler 

& A 4  

:7- 

p 
. 

t I in. 
+ 74 in. 
- 1/4 in. 
+ I in. 
t % in. 
- '/4 in. 

A 4  ~ 

I l l  ( , I  I 

3 [25A][258] 25C [25A] 26E [26F] [25A] 30A 308 [25A] 31D ~ 

Run number 
Coal, % 

Run No. 6 N o .  5 

3 70 30 
25A 70 30 
25B 63 27 
25C 56 24 
26E 63 27 
26F 56 24 
30A 63 27 
30B 56 24 
31D 63 27 
31F 63 27 

Additives % 

Fusain (-15OM) 1 0  
Fusain (-150M) 20 
Anthracite (-20M) 10 
Anthracite (-20M) 20 

Coke Dust (-20M) 10 
Fusain (-150M) 1 0  

Petroleum Coke (-10M) 10 
Petroleum Coke (-10M) 20, 

Others % 

"Resin" 5 
"Resin" 5 
"Resin I' 5 
"Resin;. 5 
I' R e  sin '' 5 
'I Re sin" 5 
"Resin" 5 
"Resin" 5 
Coal Tar 5 

Fig. 5. - Character of coke profuced by blends con ta in iq  . 

f ive  percent "resin" and various amounts of high carbon 
components. 
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Fig. 6 .  - Comparison of coke character and the amoupt of 
the minus 150 mesh material used i n  blends of different 
additives. 
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A Shatter - Y4 in. 
0 Tumbler + I in. 
m Tumbler - +  1/4 in. 
A Tumbler - '/4 in. 

I 

Run number 

Run  No.  6 No.  5 Additives % Others % 
coai, % 

3 70 30 
7B 59.5 25.5 

31F 63 27 
20E 63 27 
16D 66.5 28.5 
13B . 66.5 28.5 
14E 56 24 
25A 70 30 
13C 63 27 
20D 66.5 28.5 

Coke Dust (-20M) 15 
Fusain (-150M) 10 Coal Tar 5 
"Fine Coal" (-20M) 10 
Petroleum Coke (-10M) 5 
Anthracite (-10M) 5 
Anthracite (-10M) 20 

Anthracite (-10M) 10  
"Fine Coal" (-20M) 5 

"Resin", 5 

Fig. 7. - Coke character produced by wsious sizes and amounts 
of different additives. 
produced from "standard blend" alone. 

A U  cokes are superior to .those 
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0 Shatter + I in. 
0 Shatter + Y4 in. 
A Shatter - Y4 In. 

Tumbler + I in. 
a Tumbler + '/4 in. 
A Tumbler - Y4 in. 

3 
I > 

3 21A 4E 12D 12E 7A 26F 250 
Run number 

Coal,  % 
Run No. 6 No. 5 Additives % Oth'ers % 

3 70 30 
21A 6 6 . 5  2 8 . 5  Black Sha le  (-20M) 5 

4E 6 3  27 Fusain (-15OM) 10 
12D 6 6 . 5  2 8 . 5  Anthracite (-20M) 5 
12E 6 3  27 Anthracite (-20M) 10 

7A 6 3  27, Coke  Dust  (-20M) 10 
26F 56 24 Anthracite (-20M) 20 "Resin" 5 
25B 6 3  27 Fusain (-150M) 10 "Resin" 5 

Fig. 8. - Coke character produced by various s i z e s  and amounts 
of d i f f e r e n t  adCiltives. A n  cokes are superior t o  those 
po6.uced from "standard blen6" alone. 
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Scope and 0b.jectives of Work 

During the past years, a certain demand for low volatile solid fuel has 
been developed in the Middle United States. As a blend f o r  the carbonization 
of high volatile coking coal available locally, low volatile bituminous coal 
has to be shipped in over great distances. The taconite industry in Minnesota ~ 

has to shiq in anthrecite for sintering fuel, ana the demand for metallurgical 
processes might ne11 increase greatly with the development of the iron ore 
resources of Wyoming. There is d s o  a considerable tonnage required f o r  the 
reduction of phosphate to elenental phos3horus. 

There are vast reserves of coals available locally (4), and these coals 
no doubt will in time be utilized for their solid carbon, especially as it is 
known that in such processing a large amount of tar can be recovered. 

The work discussed here was undertaken in order to.-'throw more light 
on the properties of chars which can be produced from Wyoming bituminous 2nd 
subbituminous cools. 
tures, and their properties, as well as the properties of the coals from which 
they were derived, were compared with the properties of by-product coke pro- 
duced in the West as well as that produced from blended Pittsburgh Seam coal. 

It appeared desirable to get comparative data on the reactivity'-of these 

Chars were produced at varying cerbonization tempera- 

materials. In order to test their reactivity with oxygen, their free com- 
bustibility in air was measured. To test their reactivity with carbon dioxide, 
they were exposed to a stream of C02 at 950°C and at lover temperatures. In 
order to obtain a measure of their electrical conductivity, the electrical ' 
resistivity was measured. To test the mechanical strength, the Hardgrove 
grindability index was determined. To obtain information on their relative 
porosity 'and surface characteristics, the density was measured by displacement 
with mercury and with methanol, also their heEt of vetting in methanol. To 
show the changes caused in their crystaliographic structure by carbonization, 
they were examined by X-ray diffraction. 
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**.) Coal Research Chemist, Natural Resources Research Inssitute, University 

address, Resources Research Institute, Kawaguchi, Japan. 

of Wyoming, Laramie, Wyoming. 
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Coals and Chars Exaained 

Vith a few exceptions, the coals of Vyoming range from High Volatile C 
Bituminous to Subbituminous C. Three coals were selected for examination: 
D. 0. Clark, Superior is a High Volatile C Bituminous coal; Elkol, Kemmerer, 
is a Subbituminous B coal; and Wyodak, Gillette, is a Subbituminous C coal. 
The proximate and ultimate analyses, also the heating values of these coals 
and the atomic hydrogen to carbon ratios, are compiled in Table I. 

Coal sanples were supplied by the operetors in the fall of 1956. 
Wiiliam Ross,  Nulager of the Gillette Resource Development Corporation, sup- 
plied the Wyodak coal; N r .  G. E. Sorensen, President of the Kemmerer Coal 
Company, sup$ied the Elkol coal; and M. V. 0. Kurray, President of the 
Union Pacific Coal Company, supplied the D. 0 .  Clark.coa1. 

Mr. 

The coal was carbonized in a horizontal stainless steel retort in batches 
of about 250 grams each. This apparatus was previously described by Prostel 
and Rice (16). The coal was crushed to pass US No. 13 screen, and the retort 
placed in an electrically heated muffle furnace. The furnace temperature was 
increased at the rate of 5°C per minute. 

The moisture shown in Table I was determined on air-dry coal. No record 
was kept of the temperature and the atmospheric pressure when the moisture de- 
termination was performed. Barometric pressure at the laboratory averages 
close to 23 ’ ’  Hg, and the humidity varies mostly between 10 and 20 percent. 

The sulfur reported was determined from the calorimeter bomb washings, 
precipitated and weighed as barium sulfate. It appears from examining the 
analysis of some of the ashes that the sulfur is present largely as sulfate. 
A s  the sulfur in the ash was not determined, it had to be estimated for the 
calculation- of the oxygen o r  nitrogen plus oxygen respectively. The small 
amount of conbustible sulfur, of course, was burned and absorbed with the 
carbon dioxide, and is reported as carbon in the ultimate analyses. 

Electrical Resistance 

2 TWO kinds of electrical resistance were obtained. First: particles 
between No. 12 and No. 30 screens were subjected to a pressure of 0.34 kgjcm 
after being dried for 20 hours at 100 to 110°C. Sample height varied between 
0.8 and 1 . 3  cm. Accuracy was 2 5 percent. Second: uarticles passing KO. 
200 screen were dried in the same way and then subjected to 3,000 kg/cm2 pressure. 
Sample height, in this case, varied between 0.5 and 1.2 cm, and the results 
did not differ by more than 2 percent. 

It is well known that the specific resistance decreases with the pressure 
applied (2) (21). Keasurements were taken at a variety of pressures up to 
3,270 kg/cm2. 
decreased with increasing pressure but at a progressively slower rate. The . 
pressure of 3,000 kg/cm* was finally chosen for the tests as a reasonable com- 
promise between minimum resistance and test accuracy on the one hand and pressure 
applied to the sample on the other hand. 

A s  determined by Davis and Auvil (2) ,  the specific resistance 

Table 11’ gives the specific electrical resistances determined at the two 
pressures. The respective values for cokes appear in Table 111. 
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Table 111. Specific Electrical Resistance o f  Cokes 
ohms/cm Cube I 

-, 

Specific Elec. Resistance 
at 3,000 kgjcm at 0.34 kg /cm 

Pressure 
Sample 

Pres sure . .  
6 

A 0.0414 1.13 
0.0106 1.13 
0.0129 1.79 

B 
c 

, As will be seen from Table 11, the resistance at high pressure decreases 
sharply with increasi,ng carbonization temperatures to between TOO and2800"C, 
.then decreases gradually until it reaches a value in the order of 10 ohms 
per cm cube. 
in the coal constituents as czrbonization proceeds. Non-crystalline constituents 
are decos2osing and more crystalline bodies are forming in the residual char. 
The resistance at io# pressure shows a similar tendency of variation with 
carbonization tenperature. 

This chnnge i_n resistance is consistant with changes taking place 

Mechanical Strength 

The mechanical strength was determined by the Hardgrove grindability test, 
following the procedure described in -4STl.i designation D 409-51. 

The results of this test as shown in Figure 1 reveal a similar tendency 
of change in resistance to mechanical grinding for the three series of samples 
as a furxtion of carbonization temperature. It is easiiy.understood that the 
straight increase in mechanical strength (decrease in grindability index) be- 
tween 600 2nd 950°C is due to the increasing development of crystallographic 
units, also by the increasing.compactness of residual solids vhich will be 
shown by a sharp increase in density in the corresponding temperature range. 
The tendency of the curves below 600°C seems harder t o  explain. Some coals, 
Vyodak for example, zhow a decreasing grindability with decreasing moisture 
content, as has been demonstrated by comparative grindability tests with this 
coal at varying moisture percentages (17). This tendency apparently is prev- 
alent also in the early stages of carbonization, o r  at-least in that temperature 
range in which absorbed gases are expelled. 

, 2  sibly much below 500°C) an increasin:: decompqsition of theoosl substance seems 
to weaken the residual solid whereas above 6UO'C the structure of the residue 
changes increasingly, and crystallization becomes dominant. 

At somewhat higher temperature (pos- 

Reactivity 

Reactivity with oxygen in air was measured by Newall's method (13). The 

The propagation of the zone of combustion 
sample was crushed to pzss No. 200 screen, and was dried fo,r one hour at a 
temperature between 100 and 110°C. 
was measured over a 5 cm course. Results of these tests are shor;.n in Table 
IV. Combustibilitx of the, chars from the lowest rank coal (Wyodak) could 
be maintained up to the 800OC char. Combustibilit$ of the chars from the 
Elkol coal could be maintained only to the 500°C char. Combustibility could 
not be maintained with any of the chars from the highest rank coal (D. 0. 
Clark). 
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Table I V .  Free  Combustion i n  A i r  

Sample GIyodak 
Bate of Combustion, mm/min 

S l k o l  D. 0 .  C l a r k  
~ 

Airdry  
C o a l  

500" Char 
' 600" 'I 

700" " 

- 000" " 

900" " 

9500 'I 

The r e a c t i v i t y  wi th  carbon d iox ide  was determined i n  the  appa ra tus  
i l l u s t r a t e d  i n  Figure 2. The sanp le  ground t o  pass No. 1 2  sc reen  and r e t s i n e d  
on No. 30, was d r i ed  at a temperature between 100 and l l O ° C  for two hours ,  and 
t h e n  p laced  i n t o  the  fu rnace .  The fu rnace  h e a t  was r e g u l a t e d  t o  the  d e s i r e d  
temperature and the a i r  was e l imina ted  f rom the  appara tus  by a s u f f i c i e n t  flow 
of carbon d iox ide  before  s t a r t i n g  t h e  t e s t .  In accordance wi th  t h e  r e p o r t  of 
Muller and Jandl  (14 ) ,  t h e  e v o l u t i o n  o f  carbon monoxide was r a p i d  i n  t h e  
i n i t i a l  s t a g e s  of t h e  r e a c t i o n ,  bu t  w i t h i n  20 minutes g r s d u a l l y  approached a 
cons tan t  r a t e .  Readings of t h e  flowmeters were taken  at  two-minute i n t e r v a l s  
i n  t h e  equi l ibr ium s t a t e ,  and an average of a t  l e a s t  t e n  readings  f o r  each 
flowmeter were obtained. --, - 

The r a t i o  of t h e  volume of carbon monoxide evolved t o  t h e  volume o f  
carbon d iox ide  in t roduced  p e r  time u n i t  expressed i n  pe rcen t  was termed 
r e a c t i v i t y .  
i s  a f f e c t e d  by the d u r a t i o n  of  c o n t a c t  o f  the  coke sample w i t h  t h e  gas. For 
t h i s  reason ,  t he  he igh t  of t h e  sample was he ld  i n  a l l  cases  a t  5.0 cm. The 
r e a c t i v i t y  of  a l l  c h a r s  w a s  determined a t  950"C, t h e  r e a c t i v i t y  of 9517°C chars  
w a s  a l s o  datermined a t  700, 800, and 900°C. The r e p r o d u c i b i l i t y  o f  t he  re- 
s u l t s  was - 5 percent  o r  b e t t e r .  

According t o  Shinmura (le), the  amount o f  carbon d ioxide  r eac t ed  

The d i f f e rence  i n  p h y s i c a l  s t r u c t u r e  and chemical a c t i v i t y  of c o a l s  and 
c h a r s  w i l l  r e s u l t  i n  d i f f e r e n c e s  i n  combus t ib i l i t y  i n  a i r  and r e a c t i v i t y  with 
carbon d iox ide  because t h e s e  r e a c t i o n s  o f  s o l i d s  wi th  gases  a re  c o n t r o l l e d  bi- 
bo th  t h e  phys ica l  and chemical c h a r a c t e r i s t i c s  of t he  s o l i d s  ( 3 ) .  Recent 
phys i ca l  i n v e s t i g a t i o n s  i n d i c a t e  t h a t  some s t r u c t u r a l  i r r e g u l a r i t y  and i n  con- 
sequence a h igh  chemical a c t i v i t y  may be expected i n  c h a r s  carbonized a t  
t empera tures  between 500 and 600°C ( 2 0 )  (8 ) .  

Figure  3 shows t h e  r e a c t i v i t y  of t he  cha r s  wi th  carbon d iox ide  determined ! 
at 950°C. 
t u r e s  between 500'C a n d  900" were carbonized  aga in  r a p i d l y  when t h e  samples 
were put  i n t o  the fu rnace  prehea ted  t o  950°C. Therefore,  t he  r e a c t i v i t i e s  
shown i n  Figure 3 must have been in f luenced  by t h i s  second r a p i d  hea t  t rea t rner t .  

It should be no ted  t h a t  a l l  samples carbonized p r i m a r i l y  at  tempera- 
I 

The almost unchanged r e a c t i v i t y  v a l u e s  f o r  Elkol and Wgodak cha r s  p r e p r e d  
a t  tempera tures  from 500 t o  950°C imply t h a t  t h e s e  l ow r ank  c o a l s  y i e i d  r a t h e r  
uniform s o l i d  r e s idues  wi thout  r ega rd  f o r  t he  r a t e  of hea t  i n c r e a s e  a t  which 
they  are carbonized. On t h e  o t h e r  hand, t h e  cha r s  from D. 0. Clark  coa l  which 
i s  of h i g h e r  rank show p r o g r e s s i v e l y  lower r e a c t i v i t y  t o  CQ2, which i n d i c a t e s  



t h a t  the r a t e  of h e a t  i n c r e a s e  i n  c a r b o n i z a t i o n  i s  very  important  f o r  chars  
from such coa l .  
temperature r i s e  as i n  t h e  case  of t h e  950°C char ,  t h e  r e a c t i v i t y  i s  compara- 
t i v e l y  low. The 500°C char ,  on t h e  o t h e r  hand, which h a s  been carbonized 
r a p i d l y  above 500°C i n  t h e  r e a c t i v i t y  furnace  shdws a much h i g h e r  r e a c t i v i t y .  
This d i f f e r e n c e  i n  behavior  between t h e  d i f f e r e n t  c o a l s  may be due t o  t h e  
d i f f e r e n c e  i n  t h e  n a t u r e  o f  t h e  c racking  products  from t h e  pr imary tars which 
d e p o s i t  on t h e  s u r f a c e s  of  t h e  chars .  

When t h e  c o a l  i s  carbonized a t  a comparat ively slow r a t e  o f  

F o r  puruosg-s of comparison, t h e  r e a c t i v i t y  v a i u e s  of coke breezes  were 
a l so  de tern ined .  The r e a c t i v i t y  o f  D. 0. Clark c h a r s  seems t o  approach t h e  
ve lues  of b l a s t  furnace  cokes shown i n  Table  V but  t h e  c h a r s  from Subbituminous 
c o a l s  have a auch h i g h e r  r e a c t i v i t y .  

The r e a c t i v i t y  of c h a r s  produced p r i m a r i l y  a t  950°C was f u r t h e r  i n v e s t i g a t s d  
by determining the  v a r i a t i o n  o f  r e a c t i v i t y  a t  lower tempera tures  i n  coxpar i son  
wi t5  -ti-,= r e s u l z s  f o r  coke breezes  i n  o r d e r  t o  compute t h e  apparent  a c t i v a t i o n  
energy o r  the  carbon - carbon d ioxide  r e a c t i o n .  Q e c i f i c  r e s u l t s  appear  i n  
5'a.ble V. The apparent  a c  i i v a t i o n  energy was c a l c u l a t e d  accord ing  t o  Arrhenius '  
equat ion.  A c t i v a t i o n  energy v a l u e s  c l e a r l y  show t h a t  t h e  950°C znars  from t h e  
t h r c e  Wyoning c o a l s  r e a c t  wi th  carbon d ioxide  i n  t h e  o r d e r :  Wyodak, Elkol; 
and I). 0. Clark. 

Table  V.  V a r i a t i o n  of l i e a c t i v i t y  w i t h  Temperature 
and A c t i v a t i o n  Energy 

C a r b o n i z a ~ i o n  X e a c t r v i t y  Determined a t  A c t i v a t i o n  
Coal Teaoera ture  O C  Energy 9 

O C  700 800 900 950 k c A /  mole 

!dyad ak 950 6.9 56.6 128.8 146.0 28 
Z l k o l  950 3.a 23.0 122.2 lS3.0 35 
D. i;. Clerk 9 50 0.8 6.0 39.9 58.5 42 
Coke A --- 0.0 5.5 21.8 4b.5 34 

0.0 2.0 14.8 22.5 43 Coke 3 --- 
Coke C --- . 0.0 3.8 22.5 34.5 38 

The r e a c t i v i t y  would be inf luenced  by v a r i o u s  f a c t o r s ,  as i n t e r n a l  s u r f a c e ,  
ch:.micai r e a c t i v i t y  of s u r f a c e ,  development o f  c r y s t a l l o g r a p h i c  units, c o n t e n t  
and n e t u r e  o f  i n o r g a n i c  c o n s t i t u e n t s .  The s i z e  of  t h e  c r y s t a l l i t e s  and t h e  
h e s t s  o f  w e t t i n g  deac-ibed below a r e  r e f e r r e d  t o  as  some of t h e  reasons  f o r  
t h e  d i f f e r e n c e  i n  r e a c t i v i t y .  of t h e s e  chars .  

Densi tx  

The d e n s i t y  o f  t h e  samples was determined wi th  two replapement l i q u i d s .  
The methanol d e n s i t y  approaches a t r u e  d e n s i t y  whi le  a d e n s i t y  by mercury re- 
placenent  g i v e s  a means of e s t l m a t i n g  v o i a s  o r  p o r o s i t y - b y  comparing t h e  two 
d e n s i t y  va lues  on a g iven  char .  

The d e n s i t y  vas determined by replacement wi th  methanol i n  a d e n s i t y  b o t t l e  
o r  2 5  ml c a p a c i t y  f i t t e d  wi th  a thermometer and ground g l a s s  s t o p p e r .  One and 
one-half t o  two grams o f  sample, ground t o  pass . ,a  US No. 200 s c r e e n  and d r i e d  
a t  100 t o  llO°C f o r  a t  l e a s t  one h o u r  v a s  weighed i n  t h e  pyknometer and immersed 
i n  p u r i f i e d  methanol. A f t e r  s t a n d i n g  f o r  two hours ,  i t  w a s  g r a d u a l l y  evacuated 
t o  40 mm of mercury and h e l d  t h e r e  f o r  s e v e r a l  hours  w i t h  g e n t l e  b o i l i n g  o f  
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t he  i i q u i d .  The pyknometer was then  completely f i l l e d  wi th  methanol and the  
b o t t l e  p laced  i n  a wa te r  b a t h  a t  jO°C 2 0.2'C. 
d e n s i t y  de te rmina t ion  w a s  2 0.5 percent  or less. 

The exper imenta l  e r r o r  of t h e  

The d e n s i t y  b o t t l e  used  f o r  replacement w i t h  mercury is shown i n  Figure 4 
( 1 9 ) .  Samples were ground t o  pas s  a US No. 1 2  s c reen  and t o  be r e t a i n e d  cn a 
No. j0 screen ,  then  d r i e d  f o r  a t  l e a s t  two hours before  they  were weighed i n t o  
t h e  d e n s i t y  b o t t l e .  The sample weight ranged from 0.2 t o  0.4 grams. Hercury 
w a s  drawn i n t o  the  b o t t l e  by s u c t i o n  a t  a temperature s l i g h t l y  below jOoC. The 
sample f l o a t e d  on the  mercury and was drawn t i g h t l y  a g a i n s t  t h e  f r i t t e d  g l a s s  
f i l t e r  where a i r  was r ep laced  by the  mercury. The b o t t l e  w a s  then immersed i n  
a water ba th  a t  j0'C 2 0.2'C for about one hour, d r i e d  and weighed. The accuracy 
of  t h e  method w a s  ? 3 p e r c e n t  or b e t t e r .  

F igure  5 shows t h e  changes i n  d e n s i t y  va lues  wi th  ca rbon iza t ion  temperatures 
as ob ta ined  by dis6lacement of methanol and of  mercury and t h e  p o r o s i t y  ca lcu-  
la ted from t hese  two d e n s i t y  va lues .  The va lues  f o r  t h e  t h r e e  b l a s t  furnace  
cokes used a s  r e fe rence  samples a r e  g iven  i n  Table V I .  

Table V I .  Density and Poros i ty  o f  Cokes 

Methanol Dens i ty  Mercury Dens i ty  Poros i ty  
Sample g /cc Q /cc 5 

A. 2.062 1.47 2a.7 
B 1.896 1.48 21.9 
C 1 - 950 1.41 27-7 

The methanol d e n s i t y  curves  f o r  a l l  t h r e e  s e r i e s  of 'chars a r e  roughly 
similar whereas the  mercury d e n s i t y  of Elkol  c h a r s  r i s e s  t o  a h ighe r  maximum 
-than e i t h e r  o f  t he  o t h e r s .  This  r e s u l t s  i n  a lower p o r o s i t y  f o r  t h e  Zlkol  
cha r s  than for chars  from t h e  o t h e r  two coa ls .  

There i s  a s teady  r i s e  i n  methanol and mercury d e n s i t y  as ca rbon iza t ion  
p rogres ses  t o  600 or 900'C, a f t e r  which t h e r e  i s  a c o n s i s t e n t  drop. Loss i n  
v o l a t i l e  matter and consequent shr inkage  i n  a l l  c a s e s  at  t h e  lower carboniza- 
t i o n  tempera tures  l eads  t o  h ighe r  d e n s i t y  u n t i l  t h e  maximum i s  reached i n  each 
case  where s t r u c t u r a l  changes r e s u l t  i n  c l o s i n g  pores  which exclude the  d i s -  
p l a c i n g  l i q u i d s  g iv ing ,  consequently,  lower d e n s i t i e s  (5) .  It is  i n t e r e s t i n g ,  
however, t o  no te  t h a t  t h e  d e n s i t y  measured by mercury displacement i n  the  
samples betveen No'. 1 2  and No. 30 screens  showed a similar maximum at  almost 
t he  same range of  tempera tures .  This f a c t  t ends  t o  suppor t  t he  theory  t h a t  
t h e  s t r u c t u r e  of t hese  c h a r s  i s  rather.homogeneous, '  and t h a t  on ly  t h e  s t a t e  
of o r i e n t a t i o n ,  perhaps even a faint  t u r b o s t a t i c  o r i e n t a t i o n  of t h e  u l t imate .  
c r y s t a l l o g r a p h i c  u n i t s  de te rmines  the  macroscopic s t r u c t u r e ,  as Blayden (1) and 
Inouye (10) have suggested f o r  b l a s t  fu rnace  cokes. 

From t h e  curves i n  F igure  5 it is a l s o  apparent  t h a t  t h e  p o r o s i t y  of t h e  
c o a l  hec reases  wi th  i n c r e a s e  i n  rank  i n  t h e  order :  Wyodak, Elkol ,  and D. 4. 
Clark.  While t h e  p o r o s i t y  of t he  cha r s  also dec reases  from Wyodak t o  Elkol ,  
t h e  p o r o s i t y  of  t he  D. 0, Clark  cha r s  i s  coqs iderably  higher.  Something must 
have happened i n  the  c a r b o n i z a t i o n  process  a t  a t empera ture  lower t h a n  500OC 
which decreased  t h e  mercury d e n s i t y  and thus  inc reased  t h e  p o r o s i t y  beyond 
what would be:expected from t h e  c o a l  s t r u c t u r e .  Below 500°-C, a l l  coking c o a l s  

- p a s s  through t h e  p l a s t i c  s t a g e ,  and D. 0. Clark c o a l  has  a faint  tendency t o  
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coke. The thermoplas t ic  products  of c a r b o n i z a t i o n  then  may develop i n t o  sponge- 
l i k e  mater ia1 ,which  i s  permeable t o  methanol but n o t  permeable t o  mercury, and 
which is r e s p o n s i b i e  - f o r  t h e  lowered mercury d e n s i t y  arid t h e  i n c r e a s e d  p o r o s i t y .  

The v e r y  h igh  c r e s t  in  p o r o s i t y  i n  t h e  case  of D. 0. .Clark, .witn the  sudden 
drop-of4 r e s u l t s  from t h e  l a g  of mercury d e n s i t y  changes behind t h e  changes i n  
methanol d e n s i t y .  No.doubt t h e  methanol molecule Finds e n t r y  t o  pores and 
f i s s u r e s -  e a r i i e r  i n  t h e  progress  o f  t h e i r  appearance dur ing  c a r b o n i z a t i o n  t h a n  
does mercury. 

The maximum d e n s i t i e s  i n ' t h e  800 t o  ?Ob°C temperature  r a n g e  may be compared 
t o  similar maxima r e p o r t e d  by F r a n k l i n  ( 5 )  and by Honda, h i c h i  and Hirose ( 7 )  
i n  t h e  c a s e s  of c a r b o n i z a t i o n  of h igh  rank  bituminous c o a l s  and of c e l l u l o s e  
and glucose.  The temperature  d iscrepancy  may -3ossible be a s c r i b e d  t o  a d i f f e r e n c e  
i n  t h e  s t r u c t u r e  of  t h e  present  c o a l s  from t h e  subs tances  s t u d i e d  by t h e s e  
workers or i t  may be a t  l e a s t  p a r t i a l l y  due t o  d i f f e r i n g  c a r b o n i z a t i o n  condi t ions .  
One of t h e  p r e s e n t  a u t h o r s ,  Inouye, has  recognized (11) t h a t  t h e  d e n s i t y  maxi- 
mum appears  on ly  i n  t h e  case  of c h a r s  produced from non-caking young c o a l s  and 
f o r  a n t h r a c i t e .  This  pr0pert.r a-oparentiy i n f l u e n c e s  t h e  behavior  o f  chars  from 
these  sources  d u r i n g  f u r t h e r  h e a t  t r e a t n e n t  a t  h i g h e r  tempera tures  and d u r i n g  
a c t i v a t i o n .  

Heat of Wett ing 

The hea t  of w e t t i n g  was employed as  a conpara t ive  measure of i n t e r n a l  
sur face  a r e a ,  v i t h  t h e  assumotion t h a t  h e a t  evolved by w e t t i n g  a u n i t  a r e a  i s  
i d e n t i c a l  from carbon t o  carbon as suggested by Maggs (13). 

Pleggs e s t i m a t e s  t h a t  t h e  methanol molecule w i l l  occupy 16' A" i n  a 
monolayer d i s t r i b u t i o n .  A mean f i g u r e  o f  roughly 0.1 c a l o r i e  per square meter  
of sur face  a r e a  i s  es t imated  i n  t h e  c a s e  of  methanol w e t t i n g  a carbon s u r f a c e ,  
thu.s t h e  s u r f a c e  a r e a  i n  sguare  meters  may be es t imated  at t e n  t imes the mag- 
n i tude  of t h e  h e a t  of w e t t i n g  i n  c a l o r i e s  p e r  gram. 

Apparatus and procedure fol lowed c l o s e l y  t h e  proposa ls  of G r i f f i t h  and 
Hirs t  (6 ) .  
t o  pass No. 200 s c r e e n  and d r i e d  a t  100 t o  llO°C f o r  2 0  hours .  The r e s u l t s  
shown i n  Table  V I 1  i n d i c a t e  t h a t  t h e  950°C c h a r s  from E l k o l  and D. 0. Clark 
c o a l s  have i n t e r n a l  s u r f a c e  a r e a s  of an o r d e r  s i m i l a r  t o  coke breeze  while  t h e  
Wyodak c h a r  carbonized a t  950°C embraces h i g h l y  developed i n t e r n a l  sur faces .  

The appara tus  as used i s  shown in Figure 6. The sample w a s  ground 

Table  V I I .  Heat o f  Wett ing Data 

Sample 
Carboniza t ion  
Temperature 

O C  

Heat of  Wett ing 
w i t h  Methanol, 

ca l /g(drg)  

Wyodak Char 
E l k o l  Char 
D. 0. Clark Char 
Coke b 
Coke B 
Coke C 

2.69 
0.38 
0.37 
0.29 
0.34 
0.23 
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X-Bay Diffraction 

The qualitative comparison of the ultimate crystallite size revealed by 
X-ray diffraction was carried out by means of a GE-XRDJ unit, according to 
the following conditions: The samples were irradiated by copper K Alpha 
radiation, produced at j b  kv and 16 ma, filtered by nickel foil. Samples hz5 
been ground by mortar and pestle to pass a Xo. 200 screen, ana de-ashed re- 
peatedly with 20 percent hydrochloric acid and 48 percent hydrofluoric acii. 
The diffraction patterns were recorded at a scanni.?g speed oi' two degreas ;er . 
minute. The reading vas calibrated by the scaler system. The incoheront 
background scattering vas reduced on the chart, and the apparent haif-Fnrensity 
widths were obtained for (002) and (10) bands. The instrumental correction 
was applied by the Klug-Alexander's procedure (12). The crystallite di- 
mensions for (002) and (10) bands were calculated by means of Scherrer's and 
Varren' s formulae, respectively. 

' , 

The crystallite dimensions revealed by X-ray diffraction are shown in 
Figure 7. The lattice ?arameters were also obtained, but they did n o t  show, 
any considerable chznges throughout all samples examined, namely, 2.1-2.2 .i 
for (10) band and 5.4-3.5 A'for (002) band. 
of crystaliite size in (002) does not seem to be significant. Inouye has sug- 
gested (9),  (10) that the variation of crystallite size in the ( i O j ,  ar a-axis 
direction, which will reflect the average size of ultimate units comgosing the 
ccke or char, ccntrols predominatingly the physical structure of  the ?roduct 
and hence, in various cas:-s, a qualitative interpretation can be given by 
a-axis dimensions to differences in internal structure, suck 2s mechanical 
strength and some chenical gropertiest 

A s  shown in Figure 7, the variation 

It 'is recognized that the a-axis dimension increases in the'temgerature 
range f r o n  760 to 950°C f o r  D. 0. Clark and Myoaak, while the crysta1li;es o f  
chzrs froffi E l k o l  deveiop less noticeably with carbonization. Comparing this 
result wit;; the variations of density and electrical resistance described 
above, it appears that the properties of chars are much influenced by other 
factors such as the state of agglomeration or crystallites, and possibly 
three-dimensional networks deveioped in chars carbonized at higher temperatures 
thzn 800°C. In particular, the subbituminous coals have extrenelg complicated 
structures in their original state and their behavior during the course of 
carbonization would not be interpreted simply as one might hope f o r  bituminous 
coals. It is interesting, however, to compare the curve of crystallite size 
growth of D. 0. Clark, a bituminous coal, in Figure 7 with that of reactivity 
in Figure 3,- because it is shown that the tendency of varietion is about the 
reverse, nanely, the chars with larger values o f  crystallite size have lower 
reactivity as suggested formerly for blast furnace cokes based on.other,pro- 
perties (10). Table VI11 gives the crystallite dimensions of threz.referehck. 
coke breezes. 

Table VIII. Crystallite.Dimensions of Coke Breezes 

Crys zol li te Dimensions, .Lo 
Sample ( 0 0 2 )  (10) 

A 16.2 42.3 
B 20. j 93.4 
C 21.6 46.9 

4 

I 
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INTRODUCTION 

!Be desulfur izat ion of char with hydrogen and hydrogen steam 
mixtures') w a s  described i n  a previous publication. 
i n  a batch sys ten  and the ro le  of hydrogen su l f ide  i n  inh ib i t ing  t h e  ra te  
of the  desu l fur iza t ion  process was discussed. 

The data were obtained 

The char used i n  the earlier work was produced from a Pi t tsburgh 

These data are now extended t o  chars produced from 
Sean coal i n  t h e  Disco process, a c o m e r c i a l  ro ta ry  k i ln ,  low temperature 
carbonization process. 
a number of other  Pi t tsburgh Seam-coals i n  a f i f t y  ton per  day f lu id ized  
low temperature carbonization p i l o t  plant.  

Data were obtained both i n  very shallow beds where the r o l e  of 
hydrogen su l f ide  i n h i b i t i o n  i s  very small and also i n  deep batch beds where 
inh ib i t ion  of the  desulfur izat ion rate i s  qui te  large.  

It i s  w e l l  known from earlier work by Powell") and Huffs) that t h e  
resct ion of hydrogen sulfide-hydrogen mixtures vith carbonaceous materials 
i s  reversible.  
from the chars while a t  low r a t i o s  s u l f u r  i s  deposited on the chars. Powell2) 
showed t h a t  a charac te r i s t ic  isotherm could be developed f o r  mater ia ls  such 
as sugar char and coke by passing hydrogen very slowly over the material under 
invest igat ion and measuring the  hydrogen s u l f i d e  evolved. 

High r a t i o s  of hydrogen-hydrogen sulf ide,c2use s u l f u r  removal 

Powell2), however, showed that t h i s  was not  a t r u e  equilibrium 
process s ince the isotherms depended t o  some extent  on the prior thermal 
h is tory  and or ig in  of  t h e  carbonaceous material .  

We have developed s imi la r  isotherms by a d i f f e r e n t  technique than 
was used by Powell for t h e  low temperature chars used i n  this  investigation. 
These isotherms were developed under conditions of t i m e  and temperature similar 
t o  those t h a t  would b e  employed i n  an ac tua l  desulfur izat ion process. They, 
therefore,  represent  the hydrogen-hydrogen su l f ide  r a t i o  as a funct ion of the 
sulfur content of the  char which corresponds t o  complete i n h i b i t i o n  of t h e  
desulfur izat ion process. 



-120- 

These t o t a l  i n h i b i t i o n  isotherms provide a usefub tooh f o r  in -  
te rpre ta t ion  of t he  hydrogen su l f ide  inh ib i t ion  observed i n  the  present 
m r k  as w e l l  as same of our e a r l i e r p u b l i s h e d  data, They also provide a 
bas is  for estimation of the  minimUm hydrogen c i rcu la t ion  requirements i n  
possible  commercial processes. 

ExpERIME3?TAL 

Raw Materials 

The chars used in this mrk vere a l l  pmduced i n  C O n S O l i d a t i O n  
Coals f i f t y  ton p e r  day f lu id ized  low temperature carbonization p i l o t  plant  
at 900-950'F. 
Seam coals  from three d i f f e ren t  mines. 
mines of Consolidation Coal  Company and the  Alexander mine of the Valley champ 
Coal Company. The sulfur content of the  chars var ied over the  range of 1.3 to  
4.5 weight percent. 

The coals  from which the  chars were preDped were all Pittsburgh 
These were the &Wight and Montsur 10 

me analysis  of t he  feed chars i s  given i n  Table I. 

The invest igat ions were of th ree  types and were car r ied  out i n  
three d i f fe ren t  kinds of equipment -and by three  d i f fe ren t  procedures. 

Total Inhibi t ion Data 

The method used by Powell i n  determining the t o t a l  inh ib i t ion  
isotherms suffers f r o m  the major deficiency that there  i s  no assurance t h a t  
equilibrium was achieved. 

The data reported here were obtained by a more  standard equilibrium 
Chars of severa l  su l fu r  contents were contacted with E2S-H2 mixtures method. 

of severa l  concentrations. Each run was of su f f i c i en t  duration t o  ob ta in  a 
reasonable approach t o  equilibrlum. 

A s ingle  series of experiments w i t h  a constant gas composition 
caused sulfiding of the lover sulfur  chars and desulfur izat ion of the higher 
sulfur chars. The s u l f u r  content corresponding t o  t o t a l  inh ib i t ion  was thus 
bracketed by approaching it from both directions. 

The chars employed f o r  developing a p a r t i c u l a r  isotherm covered 
a range of sulfur values. 
standard nitrogen pre t rea ted  char  vith hydrogen. 
su l fur iza t ion  temperature were dways the  same as  that f o r  which the isotherm 
was  developed. 

They were prepared by desulfur izat ion of the 
The pretreatment and de- 

The equipment used i n  t h i s  s t u d y  is shown i n  Figure 1. 
was  a 22 mm I D  Vycor tube about 20" long with a standard taper  j o i n t  a t  the 
upper end f o r  t h e  take-off tube and themowell  assembly. 

The reactor  

A mixture of hydrogen sulfide and hydrogen was made up and s tored 
It was analyzed f o r  hydrogen su l f ide  by passing a i n  the gas mixture bomb. 

port ion of it after drying with anhydmne through a Nesbit b o t t l e  containing 
Ascarite and measuring t h e  volume of res idua l  h y b g e n  passed. The hydrogen 
su l f ide  content was obtained from the weight gain of the Ascarite. The 
analysis  was made before  and after a run and the  average used f o r  the c d c u -  
l a t ions  . 

A ten-gram char sample was used for an ac tua l  run. The Vycor 
reactor vas brought up t o  temperature vith nitrogen passing through t he  char 
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bed. 
af ter  t h e  temperature w a s  l i n e d  out. 
bed using a s u p e r f i c i a l  ve loc i ty  of 0.4 feet  per  second. 
the char was  continued generally f o r  a period of from 2-4 hours. 
char was analyzed f o r  t o t a l  and s u l f i d e  sulfur .  
;he char was then associated as near equilibrium with t h e  gas composition 
used. 

Total  su l fur  w a s  determined b 
s u l f u r  was determined by the e v o l u t i o n 4 ~  method. 

The ni t rogen w a s  replace& v l t h  the hydrogen s u l f i d e  - hydrogen mixture 
The reactor  was operated as a f lu id ized  

The residue 
The observed sulfur l eve l  of 

The treatment of 

t h e  Eschka4) method while su l f ide  

All the  da ta  obtained i n  runs of t h i s  type are not  reproduced. "he . 
data  from which the l j50°F isotherm i s  derived are given i n  Table 11. 

The isotherms at 1350°F developed from these d a t a  for the ArkWright 
and Alexander Mine chars a r e  shown i n  Figure 2 while 1100 and 1 6 0 0 ~ ~  isotherms 
for ArkWright char  are given i n  Figure j. 
distinguished by arrows point ing t o  t h e  l e f t  or r ight .  
designates t h e  lowest siiLfur value reached i n  a series of desulfur izat ion runs 
a t  the gas conrposition used, A right arrow s imi la r ly  designates t h e  highest 
sulfur value reached i n  a corresponding series of s u l f i d i n g  experiments. 

Deep Bed Runs 

, The procedure used i n  these runs w a s  imi la r  t o  t h a t  described i n  
our e a r l i e r  gasif icat ion5)  and desulfur izat ionl7 s tudies .  
was t i e  use of a 4-inch i n t e r n a l  dismeter pressure balanced reac tor  ins tead  
of the  l-1/2-inch diameter Uriiloy reac tor  described previou.siy5). 

The experimental po in ts  shown are 
The l e f t  arrow 

The main difference 

All  runs were made at  1600'~ and 6 atmospheres pressure using 35- 
100 mesh Arkmight I char. The NUS were made using a batch f l u i d  bed 
f lu id ized  with pure hydrogen a t  0.2 f t .  per  second. The char w a s  introduced 
i n t o  tile reactor  when the  l a t t e r  reached y50°F. 
nitrogen and preheated t o  1600'F. 
t i m e d  f o r  one hour after 1600'F was reached. 
t o  6 atmospheres and the hydrogen turned on. 

?"ne char was f lu id ized  i n  

The.reactor  was pressurized 
The pretreatment i n  nitrogen w a s  con- 

.J, s e r i e s  of 9 runs was made with hydrogen treatment times of 30, 
60 and 120 minutes and in i t i a l  bed weights of 430, 860 and 1720 grams. 

Tne loss i n  bed weight and i n  s u l f u r  due t o  the  ni t rogen pre t rea t -  
ment was determined by separate  experiments. 
pretreated ArKWright char  i s  given i n  Table I. 

The average ana lys i s  of t h e  

No analyses o ther  than proximate and ultidlate of bed residues were 
made i n  t h i s  s e r i e s  of runs. Some t y p i c a l  analyses of the bed residues a r e  
given i n  Table 111. 

The complete summary of run conditions and of t h e  s u l f u r  analyses 
of the  s o l i d  residues are given i n  Table IV. 

shallow Bed R u n s  

!The a i m  of  these runs was t o  obtain d i f f e r e n t i a l  data,  i .e . ,  the  
rate of  desulfur izat ion i n  pure hydrogen and i n  the absence of any s igni f icant  
concentration of hydrogen sulf ide.  
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m e  runs w e r e  made using a batch fluid bed. 
Uniloy reactor  system formerly employed was used i n  this work. 
was, bowever, contained i n  a s t a in l e s s  steel l i n e r  which was lifted.-out of 
t he  reac tor  a t  the  end of each run. 

The 1-1/2-inch diameter 
The char bed 

One important change i n  procedure was made. The i n i t i a l  p re t rea t -  
ment used previously f o r  one hour i n  nitrogen before desul-turization was 

temperature i n  a hydrogen atmosphere before admitt ing the  char. 
char sample was usual ly  used although all the work with the  iQexar!der char as  
wel l  as some with the  o ther  chars was made with a five-gram sample. 
char  s e l e  was charged, the  reactor  sealed and brought t o  f u l l  pressure and 
temperature as quickly a s  possible. 
minutes. 
f e e t  p e r  second for one hour aPter  full  pressure was  reached. B e  reactor  was 
quickly depressurized, purged with nitrogen and the bed residue removed cooled 
i n  ni t rogen and recovered f o r  weighing and analysis. 
were t h e  sulfur content of  the  bed residues. 

~ eliminated. This was accomplished by preheating the  reactor  to  desulfur izat ion 
A ten-gram 

*The weighed 

This process took between focr  to  ten 
The s m a l l  char bed was f lu id ized  with hydrogen a t  a ve loc i ty 'o f  0.4 

The only analyses made 

Three d i f f e r e n t  chars of widely d i f fe ren t  sulfur content whose 
analyses a re  given i n  Table I were used i n  t h i s  work. Each char was t rea ted  
at f i v e  d i f fe ren t  temperatures from 1000 t o  1 6 0 0 ~ ~  inclusive and a t  three 
pressures ,  i.e., 1, 3 and 6 atmospheres absolute. 

The t o t a l  hydrogen used i n  these runs per  lb. of char t rea ted  varied 
from about 140-280 SCF depending on whether a f ive  o r  ten-gram bed was used i n  
the  runs a t  1 atmosphere t o  about 600-1200 SCF i n  the six atmosphere runs. 
p a i r  of runs were made a t  1450OF and 16OO0F and 1 atmosphere where the  hydrogen 
rate w a s  increased by a f a c t o r  of three, i.e., from about 140 t o  400 SCF/lb. 
sulfur content of t he  residue a t  14W0F, i.e., 0.66 weight percent, was un- 
a f fec ted  by t h i s  increase  i n  hydrogen-char r a t i o  while a t  1 6 0 0 ' ~  a decrezse 
f r o m  0.72 t o  0.9 weight percent was noted. 
data approaches that which would be obtained i n  a true d i f f e ren t i a l  reEC-:or. 

A 

The 

It i s  clear ,  therefore, that :Le 

The sulfur l e v e l s  of the  treated chars a r e  presented g r q n x d . 2 ]  
i n  Figures 6, 7 and 8. 

In te rpre ta t ion  of Results 

Total Inhib i t ion  h t a  

The data of FLgures 2 and 3 show e pos i t ion  of the s d f i d e  plezeau 
i n  t h e  correct  place as reported by Po e l l a y a n d  is  i n  accord w i t h  the  equi- 
l ib r ium data o f  Alcock and Richardsoner. The plateau corresponds to  the equi- 
l ib r ium i n  the reduction of i ron  sulf ide,  i.e., 

FeS + H2 = &S + Fe 

The amount of organic su l fur  " ocked" below zhe sulfide plateau i s  
also i n  g e n e r a  agreement with Powel11s2i data f o r  coke. No dis t inc t ion  can  
be made Prom our data, however, between the  forms of organic s u l f u r  as d i s -  

, cussed by Powell, i.e., s o l i d  solut ion and adsorbed sulfur .  The compaxtson 
' between the  data f o r  Arkwright char and Alexander Mine char  given i n  figure 2 

shows tha t  i n  the  latter case the curve does not go through the origin. 
reason f o r  this i s  tha t  t h e  Alexander char contains about 8.25 weight percent 
of s u l f i d e  sulfur i n  the form of  calcium su l f ide  which is subs tan t ia l ly  ir- 
reducible. 

The 
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The t o t a l  i n h i b i t i o n  da ta  for the  organic s u l f u r  on a moisture and 

It is  seen that the inhib i t ion  
ash-free bas i s  f o r  Arkwright char i s  given i n  Figure 4. 
a lso  made with Powell’s data f o r  sugar char. 
of the  organic s u l f u r  removal l i k e  t h a t  of the s u l f i d e  su l fur  becomes more 
marked as the  te-mperature i s  lowered. Powell’s data f o r  sugar char is similar 
t o  thzt o f  t h e  coal  derived chars but  i s  far f r o m  ident ical .  
concluded t h a t  the t o t d  inh ib i t ion  isotherms are not universal b u t  depend 
on the nacure of the char. me Alexander Mine da ta  a l s o  show differences 
when ? lo t ted  on a moisture aad ash-free basis .  The removal of the  organic 
s u l f u r  froin t h i s  char appears t o  be more highly inh ib i ted  than removal from 
the  itrl.wrighht char. The da ta  are not p lo t ted ,  however, s ince t h e  ana ly t ica l  
data  d id  not provide i n  t h i s  case as clear a d i s t i n c t i o n  between the s u l f i d e  
ana or;anic sulfur .  

A comparison is 

It may thus b e  

Ikep Bed Pans 

Under conditions where the  rate of desulfur izat ion i s  rapid, the 
t o t a l  inh ib i t ion  i s o t h e r m  conservatively determine the amount of desulfur i -  
zaclon t h a t  can be achieved ra ther  than t h e  desu l fur iza t ion  k ine t ics .  The 
r e s u l t  i s  conservative s ince the total  i n h i b i t i o n  isothenns are representat ive 
f o r  chars t h a t  have received severdl hours of thermdl pretreatment a t  the 
temperature i n  question. 
suggests t h a t  the s u l f u r . i s  somewhat more l a b i l e  i n  the r a w  char. 

Powell’s data as w e l l  as some of our own experience 

Consider, f o r  examcle, desulfur izat ion i n  an isothermal batch 
fluidized bed. 
bed will be i n  e q u i l i j r i u n  w i t h  the  so l ids  i n  the bed a t  any instant. The 
equilibrium conditions may be developed mathematically in terms of the to ta l  
inh ib i t ion  isotherms by forcing a sulfur balance between the s u l f u r  i n  the 
gas and i n  the sol id .  By t h i s  procedure we f i n d  

I n  t h e  l i m i t i n g  t o t a l l y  inh ib i ted  case, the gas leaving the  

L 

The quant i t ies  involved i n  equations 1) and 2) are defined i n  the appendix. 
Equation 2 )  may be f u r t h e r  s implif ied i f  the devola t i l i za t ion  or loss i n  
weight of the char due t o  passage of hydrogen through the  bed can be neglected, 
i.e., o( = 0. I n  this case equation 2 )  reduces t o  - 
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Where one is in te res ted  o n l y  i n  r e l a t i v e l y  h i& s u l f u r  levels ,  i.e., 
above about 1.2-1.3 weight percent sulfur for the  A-kwright case it i s  a 
suf f ic ien t ly  good approximation t o  t r e a t  $( s)assa linear function, i.e., 

f(s)= 4 (s- s,. 4) 

Using equation 4 )  equat iols2)  and 3 )  reduce t o  the simplif ied equations j) a d  6) 
respect ively 

6) 

The above equations can be tused. to determine t h e  ‘‘&nun‘’ aaomt  
of desulfur izat ion that can be achieved i n  batch f lu id ized  beds. The f i r s t  
ra ther  remarkable result worth noting i s  t h e  ratder high degree of a e s a u r i -  
zation that was achieved i n  the batch desulfur izat ion of the feed char. P-e 
desulfur izat ion f r o m  1.96 t o  1.43 w e i g h t  percent sulfur was  accoql i shed  si~@y 
by devola t i l i za t ion  i n  a stream of nitrogen a t  1600’~. 
i n  a companion paper show that under these conditions t h e  j i e l d  of  devolat i l ized 
char i s  88.7 weight percent  of the  feed char while the a n o u t  of hyLro6e.- ~1 e.ioi:ed 
i s  about 2.6 S C F  p e r  pound of feed char, i.e., ’dased on the s-samp- 
t i o n  t h a t  all of the hydrogen was evolved a t  1600 ’~  and using equation j ) ,  one 
cdLculate8 that the sulfur content of the devola t i l i zed  char should b e  1.33 
weight percent as against the observed value of 1.43 weight percent. It is 
thus obvious that very c lose  t o  equilibrium conditions are m i n t a i r e d  during 
devola t i l i za t ion  of t h e  cha r  i n  s p i t e  of the very low average p a r t i a l  pressure 
of hydrogen. me extraordinary l a b i l i t y  of the  s u l f u r  i n  lox t e q e r a t u r e  char 
i s  thus emphasized. 

Results t o  be reported 

& =  16.2. 

The degree o f  desu l f i r iza t ion  obtained is also c lear ly  grea te r  t h a  
i s  achieved i n  the devola t i l i za t ion  of c o d  i n  a coke oven. The reason ?or 
this can be t raced again back t o  the t o t a l  i A i S i t i o n  isotherm. 
e f f e c t  obtained by batch desulfur izat ion i n  a fluiCized bed i s  now absent 
s ince the coke sees  on t h e  avemge a gas corresponCa& i n  sulfur content t o  
the  whole coke oven gas. 
with the d o l e  devola t i l i za t ion  product gas the sulflir content of the product 
char would r i s e  f r o m  1.43 t o  1.65 w e i g h t  percent. 

The s taging 

For exemple, i f  the  Arkwridt char were equi l ibr ia ted 

After the char  is devolat i l ized,  fur ther  w.?ight loss in  the hydrogen 
treatment i n  deep beds is ra ther  minor. 
Table IV. 

This i s  c l e a r  f r o m  the data given i n  
As a good approximation it is possible  t o  a s m e  <= 0 i n  



i. 

-125- 

es tab l i sh ing  &the equi1ibri.m desi l l fur izat iaz  cur-.res f o r  r?evolati l ized chzrs, 
It i s  also necessary t o  assume that the to ta l  i n h i b i t i o n  isotherms a r e  in- 
dependent of the pressure. l z l i s  a s s u p t i o n  seems reasonable b u t  has not 
been proven experimentally. 

Curves which are shown i n  Figure 5 have thus been developed by 
appl icat ion of equation 3 )  which show the minimum amount of hydrogen required 
f o r  desulfur izat ion of char  i n  batch f lu id ized  beds. Curves are shown f o r  
operation a t  both 1600°F and l j P 0 F .  

The experimental data from the deep bed runs are shown f o r  comparison. 
It i s  seen t h a t  for beds l a r g e r  than 430 grams the results are determined 
la rge ly  by equilibrium and not by k ine t ics .  This i s  t r u e  a t  least under the 
operating conditions used, i. e. 6 atmospheres pressure a t  , 1 6 0 0 ~ ~ .  

Sone of our p r i o r  published data using hydrogen-steam mixtures for  
char desulfur izat ion was t rea ted  i n  the  same way. A comparison of the s u l f u r  
values observed with those calculated on the above equilibrium b a s i s  is given 
i n  Table V. The same r e s u l t s  are apparent, i.e., at p a r t i a l  pressures of 
hydrogen above 1.5 atmospheres and f o r  beds l a r g e r  than 70 grams that the  
desulfur izat ion i s  equilibrium controlled.  
thus plays the  r o l e  of an i n e r t  d i luent  with respect  t o  desulfurization. 

The steam under these conditions 

. Shallow Bed Runs 

It i s  c l e a r  t h a t  f o r  shallow char beds,kinetics and not  equilibrium 
deternines the amount of desulfurization. Thus, from Figure 5, it i s  c l e a r  
t h a t  the  hydrogen t o  char r a t i o  used i n  our shallow bed runs, i.e., greater 
than 140 SCF per pound would be s u f f i c i e n t  t o  achieve very m c h  lower sulfur 
values than a r e  apparent f r o m  the results shown i n  Figure 6. 

All the  results v i t h  the  three  d i f f e r e n t  chars are p l o t t e d  on a 
percentage su l fur  elimination b a s i s  i n  Figure 9. 
su l fur  elimination achieved i n  shallow beds, i s  as a f irst  approximation, 
a fdnction only of t h e  conditions employed and independent of the s u l f u r  
content of the feed char. 

It i s  thus seen t h a t  the 

The s u l f u r  elimination shown is  t h e  perceEtage of t h e  total  sulfur 
i n  the  feed char t h a t  i s  re jec ted  and thus takes account of the measured w e i g h t  
loss of t h e  chars during the  desulfur izat ion treatment. 

The above cor re la t ion  i s  consis tent  Ki th  t h e  assumption that s u l f u r  
elimination i s  roughly a first order  react ion independent of the  s u l f u r  l e v e l  
of the  feed char, i.e., 

-& = RR2.S 
r;k 

Equation 7) i n  in tegra ted  form may be wr i t ten  

7) 

i 
\ 

1' 
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Where The data cannot be used t o  
obtain reli-able values of the  rate constant 4 and the  react ion order 4 
since only one t i m e  was  investigated. 
that the value of ais less than one, i.e., the react ion i s  l e s s  than 
first order with respect  t o  hydrogen pressure.' 

i s  t h e  f r a c t i o n  s u l f u r  eliminated. 

It i s  c l e a r  from the data, however, 

APPENDIX 

Defini t ion of Mathematical Terms 

& = 

s = Final Sulfur  Content of Char. 

I n i t i d  Total  Sulfur  Content of Char Weight Percent. 

&*= Intercept  for Linear Approximation f(s) = 4 p- 4,) 
np= Total Mols Hydrogen Sulf ide i n  Gas x 100 Per Lb. Char Fed. 

Hw = Mols mdrogen Passed Per Lb. Char. 

o(, = Lbs. of Char Devolati l ized Per Mol of Hydrogen Passed. 

$($) = Total I n h i b i t i o n  Isotherm, i.e, Sulfur  Content of Char Versus & 
Ltcr 
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H 

C 

B 

0 

S 

Ash 

Sulf ide S 

Table I 

ANALYSIS OF FED CBARS (DRY BASIS) 

ArkWright I=) 

Raw ~ r e t r e a t e a ~ )  

2.99 0.68 

77.69 84.70 

I. 74 1.27 

4.93 0.68 

1.96 1.43 

10.69 n.24 

0.13 0-39 

Raw 
Arlrvright 112) 

3-22, 

78-29 

1.72 

5.01 

2.33 
. .' 
9.23 

'0.39 
-, 

1) Feed char to deep bed desulfur izat ion runs. 

Raw. 
Montos IO 

3.34 

80.46 

1.79 

6.56 

1.33 

6.52 

- 

Paw 
Alexander Mine 

3.25 

70.46 

1.25 

5.89 

4.51 

14.64 

- 

2 )  

3) Pretreated a t  1 6 0 0 ~ ~  fo r  one hour in nitrogen. - 

Feed char t o  shallow bed and total. inh ib i t ion  experiments. 



Run 
No. - 
74 

75 
86 
73 

79 
70 

68 
69 
7a 

67 
n 
77 

66 
72 
76 

85 

Gas. Conp. 
( 5  H2S i n  
R2) 

0. ll 

0.15 
0.17 
0.20 

0.26 
0.27 

0.53 

0.53 
0.54 

1.06 
1.05 
1.03 

2.05 
2.07 
2.07 

3.04 

Table I1 

TABULATED DATA FOR CHAR-HpS W A C T I O N  AT 1350°F 

JUI. feeds vere produced a t  1 3 5 0 ~ ~  f r o m  Arkwight Char 11 

All runs made w i t h  10 gma of char; gas r a t e  was 1.2 SCFH 

$ Sulfur i n  Feed Char 

Organic 
MAP 

0.33 

0.33 
1-33 
0*33 

0.55 
1-33 

0.33 
1-33 
1.84 

0.33 
1-33 
1.84 

0.33 
1-33 
1.84 

1.84 

Sulf ide 
Dry 

0.07 

0.07 

0.07 

0.19 
0.13 

0.07 
0.13 
0.31 

0.07 
0.13 
0.31 

0.07 
' 0.13 
0.31 

0.31 

0.13 

%tal 
Dry 

0.37 

0.37 
1.31 
0-37 

0.68 
1.31 

0.37 
1.31 
1.96 

0.37 
1.31 
1.96 

0.37 
1.31 
1.96 

1.96 

$J Sulfur i n  Residue Char 

Organic 
MAF 

0.36 

0.52 
' 0.91 
0.70 

1.06 

1.04 
1.18 
0.9 

1.20 
1.43 
1.28 

1.69 
1.70' 

0.72 

1-58 
1.90 

Sulf ide 
D N  

0.07 

0.40 
0.35 
0.32 

0.46 
0.29 

0.40 
0.37 
00% 

0.33 
0.35 
0.40 

0.34 
0.24 
0.41 

0.33 

%tal 
2 5 L  

0.39 

0.86 
1.16 
0.94 

1.09 

1.32 

i.38 

1.62 

1.24 

1.41 

1.40 

1-53 

1.84 
1.76 
1.82 

2.03 

Time  of 
Treatment 

249 min 

234 
2lJ. 
196 

226 
201 

226 
23 6 
215 

151 
156 
158 

179 

136 

176 



-130- 

Table I11 

ANALYSIS OF SOME TYPICAI, BED WSIDUES FROM DEEP BED 
DESULFURIMZON AT 1600"F, 6 Ab. ED 

U t .  of Feed, gm 430') 8601) 17202) 

1) 60 Minutes treatment time. 

2)  30 mnutes  treatment time. 

i 

H 

c 

B 

O 

S 

Ash 

0.98 0.79 0.49 

85.25 85.45 85.49 

1.09 1.00 1.11 

0.85 0.50 0. 43 

0.42 0933 0.89 

11.41 11.93 u. 59 
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I 

I 

i 

o o l n o o  
rl CJ d 
0 0 OJ m . 0  2 E % 



I n l t i a l ~ ~  Bed 
Weipht, gns 

20.8 

38.8 

60.8 

34.5 

69.5 

69.7 

107 

107 

Table V 

APPROACH To EQUILIBRIUM IN THE FZMOVAL 
OF ORGANIC SULFUR FROM DISCO CHAR 

USING 25% H2-75$ HpO FOR DESULPURIZATION AT 1600'~ 

Press.  
A m .  
AbS. 

1 

1 

1 

- 

6 

6 

6 

6 

6 

Desulf. 
!Erne 
Miins. 

81 

93 

109 

37 

22 

48 

25 

57 

Calculated 
$ H2S In  Effluent 

Hydrogen 

0.17 

0.29 

0.43 

0.12 

0.39 

0.17 

0.49 

0.25 

Residue Organic S Content $ 

Experimental E q u i l i b r i u  

0.60 0.40 

0.93 0.61 

1.01 0.79 

0.49 0.28 

0.97 0.76 

0.54 0.40 

0.95 0.86 

0.58 0.54 
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FlEuR€ 3 
TOTAL INM- DATA A B ( W R I M  UC 

0 02 08 I 2  16 2 0  
W T 1 9 N 5 M  



FlouRE7 
SHALLOW BED DESWURIZATK)N OF 

MOWTOUR-IO CHAR 

. 



\ 

FloIllEo 
B W U R  ELIMINATION Q THREE 

DIFFERENT LTC CHARS 



-137- 

N o t  For Publication 
Presented Before the Mvision of Gas and Fuel Chemistry 

American Chemical Society 
Boston, Massachusetts, Meeting, April 5-10, 1959 

Desulfurization of Low Temperature Char 
I1 - Rate Data i n  A Continuous System 

J. D. Batchelor and E. Oorin 

CONSQIDATIOEI COAL COMPANY 
Research and Development Division 

Library, Pennsylvania 

The desulfurization of lowtemperature char i n  batch fluidized system6 
w a s  presented i n  previous publicationsl. 
would most l i k e l y  require the use  of a continuous processing technique. 
assessment of the  commercial po ten t i a l i t i e s  of the process therefore requires 
t ha t  experimental data be obtained i n  a system which is  aperated continuously 
both with respect to the so l ids  and the gas. 

Commercial application of the pmcess 
The 

Such data have now been obtained i n  a continuous bench scale fluidized 

Inhibit ion by the hydrogen su l f ide  product was found t o  control 
un i t  both using fresh hydrogen and recycle gas for desulfurization and are pre- 
sented here. 
the amount of desulfurization achieved. The results i n  t h i s  sense are similar 
t o  those regorted previously in deep batch beds2. 
i n  t e m s  of the  t o t a l  inhibit ion isotherms discussed previously. 

The data are interpreted 

Subsidiaxy data of i n t e re s t  are also presented r e l a t ive  t o  the rate 
of production of methane by direct hydrogenation of char and to the yield of 
hydrogen produced by the  devolati l ization of char. 

Prior data are available on the  production of methane by hydrogenation 
of char  by Dent3 and others4>5. None of the published data were obtained, 

however, i n  a continuous syste?n. 

Raw Material 

A low temperature char produced by the fluidized carbonization of a 
Pittsburgh Seam coal a t  95OoP was used i n  t h i s  work. 
chas  previously used in our batch work. 
i s  given in Table VI. The char was  fed without pr ior  drying. The moisture 
and elemental analysis vas determined for the  feed char t o  each run. These 
analyses varied somewhat from sun to run and each individual analysis was used 
i n  determining the elementary balances f o r  the corresponding run. odly an 
average analysis with the exception of the su l fur  content i s  given for the 
sake of brevity. 
been desulfurized t o  1.47 percent sulfur. 

Equipment 

It was the same Arkwright 
An average analysis of the feed char 

One run w a s  made, No. 9, w i t h  a char which had previously 

The MS were a l l  made i n  a continuous bench sca le  fluidized reactor 
system. Ihe equipment had been designed to  study gasification reactions at 



tm9eraturzs up t o  ~ S G O " ?  aad grsssures u~ t o  50 stzcsrheres. 
the equi2czct ere qui te  c o q l e x  and for brevity will 1ar;eiy be e l i e z z k 2  
fron tfie 2iscwssion here. A simplified flow diagaru i s  s t m  i n  Figure 1. 

The char was fed from a pressurized hopper by a mbber rol l  feeckr.  

n e  &tails of 

me feed rate is  re&atzd by a varieble speed drive which turns the feeikr 
sha f t .  
hoyper and the discharge from the rolls. 

A pressure equalizing l i n e  equalizes the pressure betireen t D t  feed 

me so l ids  a r e  picked up v i t h  the process gs, i.e., e i t he r  fresh 
hydrogen or recycle gas and transported in to  the fluidized reactor. 

me hydrogen was passed through a purifying t r a in  for renonl. of 

Tnese a re  not  shorn. The hyccmgen -as t h m  
Tns recycle gss 

oxygen and moisture which consisted of a n icke l -a lu ina  catalyst  chzrber a d  
a s i l i c a  gel tower in series. 
metered in to  the reaction systen by means of a rotmeter.  
runs were conducted by recycling the product gas, a f t e r  remval of nyarog'ln 
sulfide,  w i t h  a Cast ro ta ry  p u p  enclosed within a Dressure housing. 
hydrogen sulfide vas reaoved by passing through a catalyst  tube pcked  *d+h 
1/8-inch pe l le t s  of a su l fu r  acceptor containing 8O$ Cu-lG$ 7-10:', Cr. %s 
preparation and regeneration of t h i s  material was carried out according to 
the procedure recomended by the U. S. Bureau of Mines'. 

"e 

The fluidizing vessel was a 4-inch dieaeter cas t  Ouralloy (285 Cr- 
4% Xi) tube a;opmximately 55 inches long with a 60 degree c o x  bottoz. 
was supported by m e a n s  of a ring Joint flange t o  an upper section V h C h  was 
attached to  the top flange. 
r e s i s t an t  to attack by hydrogen.sulfide. 

It 

This par t icu lar  alloy w a s  fciu;d to  be quite 

The reactor tube vas surrounded by a concentric furnace which zon- 
tsined four independently controlled heater c i rcu i t s .  
maintained in  pressure balance v i t h  the furnace Jacket which vere both ea- 
closed i n  a l a rge  water jacketed pressure vesszl. 

' h e  reactor tube ::as 

The pressure bearing walls were held a t  450°F by controll ing the 
steam pressure and water l eve l  i n  the jacket. 

The inlet l i n e  t o  the reactor tube passes through e sacking S1-d 
a t  the bottom of the s h e l l  vessel  and thus seals t he  furnace zone f r o m  t5e 
reaction zone. P=essure bdance  was maintained across the reactor by u s h g  
a K e i i U  gcis re lay  $0 feed nitrogen to the furnece zone. 
a lso  fed a t  a metered rate through the top reactor flange t o  purge 'the dead 
space above the  bed level. 
gas runs. 

Purge nitrogen 'cis 

m s  was replaced w i t h  recycle gss i n  the recycle 

The fluidized.bed l eve l  vas controlled by an adjustable J-tube which 
entered through a pscking gland i n  the top flange. 
action products l e f t  t he  reactor through the J-tube and into a 1 4 2 "  i n t e m d  
&mete r  cyclone. The so l id8  knocked out of the gas i n  this cyclone flow by 
gravity t o  e i the r  of two char receivers selected by the char di-iereion valve 
mounted above them. The pa r t i a l ly  cleaned gas passed on to  ei'hsr of trro 
1/2" in te rna l  diazceter cyclo2es each of which were mounted inside a fines 
receiver. A f ines  diversion valve was placed upstrem for sxitchinq f ro3  one 
receiver t o  mother. 
was accciqliahed by the b3t f i l ter  which w a s  packed Kith a Piberglas blanket 
material. 

The solid and gaseous re- 

F ina l  cleanup of the  ex i t  gss f ro3  t he  f ines  receiver 



The f i l t e r e d  gas is cooled and the moisture condensed. A l iqu id  
l e tdam valve allm removal of the condensate. 

Excess gas 1188 th ro t t led  through a back pressure control valve and 
through a water bubbler t o  the w e t  t e b t  meter. 
t ro l led  the system pressure. 
amund the bubbler and through the thermal. conductivity cell. 

P i s  valve autocstically con- 
Part of the exhawt ges stresm could be by-passed 

lthe f resh  hydrogen runs were conducted on a once-through basis w i t h  
respect, t o  gas: After t e q z r a t u r e  and pressure i n  the reactor hail l ined out, 
the char feed was  s t a r t ed  and continued long enough t o  f i l l  the reactor arid 
gass three additional inventories throw& the reactor. The material be lace  
was i n i t i a t ed  by switching the char and f ines  so l id  products from the l ineout  
pots to the material balance pots. 
un i t  vas sHitched back t o  the l ineout catch pots and shut down inmediately by 
cutting of both the feed char and m. 

After the material balance period, the 

The bed o f  char remaining was drained from the  reactor and determined 
as 'the inventory weight. 
between the amount charged and the amount lef t  i n  the feed hopper a f t e r  the 
run. 
char in-zentory w e i g h t .  

The ueight of char fed was determinedby difference 

Tile residence t i m e  was calculated by comparison of t he  product ra te  t o  

Gas sanples uere taken during the mater ia l  balance period of the run. 
Triplicate bo t t l e s  were used f o r  a gravimetric7 analysis for carbon dioxide 
ar,d total carbon and hydrogen content, infrared analysis f o r  methane, ethane 
a d  carbon moziojdde and a Tutweiler analysis for bdrogen sulfide. 

bisture *yields were determined by the difference betueen the con- 
densate yie ld  and the moisture i n  the feed char &ter sl luwing f o r  uncondensed 
mois tu re  i n  the gas. 

Ultimate analyses were obtained on t he  product and feed chars. 

!&e recycle gas runs vere conducted i n  a similar fashion. Tbe unit 
was s tn i t ed  i n  operation with the systen f u l l  of hydrogen. 
i n  thise runs was continued u n t i l  the ou t l e t  gas composition reached a steady 
value as indicated by the  thermal conductivity ca l l .  
ge.8 rotameter reading was effected during the l ineout  period t o  compensate for 
changes i n  gas denslty. 

The l inecut period 

Adjustment of the recycle 

The operating data f o r  the fresh hydrotl;en end recycle gas runs are 

A negative figure indicates 
given i n  Tables I a d  11. 
the f resh  hydrogen runs are given i n  Table 111. 
a dsficiency i n  the product as coinpared w i t h  the feed. 
given as deterslined w i t h  the exception of the char yie ld  which i s  forced to 
give a 1CO percent weight balance. 
in the ::eight balance wa9 s e a t e r  thaa 3 percent. 
are o- ' - -  ,iLbed for the sake of brevity, 

The material and elemer?tary balances and yields f o r  

The yield figures are 

Char yield is omitted where the discrepancy 
%e gas and 8olida analyses 

Table I V  gives the corresponding data for the  recycle gas runs. All 
the yields i n  t h i s  case are forced, i. e. I the char yie ld  is adjusted to  give 
a 100 percent closure of the weight balance while simultaneously the  l iquor 
and product gas ra tes  w e r e  adjusted to obtain closures around the oqgen and 
hydrogen balances, respectively. . 

Tables V and V I  give the product gas and char analyses for the recycle 
%e gas andy3i8 i s  recorded as deternined w i t h  the exception of the gas mas. 

n i t rogen  content vhich was  forced t o  @ve a nitrogen balance. 



Mscussion i n  Terms of Total  InhXbition Isotherm 

The conditions which correspond to t o t a l  inhibit ion of the desul- 
furization process have been given I n  the previous papel2 I n  the form of the 
corresponding isotherms. 
requirements i n  batch fluidized systems. 
to determine the "equilibrlum" sulfur reduction that would be obtained i n  a 
single stage continuous fluidized system. 

lhese w e r e  used to determine the hydrogen circulation 
The isotherms may also be used directly 

The hydrogen c i rcu la t ion  requirements calculated i n  t h i s  manner are 
shown as a function of the sulfur l eve l  of the product char I n  Flgure 2. 
are sham f o r  three different treatment temperstuns, Le.,  llOO°F, 1350°F and 
1600~~. The hydrogen requirements are given i n  terms of standard cubic feet 
per pound of dry feed char measured a t  70°F. 
of an Arkwright char feed which bag an init ial  sulfur content of 2.45 w e i g h t  
percent. 

Curves 

The curves are baaed on the  use 

The hydrogen requirements are considerably la rger  than those given 
previously f o r  the  batch system. 
e f fec t  characterist ic of the batch system. Staging i n  a continuous system may 
be e f f ec t edby  separately devolati l izing the char and then using a multi-stage 
countercurrent hydrogen treatment system f o r  desulfurization. 

This is because of the absence of the staglng 

The devola t i l i za t ion  reduces the sulfur of the  feed char f r o m  2.4 
t o  1.9 weight percent vithout the addition of external hydrogen. 
cumes giving the hydrogen rec i rcu la t ion  requirements for multi-stage systems 
of the above type at 1 6 0 0 ~ ~  a r e  &so shown i n  Fiigure 2. 
ideal countercurrent system corresponde to the lowest hydrogen requirements 
even where a very la rge  number of stages are used. 

Calculated 

The curve for  the  

The method of calculation vas a graphical one and similar to that 
used i n  conventional countercurrent adsorption calculations. 

Al l  of our experimental data were obtained i n  a single stage fluidized 
system, 
calculated c w e s  i n  Figure 2. 
of the observed hydrogen su l f ide  t o  hydrogen r a t io  i n  the product gas w i t h  the 
r a t i o  that corresponds to an "equilibrium" condition. These data axe given i n  
columns 10 and ll of Tables I and 11. 

Some of our experimental points are shown f o r  comparison w i t h  the 
Also a comparison is made i n  case of  all the m s  

It is noted that only under the very mildest conditions used was the 
amount of desulfurization l e s s  than corresponde to  "equllibrium", Le., a t  
hydrogen partial pressures of one atmosphere o r  less o r  a t  temperatures b e l m  
1350'F and residence times of the order of 20 minutes o r  less .  

It is  also seen t h a t  under the  more severe conditions, i.e., at 
hydrogen par t i a l  pressures above about 3 atmospheres that the smount of de- 
sulfurization achieved w a s  greater than corresponds to  "equilibrium". Thus 
at the most severe conditions employed, i.e., t o t a l  pressure ll atmospheres, 
28 minutes residence t i m e  and 1 6 ~ ~ 3 ~ ~  the mount of desulfurization achieved 
was b e t t e r  than could be obtained under "equilibrium" conditions even if the 
char w a s  devolatilized i n  a separate stage before desulfurization. 

It is apparent from this violation of the "equllibrium" desulfurizaticln 
concept that the sulfur in the raw char is  i n  a more  labile condition bo# i n  



the  thermodynamic and kine t ic  sense than after the char had been thermally 
treated f o r  several  hours. me experimental data upon which the  total i n -  
hibi t ion isotherms are based uuavoidably involved thermal treatment Of the 
char f o r  several  hours. 
sulfur  t o  a more s table  form. 
Powell' who ascribed it t o  a t rans i t ion  f r o m  the absorbed to  s o l i d  solution 
states.  

l h i e  undoubtedly causes a transformation of the  
Such a phenomenon was previously noted by 

It i s  clear ,  from the above, t ha t  the hydrogen circulat ion require- 
ments as glven in Figure 2 are conservative and that better results can be 
obtained i n  practice a t  least under re la t ively severe operating conditions. 

It i s  probable, however, tha t  the equilibrium curves of Figure 2 
would adequately predict  the hydrogen requirements f o r  the production of 
lower sulfur c h a r s  of the order of 0.6 weight percent or better. This I s  in- 
diceted by the results of Run Eo. *. 
desulfurized t o  1.47 weight percent sulfur was fur ther  desulfurized a t  1600°F 
and 6 atnospheres to  produce a product char of 0.62 w e i g h t  percent sulfur. 
The amount of desulfurization achieved corresponded quite closely to  the 
"equilibrium" condition. 
severe, however, to produce a greater than "equilibrium" amount of desulfuri- 
zation w i t h  the normal. high sulfur feed char. 

Eere a char that hadbeen previously 

These same experimental conditions were suff ic ient ly  

Kinetics of kau l fu r i za t ion  Process 

The above data suggests that the net  rate of desulfurization i s  
determined by the competition between two processes, namely, the  thelmal 
f ixat ion of the sulfur t o  produce a more stable form and its rate or removal 
by hydrogen while s t i l l  i n  the labile form. 

Since thermal f ixat ion occurs more rapidly the higher the temperature 
it would not be surprising t o  f ind an optimum temperature for maximum d e s d -  
f i r izat ion.  some of the d i f f e r e n t i d  rate data presented i n  the previous paper2, 
i.e.,  Figures 6 and 7 suggests the possibi l i ty  of an optimum rate a t  about 1450°F 
f o r  desulfurization at l o w  pressures of the order of one atmosphere. 

The present data are not very suitable f o r  kinet ic  interpretat ion 
since "equilibrium" conditions o r  better were  achieved i n  nost of the runs. 
An empirical approach t o  the question of the re la t ive  desulfurization rates 
at l 3 p  and 1600"~ w a s  therefore used. 

The desulfurization efficiency i s  shown i n  Figure 3 as a function of 
an empirical severi ty  factor.  The desulfurization efficiency i s  defined as 
the ratio of the hydrogen sulfide concentration observed i n  the exit gas to 
that which would be obtained if "equilibrium" were acbieved. 
factor i s  rather a rb i t r a r i l y  defined as the p a r t i a l  pressure of hydrogen in 
the e x i t  gas multiplied by the square m o t  of the solids residence time. 

The serer i ty  

These data i l l u s t r a t e  the point discussed e a r l i e r  tbat equilibrium 

The bulk of the data were at the two temperature8 of 1350'F and 

conditions or  be t te r  were achieved i n  most of our runa. 

1 6 0 0 ~ ~ ~  respectively. 
perature levels  wae made to discern whether any difference i n  desulfurization 
ease could be noted. 

A s t a t i s t i c a l  analysis of the  data at these two tem- 

A best  straight l i n e  w a s  drawn thmugtz the or igin in 



both cases by the method of least squares. 
origln for physical reasons since i t  is  obvious that the desulPurization 
efficiency should be zero vben the severity factor i s  zero. 

Ple l i nes  w e r e  forced through the 

A difference i n  slope between the 1 3 9 ° F  and 1 h o F  data is apparent. 
The analysis of variance was  applied to these data t o  detemine whether t h i s  
difference i n  slope i s  a real effect o r  s 

t o  2.1 vas obtained. 
equal t o  0.95 is  found that the difference i n  slopes is  red. 

required to achieve equilibrium o r  be t te r  desulfurization a t  135O'F than a t  

ly a resu l t  of the random scattering 
of the  data. The t-test outlined by Youden 9 was applied and a value for t equal 

Since the system has 16 degrees o f  freedom, a probability 

It  is therefore concluded that l e s s  severe operating conditions are 

1 6 0 0 ~ ~ .  

This is i n  accord with the above discussion on re la t ive  rates of 
thermal f i a t i o n  and removal of sulfur. 

Methane Y i e l d s  and Approach to Equilibrium 

The data are potent ia l ly  of conmrercial i n t e re s t  t o  the problem of 
producing pipeline gas by partial hydrogenation of char a t  low pressures. It 
is of in te res t  f i rs t  of all t o  examine the  data t o  detelmine how much methane 
is produced re la t ive  t o  the graphite hydrogen equilibrium. 

in the effluent gas f rom the 
l j y l O P  fresh hydrogen runs all, w i t h  the e x c e a o n  of R u n  57, fall irithin the 
range of 19 to 53. Since the equilibrium constant i s  10 a t  t h i s  tenperature, 
it is c lear  tha t  the methane content of all the fresh hydrogen runs a t  l j p O B  
f a l l  short  of the graphite equilibrium value. 

Figure 4 shows the  approach t o  t he  graphite equilibrium i n  the fresh 
hydrogen runs a t  1600'~'. In this case it is  seen that the nethme content of 
the gas i s  greater than the equilibrium value a t  pressures below 4 atn;ospheres. 
Even at the highest pressure studied, i.e., a t  eleven atmospheres the nethane 
concentration approaches within 65 percent of the equilibrium value. 

%e equilibrium constants K = P H ~ P  

B e  high methane y ie ld  i n  relationship to the graphite equilibrium 
can be ascribed t o  the  se lec t ive  hydrogenation of the vo la t i l e  matter of the 
char as was proposed previously by Dents. 
t rol led by the graphite equilibrium. 

The approach t o  graphite equilibrium i n  the recycle gas runs is  
i l l u s t r a t ed  i n  Figure 5. It is seen that the  methane concentration a t  all 
temperatures studies is well i n  excess of the graphite equilibrium value. 
The methane in these runs is produced by thennal decomposition of the char 
vo la t i l e  matter. The methane yie ld  i n  such a process would a lso  obviously 
not be controlled by the  graphite equilibrium. 

the methane yield, everything else being equal, increases w i t h  the operating 
pressure. A somewhat higher yield on the average is obtained at 1350°F than 
at 1600~~. 

Such a process Fauld not be con- 

An examination of the data for the fresh h;Vamgen runs shows that 

The yield of methane in the fresh hydrogen runs i s  al- greater 
than i n  the recycle runs even at  low pressures. 
of methane is a p p r o m t c l y  3.5 times greater i n  the fresh hydrogen runs. 

A t  U atmospheres the f i e ld  

F 

i 
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RPaction Rate Constants 

~n e a r l i e r  studys gave quite extensive i d o m a t i o n  on the rate of 
hydrogenation of devolatilized char. 
present data on raw char with the previous data. 

It would be of i n t e r e s t  to compare the 

'The data at 1600~~ could be more eas i ly  compared since there are 
ea r l i e r  deta a t  the same temperature. Unforlxmately, the close approach t o  
methane equilibrium makes a k ine t ic  analysis of these data r e l a t ive ly  mean- 
ingless. 

This problem does not ex i s t  eth the 1350°F data and the ra te  con- 
stants are  s h m  as a function of the amount of methane produced i n  Figure 6. 

The r a t e  constants are calculated on the  assumption that the reaction 
It i s  also assumed tha t  

Also i n  calculating the rate the yield 

ra te  is f i r s t  order Kith respect to hydrogen pressure. 
the gas i n  the f lu id  bed i s  perfectly mixed, i.e., the ou t l e t  partial. pressure 
of hydrogen controls the reaction rate. 
of nethane produced by devolati l ization was subtracted from the observed methane 
yield. 

For comparison purposes the  r a t e  constants f o r  devolatilized char a t  
the lowest tenperature investigated, i.e. , 1500°F, i s  shorn. 

It is seen tha t  it is  not possible t o  cor re la te  all the  experimental 
points over the  whole pressure range. A l l  the points at 3.0 atmospheres 
pressure l i e  approximately on a straight l i n e .  %e l i n e  i l l u s t r a t e s  the rapid 
decrease i n  r a t e  t o  a value more in l i n e  with tha t  of devolati l ized char as 
t k e  a o u n t  of char hydrogenated to methane increases. 

The higher pressure points are insuf f ic ien t  i n  number t o  point up 
any def in i te  trends. However, the f i r s t  order r a t e  constants, at  the same 
l eve l  of methane y ie ld  def in i te ly  increase with pressure. 
jectilred, therefore, that  the period of abnonnally high hydrogenation ra te  
extends t o  higher methane yields as the  pressure i s  increased. This would 
have to  be confirmed by more experimental data, however. 

It may be con- 

! 

Gas Yields i n  Char Devolatilization 

!be devolati l ization of char could conceivably be of conrmercial 
in te res t  f r o m  the point of view of hydrogen production. It is noted in 
Table V, f o r  exauple, t ha t  the gas produced by devola t i l i za t ion  at1600'F 
contains b e t t e r  than 70 percent hydrogen o r  b e t t e r  than 80 percent of hydrogen 
plus carbon monoxide. 

The y i e l b  of these gases as well as the  hydrogen concentration 
increases rapidly with the temperature. The yield-temperature relationship 
i s  shown i n  Figure 7. 

The r e l a t ive  constancy of the liquor yie ld  and the increased yield 
of carbon monoldde Kith increasing temperature can be assumed t o  show in- 
creasing d i r ec t  gasification with temperature of the char by the water vapor 
present i n  the mystem. 

b 
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Run 
KO - 
54 
55 
51 
14 
16  
23 
19  
18 
39 
40 
57 
59 
12  
42 
32 
29 
11 
31 
56 
58 
41 
60 

RUn 
NO. 

27 
25 
38 
26 
33 
34 
36 

_. 

Dry Char 
Feed Rate 
Lbs. /Hr. 

7.26 
7.29 
6.91 
3.87 
3.73 
6.01 
5.32 
5.16 
5.97 
3.34 
7-07 

11.61 
2.13 
3-30 
5.96 
5.92 
5.83 
7.93 
8.31 
3.64 

12.62 
12.75 

Dry Char ' 

Feed Rate 
Lbs. /Hr. 

3.69 
3-90 
1.60 
3.82 
1.70 
3 . n  
5.49 

Temp,OF 
1202 
1202 
1206 
13 50 
13 61 
13 48 
1348 
1358 
13 45 
13 58 
13 42 
13 50 
1600 
1592 
1601 
1599 
1591 
1611 
1590 
1601 
1601 
1597 

Press. 
Atm. 

3.01 
3.01 
3.01 
1.28 
1.21 
1.40 
3.00 
3-00 
3.01 
3.00 
6.06 

11.17 

1.38 
2.98 
3.00 
3.01 
5.99 
6.07 
6.07 

11.16 
11.18 

- 

1.05 

Temp. f 
OF 

1099 
1330 
13 48 
1345 
1599 
1594 
1606 

- 
Press. 

Atm. 

3.00 
1.34 

- 

1.37 
3.01 
1.30 
3.01 
6.04 

4 5 -  

Table I 

Fresh Hydrogen Runs 

Operating Data 

Inlet Res. 
P H ~  H2/Char nme 
Atm. SCF/Lb. 

2.41 12.7 11 
2.34 12.6 23 
2.40 13.6 36 
1.08 15.2 21 
1.04 15.6 78 
0.99 5.9 47 
2.48 16.2 20 
2.43 16.8 40 
2.36 14.5 54 
2.66 35.8 58 
4.59 20.2 44 
8.6 22.6 26 
0.87 14.4 50 
1.19 15.3 64 
2.50 15.1 16 
2.51 15.4 57 
2.74 23.9 44 
4.79 15.1 46 
4 . n  14.8 51 
5.45 50.1 53 
8.48 15.9 28 
7.86 16.1 28 

- 

Table I1 

Recycle Gas Runs 

Operating Data 

Gas SCF/Lb. 
Rate 

pH2 Total 
Atm. Recycle 

0.74 25.7 
0.72 14.6 
0.70 28.9 

- 

1.38 26.3 
1.02 24.4 
2.12 23.7 
3.91 24.3 

char 
W-gen 
Recycle 

6.7 
8.5 

16.0 
12.8 
18.8 

16.7 
17.3 

s6 
Sulfur i n  Char 

Feed Product E x i t  G a s  Equil. 

PH-=s/~Q x 100) 
Obs. i n  

-- 
2.47 
2.43 
2.33 
2.46 
2.45 
2-52 
2.47 
2.45 
2.40 
2.54 

2.43 
2.46 
2.43 
2.41 
2.52 
2.46 
2.44 
2.50 
1.47 
2.45 
2.40 

.2.33 

1.72 
1.69 
1.61 
1.60 
1.43 

1.40 
1.42 
1.47 

1.24 
1.23 
1 .9  
1.55 
1.51 
1.28 
1.21 
1.19 
1.19 
0.62 
1.12 
1.09 

1.72 

1.31 

0.50 1.55 
0.89 1.34 
0.82 0.86 
0.87 1.24 
0.n 0.66 
1.44 1.72 
0.68 0.64 
0.69 0.65 
0.88 0.88 
0.43 0.42 
0.91 0.28 
0.8(est )  0.28 
0.95 1.52 ~ 

0.64 1.72 
0.69 1.52 
1.02 0.68 
0.71 0.48 
0.87 0.44 
0.88 0.44 
0.27 0.30 
0.68 0.30 
1.00 0.30 

Res. 
Time 

4.4 
52 
48 
52 
52 
57 
64 

$ Sulfur 

Feed Product 

2.34 1.90 
2.50 1.76 
2.45 1.47 
2.37 1.48 
2.40 1.56 

2.47 1.32 

- -  

2.44. 1.28 

$ &S i n  H2 
Obs. i n  
Exit Gas Equil. 

LOO 2.62 
1.07 1-73 
0.79 0.73 
1.07 0.76 
0.62 1.80 
1.03 0.60 
1.11 0.72 



Run 
NO. - 
9+ 
55 
9 
1 4  
16 
23 
19 
18 
39 
40 
57 
59 
12 
42 
32 
29 u 
31 
56 
58 
41 
60 

Run 
NO. 

27 
25 
38 
26 
33 
34 
36 

- 
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Table I11 

Yields and Naterial Ealances -- Fresh EIydrogen FUUS 

Balances Percent Closure Yields -Ut.$ Feed Char Drj 

Total. 

-0.6 
+3.5 
+O. 9 
-1.0 
-0.3 
-1.4 

-0.3 
-3.1 
-1.0 
+4.2 
-2.4 

-2.7 
-1.3 
-3 -3 
-3.0 
-0.5 
-3.7 
+7.3 
+2.1 

+30.8 

- 

- 

+2.6 

Sulfur - 
-15.3 
+3.3 
-7.6 
-1.1 
-6.6 
-8.6 

-1.6 
-2.8 
-8.2 
+3.0 
-8.5 
+9.8 
-6.3 
-3.5 
+0.7 
+o. 0 

-10.8 
-18.8 
-Y.1 
--23.9 

+3.9 

- 

Carbon 

-2.2 
-1.7 
-2.4 
-3.2 
-0.3 
-2.1 

-0.4 
-3.7 
-1.3 
+O.j 
-3.0 
A.9 
-0.4 
-2.9 
-2.6 
-1.3 
-0.7 
-8. IC 
+2.8 
-1.7 

+31.5 

- 

- 

HydroKen 

-7.4 
-4.8 
-7.4 
-2.0 
+o. 5 
-6.5 

-0.9 
-4.6 
-3.5 
-6.5 

-3.9 
-7.0 
+3.2 
-4.1 
-0.6 
-0.8 
-2.1 
-3.9 

-13 * 5 

- 

- 

-3.8 

Char - 
87.9 

87.2 

88.5 

85.5 

- 
87. o 
a7.4 

- 
- 

84.1 

79.4 

86.9 
84.6 

- 
- 

- - 
81.5 - - 
77.1 - 

Table I V  

Yields and Material Balances 

Recycle Gas R u n s  

Balances Percent Cloaure 

Sulfur Carbon wdrogen - Total  - 
-3.6 -0.8 -2.6 +0.1 
-6.9 -4.1 -4.6 -Y.1 
-0.4 4.3 -0.7 +l2.1 
-6.3 +4.4 -6. o +o. 1 

-13.1 -1.6 -11.8 -3.8 
-6.2 +8.8 -5.9 -8.6 
-0.9 +u.3 -1.7 -5.8 

.E4 

2.8 
3.5 
4.0 
2.7 
3.8 
3.7 
4.6 
6.0 
6.4 
7.0 
8.5 
9.9 

3.1 
3.2 
5.3 
5.4 
? e 1  
6.7 
8.8 
5.7 
8.6 

- 

co 
2.4 
3.3 
2.8 
3.7 
3.1 
3.2 
2.3 
2.6 
2.4 
4.7 
4.7 
4.5 

5.8 
2.7 
4*3 
4.3 

0.6 
9.2 
6.9 
7.2 

- 

5.4 

.. 

330 

2.3 
2.3 
1.8 
4.1 
2.8 
2.3 
3*3 
3.3 
3.4 
2.9 
3.4 
5.1 

- 

- - - 
2.0 
0.7 
2.5 
4.8 
1.3 
2.6 
j.5 

wt.$ Yield 

Solid - GaS Liquor - 
2.4 3.4 93.6 
6.6 3.1 89.6 

7.2 3.1 88.4 
7.1 3.4 88.7 
8.0 3.0 87.5 

7.6 2.6 89.3 ! 
/ 
1 

- - - li 
1 
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Table V 

Gas Analysis and Y i e l d s  

Recycle Gas Runs 

D r y  Gas Analysis 
Gas Yield - H r S  - co3 - %  co s?zS SCF/Lb. 

0.64 0.26 11.7 16.6 43.7 0.4 

2.72 0.44 3.5 14.7 24.7 - 
j.94 0.48 1.4 10.1 10.6 - 
4.06 0.75 0.8 12.9 11.8 - 

2.51 0.63 j .6  11.6 24.3 0.3 

2.42 0.52 2.3 14.8 32.0 0.3 

Table VI 

Solids Analjsis - Recycle Gas R u n s  

Sulfide 
Ultimate Andlysis (Dry  Basis) Plus 

E C 

Avver.-%e Feed Char 3.10 78.08 

Product Chars 

27 2.72 82.07 
25 1.55 85.31 

26 1.90 85.11 
33 1.06 85.57 
34 0.78 85.15 

38 1.42 84.49 

m 0 

1.76 5.69 

1-77 1-93 
1.52 -0.17 
1.34 1.36 
1.45 -0.34 
1.21 -0.07 
1.15 0.9 

Pyritic 
S Sulfur  

2.44 0.63 

1.90. 0.18 
1-75 0.23 
1.47 0.24 
1.48 0.25 
1.56 0.33 
1.28 0.38 

1.9 
2.2 
2.9 
2.7 
2.4 
2.5 

Ash 

8.93 

9.61 
10.04 

9.7a 
10.40 
10.53 
10.66 

42 

25.5 
57.4 
53.8 
47.4 
75.0 
n.3 

M o i  8 ture 

4.0 



FIGURE 3 
VARIATION ff 
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FIGURE 5 

IN RECYCLE GAS RUNS 
APPROACH TO METHANE EQUILIBRIUM 

6C 

5c 

FIGURE 6 
FIRST ORDER 

REACTION RATE CONSTANTS FOR HYDROOENATION 
OF FRESH AND O E W T I L I Z E D  CUPSIS 

0 

FIGURE 7 
HYDROGEN YIELDS FROM CHAR 

DEVOLATILIZATION 

a-I35O.F 3 ATU 

x - I35O.F I1 ATY 
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Not f o r  Publication 

Presented Before the Division of Gas and Fuel  Chemistry 

Boston, Massachusetts, Meeting, April  5 t o  10, 1957 
American Chemical Society 

ETHYLENE AND AROMATICS BY THE 

CARBONIZATION OF LIGNITE 

BY 
R .  S .  Montgomery, D .  L.  Decker, and J. C .  uackey 

The Dow Chemical Company, Midland, Michigan 

The work reported i n  t h i s  paper was ca r r i ed  out i n  an e f f o r t  t o  determine 
the  f e a s i b i l i t y  of manufacturing ethylene and aromatics by t h e  carbonization 
of l i g n i t e .  These raw mater ia l s  a r e  of g rea t  importance t o  the chemical 
industry and w e  can look forward t o  a f u t u r e  of dwindling'supplies and in-  
creased pr ices  f o r  t h e  crude o i l  which i s  now used f o r  t h e i r  manufacture. 
Since it was the  a i m  of t h i s  research  t o  produce maximum y ie lds  of ethylene 
and aromatics, t h e  carbonization w a s  not car r ied  out i n  the  usual manner. 
The cen t r a l  idea was t o  r e t o r t  t he  l ignite under conditions that w i l l  y ie ld  
a maximum of v o l a t i l e  products and then thermally crack these  v o l a t i l e  products 
under conditions which would produce a m a x i m u m  y ie ld  of ethylene and aromatic 
hydrocarbons. This e n t a i l s  a low-temperature carbonization of  t h e  l ignite 
immediately followed by a high temperature cracking of t he  vo-latile products. 
Preliminary experiments showed t h a t  it w a s  very important t h a t  t he  carbonization 
products be cracked without being f i r s t  allowed t o  condense. I f  t he  low- 
temperature tar i s  allowed t o  condense, subsequent thermal treatment w i l l  
produce much g rea t e r  amounts of residue and smaller amounts of t h e  desired 
products . 

After some preliminary experiments had been made i n  order  t o  determine 
approximately t h e  optimum conditions using a sample of Texas Sandow l i g n i t e ,  
a s e r i e s  of more ca re fu l ly  planned experiments were made t o  more prec ise ly  
determine the  e f f e c t  of t he  reac t ion  conditions and t o  compare Texas l i g n i t e  
with North Dakota l i g n i t e  i n  t h i s  process. A l l  of the  carbonization runs were 
made i n  a batch-type r e t o r t .  The temperature of the  r e t o r t  w a s  r a i sed  t o  a 
maximum of 800" and two cracking temperatures were used, 600" and 800". 
lengths of cracking zone, 18 inches and 36 inches, were used s o  that  the  
e f f e c t  of re ten t ion  t i m e  could be evaluated i n  addi t ion  t o  t h e  e f f e c t s  of t he  
r e to r t ing  and cracking temperatures. 

Two 

Equipment. - The equipment w a s  arranged as indica ted  i n  Figure 1. The 
evolved v o l a t i l e  matter passed from t h e  r e t o r t  through the  cracking zone i n t o  
the  co l l ec t ion  t r a i n ,  which consisted of a water-jacketed rece iver ,  s p i r a l  
condenser, e l e c t r o s t a t i c  p rec ip i t a to r ,  and another s p i r a l  condenser. From 
there  the  gas passed through a cot ton  t r a p  t o  remove any uncondensed fog and 
m i s t ,  through a dry ice-acetone t r a p  t o  condense low bo i l ing  cons t i tuents  and 
f i n a l l y  through a wet-test gas meter used t o  measure t h e  volume of evolved 
gas. 
Apparatus described i n  the  Bureau of Mines Report 4954. (1)  

This t r a i n  i s  similar t o  t h a t  used i n  the  E4odified D i s t i l l a t i o n  Assay 

(1) V. F .  Parry,  W .  S .  Landers, E. 0. Wagner, J. B. Goodman, and G .  C .  Lammers, 
Bureau of Mines Report of Inves t iga t ions  4954, (1953). 

- .. . . 
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LIGNITE CARBONIZATION APPARATUS 

FIGURE 2 

_CRQSS SECTION OF RETORT 

4' ST'L. ST. N0.446 PIPE 

r THERMOCOUPLE TR2 THERMOCOUPLE T R 1 7  

I 18' 

I 2'- 0' 
2' ST'L. ST. No. 446 PIPE 



-1.53- 

The r e t o r t  used f o r  these  carbonization runs consisted of a 2 inch 466 
s t a in l e s s  steel pipe 24 inches i n  length.  
bottom of the  r e t o r t  t o  within 6 inches of the top  was a 114 inch s t a i n l e s s  
s t e e l  pipe, used as an e x i t  f o r  a l l  t h e  v o l a t i l e  mat te r .  
s t e e l  plug f i t t e d  with a thermowell (TR1) w a s  used at t h e  t o p  of t he  r e t o r t  
f o r  t h e  in t roduct ion  of t h e  l i g n i t e  charge and fo r  t h e  removal of t he  char. 
A second thermowell (TR2) was provided through t h e  bottom of t h e  r e t o r t  the 
innermost point being welded t o  t h e  1/4 inch p ipe .  Heat f o r  t he  r e t o r t  was 
provided by e l e c t r i c  furnaces cont ro l led  with va r i acs .  The temperatures 
were measured with thermocouples, and recorded on e l ec t ron ic  recorders.  

(Figure 2) Extending from the  

A 1 inch s t a i n l e s s  

Two cracking zones were fabr ica ted  of 31 mm. 0. D. "Vycor" brand tubing, 
so t h a t  "L" i n  Figure 3' w a s  18 inches and 36 inches respec t ive ly .  
9 mm. 0. D .  "Vycor" tube r an  through the  e n t i r e  length of the cracking tube. 
T h i s  arrangement allowed a thermocouple t o  be placed in s ide  t h e  tube and the 
cracking temperature ( T C )  t o  be recorded f o r  any point i n  the tube. 
recorded continuously on a s ingle  l i n e  recording-indicating temperature 
potentiometer. The thermocouple was placed in s ide  t h e  9 m. tube so t h a t  t h e  
temperature was measured a t  a poin t  213 of the  d is tance  from the  entrance of 
the  cracking zone t o  the  e x i t .  The cracking zone w a s  heated with "Nichrome V 
Alloy" res i s tance  tape wound d i r e c t l y  on the  tubing and the  e l e c t r i c  cur ren t  
cont ro l led  by means of a variac.  

A concentric 

It was 

Some d i f f i c u l t y  was experienced i n  the  t h e  condensation of t h e  fog  and 
m i s t  during the preliminary experiments. Ice-water condenser-s proved t o  be 
inef fec t ive  i n  most instances s o  a small e l e c t r o s t a t i c  p r e c i p i t a t o r  was m a d e .  
It consisted of four  p a r a l l e l  12 inch lengths  of 314 inch 0. D.  s t a i n l e s s  
s t e e l  tubing i n  water-jacketed "Pyrex" brand g l a s s  housings. 
coaxially i n  the  tubes were No. 51 platinum wires which were connected t o  a 
negative D.  C .  p o t e n t i a l  of 3 kv. The s t a i n l e s s  s teel  tube w a s  connected t o  
ground . 

Suspended 

Lignite Used. - The l i g n i t e s  used i n  these  inves t iga t ions  were samples 
of Texas and North Dakota l i g n i t e s .  
Bastrop County and the  North Dakota l ignite obtained from t h e  Truax-Traer 
Coal Company, Minot, North Dakota. The samples were obtained i n  sealed drums 
i n  an "as mined" s t a t e  and were of 3 inch  p a r t i c l e  s i z e .  

The Texas l i g n i t e  was  obtained from 

The l i g n i t e  was d r i ed  overnight at  100" i n  a vacuum oven a t  3 t o  5 mm. 
pressure.  During t h i s  operation t h e  Texas l i g n i t e  l o s t  29.346 while t h e  North 
Dakota l i g n i t e  l o s t  31.1 of i t s  weight. The d r i ed  l i g n i t e  was then crushed 
and the  crushed mater ia l  separated i n t o  f r a c t i o n s  based on p a r t i c l e  s i z e .  For 
t h e  carbonization runs, t h e  f r a c t i o n  was used that passed 3-112 mesh screen 
and remained i n  10 mesh screen. 
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TABLE I 

ANALYSIS OF R A W  LIGNITES 

Proximate Analysis Weight Per Cent 
Texas North Dakota 

Moisture 54.0 '55.2 

Ash 10.6 5.5 
100. g 100 .o 

Net Vola t i le  51.6 45.1 
Fixed Carbon 24.7 14.2 

U l t i m a t e  Analysis 

Ash 
Hydrogen 
Carbon 
Nitrogen 
Oxygen 
Sulf ur 

10.6 5.5 
5.2 6.5 

0.8 0 -7  
41.5 46.5 
0.9 0.5 

41.2 40.4 

100.2 100.1 

TABLE I1 

ANALYSIS OF DRIED LIGNITES 

Proximate Ana lys i s  

Moisture 
Net V o l a t i l e  
Fixed Carbon 
Ash 

Weight Per Cent 
Texas North Dakota 

10.0 
41.5 

12.4 
100.2 

36.3 

10.8 
39.6 
42.3 
7.3 

100.0 

Ult imate  Analysis 

Ash 12.4 7.3 
Hydrogen 5.7 5.1 
Carbon 56.8 56.7 
Nitrogen 0.9 0.9 
Oxygen 23.2 29.4 
Sulfur 1.0 0.6 

100.0 100.0 

It should be noted tha t  during the  drying operation, some vo la t i l e ,  carbon- 
containing material was removed from the l i gn i t e .  
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PRocmuRE 

Dried l i g n i t e  (500 grams) was  charged i n t o  the r e t o r t  and the cracking 

When the  cracking 

About 70 

zone temperature brought up t o  t h e  predetermined leve l .  
c i rculated through the condensers and the water jackets .  
zone temperature reached t h i s  predetermined poin t ,  t h e  temperatures of the 
r e t o r t  was slowly and uniformly raised t o  a maximum of 800". 
minutes was required f o r  TR2 t o  increase from 500" t o  800". 
t o  the r e t o r t  furnaces w a s  cont ro l led  manually i n  such a manner t h a t  TR1 
equaled TFQ. 
t h i s  point and maintained there  f o r  another hour. 
no f u r t h e r  gas evolution was observed. A l l  heat  was then turned o f f ,  the 
cold t r a p  was removed from t h e  dry ice-acetone bath and allowed t o  come t o  
room temperature, and t h e  i c e  water was removed from the condensers and 
jackets .  Steam was then passed through the condensers and jackets  thus 
forcing any mater ia l  co l lec ted  on the  condensers and prec ip i ta tor  t o  run 
back In to  t h e  receiver .  The volume of water and oil was estimated I n  the 
graduated sect ion of the  rece iver  and t h e  contents of t h e  dry ice-acetone 
t r a p  were poured i n t o  t h e  f i r s t  receiver  and the  weight of all  materials i n  
the  f i r s t  receiver  was determined. 
Aeff ic iency of the e l e c t r o s t a t i c  p r e c i p i t a t o r  and any gain in  w e i g h t  was added 
t o  the weight of t h e  water plus  heavy o i l .  
cracking zone", t h e  cracking zone was eliminated e n t i r e l y  and the r e t o r t  
attached d i rec t ly  t o  the  first rece iver .  

Ice  water was 

E l e c t r i c  current 

When the r e t o r t  temperature reached 800°, it  was s tab i l ized  a t  
After  t h i s  length of time 

The cot ton t r a p  was weighed t o  check the  

For those runs designated "no 

The contents of the  first receiver  were steam d i s t i l l e d  and t h e  non- 
aqueous layer  of t h e  d i s t i l l a t e  separated and designated as the  "steam 
d i s t i l l a b l e  o i l " .  The r e s i d u a l  o i l  and tar w a s  designated "heavy o i l " .  Samples 
of the steam d i s t i l l a b l e  o i l  were examined by means of in f ra red  and mass 
spectroscopy and samples of the  heavy o i l  examined by means of infrared 
spectroscopy. The volume of the gas produced w a s  measured with the  wet-test  
gas meter. 
f o r  t h e i r  components by mass spectrometry. 
by weighing the contents of t h e  r e t o r t  a f t e r  the  run had been completed. 

Samples of t h e  evolved gas were taken every 12 l i t e r s  and analyzed 
The weight of the char was determined 

RESULTS 

Complete mater ia l  balances f o r  the runs a r e  given i n  Table 111. Very 
accurate determinations of t h e  y ie lds  of the  various gases,  t h e  l i g h t  o i l s ,  
and char were made but only t h e  t o t a l  o f  heavy oil and water was determined 
i n  most cases because of t h e  d i f f i c u l t y  encountered i n  separating t h e m .  
y ie lds  of heavy o i l ,  however, were only of secondary importance s ince the 
major emphasis i n  t h i s  work was  on the  yields  of ethylene and benzene. 

The 

A n a l y s i s  of t h e  products obtained i n  these carbonization runs makes it 
possible t o  evaluate the e f f e c t  of r e t o r t i n g  and cracking temperatures and 
re ten t ion  times on the  y ie lds  of the  various products. 
v o l a t i l e  matter passed through the cracking zone, the volume and composition 
of the  evolved o i l  and gases were affected by both t h e  r e t o r t i n g  and cracking 
temperatures and r e t e n t i o n  t imes.  The char,  of course, was a f fec ted  only by 
the r e t o r t i n g  temperature. 

Since a l l  t h e  
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Gas  Volume. - The volume of evolved gas is approximately a l i nea r  
function of t he  r e t o r t i n g  temperature. (Figure 4) When higher cracking 
temperatures a r e  employed, more gas i s  obtained due t o  the  conversion of some 
of the  o i l  t o  gaseous products.  
t he re  i s  l i t t l e  d i f fe rence  between Texas and North Dakota lignite. 

So fas as t h e  volume of gases is concerned, 

G a s  Composition. - The composition of t h e  gas evolved var ies  widely 

The e f f e c t  of t h e  r e t o r t i n g  temperature on the  in- 
as t h e  r e t o r t  temperature.passes through the  temperature range from room 
temperature t o  8 0 0 " ~ .  
stantaneous composition of t h e  gas i s  qui te  pronounced, but since a cumulative 
ga,s composition would be  obtained under the  conditions of commercial carbonization, 
t h i s  e f f e c t  would be much less. The major components of t h e  evolved gas are: 
ethylene,  propylene, methane, ethane, hydrogen, carbon monoxide, carbon dioxide, 
and hydrogen su l f ide .  These comprise a t  l e a s t  98% of t h e  gas produced. 
e f f e c t s  of the  r e t o r t i n g  and cracking temperatures on t h e  proportions of each 
of these gases 'wi l l  be discussed i n  t h e  order t h a t  they are l i s t e d  above. 

The 

Ethylene.- Of  a l l  the gaseous products, ethylene i s  the  most valuable. 
The proportion of this gas shows a m a x i m u m  a t  about 400°C. and drops very 
abrupt ly  when t h e  r e t o r t  temperature exceeds 500°C. (Figure 5)  
r e t o r t  temperature coincides with the  point where no fu r the r  o i l  i s  co l lec ted  
i n  the  f o r e  pa r t  of t h e  co l l ec t ion  t r a i n .  The r e t o r t  temperature has a very 
marked e f f e c t  of t h e  amount of ethylene obtained although the  re ten t ion  t i m e  
does not seem t o  be p a r t i c u l a r l y  important. ' A  good dea l  more ethylene was  
obtained a t  a cracking temperature of 800"c. than w a s  obtained a t  6 0 0 " ~ .  
Texas and-North Dakota l i g n i t e  behave s i m i l a r l y ,  but Texas produces almost 
twice as much ethylene as does North Dakota l igni te .  

This l a t t e r  

Propylene. - The proportion of propylene i n  t h e  evolved gas shows a w e l l  
defined maximum a t  r e t o r t  temperatures of approximately 450°C. 
The proportion of propylene, contrary t o  t h a t  of ethylene,  decreases as the  
cracking temperature is increased from 600"c. t o  8 0 0 " ~ .  
ethylene, Texas lignite produces much more propylene than does North Dakota. 
l i g n i t e .  

(Figure 6) 

As w a s  t h e  case with 

Methane: - The production of methane i n  the  evolved gas i s  a maximum at 
a r e t o r t  temperature of approximately 500°C. (Figure 7) More methane i s  obtained 

from Texas lignite using a cracking temperature of 800"c. t han  is obtained 
with a cracking temperature of 600"c. while t h e  reverse  i s  t r u e  with North 
Dakota l i g n i t e .  Retention t i m e ,  however, does not seem very important i n  
t h i s  case.  
is produced from North Dakota lignite. 

Somewhat more of this  gas i s  produced from Texas l i g n i t e  than 

Ethane. - The m a x i m u m  evolution of t h i s  gas occurs a t  a r e t o r t  temperature 
of a b m O ° C .  and i t s  production is  favored by l o w  cracking temperatures. 
(Figure 8 )  A t  the  higher cracking temperatures, much of t h e  ethane t h a t  i s  
produced3n the  r e t o r t  i s  converted t o  ethylene.  
more i s  obtained from Texas thpn from North Dakota l ignite.  

I n  the case of t h i s  gas,  too, 

A 
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Hydrogen. - The evolution of t h i s  gas i s  d i f f e r e n t  from t h a t  of the  
hydrocarbon gases i n  t h a t  it continues t o  increase with r e t o r t  temperature 
t o  the  highest  r e t o r t  temperatures inves t iga ted .  (Figure 9 )  
temperature of 500°C., i t s  production i s  favored by high cracking temperatures 
and t h e  longer r e t en t ion  time , conditions vhich would be expected t o  favor 
the  conversion of sa tura ted  t o  unsaturated hydrocarbons. The production of 
t h i s  gas w a s  almost i d e n t i c a l  from both l i g n i t e s .  

Below a r e t o r t  

Carbon iffonoxide. - A s  the r e t o r t  t enpe ra twe  i s  increased t h e  proportion 
of carbon monoxide i n  t h e  evolved gas shows a minimu? a t  540" and a w e l l  
defined maximum a t  6 7 0 " ~ .  a t  a l l  cracking temperatures and r e t en t ion  times. 
(Figure 10) The production of t h i s  gas i s  almost completely in sens i t i ve  t o  the  
cracking conditions.  Texas and North Dakota l i g n i t e s  behave very s imi l a r ly  
although s l i g h t l y  more carbon monoxide i s  obtained from North Dakota l i g n i t e  
a t  r e t o r t  temperatures below 6 0 0 " ~ .  

Carbon Dioxide. - Less of t h i s  gas i s  evolved as the  r e t o r t  temperature 
i s  raised u n t i l  e s s e n t i a l l y  none is  evolved a t  r e t o r t  temperatures i n  excess 
of 730°C. The proportion of carbon dioxide i n  t h e  evolved gases 
below a r e t o r t  temperature of 550°C. i s  lower a t  t he  higher cracking 
temperatures although t h i s  i s  due e n t i r e l y  t o  the  g rea t e r  amount of t o t a l  gas 
produced under these  conditions.  More carbon dioxide i s  obtained from North 
Dakota l i g n i t e  than i s  obtained from Texas l i g n i t e .  

(Figure 11) 

Hydrogen Sul f ide .  - O n l y  r a the r  small amounts of t h i s  gas a r e  obtained 
and almost a l l  of it below a r e t o r t  temperature of 600"c. (Figure 12) While 
the  proportion of t h i s  gas i n  the  evolved gas is af fec ted  b y  t h e  cracking 
conditions i n  the  case of t h e  Texas l i g n i t e ,  it i s  not i n  the  case of t he  
North Dakota l i g n i t e .  Approximately twice a s  much hydrogen su l f ide  i s  a l so  
obtained f ron  the  Texas l i g n i t e .  

Liquid Products. - Since the  l i qu id  products were determined only a t  
the  end of t he  run, l i t t l e  can be sa id  about the  e f f e c t  of r e t o r t i n g  temper- 
a ture  on t h e i r  amount and composition but it was noticed t h a t  a l l  t h e  evolution 
of o i l  occurred between r e t o r t  temperatures of 250°C. and 550°C. The e f f e c t  
of cracking temperature and re ten t ion  time, however, w a s  determined. 

Light O i l .  - Less l i g h t  o i l  i s  obtained a t  the  higher cracking temperatures. 
( F i g u r n h e  r e t en t ion  time had l i t t l e  e f f ec t  on t h e  amount produced from 
North Dakota l i g n i t e  but s ign i f i can t ly  more w a s  produced from Texas l ignite a t  
the  longer r e t en t ion  time. A t  t he  longer r e t en t ion  t i m e ,  approximately twice 
as much l i g h t  o i l  w a s  produced from Texas l i g n i t e  than w a s  produced from'North 
Dakota l i g n i t e .  

The components of t h e  steam d i s t i l l a b l e  o i l  obtained at  t h e  lower cracking 
temperatures were mainly sa tura ted  a l ipha t i c  hydrocarbons, while at  t h e  higher 
cracking temperatures, the  components were benzene, toluene, naphthalene, 
a l ipha t i c  subs t i t u t ed  naphthalenes, mixed a lky l  benzenes, and some phenolics 
and polynuclear aromatic hydrocarbons of t he  lower molecular weights. (Table I V )  
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HYDROGEN IN EVOLVED GAS AS A FUNCTION OF RETORTING 
TEMPERATURE -TEXAS 8 N. DAKOTA LlGNlTE 
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PICURE 11 

CARBON DIOXIDE IN EVOLVED GAS AS A FUNCTION OF RETORTING 
TEMPERATURE-TEXAS a N.DAKOTA LIGNITE 
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FIGURE 12 

HYDROGEN SULFIDE IN EVOLVED GAS AS A FUNCTION OF 
RETORTING TEMPERATURE -TEXAS 8 N. DAKOTA LIGNITE 
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Heavy O i l .  - As expected, t h e  amount of heavy o i l  obtained decreases as 
t h e  cracking conditions become more severe due t o  the  conversion of some of 
t h i s  mater ia l  t o  l i g h t  o i l s  and v o l a t i l e  hydrocarbon gases. 
ind ica tes  t h a t  the heavy o i l  obtained using the lower cracking temperatures-was 
composed of saturated a l i p h a t i c  hydrocarbons of high molecular weights with 
l i t t l e  of the aromatic hydrocarbons present .  
cracking temperatures, however, were pr imari ly  polynuclear aromatic hydrocarbons 
of the  higher molecular weights with some phenolic components present .  

The inf ra red  spectra  

Heavy o i l s  obtained using higher 

Char. - Retorting, of course, converts p a r t  of the  l i g n i t e  Into v o l a t i l e  
p r c d u G o  t h a t  less char i s  obtained a s  the  r e t o r t i n g  temperature is ra i sed .  
The char,  however, has a s i g n i f i c a n t l y  grea te r  c a l o r i f i c  value than did the 
o r i g i n a l  dr ied  l i g n i t e .  

. 

TABLE V 
YIEw)S OF CHAR OBTAINED FROM TEXAS AND NORTH DAKOTA LIGNITES 

Retor t ing Temperature 

550°C. 800"c. 

Texas Ligni te  1220 
North Dakota Ligni te  1160 
Yields i n  lbs.  per  t o n  of dr ied  l i g n i t e .  

1100 
1020 

TABLE V I  

CHAR ANALYSES 

Texas Lignite 

Proximate Analysis  

Moisture 
Net Vola t i le  
Fixed Carbon 
Ash 

Ultimate Analysis 

Ash 
.Hydrogen 
Carbon 
Nitrogen 
Oxygen 
Sulfur 

Calor i f ic  Value 

550°C. 8 0 0 " ~ .  

0.0 0 .o 
11.4 3.6 
68.7 72.2 

100.1$ loo.@ 

- 

20.0 23-7 

20.0 23.7 
2.7 0.9 

72.3 73.3 
1-3  0.9 
2.8 0.2 
0.9 0 - 9  

100.0$ 99.9% 
12,035 BTU/lb. 11,443 BTU/lb. 
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TABLE V I  (Cont'd) 

North Dakota Ligni te  

Proximate Analysis 

Moisture 
N e t  Volat i le  
Fixed Carbon 
Ash 

Ultimate Analysis 

Ash 
Hydrogen 
Carbon 
Nitrogen 
Oxygen 
s u l f u r  

C a l o r i f i c  Value 

0.0 0.0 
14.8 4 .O 
72.8 82.3 
12.4 13.8 

100.04 100.1$ 

12.4 
2.9 
78.0 

1 . 3  
4.9 
0.5 

100.0% 

12,571 BTU/lb. 

13.8 
1.3 

73.4 
0.9 
0.2 
0.5 

100.1$ 

12,608 BTU/lb. 

CONCLUSION 

Ethylene and aromatics have been obtained by means of a low-temperature 
carbonization of l i g n i t e  immediately followed by a thermal cracking of the 
v o l a t i l e  products. 
North Dakota l i g n i t e  i n  t h i s  process and produced almost twice a s  much ethylene 
and about t e n  times as much benzene. 
r e s u l t s  were obtained when using r e t o r t i n g  temperatures only up t o  55OoC., a 
cracking temperature of 8oo0c., and a cracking zone length of t h i r t y - s i x  
inches.  This was the longest cracking zone length invest igated and i t s  use 
resul ted i n  an "average" re ten t ion  t i m e  of about 1.5 seconds. 
these "optimum" conditions would probably be a l t e r e d  somewhat with a large 
commercial u n i t .  An estimate,  however, can be made of the preformance of a 
la rge  uni t  on a b a s i s  of the  experimental r e s u l t s  reported here .  
estimate i s  given i n  Table V I I .  

Texas Sandow l i g n i t e  w a s  found t o  be much superior  t o  

Of the  conditions evaluated, the bes t  

O f  course, 

This 
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TABLE V I 1  

YIELDS OBTAINED 'FROM TEXAS SANDOW LIGNITE 

Conditions:  Retor t  temperature - up t o  550°C. 
Cracking zone - 36 inches, 800°C. 

Yields i n  lb s .  per  ton of Dried Lignite 

GASES - 
Ethylene 
Propylene 
Methane 
Ethane  
Hydrogen 
Carbon Monoxide 
Carbon Dioxide 
Hydrogen Sul f ide  

TOTAL 

40.0 
7.6 

70.5 
4.9 
5.6 

56.1 
-126.0 

318 
7-2 

LIQUrnS - 
Benzene 
Tol'uene 
Xylene and/or ethylbenzene 
Mass 120 (C, benzene) 
Mass134 (C, benzene) 
Styrene 
Naphthalene 
Methylnaphthalene 
Indene 

Other Component 8 
M ~ S S  118 

TOTAL LIGHT OIL 

TOTAL HEAVY OIL 

6.0 
4.9 
2.3 
0.4 
1.1 
1.9 
3.0 
1.1 
0.7 
0.7 

14.4 

37.7 

u- 44 

Weight 
Calor i f ic  Value 

1,220 
l 2 , O B  B!FU/lb. 
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INTRODUCTION 

Bituminous coals react with concentrated sulfuric acid producing 
useful ion-exchange materials (1,2). The reaction involves oxidation and 
sulfonation introducing carboxyl and sulfonic acid groups, but otherwise, 
little is known about the chemical changes that occur in the coal sub- 
stance ( 3 ) .  Because sulfuric acid is less oxidizing at moderate tempera- 
tures than many of the oxidizing reagents that have been used in coal 
constitution research [nitric acid for example (4) 1, and has strong cleavage 
action on ether linkages, the use of this reagent in studying the constitu- 
tion of coals should be particularly elucidating. 

EXPERIMENTAL 

The coal selected for study is from the Pittsburgh seam in 
western Pennsylvania. An analysis is given in Table I. When the coal, 
ground to minus 200 mesh, and 96.7% sulfuric acid are mixed at -1OOC. or 
below, no observable reaction occurs, but at O°C. or higher, the tempera-. 
ture of the mixture rises slightly and sulfur dioxide is evolved. 
coal has a large absorptive power for sulfuric acid and it requires several 
times its weight to obtain a fluid mixture. With a ratio of 12 to 1, the 
coal disperses freely and increases the viscosity of the acid noticeably. 
The dispersion cannot be filtered through a coarse fritted glass filter 
using an aspirator pump. Bubbles of sulfur dioxide rise to the surface, 
but break with difficulty. After reacting for several hours, an undis- 
persed solid product begins to collect on the surface of the acid. It the 
mixture is now placed in a refrigerator for a time, the liquid sets to a 
gel. On warming to room temperature, and when stirred, the gel reverts to 
the original liquid state. 

The 

The dispersing action of concentrated sulfuric acid on the coal 
can be domonstrated in another way. A 1-cm. cube of coal, dried at 100°C. 
for 2 hours and placed in the acid at 25"C., immediately begins to undergo 
disintegration. 
dispersed readily in this way. 
with water, flocculation occurs and filtration can be accomplished. The 
product, after thorough washing, dries to a relatively hard granular mass. 
At higher reaction temperatures, the product is actually harder than at 
lower temperatures. 

If the process is aided by stirring, the coal can be 
When the coal-acid dispersions are diluted. 
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Standard Sulfonat ion Procedure:--Twenty grams.of minus 60-mesh coal  a r e  
placed in  a 1-l., 3-neck f l a s k  f i t t e d  with a mercury-sealed s t i r r e r ,  a 
thermometer, and a del ivery tube f o r  removing the  s u l f u r  dioxide. Then, 
400 g.  of 96.7% s u l f u r i c  a c i d  a r e  added t o  t h e  coal  and t h e  s t i r r e r  
s t a r t e d .  
mantle regulated by a transformer. 

Temperature of  the  mixture i s  maintained by an e l e c t r i c  heat iag 

A t  the  end of t h e  heating per iod t h e  reac t ion  mixture i s  cooled 
and poured on i c e .  
washed repeatedly u n t i l  5 0  m l .  of t h e  wash water  t i t r a t e d  less than 1 m l .  
of 0 . 1  N sodium hydroxide. The product i s  d r i e d  f o r  12 hours a t  100°C., 
and again washed wi th  water. This removes addi t iona l  s u l f u r i c  acid.  No 
doubt the samples s t i l l  r e t a i n  small amounts c f  uncombined acid,  because 
they give 0.5% t o  2.0% s u l f a t e  su l fur ,  and 0.5% to 1.0% more p y r i t i c  
s u l f u r  than the  o r i g i n a l  coal, when analyzed by the s tandard A.S.T.M. 
method for  coa ls .  
Analysis: --Carbon a n d  hydrogen analyses l i s t e d  i n  Table I1 a r e  macro 
determinations, and the ni t rogens a r e  macro Kjeldahls .  The su l fur  values 
given i n  Tables ,I1 and 111 a r e  standard A.S.T.M. determinations of su l fur  
i n  coals .  The t o t a l  carbon l o s t  by s u l f u r i c  a c i d  treatment, given i n  
Table 11, is  t h e  d i f f e r e n c e  between the  per cent  of t h e  o r i g i n a l  carbon 
l e f t  i n  the  product, ca lcu la ted  from i ts  weight and per  cent  carbon, and 
100%. The sur face  a reas  were obtained by the  B.E.T. method using 
ni t rogen (5). 

The product i s  f i l t e r e d  through f r i t t e d  g l a s s  and 

DISCUSS ION 

Yields  of  product coal  obtained a t  d i f f e r e n t  temperatures from 
25" t o  15OoC. vary from 115% t o  1252. From t h e  data  given i n  Table 11, 
i t  appears t h a t  a t  low temperatures, 25" to 5OoC. ,  severa l  days of t r e a t -  
ment a r e  required t o  obta in  the maximum y i e l d  of 120% to 125%. 
day i s  needed a t  100" t o  110'C. When the  reac t ion  i s  continued beyond 
t h e  t i m e  of maximum yie ld ,  115% t o  117% y i e l d s  r e s u l t .  A t  t h i s  leve l  the  
product becomes r e s i s t a n t  t o  fur ther  loss by continued treatment. Greater 
precis ion of t h e  y i e l d s  would have been obtained had t h e  reac t ion  t e m p e r -  
a t u r e  been maintained more closely.  A t  t i m e s  t h e  temperature var ied by as  
much a s  10°C. because of l i n e  vol tage v a r i a t i o n s .  

Only one 

The composition of the product? is remarkably constant, both 
a t  a given r e a c t i o n  temperature and f o r  a range of temperatures from 25O 
t o  150°C. T a b l e  I1 shows t h a t  t h e  p e r  cent  carbon of the  o r i g i n a l  coal  
f a l l s  from 82.3% t o  about 61.6% +2% under these condi t ions.  A consid- 
e rab le  par t  of t h i s  decrease i n  carbon content is caused by t h e  increased 
weight of product, but a t  t h e  same t i m e  about 13.3% +3% of  t h e  o r i g i n a l  
carbon of the  coal  is eliminated, par t ly  by oxidat ion t o  carbon dioxide. 

The hydrogen content  of the  coal  f a l l s  much more than the carbon 
percentage-wise--from 5.6% to about 2.6% +ca.l%, i f  the  hydrogen analyses 
of the  50°C. products i n  Table 11, which seem t o  be au t -of - l ine ,  a r e  ex- 
cluded. This loss of hydrogen is  s imilar  to t h a t  olserved when l i k e  coals 
a r e  oxidized by n i t r i c  a c i d  (4) o r  a i r  ( 6 ) ,  and may be accounted f o r  by 
oxidat ion because of  the evolut ion of  sulfur dioxide. A low atomic 
hydrogen-carbon r a t i o  of t h e  products of about 0.4 shows t h a t  t h e i r  
s t r u c t u r e  must be t h a t  of a polynuclear aromatic, o r  more l ike ly ,  quinoid 
type ( 7 ) .  
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The nitrogen analyses in Table I1 show that almost all of the 
nitrogen of the original coal is retained in the products, keeping in 
mind that the latter weigh about 120% of the coal. If the structure of 
the products is essentially polynuclear or quinoid in character, it 
follows that the nitrogen atoms of the coal are present in ring struc- 
tures, substituting for carbon atoms, and thus surviving the oxidative 
conversion of the rings to the final product. 

, 

Also included in Table I1 are data on the per cent of organic 
sulfur in the products. This non-sulfatic, non-pyritic sulfur would 
include organic sulfur of the original coal, although some may have 
been removed by the sulfuric acid treatment. The data show that a 
significantly constant amount of sulfur is introduced regardless of the 
conditions of treatment. Slightly larger amounts are introduced under 
milder conditions, that is, lower temperatures. At 25'C. the per cent 
of sulfur decreases with longer reaction times, suggesting that certain 
structures in the raw coal, such as hydroxyl groups, react but are 
subsequently oxidized with the loss of the sulfur-containing group. 
The fact that increasing the temperature of treatment does not introduce 
additional sulfur groups suggests that the structure of the product is 
not reactive toward sulfuric acid. This also favors the polynuclear 
quinoid structure (7 )  rather than aromatic. 

The main sulfur-introducing reaction proceeds readily at 25'C. 
and to a greater extent than at 150°C. This temperature effect is 
typical of addition reactions, although it is possible that easily 
sulfonated structures, such as phenolics, are sulfonated similtaneously. 
This would inhibit further sulfonation in the imediate vicinity of the 
sulfonic acid group introduced. A likely structure for the addition- 
type of reaction would be unsaturated rings which, following the 
addition of the acid, could indergo oxidation to aromatic or quinoid 
structures and thus incorporate the sulfur-bearing group into the 
oxidation-resistant product. The sulfonated phenolics would also be 
expected to be oxidized to quinoid structures subsequently. 

Considering the dispersing action of concentrated sulfuric 
acid on the coal and the fact that some 13% of the carbon is removed, 
an examination of some of the physical properties of the product is 
of importance. Of particular importance for ion exchangers is large 
surface area. Surface areas of the products obtained under various 
conditions show that both temperature and time of treatment increase 
the area markedly, Table 11. At 25°C. surface areas are smaller than 
the original coal, which suggests that the treatment actually seals off 
pores. At higher temperatures, increased areas indicate increased 
dispersion and development of new surfaces. 

A particularly attractive hypothesis to account for the 
observed dispersive action of sulfuric acid and increased surface 
areas is that the acid molecules force their way between the coal 
lamella (8) during the process of dispersion. This would account for 
the difficulty of filtering, the gelling on cooling, and the increased 
surface areas on removing the acid. However, the interlayer spacing of 
the crystallites of the products actually decrease with increasing 
surface area. Thus the d-spacing of the raw coal decreases from 3.938. 
to 3 . 6 6 8 .  when the coal is treated at llO°C. for 1 day and to 3.52A. 
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a f t e r  8 days; meanwhile the sur face  a rea  increases  from 2.7  &/go t o  
4 . 5  m?/g., then t o  183 m?/g. 
draw together r a t h e r  than separa te  during the  a c i d  treatment. C r y s t a l l i t e  
heights  of t h e  raw coa l  and t h e  llO°C. products a r e  a l l  7-8A., ind ica t ing  
t h a t  the  c r y s t a l l i t e s  a r e  but two lamella thick on t h e  average (9 ) .  

These r e s u l t s  i n d i c a t e  t h a t  the  lamella  

T h e  a c t i o n  of  concentrated s u l f u r i c  a c i d  on the  mineral matter 
of the  coal i s  a l s o  s i g n i f i c a n t .  A t  25" t o  5 0 ° C .  the  ash content of the 
coal  f a l l s  from 8.% t o  about 5.5%, see Table 111. This i s  mainly caused 
by t h e  ex t rac t ion  of so luble  s u l f a t e s  by t h e  ac id  and subsequent washing. 
The s u l f a t e  s u l f u r  is undoubtedly adsorbed s u l f u r i c  acid displaced by 
hydrochloric ac id  i n  the A.S.T.M. procedure. S imi la r ly  the cold d i l u t e  
n i t r i c  acid used t o  determine p y r i t i c  s u l f u r  displaces  addi t iona l  s u l -  
f u r i c  acid, giving values  f o r  p y r i t i c  s u l f u r  g r e a t e r  than i n  the  o r i g i n a l  
coal .  

The p y r i t e  i s  at tacked by the  hot  s u l f u r i c  a c i d  beginning a t  
100°C. and completely at  l l O o  t o  150OC. This r e s u l t s  i n  a not iceable  
drop i n  the percentage of p y r i t i c  su l fur  and of ash a t  these temperatures, 
Table 111. The remaining " p y r i t i c  sulfur"  is  bel ieved to  be adsorbed 
s u l f u r i c  acid removed by the  d i l u t e  n i t r i c  a c i d  treatment. 

I n  general  l o w  "su l fa te  sulfur"  ( l e s s  than l - O % )  seems t o  pre- 
d i c t  tha t  t h e  product w i l l  have a la rge  sur face  a r e a  (Table 111). No 
proof is ava i lab le  but i t  seems to be possible  t h a t  a high degree of 
dispersion i n  s u l f u r i c  acid,  which leads t o  a l a r g e  surface area, might 
r e s u l t  i n  a product from which the  adsorbed s u l f u r i c  ac id  might be 
desorbed more e a s i l y ,  on the  b a s i s  tha t  o r i g i n a l l y  s m a l l  pores a r e  con- 
ver ted  t o  l a r g e  ones. 

SUMMARY 

A high-vola t i le  A bituminous coal  r e a c t s  w i t h  concentrated 
s u l f u r i c  acid, i n  t h e  range of 25O to  150°C., with t h e  loss of about 
13% of i t s  carbon p a r t l y  as carbon dioxide. 
\s removed, but near ly  a l l  of the  ni t rogen remains. 
introduced. The composition of the product ind ica tes  tha t  i t  has a 
polynuclear quinoid type of s t ruc ture .  The c r y s t a l l i t e s  a r e  two lamella 
high on the average, as in  the  raw coal, and t h e i r  i n t e r l a y e r  spacing 
is about t h a t  of many chars  and carbons. Maximum sur face  area is 
developed by prolonged treatment at higher temperatures. 

Over 50% of the  hydrogen 
About 5% s u l f u r  i s  
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cons t i  t u e n t  

Moin t u r e  
Ash 
Vol. Matter 
Carbon 
Hydrogen 
Nitrogen 
Sul fur  
Cal. Value 

Conditions of Sul fona t ion  

Temp-. , O C .  T ime ,  days 

Bav Coal 

25 5 
10 
20 
31 

50 1 
3 
5 
8 

100 1 

110 

150 
3 

TABLE I 
ANALYSIS OF THE COAL 

As Received . D.A.F. Basis 

2.01% 
8.04 

36.44 
74.02 
5-29 
1.16 
2.26 

_ J  

13,192 Btu 

TABLB I11 
ANALYSIS OF THE PRODUCTS 

- 
- 

40.51 
82.29 

5.63 
1.28 
2.51 - 

Analysis ,  Dry Basis, X 

Ash Total S S u l f a t e  S Pyr i te  S Org. S 
8.2 2.5 0.2 1.0 1.3 

5.9 9 .2  1.5 1.8 5,9 
5.8 9.4 1 .6  1.2 6.6 

6.3 8.4 1.2 1.9 5.3 

5.9 8.4 1.9 1.8 4 .7  
5 .7  8.6 1.6 2.0 5.0 
5.5 9.0 2.4 1.5 5.1 
5.4 8.4 1.7  1 . 7  5.0 

5.4 8.2 1.6 1.2 5.4 
5.3 7.2 1 . 3  1 . 2  4.7 
4.9 7.0 1.2 1.0 4.8 
4.9 6.4 0.7 0.8 4.9 

4.8 7.8 2.1 0.9 4 .8  
4.5 6.1 0.7 0.7 4.7 

-- 

5.7 9.2 1.8 1.8 5.6 

6 . F  5.7 0.6 0.2 4.9 

4.5 6.3 1.1 0.3 4.9 
4.3 5.8 0.5 0.5 4.8 

a The ash  conten t  of a dupl ica te  run vas 4.5% 
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Not f o r  Publ ica t ion  
Presented Before t h e  Divis ion of Gas and Fuel Chemistry 

American Chemical Soc ie ty  
Boston, Massachusetts, Meeting, Apr i l  5-10, 1959 

Reduction of Coal by Lithium-Ethylenediamine. S tudies  on a S e r i e s  of Vi t ra ins .  

L e s l i e  Reggel, Raphael Raymond, and I r v i n g  Wender 
U.S. Bureau of Mines, Pi t tsburgh,  Penna. 

I n  an e a r l i e r  repor t  from t h i s  l a b o r a 7 , Y  it was demonstrated t h a t  c o a l s  
a r e  reduced by l i th ium i n  ethylenediamine.2 
t a i l e d  study of t h e  reduct ion of seven low-ash v i t r a i n s  of varying ranks, and 
t o  descr ibe  t h e  reduction of  a graphi te .  

i s  knodJthat  t h e  amount of  hydrogen added t o  a v i t r a i n  i s  t o  some extent  a funct ion 
of t h e  experimental procedure. 
The a n a l y t i c a l  d a t a  on t h e  s t a r t i n g  m a t e r i a l s  and on t h e  products of reduction are 
given i n  T a b l e  11. 
mater ia l s  a r e  corrected t o  an ash-, sulfur- ,  and ethylenediamine-free basis. 
Table I11 a l s o  g ives  t h e  amount of  hydrogen added t o  t h e  s t a r t i n g  mater ia l s ,  ex- 
pressed both as grams of hydrogen added p e r  100 g. of s t a r t i n g  m a t e r i a l  and as atoms 
of hydrogen added per  100 carbon atoms i n  t h e  s t a r t i n g  mater ia l .  

We now wish t o  present  a more de- 

The reductions were c a r r i e d  out  under c l o s e l y  c o n t r o l l e d  condi t ions,  since it 

The s t a r t i n g  m a t e r i a l s  are descr ibed i n  Table I. 

In  Table I11 t h e  a n a l y t i c a l  d a t a  for t h e  s t a r t i n g  and reduced 

Figure 1 gives t h e  hydrogen added a s  a func t ion  of carbon content .  While t h e  
curve needs f u r t h e r  d e f i n i t i o n ,  i t s  genera l  shape seems c l e a r .  The hydrogen uptake 
i s  low fo r  lower rank coa ls ,  rises rap id ly  wi th  increas ing  rank, reaches a maximum 
a t  about 90 percent  carbon, and then f a l l s  sharp ly .  
various poljmuclear compounds leads  t o  t h e  formulation of  a reasonable explanation 
of these  r e s u l t s .  

A series of experiments with 

Several  pure organic compounds were reduced with l i t h i u m  in ethylenediamine 
(according i o  t h e  usual  procedureg;  t h e s e  were chosen because t h e y  contained c e r t a i n  
s t r u c t u r e s  kcown t o  be present  i n  coa l .  

Diphenyl e t h e r  underwent Cleavage of t h e  e t h e r  l inkage;  t h e  product was mainlg 
phenol (83 percent) ,  but small amounts of benzene (1 percent) ,  cyclohexene (3 percqnt) ,  
cyclohexane and cyclohexanone were formed. It i s  s i g n i f i c a n t  t h a t  phenol w a s  t h e  
major prodim although excess l i th ium was  used; it i s  evident  that t h e  aromatic r i n g  
i n  phenol i s  not reduced e a s i l y  by lithium-ethylenediamine. Further  evidence fo r  
t h i s  e f f e c t  w a s  obtained wi th  dibemduran;  t h i s  compound yielded c h i e f l y  o-cyclo- 
hexylphenol: 

Dibenzofuran o-Cyclohqlphenol  
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Again, t h e  phenolic p a r t  of t h e  molecule is  r e s i s t a n t  t o  reduction while t h e  unsub- 
s t i t u t e d  r i n g  reduces eas i ly .  
material wi th  t h e  empir ical  composition CuH19N2C1; low-voltage mass spectrometric 
a n a l y s i s  of  t h i s  m a t e r i a l  showed t h a t  t h e  m o h x d a r  weight corresponded t o  a monomer 
of t h i s  empir ical  formula. 
such as: 

Another product formed i n  small amount was a s o l i d  

This  may be t h e  hydrochloride o f  ah amine with a s t r u c t u r e  

Although t h e  s t r u c t u r e  is uncertain,  t h i s  does suggest t h a t  ethylenediamine may add 
t o  c o a l  by replacing c e r t a i n  oxygen funct ions wi th  an -NHCH2CH2NH2 s i d e  chain. 

2-naphthol was t r e a t e d  with lithium-ethylenediamine i n  t h e  usual  way; as ex- 
pected, t h e  unsubst i tuted r i n g  was reduced most eas i ly ,  g iv ing  5,6,7,8-tetrahydro- 
2-naphtho1,as the  c h i e f  product. 

None of t h e  secondary a lcohol  which would result from t h e  reduction of t h e  phenolic 
r i n g  w a s  fQund in t h e  r e a c t i o n  products. 

These examples show t h a t  t h e  presence of a phenolic group on a benzene r i n g  
This i n h i b i t s  t h e  reduction o f  t h a t  r i n g  by t h e  lithium-ethylenediamine system. 

i n h i b i t i o n  may be due t o  t h e  formation of a l i th ium salt of t h e  phenol which i s  
then pro tec ted  from f u r t h e r  a t t a c k ,  or t o  t h e  development of a negat ive charge on 
t h e  phenol. Since reduct ions i n  metal-amine systems proceed by t h e  addi t ion  of 
e lec t rons ,  the  negative charge would prevent t h e  f u r t h e r  addi t ion  of e lec t rons  t o  
t h e  r ing .  

On t h e  other  hand, it w a s  poss ib le  t o  show t h a t  l a r g e  polynuclear molecules, 
wi th  no phenolic subs t i tuent ,  are reduced q u a n t i t a t i v e l y  by lithium-ethylenediamice. 
Coronene was reduced almost completely t o  t h e  perhydro compound, a s  shown i n  
Figure 5. 

The shape of t h e  curve in Figure 1 may now be explained, t o  some extent  a t  
l e a s t ,  i n  t h e  following manner. 
ethylenediamine, so t h a t  they are r e a d i l y  a t tacked by t h e  reducing system. 
However, they  contain f a i r l y  l a r g e  amounts o f  oxygen, which i s  present  almost 
e n t i r e l y  as e i t h e r  e t h e r  o r  hydroxyl; it is known2fthat these  groups are r e l a t i v e l y  
r e s i s t a n t  t o  l i t h i u m  reduct ion.  
thus  l e s s  amenable t o  t h e  reagent ;  but they contain only a small amount of oxygen. 
The higher rank v i t r a i n s  a l s o  contain many more aromatic s t r u c t u r e s  than t h e  l o w  
rank. In t h e  course of the  reduct ion,  t h e  so luble ,  low rank v i t r a i n s  have added 

Lower rank vitrains are r e l a t i v e l y  soluble  in 

The higher rank v i t r a i n s  a r e  l e s s  soluble ,  and 
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hydrogen t o  t h e i r  aromatic rings, giving cyclohexane o r  cyclohexene s t r u c t u r e s ;  in 
these v i t r a i n s ,  however, p a r t  of t h e  l i t h i u m  is  consumed by a t t a c k  on omgen funct ions 
and by reac t ion  wi th  t h e  solvent .  Vitrains of higher  rank a l s o  add hydrogen t o  
aromatic s t r u c t u r e s ;  s ince  they  have more aromatic s t r u c t u r e s  and fewer oxygenated 
groups, they o f f e r  more opportuni ty  f o r  a d d i t i o n  of hydrogen. 
rank v i t r a i n s ,  the  i n s o l u b i l i t y  of t h e  m a t e r i a l  tends t o  overcome t h e  l a r g e  number 
of reducible  s t r u c t u r e s ,  so t h a t  t h e  hydrogen uptake decreases. The maximum i n  t h e  
curve i s  therefore  q u i t e  reasonable. Further  experiments w i t h  o ther  v i t r a i n s  w i l l  
def ine t h e  curve more c l e a r l y .  It  should be pointed out  t h a t  s i n c e  coa l  is not  a 
pure compound, two v i t r a i n s  of t h e  same carbon content may have q u i t e  d i f f e r e n t  
s t ruc tures ;  hence, a c e r t a i n  s c a t t e r  i n  t h e  experimental p o i n t s  is t o  be expected. 

Given, Lupton, and Peoveruhave r e c e n t l y  reduced a s e r i e s  of whole coals  w i t h  

With t h e  very h ighes t  

lithium-ethylamine. 
d e t a i l s  a r e  not  known. Without f u r t h e r  d e t a i l s ,  it is n o t  p o s s i b l e  t o  put t h e  
r e s u l t s  of Given and t h e  present  results on a s t r i c t l y  comparable basis .  However, 
it appears t h a t  lithium-ethylenediamine i s  more e f f e c t i v e  than lithium-ethylamine, 
espec ia l ly  f o r  high rank mater ia l s .  

The repor t  of t h e i r  work is q u i t e  b r i e f ,  and exact experimental 

Van K r e v e l e d  has given a comprehensive discussion of t h e  value of t h e  atomic 
H/C versus O/C diagram, both i n  t h e  s tudy of coa ls  and i n  t h e  s tudy of  t h e  changes 
which take place i n  coa ls  upon chemical t reatment .  
reported here, t h e  a n a l y t i c a l  results i n d i c a t e  t h a t  t h e  reduced sample is higher  in 
both hydrogen and oxygen than i s  t h e  s t a r t i n g  material; reduct ion has increased t h e  
numerical values of both t h e  H/C and O/C r a t i o s .  
by a combination of hydro enat ion and hydration. The exact  pathway by which hydrogen 
i s  added i s  not certain;?T presumably l i th ium atoms add t o  t h e  unsaturated s t r u c t u r e s ,  
and a r e  then replaced by hydrogen atoms, which probably come f r o m  t h e  amino groups 
of e t h y l e n e d i d n e .  

I n  most o f  t h e  v i t r a i n  reduct ions 

S.uch a change can best  be explained 

In  f i g w e  2, each of t h e  v i t r a i n s  reduced is p l o t t e d  on t h e  H/C versus O/C 
diagran. 
t i o n ,  as discussed above. 

They show t h e  changes which can be a t t r i b u t e d  t o  hydrogenation and dehydra- 

We have determined pyridine s o l u b i l i t y  at room temperature f o r  six of the re- 
duced v i t r a i n s .  
reduced materials. V i t r a i n s  i n  t h e  82-85 percent  carbon range are moderately soluble;  
reduction causes a moderate increase i n  s o l u b i l i t y .  
the addi t ion  of hydrogen t o  aromatic r ings ,  s i n c e  hydroaromatic s t r u c t u r e s  are gener- 
a l l y  more so luble  than t h e  corresponding aromatic molecules. 
of 89-90 percent carbon are of very l imi ted  pyr id ine  s o l u b i l i t y ,  because t h e  nole- 
cules  a r e  f a i r l y  l a r g e  and conta in  a number of aromatic rings; on reduction, consid- 
erable  conversion t o  hydroaromatic s t r u c t u r e s  takes  p lace  w i t h  a great increase i n  
s o l u b i l i t y .  
Here, the  p l a t e l e t  s i z e  has increased t o  such a degree t h a t  even t h e  highly reduced 
hydroaromatic types of s t r u c t u r e s  a r e  too  l a r g e  t o  be soluble .  

Figure 3 and Table IV show t h e  s o l u b i l i t i e s  of the  starting and 

Probably t h i s  i s  due l a r g e l y  t o  

Vitrains i n  t h e  range 

B 91 percent  carbon v i t r a i n  i s  inso luble  both before  and a f t e r  reduction. 

A t y p i c a l  i n f r a r e d  spectrum is  shown in figure 4 .  The reduced mater ia l s  show 
increased C-H absorpt ion a t  3 . 5 ~ ~  decreased absorpt ion a t  6.2p, and decreased 
absorpt ion i n  t h e  t h r e e  bands a t  11.5, 12.3, and 13.33. 

The u l t r a v i o l e t  spec t ra  of t h e  reduced materials show decreased absorption. 
Table V shows t h e  change in ext inc t ion  c o e f f i c i e n t  (K) f o r  f o u r  of t h e  vitraina; 
although the  d a t a  a r e  only semiquant i ta t ive,  t h e  l a r g e  changes in I[, p a r t i c u l a r l y  

? 
1 
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f o r  t h e  Pocahontas v i t r a i n ,  i n d i c a t e  a decrease i n  aromatic s t r u c t u r e s .  
paramagnetic resonance measurements show t h a t  reduct ion causes a marked decrease 
i n  t h e  number of f r e e  r a d i c a l s .  
of t h e  v i t r a i n s  a f t e r  reduct ion.  
aromatic s t r u c t u r e s .  

Electron 

Table V I  shows t h e  change i n  f r e e  r a d i c a l  content 
This data is cons is ten t  with a l a r g e  decrease i n  

Examination of s c a t t e r e d  X-ray i n t e n s i t i e s  of t h e  reduced v i t r a i n s v  revealed 
that extensive changes had occurred in t h e  arrangement of carbon atoms. 
apparent major change was  i n  t h e  (002) re f lec t ions ,  t h e  most prominent p a r t  of the  
v i t r a i n  pa t te rns .  A t  f i r s t  glance a t  t h e  i n t e n s i t y  curves, one might presume t h a l  
a new band has appeared in t h e  a n g g a r  range corresponding t o  spacings of  4 t o  5 A, 
i n  p lace  of t h e  (002) band a t  3:6 A .  
r e s u l t  of reduction can be considered mainly a displacement of t h e  (002) band assuming 
t h a t  carbon a t o m s  in t h e  hydrogenated layers  are now s l i g h t l y  displaced from planar  
pos i t ions  forming buckled layers .  

The most 

This change i n  t h e  i n t e n s i t y  p a t t e r n s  a s  a 

A s t r i k i n g  r e s u l t  of t h e  l i th ium reduction of v i t r a i n s  i s  t h e  grea t  reduction 
i n  s u l f u r  content ,  as can be seen from Table 11. 
vaiue i n  desulfur iz ing c o a l s  on a l a r g e  scale .  Some indica t ion  of  the  way i n  which 
sulfur i s  eliminated w a s  obtained by t r e a t i n g  dibenzothiophene with lithium-ethylene- 
diamine; t h e  products are shown i n  Figure 6. It appears  l i k e l y  t h a t  t h e  f i r s t  a t t a c k  
on dibenzothiophene results in  t h e  s p l i t t i n g  of a carbon-sulfur bond t o  give a sub- 
s t i t u t e d  thiophenol; t h e  unsubs t i tu ted  r i n g  i s  then reduced. 
su l fhydry l  group pro tec ts  t h e  r i n g  t o  which it i s  at tached.  

It is poss ib le  t h a t  t h i s  may be of 

As with phenols, t h e  

I n  order  t o  determine whether t h e  l i th ium reduct ion proceeds t o  completion under 
our a r b i t r a r y  conditions, a l a r g e  batch of Bruceton v i t r a i n  w a s  reduced. 
this material was then reduced a second time and then a t h i r d  time. 
t h e  a n a l y t i c a l  data  f o r  these  samples. 
s c a l e  d i d  not  give as l a r g e  a hydrogen pickup a s  t h e  s m a l l  sca le  reduct ions,  and t h a t  
the  second and t h i r d  reduct ions give l i t t l e  or no a d d i t i o n a l  hydrogen uptake. 
i n f r a r e d  spec t ra  a l s o  showed e s s e n t i a l l y  no changes. The X-ray d i f f r a c t i o n  p a t t e r n s ,  
however, d i d  show that t h e  second and t h i r d  reductions caused f u r t h e r  a l t e r a t i o n  i n  
t h e  v i t r a i n  s t ruc ture .  The nature  of t h e s e  changes i s  not known at t h e  present  time. 

Some of 
Table V I 1  g ives  

It can be seen t h a t  t h e  reduct ion on a l a r g e  

The 

The reduced Bruceton v i t r a i n  was submittea t o  t h e  Fischer-Schrader low temper- 
a t u r e  carbonization assay. 
the  reduced mater ia l  forms l e s s  coke and more tar than does t h e  s t a r t i n g  v i t r a i n .  
This i s  probably a r e f l e c t i o n  of the higher hydrogen content  of t h e  reduced v i t r a i n .  
Table V I 1 1  a l s o  gives t h e  ASTM f r e e  swel l ing index, and t h e  composition of the  coke 
formed. 

The r e s u l t s  are given i n  Table V I I I .  It can be seen t h a t  

Using 3 gram samples, t h e  l a r g e s t  amount of  reduct ion was achieved wi th  t h e  
Pocahontas v i t r a i n  (44 atoms o f  hydrogen per  100 carbon atoms i n  t h e  s t a r t i n g  
material - see Table 111). 
in g r e a t e r  reduction of t h e  Vitrain.  
v i t r a i n  w a s  reduced (one t h i r d  of the  amounts of l i t h i u m  and ethylenediamine used), 
56 atoms of  m g e n  were added per 100 carbon atoms in t h e  s t a r t i n g  v i t r a i n .  
may conclude that over half t h e  carbon atoms i n  this p a r t i c u l a r  vitrain a r e  involved 
i n  carbon-carbon double bonds. 

Ye have observed that s c a l i n g  down of t h e  reac t ion  results 
Thus, when a one gram sample of Pocahontas 

One 
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Experimental Procedures 

a.  Reductions 

A l l  operat ions descr ibed below were conducted under n i t rogen  i n  a dry  box, 
or  were rap id ly  performed with minimum exposure t o  air .  
crushing, and screening opera t ions  were performed in  t h e  d r y  box. 
crushed t o  -6 mesh and s t o r e d  under ni t rogen.  Port ions of approximately 8 grams were 
removed and ground t o  -60 mesh i n  a mortar and p e s t l e .  Grinding w a s  continued over- 
n ight  i n  a small b a l I ' m i l l  (sometimes a s t e e l  m i l l ,  but usua l ly  a small borundum 
m i l l ) .  
1-2 hours) t o  f a c i l i t a t e  screening through a 325 mesh s ieve .  
of -325 mesh m a t e r i a l  was d r i e d  t o  constant  weight a t  60" and 1 mm. All dryings 
i n  t h e  vacuum oven were terminated by admit t ing ni t rogen-and quickly closing t h e  
containers  as soon as t h e  oven door was opened. 

The apparatus  cons is ted  of a 500 m l .  3-neck f l a s k  wi th  two v e r t i c a l  necks and 

I n  general ,  a l l  grinding, 
Vi t ra ins  were 

The b a l l  m i l l  and i t s  contents  were given a b r i e f  drying (60" and 1 mm. f o r  
Approximately 6 grams 

one side-neck a t  an angle  of  20". 
neck. The c e n t e r  neck w a s  f i t t e d  with a mercury-sealed double Hershberg tantalum 
w i r e  stirrer. 
stoppered one through which t h e  l i th ium was added, and a l a r g e r  s p i r a l  condenser, 
with a mercury-sealed gas i n l e t  tube. Three grams of v i t r a i n  prepared as above w a s  
quickly weighed i n  a weighing b o t t l e .  The apparatus was  f lushed  wi th  prepur i f ied  
ni t rogen (prepur i f ied  ni t rogen was used throughout, except for t h e  oxygen-free water 
dispenser ,  where ordinary ni t rogen (0.2 percent  o q g e n )  was used). 
ethylenediaqine was added and t h e  s t i r r e r  s t a r t e d .  
followed by 100 nl. of ethylenediamine. 
of t h e  v i t r a i n  and precluded formation of lumps of  agglomerated mater ia l .  
a t u r e  w a s  r a i s e d  t o  90" and a d d i t i o n  of l i t h i u m  begun. 
l i thium w a s  added i n  the  course of 3 hours-while  t h e  temperature w a s  maintained a t  
90-100". The r e a c t i o n  mixture was 
then cooled i n  an i c e  bath and approximately 250 ml. of water  w a s  added with vigorous 
s t i r r i n g .  
The m i x t v e  was then d i l u t e d  t o  approximately 3200 m l .  and t r a n s f e r r e d  t o  235 m l .  
polyethylene b o t t l e s ,  centr i fuged f o r  1 5  minutes a t  2500 r.p.m. and 2 5 O  and allowed 
t o  stand overnight* 
residue was t rar isferred t o  a 1 l i t e r  erlenmeyer f l a s k  and heated 0 n . a  wax bath a t  
125-135' i n  a stream of n i t rogen  t o  dryness. 
a t  60" and I inm. 
v i t r a i n ,  f a c i l i t a t e s  t h e  f i n a l  washing with water .  
-40 mesh and t r a n s f e r r e d  t o  polyethylene cent r i fuge  b o t t l e s .  
cen t r i fuga t ion  were continued u n t i l  t h e  washings had a pH of 8 ( t e s t  paper) .  
required 7-10 cent r i fuga t ions .  
erlenmeyer f l a s k  and d r i e d  i n  a wax bath a t  125' in a stream of nitrogen. 
was continued i n  a vacuum oven. 
m i l l )  and screened t o  pass 325 mesh. 
and 1 mm. 

A thermometer was i n s e r t e d  through t h e  20" angle  

The t h i r d  neck c a r r i e d  an adapter  with two condensers, a short  

F i f t y  ml. of 
The v i t r a i n  was then added, 

This procedure insured complete dispers ion 
The temper- 

A t o t a l  of 6.8 grams of 

S t i r r i n g  was continued f o r  1 hour a t  90-100". 

( A l l  water used was  boi led and then s t o r e d  and dispensed under ni t rogen.)  

The c l e a r  supernatant  so lu t ion  was decanted and discarded. The 

Drying w a s  continued i n  a vacuum oven 
This operat ion,  by removing ethylenediamine and agglomerating t h e  

The dr ied  res idue  was ground t o  
Repeated washing and 

This 
The a l k a l i - f r e e  res idue  was t r a n s f e r r e d  t o  a 250 ml. 

The sample was then ground (small stainless s t e e l  
Drying 

It was then  d r i e d  t o  constant  weight a t  60' 
For analys is ,  t h e  s t a r t i n g  v i t r a i n  was d r i e d  again .at t h e  same time. 

It should be noted that dupl ica te  experiments checked q u i t e  c lose ly .  

Recoveries w e r e  much b e t t e r  than i s  ind ica ted  by t h e  percent  recovery f i g u r e s  
i n  Table 11. 
the recovery might be based on recovery i n  t h e  250 m l .  erlenmeyer f l a s k ,  s ince  t h e  

Manipulations i n  t h e  dry  box r e s u l t  i n  considerable  loss. Presumably 

/ 
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f i n a l  removal from t h e - f l a s k ,  gr inding,  and s iev ing  account for  considerable  l o s s .  
However, t h e  weight i n  t h e  250 m l .  f l a s k  i s  not  recorded s ince complete dryness i s  
not  poss ib le  with a sample o f  l a r g e  p a r t i c l e  s i z e .  

b. S o l u b i l i t y  Determinations 

A l l  samples were r e d r i e d  f o r  1 hour at 60' and 1 mm. One hundred mg. samples 
were weighed and t r a n s f e r r e d  t o  45 m l .  glass-stoppered test tubes wi th  t h e  a i d  of 
15 m l .  of d r y p y r i d i n e .  
t h e  test tubes were shaken on  a mechanical shaker f o r  1 hour. 
f i l t e r e d  onto 15 ml. f r i t t e d - g l a s s  f i l t e r  c r u c i b l e s  (medium poros i ty) .  
were washed 3 times with 5 m l .  por t ions  of pyridine.  
insure that the  last washing w a s  co lor less .  
weight (95O and 1 mm.). This  required 1 t o  3 hours. 
was obtained by subt rac t ing  t h e  weight percent  of res idue  from 100. 

The s toppers  were fastened in  p lace  with rubber bands, and 
The mixtures were then 

The res idues  
T h i s  was  found s u f f i c i e n t  t o  

The percent s o l u b i l i t y  reported 
The c r u c i b l e s  were d r i e d  t o  constant  

c. Large s c a l e  reduct ion of Bruceton v i t r a i n  

Approximately 400 grams of  Bruceton v i t r a i n  were ground t o  pass  through 
325 mesh and then d r i e d  a t  60" and 1 mm. 
reduced by l i thium i n  ethylenediamine. 

Four por t ions  of t h e  above material were 

Vitrain (68 grams) was  added t o  3400 ml. of ethylenediamine i n  a 5-liter f l a s k .  

The 
The r e s u l t i n g  slurry was s t i r r e d  and heated t o  90-100" before gradual  addi t ion of a 
t o t a l  of 153 grams of l i t h i u m  wire .  
ra te  of addi t ion  was determined by hydrogen evolut ion a s  observed in a mercury bubbler. 
A f t e r  addi t ion  of l i thium, t h e  mixture was s t i r r e d  and heated a t  90-100" 
hour. 
one l i t e r  of water. 
18 l i t e r s .  
t h e  c l e a r  supernatant liquid was decanted and discarded. 
fuged at  2700 r.p.m. i n  250 m l .  polyethylene b o t t l e s .  
was again decanted and discarded.  
meyer f l a s k  which was heated t o  125-135" i n  a w a x  bath while  a cur ren t  of ni t rogen 
was passed in; this treatment was continued u n t i l  t h e  product was almost dry. The 
drying nas  continued a t  60" and 1 ml.  i n  a vacuum oven. This drying operat ion was 
intended t o  agglomerate t h e  recovered anthraxylon and f a c i l i t a t e  f u r t h e r  washing and 
removal of l i thium salts. 
then washed with water  and cent r i fuged  repeatedly u n t i l  the  washings were almost 
c o l o r l e s s  and t h e  pH was about  9. 
aga in  f r e e d  of most of t h e  moisture by heat ing  t o  125-135' i n  a stream of nitrogen. 
The product nas ground t o  pass  100 mesh and drying w a s  then completed a t  60" and 1 m. 

The addi t ion  of l i th ium required 12 hours. 

for  another 
The reac t ion  mixture w a s  cooled i n  i c e  water and decomposed by t h e  addi t ion  of 

T h i s  slurry was then  d i l u t e d  t o  a f i n a l  volume of approximately 
The slurry nas allowed t o  s tand from one t o  four  days; during t h i s  time 

The c l e a r  supernatant  l i q u i d  
The residue was then cent r i -  

The residue w a s  t r a n s f e r r e d  t o  a 1.5-liter er len-  

The d r i e d  residue was ground t o  pass through 40 mesh and 

This required about t e n  washings. The res idue  was 

Four batches of anthraxglon were reduced in t h i s  manner. The percentage recov- 
e red  i n  each of the four  batches w a s  89.2, 81.1, 85.1, and 77.8 percent .  

t h a t  l i t h i u m  was added t o  the reac t ion  mixture maintained a t  95-105" ins tead  of t h e  
usual 90-100'. 

It should be noted t h a t  t h e  procedure f o r  t h e  last batch d i f f e r e d  s l i g h t l y  i n  

The products were submit ted f o r  in f ra red  ana lys i s  by t h e  potassium bromide 
p e l l e t  technique. 
o ther  and t o  previous reduct ions  of Bruceton anthraxylon t o  justify mixing them t o  

The s p e c t r a  of t h e  four batches were s u f f i c i e n t l y  similar t o  each 
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make one l a r g e  sample. 
again d r i e d  a t  60° and 1 m l .  
was produced. 

The batches were combined, ground t o  pass  325 mesh, and 
A t o t a l  of  228 grams of reduced Bruceton anthraxylon 

The m a t e r i a l  described above is c a l l e d  t h e  f i r s t  reduct ion i n  Table VII. 
Twelve grams of t h i s  material was reduced again i n  a similar manner; t h i s  i s  t h e  
second reduction i n  Table VII, 8.33 g. being recovered. 
8.04 g. was reduced, 6.U g. being recovered. 

For t h e  t h i r d  reduction, 

This work was c a r r i e d  out as p a r t  of a cooperat ive agreement between t h e  
Bureau of Mines and t h e  Union Carbide Corporation. 
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Run No. 

7R-80 

7R-76 
7R-69 
7R-73 . 
7R-71 
7R-75 
7R-72 

7R-79 
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Table I.- Vit ra in  samples used i n  3-gram runs 

Rock Springs Nos. 7, 74, 9, and 15 coa l  beds, 

Bruceton, P i t t s b u r g h  Bed,, Allegheny County, Penna. 
Pond Creek Bed, Majest ic  Mines, Pike County, Kentucky. 
Powellton Bed, Elk Creek No. 1 Mine, Logan County, W. Va. 
Sewell Bed, Marianna Mine, Wyoming County, W. Va. 
Pocahontas No. 3 Bed, Stephenson, Wyoming County, W. Va .  
Anthracite, Dorrance Mine, Lehigh Val ley Coal Company, 

Luzerne County, Penna. 
Madagascar f l a b  graphi te .  

Superior, Sweetwater County, Wyoming. 

Table 11.- Microanalysis o f  v i t r a i n s  before and a f t e r  reduction 
( d r i e d  a t  60°C and 1 mil l imeter)  

Oxygen Percent 
Name Number* Carbon Mrdroaen Nitronen S u l f u r  Ash (aiff.1 recoverv 

Rock 
Springs 

Bruceton . 

Pond Creek 

Powellton 

Sewell 

Pocahontas 

Anthrac i te  

Graphit e 

80 
8 0 A  
76 
76A 
69 
6 9A 
73 
738 
71 
7 u  
75 
75A 
72 
72A 
79 
798 

76.25 
72.78 
80.65 
75 -73 
62.63 
77.35 
83.63 
79 15  
87 29 
81.42 
87.66 
82.04 
89.02 
81.70 

65-76 
98.93 

5.76 
7.21 
5.42 
6.93 
5-15 
7.24 
5.00 
6.58 
5-03 
7.33 
4.35 
7.46 
2-55 
4.93 
0.24 
2.96 

2.04 
5.20 
0.96 
3.81 
1.15 
3.05 
1.59 
2.95 
0.97 
2.34 
1.49 
2.09 
1.08 
1.91 
0.18 
3.92 

0.87 0.86 11.22 
0.33 2.00 12.48 
1.13 2.27 9.57 
0.29 2.62 10.42 
0.69 2.25 8.13 

0.46 1.52 7.80 
0.23 2.19 9.94 

0.15 1-94 9.23 
0.63 2.31 .3.77 
0.19 2.66 6.06 
0.58 2.42 3.50 
0.12 3.65 4.64 
0.60 2.31 4.44 
0.07 1.96 9.13 
0.00 0.00 0.65 
0.00 0.00 7.36 

40.3 

69.9 

61.5 

76.1 

64.3 

85.5 

71.7 

104.0 

* A i n d i c a t e s  reduced material. 



Table 111.- Microanalyses of  v i t r a i n s  before  and a f t e r  reduct ion 
(Moisture, ash, sulfur, and ethylenediamine-free b a s i s )  

Grams Grams 
hydrogen water  Atoms Molecules, 
added p e r  added p e r  hydrogen water 
100 g. 100 g. added added 

s t a r t i n g  s t a r t i n g  per  100 per  100 
9 Oxygen MASF MASF carbon carbon 

Name No. Carbon Hydrogen Nitrogen ( d i f f . )  v i t r a i n  v i t r a i n  atoms atoms 
Rock Springs 

Bruceton 

Fond Creek 

Pohrellton 

J m e l l  

Pocahontas 

Anthracite 

Graphit e 

80 
80A 
76 
76A 
69 
6 9A 
73 
73A 
71 
7 u  
75 
7% 
72 
72A 
79 
798 

77.58 
77.22 
83.46 
80.05 
85.12 
81.00 

62.13 
89.94 
85.20 

85.89 
91.68 
84.21 
98.93 
99.77 

85.32 

90.37 

5.e6 
6.91 

6.84 
5.61 

5.30 
7 -07 
5.10 
6.50 
5.18 
7.35 
4.47 
7.67 
2.62 
4.87 
0.24 
2.04 

2.08 
(2.08) 
1.81 

(1.81) 
1.18 

(1.18) 
1.61 

(1.61) 
1 .oo 

(1.00) 
1-54 

(1.54) 
1.11 

(1.11) 
0.18 

(0.18) 

14.48 
13 * 79 

9.12 
11.30 

8.40 
10.75 

7.97 
9.75 
3.88 
6.46 
3.62 
4.90 
4.59 
9.81 
0.65 
8.01 

1.16 

1.18 

1.75 

1.37 

2.m 

3.40 

1.90 

0.98 

-0.69 

3.08 

3.33 

2.51 

3.36 

1.82 

6.97 

9.22 
I" 

3 & ind ica tes  roduced mater ia l .  

Table 1V.- S o l u b i l i t y  of reduced anthraxylons i n  pyridine 
a t  room temperature 

% % 

17.7 -0.6 

16.9 2.5 

24.5 2.6 

19.2 2.0 

29.1 2.5. 

44.8 1.3 

a . 7  5.1 

11.8 6.2, 

% 
% C  Soluble, Soluble, Increase i n  
(maf 1 untreated reduced s o l u b i l i t y  - 

Bruce ton ' 82.50 21.4 30.7 43 
Pond Creek 84.53 13.2 38.1 113 
Powellton 84.88 20.9 36.6 75 
Sewell 89.38 2.5 90.9 3636 
Pocahontas 89.85 3.9 62.5 1502 
Anthracite 91.16 0 0 0 

\ 
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Table V.- U l t r av io l e t  absorption of v i t r a i n s  

Spec i f ic  ex t inc t ion  
coe f f i c i en t  K 

( l i t e r s / g .  p.) K reduced 
Name No e % C  a t  4000 A K o r i g i n a l  

o r i g i n a l  reduced 

Bruce t on 76A 82.50 10.1 8.0 79 
Poirellton 73A 84.88 12.9 5.3 41 
Sewell 7lA 89.36 13-5 6.8 50 
Pocahontas 75A 89.85 26.9 4.6 17 

Table VI.- Free r ad ica l  content of v i t r a i n s  
Free r ad ica l  concentration 

o r i g i n a l  reduced 
Name No. % C  ( a r b i t r a r y  units) 

Harmatten 7OA 77.20 ll2600 54500 
Bruceton 76A 82.50 207000 89300 
Powellton 73A 84.88 270000 77200 
Sewell 71A 89.38 635000 72000 
Anthracite 72A 91.16 2k00000 2186000 

Table V I I * -  Repeated reduction of Bruceton v i t r a i n  

C H N S 
(Ash and ethylenediamine- 0 

Run  No. Treatment f r e e  bas i s )  ( d i f f . )  Li 

7R-60 S ta r t ing  ma te r i a l  81.52 5.32 1.13 1.05 10.99 t r a c e  
7R-60F F i r s t  reduction 79-08 6.03 (1.13) 0.30 13.46 0.30 
7R-65 Second reduction 75.14 6.09 (1.13) 0.08 17.56 e 

7R-67 Third reduction 79.60 5.92 (1.13) 0.05 13.30 0.23 
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Table VII1.- Fischer-Schrader lov temperature carbonization assay 
(500° C.) and ASM free-swelling index (823" C.) 

Reduced 
Bruc eton Bruc eton 
vitrain v i tra in  

7R-60 7R-60-F 

Coke 
Tar 
Water 
Light oil 
Gas 

78.3 
10.9 
6.8 
0.51 
3.5 

63.5 
22.2 
9.4 
0.77 
4.1 

F.S.I. 74 5 4  

Coke, percent 70.2 52.4 

Composition of coke 
C 84.54 
H 3.64 
N 1.81 
S 0.83 
Ash 2.69 

83.35 
3.64 
3.77 
0.21 
3.87 
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