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ABSTRACT

In  the  p a s t  decade, mine eng ineers  have had a d i f f i c u l t  ta s k  

in  t ry in g  to  in c re a s e  th e  p ro d u ctio n  of c o a l, p a r t i c u l a r ly  from deep 

and th in  d e p o s i t s .  The two main mining tec h n iq u e s , o p e n -p it  and un­

derground o p e ra t io n s , a re  no t f e a s ib le  fo r  deep and th in  r e s e r v o i r s .  

A lthough in  o p e n -p it  the  p ro d u ctio n  i s  h ig h , the  c o s t o f o p e ra tio n  is  

a ls o  h ig h , in  a d d it io n  to  causing  a i r  and w ater p o l lu t io n .  In  th e  un­

derground m ining m ethods, the  o p e ra tio n  is  dangerous as a r e s u l t  of 

ro o f  c o l la p s e ,  gas e x p lo s io n  ( p a r t ic u la r ly  m ethane), in  a d d it io n  to  low 

p ro d u c tio n . These problem s became more com plicated  fo r  th e  en g in ee r 

when the  demand fo r  h ig h er p roduction  of coal combined w ith  the  demand 

fo r  b e t t e r  q u a l i ty  o f c o a l .  These problems in  th e  m ining in d u s t r ie s  

led  to  a  new tech n iq u e  c a l le d  "chem ical com m inution." Chemical com­

m inu tion  o f  coa l in v o lv es  reduc ing  th e  s iz e  o f  th e  co a l by in je c t io n  

and p e n e tra t io n  o f  a s u i ta b le  so lv e n t through the n a tu r a l  d is c o n tin u ­

i t i e s  o f coa l such as f r a c tu r e s ,  pores and f i s s u r e s .  In  t h i s  s tu d y ,

CO  ̂ + H^O was proposed as a so lv e n t fo r the  chem ical comminution pro­

c e s s .  Three d i f f e r e n t  b itum inous co a l samples from e a s te rn  Oklahoma,

(1 ) M cAlester (L atim er C ounty), (2 ) Croweburg (Okmulgee C ounty), and 

(3 ) Secor (Wagoner C ounty), and one unknown coa l sample ( th e  o r ig in  of 

the  coal i s  unknown) were examined w ith  the proposed s o lv e n t .  A 500 ml 

s t a in le s s  s t e e l  bomb r e a c to r  was used fo r tre a tm e n t o f th e  coa l w ith

i l l
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th e  proposed s o lv e n t .  The c o n d itio n s  o f the trea tm en t of th e  coa l in  

each t e s t  were d i f f e r e n t .  The tem pera tu re  ranged from 200°C to  325°C. 

The p re ssu re  ranged from 2150 p s i  to  3600 p s i .  The r e s u l t s  of the  r e ­

search  in d ic a te d  t h a t ,  a t  h ig h er tem pera tu re  and p re ssu re  and h ig h er 

r a t i o  o f so lv e n t to  coa l w ith  lo nger p e rio d  of experim ent, the  percen ­

tag e  o f the  fragm ented coa l was h ig h e r  and the s iz e  o f the fragm ented 

co a l became f in e r .  R esu lts  o f u l t im a te  a n a ly s is  «of the  fragm ented coal 

showed th a t  a t  275°C and 3300 p s i  w ith  3 .5  so lv e n t to  coal r a t i o  fo r  24 

h o u rs , the  t o t a l  s u lf u r  o f  the  co a l d e c lin ed  from 3.51 p e rc e n t to  2.23 

p e rc e n t;  and the  ash was reduced from 18.65 to  17.5 p e rc e n t. As a r e ­

s u l t  of th is  in v e s t ig a t io n ,  i t  i s  b e liev ed  th a t  COg and i t s  aqueous 

s o lu t io n  in  w ater i s  a s u i ta b le  so lv e n t in  the chem ical comminution 

p rocess ; and i t  i s  capab le  o f b reak in g  the coal and reducing  the  s u lfu r  

and ash c o n te n ts  o f the  c o a l .
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UNITS USED IN THIS STUDY

MTOE -  M illio n  tons o f o i l  e q u iv a le n t which re p re s e n ts  th e  amount of 

energy which e x is t s  in  one s h o r t  ton  o f o i l*

One ton  o f o i l  i s  roughly  equal to :

1. one ton  o f a n th r a c i t i c  c o a l

2. 1 .5  tons** o f b itum inous co a l

3. 3 tons o f l i g n i t e  coa l

4 . 5 .3  tons of p e a t

5. 1167 thousand cub ic  m eters o f n a tu r a l  gas

6. 39 m il l io n  Btu ( B r i t is h  therm al u n i ts )

7. 11 .5  m il l io n  w a tts

8. 9 .8  b i l l i o n  c a lo r ie s

One pound = 453.4 grams

One s h o r t  ton  = 2000 lb

One long to n  = 2210 lb

One Btu = 0 .293 w a tts  = 252 c a lo r ie s  = 1055 Jo u le s

One atm osphere = 14.70 p s i

6 2 One b a r  = 10 dyn/cm = 14.5 p s i

*Don H edley, World Energy: The F a c ts  and F u tu re , "Energy
U n its ,"  p u b lish ed  by F ac ts  on F i l e ,  I n c . ,  1981.

**This number can range from 1 .2  to  1 .8  to n s  depending on th e  
type  o f  b itum inous c o a l.
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1 inch  = 2 .54  cm

1 f t  = 30.48 cm
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CHEMICAL COMMINUTION FOR DEEP AND THIN BITUMINOUS 

COAL BY USING CO  ̂ + H^O AS A SOLVENT

CHAPTER I  

INTRODUCTION

A. GENERAL STATEMENT OF THE PROBLEM

In  the  p as t decade, the  q u a l i ty  and h ig h e r  p roduction  of coal

from deep and th in  r e s e r v o ir s  has become ex trem ely  im portan t fo r  the  

m ining i n d u s t r i e s .  I n e f f i c i e n t  m ining te c h n iq u e s , such as underground 

and open p i t ,  fo r  coa l p ro d u c tio n  and m echanical methods of removing 

th e  im p u r it ie s  o f coa l such as ash and s u lf u r  have led  to  a new te c h ­

nology fo r  bo th  q u a l i ty  and improvement o f coa l p ro d u ctio n  c a lle d  

"chem ical com m inution". Underground m ining methods a re  too r is k y  fo r  

deep r e s e r v o ir s  in  a d d it io n  to  t h e i r  lower p ro d u c tio n . On the  o th e r  

hand, s u rfa c e  m ining o r the  open p i t  method is  no t a f e a s ib le  tech n iq u e  

from an economic p o in t o f view fo r  deep and th in  r e s e r v o i r s .  In  a d d i­

t io n ,  w ater and a i r  p o l lu t io n  and damage to  n a tu r a l  re so u rces  occurs as 

a r e s u l t  o f  t h i s  o p e ra t io n . A lso , u p - to -d a te  m echanical m ethods, such

as c ru sh in g  and m il l in g ,  a re  not ab le  to  remove o rgan ic  s u lfu r  from

coal compounds, which account fo r  30 to  70 p e rcen t o f th e  t o t a l  s u lf u r  

in  c o a l .
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As a r e s u l t  o f th e se  problems in  th e  m ining in d u s t r ie s ,  th i s  

s tudy  was proposed to  s tu d y  a chem ical a g e n t, carbon  d io x id e  and 

i t s  aqueous s o lu t io n  in  w a te r, fo r  the  chem ical comminution p rocess in 

o rd er to  improve th e  q u a l i ty  and p roduction  o f c o a l .  The suggested  

chem ical agen t has th e  fo llo w in g  advantages fo r  the  m ining in d u s tr ie s  

and energy  d iv is io n :  (1) The c o s t  of o p e ra tio n s  is  reduced in  compar­

ison  w ith  o p e n -p it techn iques  fo r  deep and th in  r e s e r v o i r s .  (2 ) Many 

coal r e s e r v o i r s  would change from being reso u rces  to  re se rv e s  because 

of th e  f e a s i b i l i t y  of th i s  tech n iq u e  from an economic p o in t of view .

(3) Less p ro cess in g  is  re q u ire d  fo r  coal p ro d u c tio n  compared to  both  

m ining m ethods. (4 ) The r i s k y  o p e ra tio n s  o f th e  underground m ining 

methods and th e  a i r  and w ater p o l lu t io n  of th e  o p e n -p it  method a re  un­

n e c e s s a ry . (5 ) Carbon d io x id e  is  a cheap and p l e n t i f u l  su b s ta n c e .

(6 ) The su b stan ce  is  nonflam m able, nonhazardous and nonexplosive w ith  

reg a rd  to  humans and rock  fo rm a tio n . (7 ) The su b s tan ce  is  low d e n s ity  

and le s s  com plicated  which is  d e s ir a b le  in  s e p a ra tin g  s o l id  (c o a l)  from 

s o lv e n t .

B. REVIEW OF PREVIOUS INVESTIGATION

In  1920 in  West Germany, P o tt and H. Broch developed a tec h ­

n ique which cou ld  produce r e l a t i v e ly  c lean  bu rn ing  fu e l  from coa l under 

hydrogen p re s su re  in  e i th e r  the  form of a s o l id  c a l le d  Solvent Refined 

Coal I  (SRCI) or a l iq u id  c a l le d  SRCII. But t h i s  p ro cess  was stopped 

fo r two re a s o n s . F i r s t ,  a t  th a t  tinie the  w a s h a b il i ty  method was un­

known or le s s  developed and second because o f World War I I .

From 1950 to  1960 in  th e  U nited S ta te s ,  re se a rc h  and develop­

ment work on a m o d if ic a tio n  o f the  P o tt-B roch  method was c a r r ie d  out by



Spencer Chemical Company. Then in  1962, G ulf O il C orporation  o b ta in ed  

th i s  p ro je c t  through the O ff ic e  o f Coal R esearch (OCR) and re a s s ig n e d  

i t  to  the  P ittsb u rg h  and Midway Coal Mining Company (P&M). As a r e ­

s u l t ,  P&M designed a p i lo t - p l a n t  capab le  of p ro ce ss in g  50 tons o f pure 

co a l per day by SRCI.^

In  e a r ly  1971, Syracuse U n iv e rs ity  Research C orpo ra tion  ex­

amined and in troduced  the  f i r s t  new chem ical agent fo r  the  chem ical 

comminution p ro ce ss . The chem ical agent proposed was ammonia (gas and 

l iq u id )  in  o rder to  remove th e  im p u r it ie s  o f coal such as ash and s u l ­

fu r  and consequently  reduce the  s iz e  o f th e  coa l ( fragm ent) , ^ ^ ^ ^  in  

t h i s  re s e a rc h , four d i f f e r e n t  types o f coal samples (two thousand 

pounds) were se le c te d  fo r  exp erim en ta l s tudy : (1 ) I l l i n o i s  No. 6 coa l

(F ra n k lin  County); (2 ) P i t ts b u rg h  seam coal (Greene County, PA);

(3 ) Upper F reepo rt seam coa l (W estmoreland County, PA); and (4 ) Lower 

F re e p o rt seam c o a l.  A ll o f them were run -o f-m ine  samples (ROM). The 

p rocess  was c a r r ie d  ou t in  a  bomb r e a c to r  w ith  d i f f e r e n t  p r e s s u r e s , 

t im e s , tem pera tu res and d i f f e r e n t  phases and v a rio u s  p ercen tages  of 

ammonia. They d iscovered  the  r a t e  and e x te n t o f fragm en ta tion  o f  coal 

and the  r e le a s e  o f s u lfu r  depended on se v e ra l  f a c to rs  : (q) coa l ch ar­

a c t e r i s t i c s ,  h ig h er ranks of co a l have le s s  response  to  ammonia than  

lower ranks of c o a l;  (b )  r e a c t io n  c o n d it io n s , th e  r e s u l t s  of th e  ex­

perim ent showed th a t  in c re a s in g  th e  p re ssu re  in c re a se s  the  p e rcen tag e  

of fra g m en ta tio n . A lso , they  d isco v e red  th a t  h ig h e r  p re ssu re  w i l l  

y ie ld  f in e r  coal than  lower p re s s u re .

Although how th e  chem ical comminution p rocess a c tu a l ly  b reaks 

the  coa l was not f u l ly  understood  by the Syracuse U n iv e rs ity  R esearch



C o rp o ra tio n , i t  i s  thought th a t  th e  a c c e s s ib le  hydrogen atoms of the  

ammonia m olecule d is ru p t  th e  weak bonding energy a long  th e  c o a l 's  

in te r n a l  b o u n d a rie s .^  I t  has been re p o rte d  by th e  Syracuse U n iv e rs ity  

R esearch C orpo ra tion  th a t  chem ical comminution w ith  ammonia is  capab le  

o f  l ib e r a t in g  more p y r i t i c  s u l f u r  (FeS^) th an  m echanical methods fo r  a 

g iven  s i z e .  The c o s t of chem ical comminution was e s tim a te d  between 

$2.5  to  $ 3 .0 0 /to n ; th is  in c lu d e s  th e  c o s t o f w a s h a b il i ty .

In  1974 Duane R. Skidm ore, P ro fe sso r  o f M ineral and Energy 

R esource, and C alv in  J .  Konya, A sso c ia te  P ro fe s so r  o f M ining E ngineer­

ing a t  the  C ollege o f M ineral and Energy Resource a t  West V irg in ia  Uni­

v e r s i t y ,  p re se n ted  a paper a t  the  AIME N atio n a l m eeting  a t  D a lla s ,

Texas (February  2 5 -2 8 ), under Chemical Comminution o f  C o a l.  ̂ This pa­

per was a summary o f two ex p e rim en ta l s tu d ie s  on chem ical comminution 

w ith  two d i f f e r e n t  s o lv e n ts .  F i r s t ,  th e  P i t ts b u rg h  seam co a l from 

Morgantown, West V irg in ia ,  was examined w ith  p y r id in e  s o lv e n t .  P y r i­

d in e  was re f lu x e d  through co a l samples h e ld  in  S o x h le t e x tr a c to r  

s le e v e s  (19 x 90 mm) a t  a tm ospheric  p re ssu re  and room tem p era tu re  fo r 6 

to  42 h o u rs . The r e s u l t s  o f  U .S . S tandard  s ie v e  a n a ly s is  showed longer 

r e a c t io n  tim es caused f in e r  p a r t i c l e  s i z e .  The second experim en ta l 

work was done w ith  a n th racen e  o i l  so lv e n t on th e  same co a l seam bed bu t 

a t  h ig h e r  tem pera tu res  and p r e s s u r e s .  The s tu d y  was c a r r ie d  o u t in  a 

750 ml carbon s t e e l  ba tch  a u to c la v e . The tem p era tu re  ranged  from 240°C 

to  320°C and p re ssu re  up to  900 p s i  fo r  60 m inutes o f  o p e ra t io n . The 

r e s u l t s  o f  the  second experim ent were re p o rte d  as fo llo w s : Higher tem­

p e ra tu re  w ith  longer p e rio d  o f ex p e rim en ta tio n  w ith  r e l a t i v e ly  h igh  

p re s su re  would y ie ld  more f in e  c o a l .  A ddition  o f w ater to  the  system



would in c re a se  the  p re s su re  b u t no t change the  s iz e  of p a r t i c l e s .  The 

w ater was added to  th e  system  in  o rd er to  reduce the  c o s t of opera­

t io n s  .

In  March 1980, Bruce W. Davis from Chevron R esearch Company, 

San F ra n c isc o , C a l ifo rn ia ,  in tro d u c e d  a new chem ical agen t th a t  su e -
g

c e s s f u l ly  a f f e c te d  se v e ra l coa l types from l i g n i t e  to  b itum inous. The 

c o a l samples were s e le c te d  from Â lb e rh i l l  County ( l i g n i t e ) ,  K arpow itz 

and Carbonado No. 3, 7 (b itu m in o u s ) . In  th is  r e s e a rc h , gaseous NOg-Og 

m ix tu re  was used as a chem ical a g e n t,  and ethanolam ine was s e le c te d  as 

an aqueous s o lu t io n .  F i r s t  th e  gaseous NO^-Og m ix tu re  co n tac ted  the  

c o a l fo r  the d e s ire d  len g th  o f  tim e , a llow ing  the  NOg-O^ m ix ture  to  

p e n e tr a te  in to  the  pores and a lo n g  g ra in  boundaries in  o rd e r to  c re a te  

p e rm e a b il i ty . Then an e thano lam ine  s o lu t io n ,  c o n ta in in g  from 0.25 to

0.5% by w eight e thano lam ine, was added to  th e  coal-NOg-Og m ix tu re . NOg 

was s e le c te d  in  o rd er to  c re a te  p e rm e a b il ity , and Og was chosen to  

c o n tro l  the  r a t e  o f r e c t io n .  F in a l ly ,  aqueous e thanolam ine was added 

to  the  compounds to  b reak  up and s lu r r y  the  t r e a te d  c o a l .  The tem per­

a tu r e  a p p lie d  in  th i s  s tudy  ranged  from 20°C to  90°C.

At th e  U n iv e rs ity  o f Oklahoma Department of C hem istry , Dr. 

A m u lf  P . Hagen proposed f lu o r in a te d  so lv e n ts  [m ainly , t r i f l u o r a c e t i c  

a c id  (TFA) and d i f 1uorophosphoric  a c id  (DFPA)} fo r  b itum inous coal 

fra g m en ta tio n  and l ib e r a t io n  o f  ash  and s u l f u r .  At p h y s ic a l co n d itio n s  

up to  300 C and 5000 p s i  p r e s s u r e ,  p re lim in ary  experim ents have shown 

t h a t  TFA and DFPA have p o te n t ia l  fo r th e  comminution o f Oklahoma h igh
9

v o l a t i l e  bitum inous c o a l.

B esides the  above compounds, th e  fo llow ing  compounds have a lso  

been found e f f e c t iv e  in  t e s t s  fo r  the  chem ical comminution p rocess of



coal by Syracuse Research C orporation:^®  (1 ) anhydrous m ethanol,

(2 ) anhydrous m ethanol p lus 1 /4  mol N aO H /lite r, (3 ) anhydrous e th a n o l,

(4 ) anhydrous e th an o l p lus 1 /4  mol N aO H /lite r, (5 )  anhydrous iso p ro ­

p an o l, (6 ) anhydrous iso p ro p an o l plus 1/4 mol N aO H /lite r , (7 ) 40 p e r­

c e n t m ethylam ine/ anhydrous m ethanol, (8 ) 70 p e rc e n t e th y lam in e /an - 

hydrous e th a n o l ,  (9 ) anhydrous m e th an o l/ace to n e , (10) anhydrous

e th a n o l/a c to n e , (11) g la c ia l  a c e t ic  a c id /a c e to n e , (12 ) hydrous is o -  

s p o rp a n o l/a c e to n e , (13) hydrogen peroxide and a c e to n e .

In  th e  p a s t ,  s e v e ra l compounds have a ls o  been developed and 

in tro d u ced  fo r  the  l ib e r a t io n  o f both  o rgan ic  and in o rg an ic  s u l f u r ,  bu t 

n o t n e c e s s a r i ly  fo r  in  s i t u  m ining in d u s t r ie s ,  and r e s u l t s  were rea so n ­

a b le . At P i t ts b u rg h  Energy R esearch C en te r, Sidney Friedm an, Robert B. 

LaCount and Robert P . W arzinsk i in je c te d  a i r  as a sou rce  o f oxygen fo r  

the  o x id a tio n  o f o rgan ic  s u l f u r ,  then used NaOH fo r  th e  e lim in a tio n  of 

SOg. The p re s su re  a p p lie d  in  t h i s  experim ent ranged  from 800 to  1000 

p s i and tem p era tu res  up to  300°C.^^ The same group exp lo red  n itro g e n  

d io x id e  (NO2 ) as a good rea g e n t fo r  co n v e rtin g  o rg an ic  s u lf id e  to  s u l -

fones and then  used NaOH in  aqueous s o lu t io n  as a so lv e n t in  o rd er to  
12

e lim in a te  SOg. The same group a t  P itts b u rg h  Energy Research Center

a ls o  d isco v e red  th a t  p y r i te  in  co a l can be m inim ized w ith  compressed
13

a i r  a t  1000-1200 p s i  and a t 150 -160“c .

At Ledgemont L ab o ra to ry  o f Kennecott Copper C o rp o ra tio n , S. S. 

Sareen was a b le  to  remove alm ost a l l  o f the  p y r i t i c  s u lf u r  and 25% of 

the  o rgan ic  s u lf u r  a t  130°C tem pera tu re  and up to  300 p s i p re ssu re  by 

u sin g  an am m onia/oxygen/water m ix tu re  fo r 2 hours



c . SPECIFIC STATEMENT OF THE PROBLEM

In  the  p a s t the  recovery  of deep co a l in  th in  d e p o s its  has 

always been ex trem ely  expensive and d i f f i c u l t .  Many unsolved problems 

e x is t  in  both o p e n -p it and underground mining m ethods. In  o p e n -p i t ,  

d e s p ite  advances in  techno logy  which in creased  the  coal p ro d u c tio n , a i r  

and w ater p o l lu t io n  p lu s  the  d e s tru c tio n  of n a tu ra l  re so u rces  s t i l l  

rem ain w ithou t s u f f i c i e n t  s o lu t io n .  At the  same tim e, the p r ic e  o f 

equipment and o p e ra tio n s  in  o p e n -p it m ining has in c re a se d  to  unpre­

d ic ta b le  l e v e ls .  On the  o th e r  hand, i t  is  w ell known th a t  the produc­

t io n  o f coal by underground m ining o p e ra tio n s  is  very  low and very  

r i s k y .  ( In  1981 i t s e l f ,  more than  100 people d ied  in  the  U nited  S ta te s  

and Japan as a r e s u l t  o f th is  o p e ra tio n . E ven ts: A p ril 15, 1981 in

Colorado of U .S .; O ctober 16, 1982 in  Japan ; December 7, 1981 in  sou th ­

e a s t  Kentucky in  U .S .; December 8 , 1981 in  E ast Tennessee o f U .S .; and 

January 20, 1982 in  J a p a n .)

These fa c to r s  a re  com p lica ting  the  p ro d u c tio n  o f coal not only 

from deep bu t a lso  from sha llow  d e p o s its ;  and, as a  r e s u l t  o f th e s e , 

coal p ro d u ctio n  is  low, thus se rv in g  to  worsen the  energy c r i s i s .  In 

Oklahoma i t s e l f ,  the Oklahoma G eological Survey re p o r te d  in  1974^^ th a t  

in  19 c o u n tie s  in  e a s te rn  Oklahoma, th e re  a re  24 bitum inous coa l beds 

covering  1 .5  m illio n  a c re s  w ith  more than  7 b i l l i o n  tons o f r e s o u rc e s . 

However, 90 p e rcen t o f  th i s  coa l is  more than  100 f e e t  deep and le s s  

th an  th re e  f e e t  th ic k .  Only 0 .5  b i l l io n  tons of t h i s  coa l has been 

mined in  th e  p a s t 100 y e a r s .  From the rem aining c o a l ,  2 .3  b i l l i o n  tons 

a re  not rec o v e rab le  a t  the  p re se n t time by p re se n t technology and
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probab ly  w i l l  not be mined in  the  near fu tu re  u n le ss  th e re  is  some im­

provement in  the  m ining in d u s try . Among t h i s  2 .3  b i l l i o n  tons o f c o a l ,  

240 m il l io n  tons is  s u i ta b le  fo r  l iq u e f a c t io n  and g a s i f i c a t i o n ,  650 

m il l io n  tons is  s u i ta b le  fo r  g en e ra tin g  e l e c t r i c i t y ,  and more than  one 

b i l l i o n  tons is  s u i ta b le  fo r  the  coke in d u s try  i f  s u lf u r  and ash can be 

removed from the  c o a l .  I t  i s  a ls o  in te r e s t in g  to  n o te  t h a t ,  acco rd in g  

to  K eyston ,^^  in  the  U nited  S ta te s ,  th e re  have been more than  3 t r i l ­

l io n  tons o f coal re so u rc e s  reco g n ized . Among t h i s  f ig u r e ,  a lm ost 50% 

of coa l lo c a te d  between 0 and 3000 f e e t  deep has been mapped and ex­

p lo red  ( id e n t i f ie d )  by g e o lo g ic a l methods and the  o th e r  h a l f  unmapped 

and unexplored  ( in d ic a te d  and p ro b a b le ) . But among th is  la rg e  re so u rc e  

only 150 b i l l i o n  tons can be reasonab ly  e x tra c te d  w ith  p re s e n t te c h ­

no logy .

At the  same tim e , many energy p la n n e rs  in  the  U nited  S ta te s  

e s tim a te  1 .2  b i l l i o n  tons of coal p ro d u ctio n  would be re q u ire d  by 1985 

and 2 b i l l i o n  tons by the  year 2000 in  o rd e r  to  meet the  energy  demand 

To meet t h i s  p ro d u c tio n , acco rd ing  to  a f e d e r a l  energy a d m in is tra t io n  

so u rc e , th e  fo llo w in g  a c tio n s  need to  be tak en  in  o rd er to  p rov ide  

1 .2  b i l l i o n  tons o f co a l by 1985: (1 ) Develop 140 new 2 -m ill io n -

to n -p e r -y e a r  mines in  the  e a s te rn  U nited S ta te s  by underground m ining 

o p e ra t io n s .  (2 ) Develop 30 new 2 -m ill io n - to n -p e r -y e a r  mines in  the  

e a s te rn  U .S . by o p e n -p it  tech n o lo g y . (3 )  Develop 100 new 5 - m i l l io n -  

to n -p e r -y e a r  mines in  th e  w estern  U nited S ta te s  by o p e n -p it ( su r fa c e  

m ining) techno logy . (4 ) T ra in  and p rov ide  80 thousand new coa l m iners 

in  the  e a s te rn  U nited S ta te s .  (5 ) T ra in  and c r e a te  45 thousand new 

coal m iners in  the  w este rn  U nited S ta te s .



To b r in g  th is  p lan  to  p r o d u c t iv i ty  would no t be so easy— 

e s p e c ia l ly  in  the  sh o r t  term . To open and develop one underground mine 

w ith  two m il l io n  tons p ro d u ctio n  per year re q u ire s  a t  l e a s t  f iv e  s o l id  

y e a rs . This can be in c reased  to  ten  y ea rs  depending on many f a c to r s ,  

such as where the mine is  lo c a te d ,  w ea th er, e t c .  A lso , to  develop one 

o p e n -p it  or su rfa c e  mine w ith 2 to  5 m il l io n  tons p ro d u c tio n  per year 

r e q u ire s  from two to  f iv e  y e a r s .  A gain, th is  p e rio d  can be extended to  

many y ea rs  fo r many re a s o n s .

In  a d d it io n  to  d i f f i c u l t i e s  in  coal m in ing , the  demand fo r 

pure co a l r e c e n tly  in c re ase d  fo r  the  fo llow ing  re a so n s : (1 ) to  reduce

th e  c o s t o f t r ansp o r tio n  by reduc ing  and removing the  im p u r it ie s  from 

th e  c o a l;  (2 )  to  enhance s a l a b i l i t y ;  (3 )  to  reduce the  s u l f u r  oxide (SOg) 

em issions as a  r e s u l t  o f coal com bustion. In  the  U nited  S ta te s  in  

1972, o f  the  600 m il lio n  tons o f coal produced, alm ost 50% o f the t o ta l  

co a l re q u ire d  some type of p u r i f ic a t i o n  in  o rd er to  remove the  s u lfu r  

(F ig u re  1 ) .

fso r

(0 0  -

T 1----- 1----- r

§H

I «Si-
T o ta l p ro d u c tio n

Prepared  co a l

» u  iN T  R ( (  mo nn mi
TtlK

FIGURE 1 . T o ta l and p rep a red  coa l p ro d u c tio n .

From: Howard, P h i l ip ,  H an ch e tt, A rno ld , and A ld r ic h , R obert G.-, "Chem­
i c a l  Comminution fo r  C lean ing  Bitum inous C o a l,"  C lean Fuels from 
C oals Symposium I I . sponsored by I n s t i t u t e  o f Gas Technology, 
June 23-27 , 1975, p . 735.
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up to  mid 1970, m ainly  m echanical methods (c ru s h in g , g r in d in g , 

m il l in g )  were used to  remove th e  s u lf u r  from the  c o a l;  b u t f i r s t ,  th e  

m echanical methods were producing too f in e  p a r t i c l e s  of coa l du ring  

th e  p ro c e s s , consequen tly  com plica ting  the  w a sh a b ility  or s e p a ra tio n  

p ro c e s s . Second, the  m echanical methods a re  not ab le  to  remove o rgan ic  

s u l f u r  from coal which i s  30 to  70 p e rcen t o f th e  t o ta l  s u lf u r  in  c o a l .  

T h e re fo re , the chem ical commuaition p rocess  i s  n ecessa ry  and can be a 

p a r t  of th e  s o lu tio n  fo r  th e  d i f f i c u l t i e s  invo lved  in  both  p ro d u c tio n  

and im p u ritie s  of c o a l .  As a r e s u l t ,  th e  s p e c i f ic  problem o f t h i s  

s tu d y  is  to  a ttem pt to  answer the fo llow ing  q u e s tio n s :

1 . Can COg and i t s  aqueous s o lu t io n  in  w ater be used as a chem ical

agen t in  th e  chem ical comminution p rocess  fo r  in  s i t u  m ining w ith  a 

deep and th in  coal bed fo r  which o p e n -p it and underground m ining oper­

a tio n s  a re  not s u i ta b le ?

2 . Can CO2  and i t s  aqueous s o lu t io n  in  w ater be used as a chem ical

agen t in  the  chemical comminution p rocess to  remove s u lfu r  and ash  in ­

s te a d  of m echanical methods?

D. SCOPE AND LIMITATION OF THE RESEARCH

1. Can a la b o ra to ry  re s e a rc h  be developed to  o b ta in  s u f f i c i e n t  

r e s u l t s  w ith  regard  to  M cA lester b itum inous co a l-ca rb o n  d io x id e -w a te r  

m ix tu re  th a t  can supply  the  b a s ic  d a ta  fo r  use in  the  th e o r e t i c a l  c a l ­

c u la t io n s  necessa ry  to  p re d ic t  the  behav io r o f bitum inous coal-COg-HgO 

m ix tu re?

2 . What a re  th e  minimum and maximum tem p era tu res  and p re s su re s  

re q u ire d  fo r  frag m en ta tio n  o f a M cAlester coal-C02~H20 m ix ture?
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3 . What a re  th e  p ercen tages  o f coal frag m en ta tio n  w ith  regard  to  

tim e, te m p e ra tu re , and p ressu re?

4 . What p e rc e n t o f s u lfu r  and ash w il l  be removed from M cAlester 

coal w ith  reg a rd  to  a t  l e a s t  one ty p ic a l  tem p e ra tu re , p re s s u re , and 

time of experim ent?

5 . Are th e re  any o th e r  coa l beds of Oklahoma which can be rea c te d  

w ith  a CO^-H^O m ix tu re?  I f  so , determ ine b rea k p o in t and d i s t r ib u t io n

of p a r t i c l e  s iz e  a t  th a t  p a r t i c u la r  p o in t .

E . EXPERIMENTAL PROCESS FOR CHEMICAL COMMINUTION OF COAL

1. Weigh d e s ir a b le  amount o f coal and p lace  in s id e  the  bomb re a c ­

to r  and add d e s i r a b le  amount o f w ater in  the  bomb (n o t more than  75% of 

bomb r e a c to r  c a p a c i ty ) .  At th is  s ta g e , th e re  is  coa l + H^O in  the  bomb

r e a c to r .

2 . I n je c t  CO2  to  the  bomb r e c to r  which c o n ta in s  coal + H2 O.

3 . Heat bomb r e a c to r  by any dev ice  such as e l e c t r i c a l  h e a te r  fo r 

d e s ir a b le  tim e.

4 . Turn o f f  h e a t a f t e r  d e s ira b le  p e rio d  and leave  bomb r e a c to r  and 

i t s  co n ten ts  fo r  3-5 hours depending on tem pera tu re  in  o rd er to  cool 

o f f  bomb r e a c to r  fo r  fu r th e r  o p e ra tio n s .

5 . Remove th e  cap of bomb r e c to r  and se p a ra te  fragm ented coa l from 

s o lv e n t .

F . IffiFINITIONS OF TERMS AS APPLIED IN THIS STUDY

Chemical Comminution; The p rocess th a t  fragm ents the  coal 

a long  n a tu r a l ly  o c c u rr in g  system s of f r a c tu r e s ,  p o re s , f a u l t s  and o th er
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d is c o n t in u i t i e s  by u s u a lly  low m olecu lar w eight chem ical compounds. 

Although th e  mechanism of chem ical comminution in  many cases  is  not 

fu l ly  u n d e rs to o d , i t  is  b e lie v ed  the chem ical compounds p e n e tra te  the 

c o a l, weakening and d is ru p t in g  the  bonding fo rc e s  a t  the  n a tu ra l  in ­

te r f a c e s  o f th e  c o a l s t r u c tu r e  where ash and p y r i te  a re  lo c a te d . 

T h e re fo re , in  chem ical comminution, not only can coa l be fragm ented , 

but a ls o  im p u r it ie s  of coa l such as ash and p y r i te  can be removed.

W a sh a b ili ty ; W ash ab ility  (o r d if fe re n c e  method) i s  the  tec h ­

n ique \dxich s e p a ra te s  s o l id  from l iq u id  by u s in g  g ra v i ty  p ro p e r ty .

MTOE: M illio n  tons of o i l  e q u iv a le n t. This r e p re s e n ts  the

amount o f energy  co n ta in ed  in  one ton of o i l .

ROM (ru n  o f  m ine): The raw coal (o r  o re )  as i t  i s  d e liv e re d

by the  mine c a r s ,  conveyor, e tc .

R esource: This is  the  b ro ad es t term  a p p lie d  to  o re  (c o a l)

d e p o s its  which a re  id e n t i f i e d  to  e x is t  w ith in  a m inera l ( c o a l)  f i e l d ,  

based on in te r p r e ta t io n  o f geo log ic  da ta  and g e o lo g ic a l judgement but 

no t n e c e s s a r i ly  re c o v e ra b le  a t  th e  p re se n t tim e by p re s e n t technology 

from an economic p o in t of view . This is  the  maximum e s tim a tio n  of 

m ineral or ore ( c o a l ) .  There a re  th re e  c la s s e s  o f r e s o u rc e s . They a re

(1 ) m easured, (2 )  in d ic a te d  and p ro b ab le , and (3 ) in f e r r e d .

1 . Measured re so u rc e s  (p ro v en ): They l i e  w ith in  1/2 m ile  of a

p o in t of o b se rv a tio n  and a re  based on mapped coal beds in  which the 

th ic k n e ss  and c o n tin u i ty  of coal a re  determ ined by o b se rv a tio n  in  na­

tu r a l  exposures a long  th e  o u tc ro p s , d r i l l  h o le s , mine workings and 

t re n c h e s . They u s u a lly  account fo r  20 p e rcen t of t ru e  tonnage and are  

a ls o  co n sid e red  to  be as an id e n t i f ie d  coal or re se rv e  c o a l .



13

2. In d ic a te d  (p ro b a b le )  re s o u rc e s :  The p o in ts  o f o b se rv a tio n  and 

m easurem ent which a re  used to  c a lc u la te  in d ic a te d  re so u rc e s  a re  w idely 

sp aced . In  g e n e ra l, th e  p o in ts  between o b se rv a tio n  and measurement a re  

abou t one m ile  or app rox im ate ly  up to  1 1/2 m ile , bu t no t more than  

1 -1 /2  m ile .  The th ic k n e ss  and c o n tin u i ty  o f the  co a l bed is  determ ined 

by g e o lo g ic a l  ev idence , and in fo rm a tio n  o b ta in e d  from proven reso u rces  

(m easu red ).

3 . In fe r re d  re s o u rc e s :  Those re so u rc e s  which l i e  more than  2 

m iles  from p o in ts  o f p re c is e  in fo rm a tio n . A lthough some knowledge of 

g e o lo g ic a l  c h a r a c te r i s t i c s  o f th e  co a l bed , th e  e n c lo s in g  rocks and the 

re g io n  in  which they  occu rred  a re  a v a i l a b le ,  m ostly  th e  th ic k n e ss  and 

c o n tin u i ty  of the coal bed is  e s tim a te d  on th e  b a s is  o f the  assum ption 

th a t  th e  coa l bed con tinued  beyond th e  m easured and in d ic a te d  a re a . 

In fe r re d  reso u rce  a re a  cannot be more th an  4 m ile s .

Coal bed : A bed or s tra tu m  o f c o a l ,  a  la y e r  w ith  more than  14

inches in  th ic k n e s s . In  U nited  S t a te s ,  a ls o  c a l le d  coa l seam.

Coal bed th ic k n e s s , bed th ic k n e s s , co a l th ic k n e ss  : Coal

th ic k n e s s  is  d iv id ed  in to  th re e  c a te g o r ie s  fo r  d i f f e r e n t  ranks of c o a l; 

th ey  a re  (1 ) th in ,  (2 )  in te rm e d ia te , and (3 ) th ic k .

B itum inous and Subbitum inous
C ateg o ries  a n th r a c i t e  ( in )  and l i g n i t e  ( f t )

Thin 14-28 2 .5 -5

In te rm e d ia te  24-42 5-10

Thick > 4 2  > 1 0
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V esse l) p re ssu re  v e s se l or r e a c to r  or bomb r e a c to r  ; Has a 

c y l in d r ic a l  shape w ith  2 1/2 inch in s id e  d iam eter w ith  6 1/4 inch in ­

s id e  dep th  and c o n s tru c te d  from s ta in le s s  s t e e l  m a te r ia l  by P a rr  In ­

strum ent Company and used in  th is  study  as a  c o n ta in e r  of coal and 

so lv en t fo r  h igh  tem pera tu re  and high p re ssu re  o p e ra t io n .

R ese rv e ; This is  the  term  th a t  i s  a p p lie d  fo r  maximum recov­

e ra b le  o re  ( c o a l)  w ith  p re se n t technology w ith  rea so n ab le  c o s t .

Chemical agen t ( s o lv e n t ) : Chemical compound used in  the

chem ical comminution p rocess fo r  fragm en ta tion  and p u r i f ic a t io n  o f coal

(COg + HgO).

A gglom erating : A gglom erating u s u a lly  r e f e r s  to  the  behav ior

of coal when hea ted  r a p id ly  in  a v o l a t i l e  m a tte r  t e s t .  Sometimes, coal 

is  c l a s s i f i e d  as agg lom erating  and nonagglom erating .

T ran sp a ren cy : This is  the  p ro p erty  o f m in e ra ls  in  which a

th in  s e c t io n  o f a m inera l can tra n sm it l ig h t  and v i s io n .  T ran sp aren t 

m in e ra ls  can tra n sm it  both  l ig h t  and v is io n .

T ra n s lu c en t m in e ra l: Those m in era ls  which can tra n sm it l ig h t

bu t not v i s io n .

Opaque: Those m inera ls  which cannot tra n sm it e i th e r  l ig h t  or

v i s io n .

Hydrocarbon : C ontains only two elem ents : carbon and hydro­

gen . The hydrocarbons can be d iv ided  in to  two g roups.

1. A rom atic. The b e s t  example is  benzene and has th e  fo llow ing  

g eo m etrica l s t r u c tu r e .

H
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Any hydrocarbons which do not have above g eo m etrica l s t r u c tu r e  are  

c a lle d  a l i p h a t i c .

2 . A l ip h a t ic .  A lip h a tic s  a re  d iv id ed  in to  th re e  s u b c la s s i f ic a ­

t io n s .

a . A lkane. The b e s t example is  e th an e  which has the  fo llow ­

ing s tr u c tu r e

H
I

H

1
H

I t s  s p e c ia l  c h a r a c te r i s t i c  is  the  e x is te n c e  o f on ly  s in g le  carbon- 

carbon bonds.

b . Alkene is  hydrocarbon th a t  has a t  l e a s t  one or more c a r ­

bon-carbon double bonds. The b e s t example i s  e th y le n e , C ^-C l^  , \d iich 

has the fo llow ing  s t r u c tu r e .  Alkenes a re  sometimes r e f e r r e d  to  as ■ 

o le f in s  or u n sa tu ra te d  hydrocarbons.

c .  A lkyne. The b e s t  example is  a c e ty le n e , CH=CH, which has 

th e  fo llow ing  s t r u c tu r e

H C---------- C------- H



1 6

and has a t  l e a s t  one o r more than  one carbon-carbon  t r i p l e  bond.

Homologous s e r ie s  : A ll th e  compound o f th e  s e r i e s  can be de­

sc rib e d  by th e  same g en e ra l form ula and c o n ta in  common s t r u c tu r a l  e le ­

m ents, b u t d i f f e r  in  number o f atoms making up the  m o lecu le .

O pen-pit m in ing , s t r i p  m ining , s u rfa c e  m in ing , open cu t m ining 

or open c a s t  m in ing ; A ll o f them have th e  same d e f i n i t i o n .  A form of 

o p e ra tio n  designed to  e x tr a c t  m in e ra ls  th a t  l i e  near the  s u r f a c e .  Re­

c e n tly ,  t h i s  d e f in i t io n  was used more g e n e ra lly  by e lim in a tin g  "near 

the  s u rfa c e "  and has been used to  d e sc r ib e  the  tech n iq u e  o r  o p e ra tio n  

which removes w aste and overburden f i r s t  to  reach  th e  m in e ra l .

Underground m ining m ethods; A form of o p e ra tio n  designed  to  

e x tr a c t  m in era l from the  w aste beneath  th e  s u rfa c e  o f the  ground, such 

as ro o m -p il la r ,  long w all and sh o r t  w a ll ,  e t c . ,  m ethods.

Fragmented ; The coal was arbitrarily considered fragmented 

if the particles were 1/2 inch or less in diameter.



CHAPTER I I  

COAL AND GENERAL PROPERTIES OF COAL

A. DEFINITIONS, CLASSIFICATION, STRUCTURE AND COMPOUNDS OF COAL

1 . D e f in i t io n

I t  i s  g e n e ra lly  agreed  th a t  coal is  a he te rogeneous substance

19th a t  o r ig in a te s  p r im a r ily  from p la n ts  in  which th e  com position  of the

p la n ts  a re  changed under va ry in g  c o n d itio n s  o f m o is tu re , tem p era tu re ,

and p re s s u re . Depending on the  va ry in g  c o n d it io n s , the  type o f p la n ts ,

and the  com pleteness of the  decom position , th e  r e s u l t i n g  product is  fa r

from un ifo rm . I t  ranges from the  i n i t i a l  s ta g e  o f humic ac id  to  p e a t ,

l i g n i t e  (brown c o a l ) ,  subbitum inous c o a l ,  b itum inous c o a l ,  a n th r a c i te
20and the  f in a l  s ta g e  g ra p h i te .  I t  is  p o s s ib le  under unique and s im i­

l a r  c o n d itio n s  of m o is tu re , tem p e ra tu re , p r e s s u re ,  p la n ts  and e x te n t of 

decom position  fo r  coal to  become unique and uniform  in  com position  and 

s t r u c tu r a l  p r o p e r t ie s ;  bu t u s u a lly  f a c to r s  such as f a u l t s ,  f r a c tu r e s  in  

th e  coal and su rround ing  ro c k , w ea thering  of th e  coa l n ear an ou tcrop  

and some o th e r  f a c to r s  a c tin g  d u rin g  the  p e rio d  o f fo rm ation  modify and 

change the  f in a l  p roduct ( c o a l ) .  As a r e s u l t  o f  th ese  f a c to r s ,  coal 

from d i f f e r e n t  p o r tio n s  of the  same bed or even d i f f e r e n t  p o r tio n s  o f

th e  same jn ine is  d i f f e r e n t  in  some im portan t p r o p e r t ie s  such as the

21c o n te n t o f ash and s u l f u r . There a re  two m ajor s ta g e s  re q u ire d  from

17
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a g e o lo g ic a l p o in t o f view  in  o rd er fo r p la n t  or o rg an ic  su b s tan ces  to  

become c o a l:  (1 ) th e  b iochem ical phase and peat s ta g e ,  and (2 ) m eta-

morphic phase or dynamochemical.

( a )  B iochem ical phase and p ea t s ta g e :  At th i s  s ta g e ,  the

organic substance  and p la n ts  a re  accum ulated in  the sed im en tary  en­

vironm ent fo r a long p e rio d  o f tim e . During th is  p e r io d , because of

the a c t i v i t y  o f m icroorganism s and p a r t i c u l a r ly  b a c te r i a ,  th e re  a re
22some chem ical changes in  the  o rg an ic  su b s ta n c e . The o r ig in a l  p la n t  

or o rgan ic  su b s tan ce  g a in s  more carbon and lo ses  oxygen; and i t  becomes 

a new form of o rg an ic  su b s tan ce  which is  c a lle d  p e a t. The p la n ts  a re

heterogeneous in  com position  and a re  u s u a lly  compounds o f c e l lu lo s e ,

23h e m ic e llu lo se , l ig n in ,  r e s i n s ,  waxes and f a t s .  S ince i t  i s  recogn ized  

by many re s e a rc h e rs  th a t  th e  major com position  of p la n ts  a re  c e l lu lo s e  

and l ig n in ,  i t  is  s a fe  to  say c e l lu lo s e  and l ig n in  a re  the  p r in c ip le  

c o n s ti tu e n ts  o f c o a l .  F ig u re  2 shows the  s t r u c tu r e  o f th e se  compounds.

(b )  Metamorphic s ta g e  or dynamochemical phase: Follow ing the

biochem ical p ro c e s s , th e  rem ain ing  p la n ts  or pea t a re  under d i f f e r e n t

tem pera tu re  and p re s s u re  fo r  a long p e rio d  of time (m ill io n s  o f y ea r)

and, depending on th e  s t a r t i n g  p la n ts ,  o rgan ic  substance  and n a tu re  of

change du ring  the  b iochem ica l p ro c e ss , can r e s u l t  in  d i s t i n c t l y  d i f -  

24fe re n t  c o a ls .  These changes o f th e  o r ig in a l  o rg an ic  su b s tan ce  in to

coal a re  known as c o a l i f i c a t i o n  or c a rb o n if ic a t io n  which in c lu d es  both

25the b iochem ical and metamorphic s ta g e s .

2 . C la s s i f ic a t io n  o f Coal Based on Degree o f Metamorphosis

As one may e x p e c t, coa l has been c la s s i f i e d  on the  b a s is  of 

the degree of m etam orphosis. This c l a s s i f i c a t i o n  i s  reco g n ized  as the
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FIGURE 2. S tru c tu re s  o f  c o a l p re c u rso rs .

Prom: Y a tish  T. Shah, R eaction  E n g ineering  in  D ire c t Coal L iq u e fa c tio n
(Addlson-W esley Company, I n c . ,  1981), p . 36.
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rank of c o a l .  Peat is  not regarded  as a coal a lthough  i t  has s im ila r  

c h a r a c te r i s t i c s  to  l i g n i t e .  But g e n e ra lly , i t  i s  recogn ized  th a t  the 

l ig n i t e  has undergone the  l e a s t  m etam orphosis. As a r e s u l t ,  coal which 

has above 86% carbon is  c l a s s i f i e d  as a n th r a c i t e ,  and f u r th e r  su b c la s ­

s i f i c a t io n s  o f a n th ra c i te  depends on the  range o f p e rcen tag e  of carbon . 

Sometimes t h i s  group is  a lso  c la s s i f i e d  as a  nonagglom erating  c o a l .

The a n th r a c i t i c  group has a h igh Btu v a lu e  (15,000 B tu / lb )  bu t is  usu­

a l ly  le s s  abundant. R e la tiv e ly  le s s  re se a rc h  has been done on th is  

type o f c o a l .  On th e  o th e r  hand, those  c o a ls  th a t  have le s s  than  86% 

carbon , d is t in g u is h e d  from th e i r  burn ing  c h a r a c te r i s t i c s  (h e a tin g  v a l ­

u e ) , a re  m ainly d iv id ed  in to  th re e  c a te g o r ie s :  ( a )  bitum inous coal

( a t  l e a s t  10,500 B tu / lb ) ;  (b ) subbitum inous ( a t  l e a s t  8300 B tu / lb ) ;

(c )  l ig n i t e  ( a t  l e a s t  6300 B tu / lb ) .  These th re e  c o a ls  have been d i ­

v ided  in to  f i 'r th e r  s u b c la s s i f ic a t io n s  on th e  b a s is  of bo th  h e a tin g  

va lue  and v o l a t i l e  v a lu e . G en e ra lly , b itum inous coa l is  c a lle d  agglom­

e ra t in g  and subbitum inous and l ig n i t e  a re  c a l le d  nonagglom erating .

Among th e se  c o a ls ,  bitum inous is  more abundant around the  w orld . As a

r e s u l t ,  r e l a t i v e ly  more re se a rc h  has been done on t h i s  p a r t i c u la r  c o a l.

26Table 1 shows the  c l a s s i f i c a t i o n  of coal on the  b a s is  of the  degree

of m etam orphosis. F igure  3 shows the  r e l a t i o n  between the  carbon con-

27te n t  o f co a ls  and th e i r  geo log ic  age .

C la s s i f ic a t io n  o f Coal Based on Coal P etrog raphy

Coal petrog raphy  u s u a lly  r e f e r s  to  th e  s tu d y  o f coal by mi­

c ro sco p ic  o b se rv a tio n , and c la s s i f i c a t io n s  a re  based on d i f f e r e n t  com­

pounds of p la n ts  observed in  c o a l. G en era lly  sp eak in g , o p t ic a l ly  o r­

ganic  sub stan ces  in  coa l a re  r e fe r re d  to  as m acéra is or p é tro g rap h ie



table 1* Classification* of coals by rank

C la s s ,  g ro u p

I A n lh ra c i lic :

I I .

I l l  S u b b itu m in o u s ;
1. S u b b itu m in o u s  X c o a l
2. S u b b itu m in o u s  0  c o a l 
}. S u b b itu m in o u s  C  c o a l

IV . L ig n itic ;

1. L ig n ite /4
2. L ig n ite  B

F ix e d  c a rb o n  l im its  V o la t ile  m a t te r  
(d ry ,  m in e ra l -m a tte r -  l im its  ( d ry ,  m in e ra l-  

fre e  b a s is ) . %  m a tte r - f r e e  b a s is ) . Tn

E q u a l o r  L ess 
g r e a te r  th a n  
th a n

E q u a l o r  L ess  
g r e a te r  th a n  
th a n

C a lo r if ic  v a lu e  l im its  
(m o is t ,  m in e ra l-

m a lte r - f r e e  b a s is ) . A g g lo m e ra tin g
t f l t u / l b  c h a ra c te r

E q u a l o r
g r e a te r
than

L ess
th a n

1. M e ta - a n th r a c i te 98 2

2. A n th ra c i te 92 98 2 8

3 . S e m ia n th ra c i te 8 6 9 2 8 14 N  n n a g g lo m e ra t in g t

B itu m in o u s ;
1. L o w -v o la tile  b itu m in o u s  co a l 78 8 6 14 2 2

2. M e d iu m -v o la t ile  b itu m in o u s  c o a l 69 78 2 2 31
3 . H ig h -v o la tile /4  b i tu m in o u s  co a l 69 31 14.000$ C o m m o n ly , a g g lo m ­
4 . H ig h -v o la ti le  B  b itu m in o u s  co a l 13.000$

11 .500
14.000
13 .000

erating .*^

5 . H ig h -v o la tile  C b i tu m in o u s  co a l 10 .500 11.500 A g g lo m e ra tin g

10 .500
9 .5 0 0
8 .5 0 0

6 .3 0 0

11.500 
I0..500
9 .5 0 0

8 .3 0 0
6 .3 0 0

N o n a g g lo m c ra t in g

'T h i s  c la s s if ic a t io n  d o e s  n o t in c lu d e  a  few  c o a ls , p r in c ip a l ly  n o n  b a n d e d  v a r ie tie s , w h ich  h a v e  u n u s u a l p h y s ic a l a n d  c h e m ic a l p ro p e r t ie s  a n d  w h ich  c o m e  w ith in  
th e  l im its  o f  fix ed  c a rb o n  o r  c a lo r if ic  v a lu e  o f  th e  h ig h -v o la ti le  b itu m in o u s  a n d  s u b b itu m in o u s  ra n k s .  A ll th e se  c o a ls  e i th e r  c o n ta in  le ss  th a n  48  p e rc e n t d ry . 
m in e ra l -m a tte r - f r e e  fix ed  c a rb o n  o r  h a v e  m o r e  th a n  15 .5 0 0  B tu  p e r  p o u n d , c a lc u la te d  o n  th e  m o is t ,  m in e ru l-m a tte r - f rc e  b a s is , 

t  M o is t r e fe r s  to  c o a l  c o n ta in in g  its  n a tu r a l  in h e re n t m o is tu re  b u t n o t in c lu d in g  v is ib le  w a te r  o n  th e  s u r fa c e  o f  th e  c o a l.
| l f  a g g lo m e ra t in g , c la s s ify  in  lo w -v o la tile  g r o u p  o f  th e  b i tu m in o u s  c la s s .
tjC o a ls  h a v in g  6 9  p e rc e n t o r  m o re  fix ed  c a rb o n  o n  th e  d ry ,  m in e ra l -m a tte r - f r e e  b a s is  s h a ll  b e  c la s s if ie d  a c c o rd in g  to  fixed  c a rb o n , r e g a rd le s s  o f  c a lo r if ic  va lue . 
* ' l t  is re c o g n iz e d  th a t  th e re  m a y  b e  n o n a g g lo m e ra t in g  v a r ie tie s  in  th e s e  g ro u p s  o f  th e  b i tu m in o u s  c la s s , a n d  th e r e  a re  n o ta b le  e x c e p tio n s  in th e  h ig h -v o la ti le  C 

b itu m in o u s  g ro u p .

IV)

From ; 26 Schm idt, 
1 9 7 9 ,  p .

R. A.
36 .

O rig in  and P r o p e r t ie s  o f  C o a l ,"  Coal i n  A m erica . McGraw H i l l ,
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FIGURE 3. R e la tio n sh ip  o f carbon c o n te n t o f c o a ls  to  g eo lo g ic  age.
(From I. A. W illiam son , Coal Mining Geology. Oxford 
U n iv e rs ity  P re s s ,  London, 1967.)
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28components. However, f u r th e r  c l a s s i f i c a t i o n  o f m acéra is  or p é tro ­

g raph ie  components a re  r e l a te d  to  the  methods a p p lie d  fo r  m icroscop ic  

o b s e rv a tio n . As a r e s u l t  o f d i f f e r e n t  m ethods, th e re  i s  a d if f e re n c e

between U .S. and European coa l re s e a rc h e rs  on th is  i s s u e .  In  the

29 30 31U nited S ta te s  (1920) R. T h iessen  ’ ’ used tra n s lu c e n c y  p ro p e r tie s

to  c la s s i f y  c o a l .  In  h is  re s e a rc h , T hiessen  p repared  coa l samples of

325-15 in  th ic k n e ss  and then  examined the samples in  tra n s m itte d  l i g h t .  

Furtherm ore, he c l a s s i f i e d  th e  coa l components as (1 ) a n th ra x y lo n ,

(2 ) a t t r i t u s ,  (3 ) f u s a in .  This c l a s s i f i c a t i o n  depended on the  t r a n s ­

lu ce n t appearance in  th e  c o a l .

( a )  A nthraxy lon : A n th rax y lo n 's  appearance in  t ra n s m itte d  

l ig h t  v a r ie s  from y e llo w ish -o ran g e  to  o range, r e d , redd ish -b row n , and 

f in a l ly  to  dark  brown; and i t s  com position is  recogn ized  to  be from 

u n d is in te g ra te d  wood and bark  o f p la n ts  such as s tem s, b ranches and 

r o o t s .

(b )  A t t r i t u s :  The appearance o f a t t t r i t u s  in  t ra n s m itte d  

l ig h t  v a r ie s  from yellow  to  yellow -orange and re d d ish  brown; and i t s  

com position is  m ostly  from more r e s i s t a n t  p la n t  and o rgan ic  substances 

which rem ained a f t e r  the  b iochem ical p rocess and have been changed le ss  

in  th e i r  compounds d u rin g  the b iochem ical p ro c e s s .

( c )  F u sa in : This group o f m acérais is  opaque to  t ra n s m itte d  

l ig h t  and is  s im ila r  to  ch a rco a l and is  commonly d e riv ed  from wood. 

Fusain  is  noncoking and has le s s  h e a tin g  v a lu e  compared to  an th raxy lon  

and a t t r i t u s .

In  1919 in  England, M arie D. Stopes used r e f l e c t io n  p ro p e r tie s

33in  o rder to  c la s s i f y  the  c o a l .  She p o lish ed  the coa l sample e i th e r
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in  lump or g ranu le  form, then  immersed i t  in  r e s in .  The d if fe re n c e  in  

r e f le c ta n c e  o f the  v a rio u s  coa l c o n s ti tu e n ts  makes p o ss ib le  t h e i r  re c ­

o g n itio n  from the  p o lish e d  s u r f a c e .  Furtherm ore, she c l a s s i f i e d  coa ls  

as (1 ) v i t r a i n ,  (2 )  c l a r in ,  (3 ) du ra in ,  and (4 ) fu s a in .  This te rm in o l­

ogy is  derived  from the French language: " v i t ro "  means g la s s ;  " c la ra "

means b r ig h t ;  "d u r"  means h a rd ; and f i n a l ly ,  " fu sa in "  means c h a rc o a l. 

Comparing th e se  c l a s s i f i c a t i o n s ,  v i t r a i n  is  analogous to  an th raxy lon  

which com p r is e s  between 70-90% of any coa l bed. C la rin  and d u ra in  a re  

found to  be a t t r i t u s  in  T h ie sso n 's  c l a s s i f i c a t i o n .  And, f i n a l l y ,  fu ­

sa in  in  both  c l a s s i f i c a t io n s  covers the  opaque m atte r  of the  coa l com­

ponents .

23Table (2 ) shows th e se  two c la s s i f i c a t io n s  which a re  based on

p é tro g rap h ie  s tu d y . Column 1 shows the  appearance of t ra n s m itte d  l ig h t  

of the  m ac é ra is . Column 2 shows T h ie ss e n 's  c l a s s i f i c a t io n ;  and column 

3 shows th e  appearance o f th e  m acéra is in  r e f le c te d  l i g h t .  F in a l ly ,  

column 4 shows the  l i s t s  o f term ino logy  used fo r  m acérais in  both 

tra n sm itte d  l ig h t  and r e f l e c te d  l i g h t .  As Table 2 in d ic a te s ,  th e  co lo r 

appearance in  t ra n s m itte d  l ig h t  becomes d a rk e r when coal rank  in ­

c reases  , and in  r e f le c te d  l ig h t  the  c o lo r  of coal becomes l ig h t e r  when 

rank o f coal in c r a s e s .

3. S tru c tu re  and Compounds o f Coal

S tu d ie s  of the  s t r u c tu r e  o f coal in d ic a te  th a t  coal is  p r i ­

m arily  g ra p h i te ,  b u t o th e rs  argue th a t  coal has a d iam ond-like s t r u c ­

tu re  (F igu re  4 ) .^ ^  The r e s u l t s  depended on the methods a p p lie d  fo r 

re c o g n itio n  o f the  coa l s t r u c tu r e .  Both o f th ese  th e o r ie s  were based 

on o x id a tio n  o f  coa l by d i f f e r e n t  compounds. The f i r s t  groups used
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A p rc a ra n c <  in T ra n s in it te d  Light*' T h ie ssen  S y s tem A p p e a ra n c e  in  R e fle c te d  L ig h t" M aceral

Y e llu w ish  o ra n g e  to  d a rk  r e d : 
m a te r ia l d e f in e d  as c o llin ite  
in R L  m ay  sh o w  s tru c tu re  in 
TL

A n th ra s y lo n  a n d  
h u m ic  m a t te r

G ro u n d in a s s  fo r  o th e r  m acé ra is : 
o f t e n  ce ll filling  o f  te l in i te ;  
n o  v is ib le  s t ru c tu re ,  g ra y  to  
y e llo w ish  w h ite  

O c c u rs  w ith  c o llin ite  in  d isc re te  
b a n d s ,  sh o w s ce ll s t r u c tu re ;

.  g ra y  t o  y e llo w ish  w h ite

V i t r i n i t e ^

( o l i n i t e

T e lin ite

G o ld e n  y e llo w  to  red d ish  b ro w n S p o res  a n d  p o lle n F lo n g a te .  d isc re te  b o d ie s ;  d a rk  
g ra y  t o  lig h t g ray /

S p o n n i te

O ran g e -y e llo w  to  ru s t C u tic le s N a rro w  b a n d s  o n e  e d g e  o f  
w h ic h  is o f te n  s e r r a te . d a rk  
g ra y  t o  ligh t g ray E x in i te  1

C u tin i le

M ay  s o m e tim e s  sh o w  ce ll 
s t r u c tu r e ,  y e llow  to  o range

A lgal re m a in s . D e riv ed  f ro m  algae ; w eak e r 
re f le c t iv i ty  th a n  asso c ia ted  
v i t r in i te a n d  s p o r in ite

A lg in ite

Y e llo w  to  red d ish  o ra n g e R e s in o u s  a n d  w a x y  
su b s ta n c e s

D isc re te , sm all b o d ie s ;  ro u n d ,  
o v a l,  o r  ro d -s h a p e d ; b lack  
t o  gray

R e s in ite

G e n e ra lly  o p a q u e ;  in  v e ry  
th in  sec tio n s  d a rk  b ro w n

O p a q u e  m a t te r ,  
b ro w n  m a t te r  
t i n  p a n )

V a ria b le  fo r m ;  f in e ly  to  
co a rse ly  g ra n u la r ;  lig h t to  
w h ite

M ic rin ite

O p a q u e F u sa in D isc re te  len ses , b a n d s , a n d  
fra g m e n ts , g o o d  ce llu la r 
s t r u c tu r e ;  y e llo w ish  w h ite I n e r t in i te j

F u s in i te

O ran g e -red  to  o p a q u e F u sa in  t in  p a r t ) ,  
b ro w n  m a t te r  
( in  p a r t )

In te rm e d ia te  b e tw e e n  v itr in ite  
a n d  fu s in ite - .c e ll  s t ru c tu re  
n o t  as w ell d e f in e d  as 
fu s in iie  ; l ig h t g ray  to  w h ite

S e n iifu s in ite

D a rk  re d -h ro w n  to  o p a q u e F u sam  t in  p a r t ) ,  
b ro w n  m a t te r  
(in  p a r t )

R o u n d  o r  o v a l b o d ie s  o r  in te r ­
la c e d  f ib ro u s  m asses; l ig h t 
g ra y  t o  y e llo w ish  w h ite

S c le ro t in i te

Fromt^^Weu, C. Y. and S ta n le y , Lee E . ,  Goal C onversion , 1979, p . 8.

G ra p h ite D i a m o n d

FIGURE 4

From: W h iteh u rs t, D. D ., Goal L iq u e fa c tio n  (Academic P re s s ,  1980), p . 9.
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HNO^, KgCrgOy* KMNO -̂OH, and they  came to  the co nc lu sion  from the

r e a c t io n  th a t  coal must c o n ta in  a ro m a tic  s t r u c tu r e s  which a re  c lo se  to

35the  g ra p h ite  s t r u c tu r e s .  On the  o th e r  hand, th o se  re s e a rc h e rs  which

used NaOH/OH have come to  the c o n c lu s io n  th a t  co a l must c o n ta in  a la rg e

amount o f a l ip h a t ic  carbon which is  c lo s e  to  the  diamond s t r u c tu r e

X -ray tech n iq u es  were a lso  a p p lie d  in  o rd e r  to  confirm  w hether the

s t r u c tu r e  o f coal is  arom atic  or le s s  a ro m a tic ; b u t th is  tech n iq u e ,

l ik e  th e  o x id a tio n  method, has g iven  c o n f l i c t in g  r e s u l t s .  In  1958 P .

B. H irsh  re p o r te d  th a t  more than  80 p e rc e n t o f th e  carbon was arranged

37in  an a ro m atic  s tr u c tu r e  o rd e r . But in  1959, S . Ergun and W. T iesu n ,

by u s in g  the  same method (x - r a y ) ,  r e p o r te d  coal i s  le s s  arom atic  and

38more l ik e ly  a l i p h a t i c .  In  th e  same y e a r , R. A. F ied e l pub lished  a 

paper in  a fu e l  magazine and in d ic a te d ,  by u s in g  an u l t r a v io l e t  te c h -

39n iq u e , th a t  coal cannot be a rom atic  and must be an a l ip h a t i c  s t r u c tu r e .

In  1973 A. P in e s , by app ly ing  a n u c le a r  m agnetic resonance (NMR) te c h ­

n iq u e , confirm ed th e re  is  a c o r r e la t io n  between th e  H/C r a t i o  and the  

p e rc e n ta g e  o f arom atic carbon (F ig u re  5 ) .^ ^  He in d ic a te d  t h a t ,  as the  

rank  o f co a l in c re ase d , the  arom atic  carbon c o n te n t in c re a se d , to o ; bu t 

th e  H/C r a t i o  dec reased . The a rom atic  carbon co n ten t fo r a n th r a c i te  

becomes 90% and fo r l ig n i t e  50-60%. (T ab le  3 shows H/C r a t i o s  fo r  p a r­

a f f i n s ,  o l e f i n s ,  and arom atic  s t r u c t u r e s . )  F in a l ly ,  the  most a c ep ta b le  

s t r u c tu r e s  o f  coal were p re sen ted  by Given^^ and W i s e r I n  G iv en 's  

s t r u c tu r e  (F ig u re  6 ) , the  s t r u c tu r e s  do no t r e a l l y  re p re se n t the  t ru e  

s t r u c tu r e  o f c o a l.  R a th e r, i t  is  r e p r e s e n ta t iv e  o f the kind o f s t r u c ­

tu re  which one can expect to  see  in  c o a l .  However, W ise r 's  s t r u c tu r e  

(F ig u re  7) is  a more com plicated  one b u t has been more accep ted
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0 .7  0.0 0 0
H/C MOLE RATIO

FIGURE 5. A rom atic Carbon v s . H/C 

From: P in e s , A ., Jo u rn a l o f Chem ical P h y s ic s . 1973, Vol. 59, p . 569,

FIGURE 6 . Proposed S t r u c tu r a l  Elem ents o f  Coal by Given.

From: W h ite h u rs t, D. Duayne, M itc h e l l ,  0 . ,  Thomas and F a rc a s iu , M alvina,
Coal L iq u e fa c tio n . 1980, p . 21-22 .
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H ydrogen /C arbon  A tom  R atios in  H ydrocarbons
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Hydrocarbons H /C  R atio
Norm al
State

Paraffins
M ethane 4 .0 G
Ethane 3 .0 G
Propane 2 .6 7 G
Butane 2 .5 G
Isooctane 2 .2 5 L
Decane 2 . 2 L
O ctadecane 2 . 1 S

Olefins 2 . 0 G .L

Acetylene 1 . 0 G

Aromatics
Benzene 1 . 0 L
Toluene 1 .143 L
Naphthalene 0 .8 0 S
Anthracene 0 .71 S
Hexacene 0 .6 2 s

Gasoline 1 .78 L

Fuel oil 1 .56 L

Coals (dry, ash-free)
Lignite 0 .8 7 S
Subbituminous 0 .8 7 S
Bituminous 0 .7 5 S
Anthracite 0 .3 4 s

From: 
p . 319

WenI C• Y• roal Conversion (Addison-Wesley Company, Inc., 1979),



ï  p  
. / r " 7

H - C - H

w-e-H
m- c- h

n ' ' I I

FIGURE 7. R e p re se n ta tio n  o f  F u n c tio n a l Groups in  C oal (2 -2 6 ) . Arrows in d ic a te  weak bonds.

From: W h ite h u rs t , D. Duayne, M itc h e l l ,  0 . ,  Thomas and F a rc a s iu ,  M alv ina , C oal L iq u e fa c t io n ,
1980, p . 21-22 .
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r e c e n t ly  by many coa l re s e a rc h e rs  around the w orld . In  W ise r 's  s t r u c ­

t u r e ,  the  weakest bonds have been shown by a rro w s. However, some coal 

re s e a rc h e rs  do no t ag ree  w ith  him. Furtherm ore , in  both c a s e s , coal 

has a more arom atic  arrangem ent of hydrocarbon than  a l i p h a t i c .

Knowing th e  s t r u c tu r e  o f coa l is  very  im portan t in  th e  chemi­

c a l  comminution, l iq u e f a c t io n  and g a s i f ic a t io n  p rocesses  because i t  

p ro v id es  enough knowledge abou t the  r e a c tio n s  th a t  take  p la c e  in  o rder 

to  b reak  th e  coal and c o n v e rt i t  to  l iq u id  or g a s .

4 .  Compounds of Coal

The m ajor e lem ents commonly found in  co a l a re  ca rb o n , hydro­

gen , n i t r o g e n , oxygen and s u l f u r .  Among th e s e ,  elem ents carbon and hy­

drogen a re  the  two most im portan t elem ents o f c o a l .  The p e rc e n ta g e  of 

carbon and hydrogen in  co a l depends on t h e i r  r a n k . As rank  in c re a s e s  

the  pe rcen tag e  o f carbon in c re a s e s ,  bu t hydrogen d e c re a s e s . As seen in  

F ig u re  8 , lower ranks o f co a l ( l i g n i t e  and subbitum inous) have a h ig h er 

p e rcen tag e  o f hydrogen th an  h ig h er ranks o f co a l ( a n th r a c i t e ) .

N itrogen  is  a m inor elem ent in  coa l ran g in g  from approx im ate ly

0 .5  to  a t  most 2% by w eight in  c o a l .  As F ig u re  9 in d ic a te s ,  h ig h e r  

ranks o f co a l ( a n th r a c i te )  have a lower p e rcen tag e  o f n itro g e n  when 

compared to  lower ranks o f co a l such as bitum inous or subb itum inous.

The p e rcen tag e  o f oxygen in  co a l can be up to  30% by w e ig h t. L ike the  

hydrogen and n itro g e n  c o n te n t in  c o a l, th e  p e rcen tag e  o f oxygen in  an­

t h r a c i t e  i s  very  low b u t in  l ig n i t e  is  very  h igh  (ap p ro x im ate ly  30%----

F ig u re  1 0 ) .

R ecen tly , s u l f u r  in  coal has become one of the  im portan t 

is s u e s  fo r  coal m in e rs . Coal com bustion, e i t h e r  fo r  g e n e ra tin g
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FIGURE 8. R e la tio n sh ip  o f hydrogen c o n te n t to  carbon c o n te n t fo r  c o a ls  
o f v a ry in g  ran k . (From: Schm idt, R. A .,  Goal in  A m erica, McGraw H i l l
P u b l ic a t io n  Company, 1979, p . 32.
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FIGURE 9. R e la tio n sh ip  o f n itro g e n  c o n te n t to  carbon c o n te n t in  co a ls  
o f  v a ry in g  ran k . (From: Schm idt, R. A .,  Coal in  A m erica. McGraw H i l l
P u b l ic a t io n  Company, 1979, p . 33.
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R. A ., Coal in  A m erica, McGraw H i l l  P u b lic a tio n  Company, 1979, p . 31.
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e l e c t r i c i t y  or co n v ertin g  coal to  o i l  and g as , causes SO2  em ission 

which is  one of the  most un p leasan t and harm ful of the  common p o l lu ta n t  

g a s e s . S u lfu r  in  coal as a w aste and u s e le s s  m a te r ia l  in c re a se s  the  

co s t of t r a n s p o r ta t io n  o f coal and a t  the  same tim e reduces the s a la ­

b i l i t y  o f c o a l .  Up to  now, s e v e ra l re se a rc h e s  have been performed on 

the d i s t r ib u t io n  and q u a n ti ty  of s u lfu r  in  c o a l .  The r e s u l t s  in d ic a te d

th a t  the  prim ary forms o f s u lfu r  in  coal a re :

(1 ) Ino rgan ic  s u lfu r  in c lu d in g :

(a )  p y r i te  (FeSg cub ic) or m arc as ite  (FeSg, orthorhom bic)

(b ) s u l f a te  s u lfu r  (CaSO^, ZHgO)

(2 ) Organic s u lfu r  in c lu d in g :

(a )  t h io l  or m ercaptan R-S-H

(b ) th io - e th e r  or s u lf id e  R-S-R'

(c )  d is u l f id e  R-S-S-R

(d) arom atic  system s co n ta in in g  the  th iophene  r in g

HC---------CH
I I  I I

HC CH

The sou rce  o f s u lf u r  in  coal is  recognized  to  be the  o r ig in a l  p lan ts  

which norm ally  con ta ined  between 0 .2  and 0.5% s u l f u r .  The h igher p e r ­

centage o f  s u lfu r  in  coal is  caused by m icroorgan ism s, p a r t ic u la r ly  

b a c t e r i a l ,  a c t i v i t i e s  in  the  o rgan ic  m a te r ia ls .  As F igu re  11 shows, 

du rin g  th e  b iochem ical p e rio d  and a f t e r  the  d e p o s it io n  o f the o rgan ic  

substance  in  the  ocean which co n ta in s  some amount of s u l f a t e ,  espe­

c i a l ly  s u l f a t e  s u lfu r  CaSO^, the b a c te r ia  use p a r t  of the  o rgan ic
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su b stan ce  which has SO^ as a sou rce  of oxygen. At th e  same tim e , iro n  

ions p re s e n t  in  w ater h e lp  to  p r e c ip i t a te  p roducing  p y r i t e .  As a r e ­

s u l t  of th e s e  a c tio n s  and re a c tio n s  fo r  a long p e rio d  of tim e (geo log­

i c a l  p e r io d ) ,  the  s u l f u r  p e rcen tag e  in  coal becomes h ig h er than  i t s  

o r ig in a l  compounds. The s u l f u r  co n ten t in  coa l is  d i r e c t  r e l a te d  to  

the  p e rcen tag e  of carbon in  c o a l .  The r e l a t i o n  o f carbon co n ten t o f

v a rio u s  c o a ls  to  the  s u l f u r  co n ten t is  shown in  F igu re  12.

44In  re c e n t e f f o r t s ,  P o lish  coal r e s e a rc h e rs  using  e ig h te en  

s o lv e n ts  a t  room tem p era tu re  (18-22°C) were a b le  to  id e n t i f y  more than  

300 compounds. (Table 4 shows the  r e s u l t s  o f t h e i r  e x p e rim en t.)  This 

experim ent used h ig h - v o la t i le  bitum inous c o a l .  However, i t  is  p o ss ib le  

by u s in g  d i f f e r e n t  tec h n iq u es  and d i f f e r e n t  c o a ls ,  the  number of com­

pounds becomes more o r l e s s ;  b u t ,  e a r ly  work in  1945 by H. H. Lowry, 

in d ic a te d  a t  a tm ospheric p re s su re  from low to  h igh  tem pera tu re  carbon­

iz a t io n  o f  c o a l ,  th e re  a re  more than  300 compounds in  coal (386 com­

pounds). B esides th o se  compounds, th e re  a re  some m in era ls  which a re  

a s s o c ia te d  w ith  coa l b u t no t n e c e s s a r i ly  du rin g  the p rocess o f c o a l i f -

i c a t io n .  The m a jo r ity  o f them were recogn ized  by p re se n t techno logy

23and a re  p re se n ted  in  T ab le  5 .

B. PHYSICAL AND MECHANICAL PROPERTIES OF COAL

There have been many s tu d ie s  by many in v e s t ig a to r s  u sing  

d i f f e r e n t  methods in  o rd e r  to  determ ine the p h y s ic a l and m echanical 

p r o p e r t ie s  o f  c o a l .  Among th e se  techn iques  a re :  x - ra y  d i f f r a c t i o n ,

u l t r a v i o l e t  and v i s i b l e  a b s o rp t io n , r e f le c ta n c e  and r e f r a c t iv e  index , 

in f r a re d  a b s o rp tio n , e le c t r o n  sp in  reso n an ce , p ro ton  sp in  reso n an ce .
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TABLE 4. Substances id e n t i f i e d  in  h ig h -v o la tiv e  b itum inous c o a l.

F if i l  m e m b e r  o< C .ii ljü n  n u m b e rs
h o m o lo y o u s  sc rie s c x o e r i in c n ia l lv  d c lc r m in e d P o ss ib le  s iru c tu rc s

1 2 3 4

Hydrocarbons

- 6 C aH e 9 - 1 1 , 1 5 ,  1 7 - 1 8 b e n z e n e ,  d o d e c a h v d r o p h e n a n th r e n e ,  p e rh y d r o c h ry s e n e
- 8 C 9 H 10 9 - 1 1 , 1 8 - 1 9 in d a n e ,  tc i r a h y d r o n a p h ih a le n e ,  h e x a h y d ro c h ry s e n c

- 1 0 C ,H j 9 - 1 4 ,  1 7 - 1 8 in d c n e ,  d ih y d r o n a p h th n le n e ,  o c i a b y d ro p h c n o n th r e n e
- 1 2 C |o H g 1 0 - 1 8 n a p h th a le n e ,  o z u le n e , h e x a h y d ro a n ih r a c e n e
- 1 4 C i j H i o 1 2 - 1 6 ,  1 8 - 1 9 d ip h e n y l ,  a c e n a p h th e n e .  d ih y d ro p h e n a le n e ,  t e t r a h y d r o p h e n a n th r e n e
— 16 C ijH g 1 3 - 1 8 a c e n a p h th y le n c .  d ip h e n y le n e .  I lu o re n e
- 1 8 C 14H 10 1 4 - 1 8 a n th r a c e n e /p h e n a n th r e n e
- 2 0 C |4 H |g 1 4 - 1 5 ,  1 7 - 1 9 m e th a n o n h e n a n th r e n e ,  p h e n y ln a p h th a le n e
- 2 2 C ig H io 1 6 - 1 9 p y r e n e / f lu o r a n ih e n e .  a c e a n ih ry le n e ,  d ih y d r o n a p h th a c c n e
- 2 4 C |g H , j 1 8 . 2 6 - 2 1 te t r a c e n e /c n r y s e n e .  le t r o p h e n e
- 2 6 C jg H io 1 8 - 2 0 b e n z o lp /i r )  l l u o r a n ih e n e .  p h o n y Ip h e n a n lh r e n e
- 2 8 C jo H i j 2 0 - 2 1 , 2 3 b e n z o p y re n e ,  p e ry le n e . n a p h th o l lu o r e n e
- 3 4 C 2 4 H 14 2 4 d ib c n z o p y re n e

Nitrogen Com pounds CHN

- 3 C4 H 5 N 7 - 8 ,  11 p y r ro le
- 5 C s H jN 7 - 1 5 p y r id in e ,  a n i lin e
- 7 C 7 H 7N 7 - 9 , 1 4 a z a in d a n e .  te t r a h y d r o q u ln o l in e
- 9 C 8 H 7N 8 - 1 5 in d o le , d ih y d r o q u in o l in e ,  m e th y lb e n z o n itr i le

- 1 1 C 9 H 7 N 9 - 1 0 , 1 2 - 1 5 q u in o l in e ,  n a p h th y la m in e
- 1 3 C , ,H ,N 1 1 - 1 6 p h e n y lp y r id in e ,  p h e n y la n i l in e ,  te t r a h y d r o a c r id in e
- 1 5 C m H i N 1 1 - 1 5 c a rb a z o le ,  d ih y d ro a c r id in e
- 1 7 C , j H ,N 1 3 - 1 7 ,  19 a c r id in e , p h e n y l in d o le ,  b e n z o q u in o lin e
- 1 9 C ,4 H ,N 1 3 - 1 9 b e n z o ld e f l  c a rb a z o le .  m e th y le n e p h e n a n th r id in e .  I lu o re n e n itr i le
- 2 1 C liH g N 1 5 - 2 1 a z a p y re n e .  b e n z o c a r b a z o le ,  a z a f lu o ra n th e n e
- 2 3 C , 7 H ,,N 1 7 - 2 2 b e n z a c r id in e
- 2 5 C , 7 H ,N 1 8 - 2 3 a z a b e n z o f lu o r a n th e n e ,  b e n z o f lu o re n e n i tr i l e
- 2 7 C 19H 11N 1 9 - 2 2 a z a b e n z o p y re n e
- 2 9 C j i H i a N 2 2 - 2 3 a z a p ic e n e
- 3 1 C j , H „ N 2 1 - 2 4 a z a b e n z o p e ry le n e
- 3 3 C 2 3 H 1 3 N 2 4 a z a d lb e n z o p y re n e

Nitrogen Com pounds CHN2

—6 C g H jo N 9 - 1 0 ,  13 d ia z a te t r a h y d r o n a p h th a ie n e ,  a z a te t r a h y d ro q u in o l in e
—8 C 7 H 6 N 2 9 - 1 0 d ia z a in d e n e

- 1 0 C gH gN 2 1 0 d ia z a n a p h th a le n e
- 1 2 C )o H g N 2 1 0 ,1 3 b ip y r id in e
- 1 4 C i |H g N 2 1 1 - 1 4 d ia z a l lu o re n e
- 1 6 C |2 H gN 2 1 1 - 1 4 d ia z a a n th r a c e n e /p h e n a n th r e n e
- 1 8 C |3 H g N 2 1 9 d ia z a b e n z o liu o re n e .  d ia z a p h e n y ln a p h th a le n e
- 2 0 C |« H g N 2 1 5 - 1 8 d ia z a p y re n e .  d ia z a a c e a n th ry le n e
- 2 2 C |g H |o N 2 1 9 - 2 0 d ia z a c h ry s e n e . d ia z a n a p h th a c e n e
- 2 4 C j 6 H g N 2 2 0 d ia z a b e n z o llu o r a n th e n e
- 2 6 C ig H |o N 2 2 0 , 2 2 d ia z a b e n z o p y re n e

O xygen Com pounds CHO

- 6 C gH gO 8 - 9 , 1 1 , 1 3 p h e n o l
- 8 C gH gO 7 , 9 , 1 1 - 1 3 a c e io p h e n o n e ,  in d a n o l

- 1 0 C gH gO 1 1 - 1 5 , 1 7 b e n z o fu ra n .  in d e n o l ,  in d a n o n e ,  c h ro m c n e
- 1 2 C |o H g O 1 2 - 1 5 n a p h th o l ,  p h e n y K u ra n
- 1 4 C , ,H g O 1 1 - 1 4 . 1 6 - 1 7 in d e n o iu r a n .  p h e n y lp h e n o l .  d ip h e n y l e th e r
- 1 6 C ijH g O 1 2 - 1 6 , 1 8 , 2 1 d ib e n z o lu r a n .  n a p h th o lu r a n .  h y d r o x y l lu o r c n e ,  x a n th e n e
- 1 8 C 1 4 H 10O 1 4 - 1 8 h y d ro x y p h e n a n th r c n e /a n th r a c e n e
- 2 0 C |g H , 2 0 1 3 , 1 6 - 1 9 h y d r o x y p h e n y ln a p h th a le n e .  d ip h e n y llu r a n
- 2 2 C ig H io O 1 8 - 1 9 , 2 1 b e n z o n a p h th o lu r a n .  h y d r o x y p y re n e
- 2 4 C |g H i 2 0 2 4 h y d r o x y te t r a c e n e /c h ry s e n e ,  n a p h th e n o p h e n a m h re n e n o fu ra n



37

Firil mcmb'.T o< 
homologous s i t u t

C .i f l ion  n u m b e r s  
n x p i . ' t im en ta l lv  d e t e r m i n e d P o ss ib le  s tru c tu re s

1 2 3 4

- 6 C g H g O j 7 -10
Oxygen Compounds C H O ;

d ih y d ro x y b c n z c n e ,  m e th o x y p h e n o l
CgHg02 9 ,13 ,16 h y d r o x y a c e to p h e i to n e ,  b e n z o ic  a c id , h y d ro x y ln d a n o l
CjoHgOj 14-15 d ih y d r o x y n a p h th a le n e

-1 4 C12H10O2 14-17 b ip h e n o l
-1 6 C|2Hg03 13-15, 17-19 h y d r o x y d ib e n z o lu r a n .  d ih y d r o x y a c e n a p h th y ie n e
-1 8 C14H10O2 14-16 ,17-20 d th y d r o x y a n th r a c e n e ,  M avanone
- 2 0 17-18 d ih y d io x y p h e n y ln a p h th a le n e ,  a n th r a q u in o n e , f la v o n c
-2 2 C17H12O2 20 h y d r o x y b e n z o x a n th e n e ,  d ih y d r o x y p y re n e
-2 6 CigHio02 21 b e n z a n th ra o u in o n e
-3 0 , C 2 |H ,2 0 j 21 b e n z o p y re n e  c a rb o x y lic  ac id , b e n z o p y re n e q u ln o n o

- 5
- 7
- 9

-1 1
- 1 3
- 1 5
- 1 7
- 1 9
-21
- 2 3

-1 0
-1 2
- 1 6
- 1 8
-2 2

C5H5ON
CgHgON
CgH?ON
C,H?ON
C11H9ON
C1 2 H9 ON
C13H9ON
C,sH„ON
C1 SH9 ON
Cn^nON

CjHtONj
CjoHgONj
CijHgONj
CigHioONj
C|gH|oONj

6 , 8 -12
8-11
8 -9 ,1 1 ,1 3 -1 4
9 .11 .13
11.13 
12-16
14-19
15-16,20 
17,19,20 
22

9
14
15-18
18
20

Oxygtn-Nitrogen Compoundt CHON
h y d r o x v p y r ld ln e ,  a n t ln o c re to le  
h y d ro x y a z a ln d a n e ,  a c e ty lp y r id ln e  
h y d ro x y in d o le ,  a m ln o b e n z o fu ra n  
h y d ro x y q u ln o l ln e
h y d r o x y p h e n y lp y r id in e ,  h y d r o x y te t r a h y d r o a c r ld ln e  
h y d ro x y c a rb a z o le ,  a m ln o d lb e n z o fu ra n ,  a z a x a n th e n e  
h y d ro x y a c r ld in e , a m ln o h y d r o x y p h e n a n th r e n e ,  xW  a z a p h e n a n th re n o n o  
h y d ro x y p h e n v lq u in o lln e ,  1 H 2  o x a -x a z a -p y re n e  
h y d fo x y a z a p y r e n e ,  a m in o b e n z o n a p h th o fu ra n  
h y d ro x y b e r tz a c r ld ln e , a m ln o h y d ro x y te t r a c e n e

Oxygen-Nitrogen Compounds CHONj

h y d ro x y d ia z a n a p h th a le n e
h y d ro x y b lp y r id in e
h y d ro x y d ia z a a n th ra c e n e
h y d ro x y d la z a p h e r ty ln a p h th a le n e ,d ip y r id y l fu r a n
h y d ro x y d ia z a c h ry te n e

-11
-1 3
-1 5

-1 4

■II

—8
-1 0
-1 2
- 1 4

-1 2

- 1 0

C9 H7 P 2 N 
C|] H9 O2 N

Ci|Hg02N2
CioHgNjO

CjoHj2S
CgHgS
CjoHgS
CiiHgS

Ci|H|oOS

C10H7NS

14
14,17 
15,17,20

17
10,14

10
10
10
16

18

15

Oxygen-Nitrogen Compounds CHOiN
d ih y d ro x y q u ln o lln e  
d ih y d ro x y p h c r ty lp y r ld ln e  
d ih y d ro x y c a rb a z o le ,  h y d r o x y a z a d lb e n z o f u ra n

Odttr Oxygen-Nitrogen Compounds

d ih y d ro x y d la z a f lu o re n e
h y d ro x y a m ln o b ip y r id ln e

Sulphur Compounds

in d a n e th lo l
b e n z o th lo p h e n e
n a p h th a le r te th io l
in d e n e th lo p n e n e

Oxygen-Sulphur Compound CHOS 
h y d ro x y r ta p h th e n e b e r tz o th io p h e n e

Nitrogen-Sulphur Compound CHNS 

th io p h e n e ln d o le

From: D antua, Bodzek and M arzee, Anna, "M olecular Components o f Coal 
and Coal S t r u c tu r e ,"  Department o f Petroleum  and Coal C hem istry , 
F u e l. V ol. 60 , January  1981, p . 47-51,
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TABLE 5 . M i n e r a l s  A s s o c i a t e d w i t h  B i t u m i n o u s  C o a l s

G roup Species Form ula

Shale M uscovite (K , N a, H 3 O , C a)2 (A l, Mg, F e . Ti)<,
H yd rom uscovite
im te
Bravaisite
M on tm orillon ite

(A l ,S i)g 0 2 o (O H ,F )4

K aolin K aolin ite
Livesite
M etahalloysite

A lj fS i j O s X O H la

S ulfide Pyrite
M arcasite

F eS ;

C arbonate A nkerite
A nkeritic

calcite
A nkeritic

d o lo m ite
A nkeritic

ch alyb ite

(C a, Mg, F e, M n) CO 3

C hloride Sylvine KCl
H alite NaCl

A ccessory Quartz S iO j
m inerals Feldspar (K , N a )2 O A l2 0 3 -6 S i0 2

Garnet 3C aO  AI2 O 3  3 SÎ0 2

H ornblende Ca0 -3 F e 0 -4 Si0 2

G ypsum C aS 04  2 H 2 O
A patite 9 C a 0  3P2 0 ; C aF 2

Zircon Z rS i04
E pidote 4 C a 0  3 A l2 0 3  6 S i0 2  H2 O
B iotite Kz O MgO AI2 O 3  3 Si0 2  Hz 0

A ugite C aO M gO Z S iO z
Prochlorite 2FeO -2M gO -A lz O 3  2SiO z -ZHz 0
D iaspore A lzO a  H zO
L epidocrocite F ez O 3  Hz 0
M agnetite F 6 3 O 4

K yanite A lz O jS iO z
Staurolite ZFeO S A lzO a 4S iO z H zO
T opaz (A lF )z S i 0 4

Tourm aline H ,A l 3 (B 0 H)z Si4 Û | 9

H em atite Fez O 3

Penninite SMgO A lzO z 3SiO z ZHzO

I, C .  Y . a n d  S t a n l e y ,  L e e  E . , C o a l  C o n v e r s i o n ,  1 9 7 9 ,  p .  3 6
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e l e c t r i c a l  c o n d u c tiv ity , d iam agnetic  s u s c e p t ib i l i t y ,  d i e l e c t r i c  con­

s ta n t ,  sound v e lo c i ty ,  p o ro s i ty ,  s tre n g th  and h e a tin g  v a l u e T h e s e  

re se a rch es  a re  due to  the  h ig h er demand of co a l and the  f a c t  th a t  the 

u t i l i z a t i o n  and w o rk a b il i ty  o f coal is  p a r t ly  dependent on the  p h y sica l 

and m echanical p r o p e r t ie s  o f c o a l.

Among the  p h y s ic a l and m echanical p r o p e r t ie s  determ ined  to  

d a te , the fo llo w in g  a re  more v a lu a b le  in  m in ing , p re p a ra tio n  and u t i l ­

iz a t io n  o f c o a l.

(a )  P o ro s ity :  Coal is  a porous rock w ith  p o r o s i t ie s  which can

range from 2 to  20% depending on the rank  of th e  c o a l ,  s t r u c tu r e  and 

d e p o s itio n  o f the  c o a l .  Among th ese  f a c t o r s , th e re  is  a l i t t l e  e v i­

dence th a t  shows a c o r r e la t io n  between the  rank  and p o ro s i ty  o f c o a l.

As F igu re  13^^ in d ic a te s ,  the  p o ro s ity  of coa l i s  high up to  85% carbon 

co n ten t which covers l i g n i t e  and subb itum inous. Between 85 and 91% 

carbon c o n te n t ,  which covers b itum inous, the  p o ro s i ty  is  i t s  low est 

v a lu e . Above 91%, the  p o ro s i ty  is  ag a in  as h igh  as subbitum inous

(20%). This p ro p e r ty  m ainly  depends on the  ty p e  of s t r u c tu r e  as sug-

47gested  by H irsh  in  1954 who used an x -ra y  d i f f r a c t i o n  tec h n iq u e .

This i s  i l l u s t r a t e d  in  F ig u re  14. H irsh  d e fin e d  the  s t r u c tu r e  of coal 

as fo llo w s:

1 . Open s t r u c tu r e .  This s t r u c tu r e  is  d e sc r ib e d  fo r a low 

rank o f co a l (up to  85% carbon in  c o a l)  and has p o ro s i ty  as h igh as 

20%. Very seldom a re  the  la y e rs  connected to  each o th e r .  L ig n ite  and 

subbitum inous have been d e sc rib ed  to  have t h i s  type o f s t r u c tu r e .

2 . L iqu id  s t r u c tu r e .  In  th is  type o f s t r u c tu r e ,  some of the 

la y e rs  a re  connected  to  each o th e r  through the  c ro ss  l in k ;  and , as a



40

% 16

62 84 8680 8 8 60 62 64 6 6
C a rb o n  C o n ta n t  ( p t r c t n t  m  j . f . )

FIGURE 13. V a r ia tio n  in  c o a l p o ro s i ty  w ith  ran k . (From J .  G. K ing, 
and E. T. W ilk ins,"T he I n te r n a l  S tru c tu re  o f C o a l," P roc . Conf. U l t r a -  
F ine S t ru c tu re  o f Coals and Cokes, BCURA, p . 46-56, 1944. In  Schm idt, 
R. A ., Coal In  Am erica. ’ M cGraw-Hill, 1979, p . 28 .)
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r e s u l t ,  th e  pore v a lu e  is  low so i t  has a low p o ro s i ty . This s t r u c tu r e  

has 85 to  91% carbon and th i s  s t r u c tu r e  is  s im ila r  to  the bitum inous 

coal s t r u c tu r e .

3 . Â n th ra c i t ic  s t r u c tu r e .  This s t r u c tu r e  again  has no c ro ss  

l in k s  between la y e r s .  As a r e s u l t  of the  la rg e  pore volume, i t  has a 

h ig h er p o ro s i ty .  M ostly t h i s  s t r u c tu r e  has been observed in  high ranks 

o f coa l w ith  h igh  p e rcen t o f carbon co n ten t ( a n th r a c i te ) .

The p o ro s i ty  of co a l has a s ig n i f ic a n t  r o le  in  chem ical com­

m in u tio n , l iq u e f a c t io n  and g a s i f ic a t io n  p ro c e s se s . I t  is  b e lie v ed  in  

those  th re e  p ro cesses  th a t  th e  chem ical p e n e tra te s  the coa l and 

d is s o lv e s  some o f  the m ineral m a te r ia l  through the pores o f c o a l ,  or i t  

reaches  th e se  m in e ra ls  through the o th e r  d is c o n t in u i t ie s  a t  the  pore 

s u rfa c e  a re a  which shapes th e  m ineral m a te r i a ls .

In  underground m ining o p e ra t io n s , p o ro s ity  a ls o  p lays a major

ro le  in  th e  s a fe ty  o f mine o p e ra t io n s . Recent events in  Japan and the

U nited S ta te s  in d ic a te d  the  ex p lo sion  o f methane in underground coal 

mines caused the  dea th  o f many mine w orkers. U sua lly , those  coal 

r e s e rv o ir s  which a re  not near the su rfa c e  or under l ig h t  cover c o n ta in  

s ig n i f ic a n t  q u a n t i t ie s  o f adsorbed methane in  th e i r  n a tu ra l  s t a t e  in  

the  seam. As a r e s u l t  of t h i s ,  du rin g  mining o p e ra tio n s , as soon as 

methane c o n ta c ts  th e  a i r  or oxygen, th e re  would be an ex p lo sio n  and 

consequen tly  cause a d i s a s t e r  in  th e  m ine. A knowledge of pore volume 

or the  p o ro s i ty  o f co a ls  determ ines the  e x te n t and ease  of d i f fu s io n  of 

methane ou t of the  pore s t r u c tu r e  d u ring  mining o p e ra t io n s .

(b )  D en sity : The d e n s ity  of coal is  an im portan t f a c to r  in  the

p re p a ra tio n  of v a rio u s  c o a ls  or in  the  chem ical comminution process
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where the  w a sh a b ility  p rocess  becomes im portan t in  o rd er to  s e p a ra te  

pure and s o l id  coal from some im p u rity  m a te r ia l  such as p y r i t e  or any 

o th e r  m inera l m a te r ia l  in  th e  g e n e ra l c a se . However, i t  is  very  d i f ­

f i c u l t  to  determ ine the t ru e  v a lu e  of the  d e n s ity  of coa l because coal 

is  a porous s o l id ,  and i t  is  hard  to  determ ine the ex ac t v a lu e  o f the 

volum e. T h e re fo re , measurements o f coal d e n s ity  a re  apparen t in s te a d  

of t ru e  d e n s i t i e s .  As F ig u re  15^^ shows, the  d e n s i t ie s  o f  c o a ls  range 

from 1.29 to  approx im ately  1 .6 . The low est d e n s ity  occurs in  the  range 

of about 85% carbon , which is  b e lie v e d  to  be b itum inous.

( c )  S tre n g th : The s tr e n g th  of coal is  one of the  im portan t me­

c h a n ic a l p ro p e r t ie s  of coal which has a m ajor r o le  in  m ining , p a r t ic u ­

l a r l y  in  th e  c ru sh ing  and m il l in g  p rocess in  o rder to  remove the  impu­

r i t i e s  and fragm ent th e  c o a l .  Up to  now a number of la b o ra to ry  t e s t s  

have been a p p lie d  to  many d i f f e r e n t  coal b ed s, and r e s u l t s  o f those  

t e s t s  have been used as the  b a s is  fo r  th e o r e t ic a l  a n a ly s is  o f coal 

s t r e n g th .  However, i t  would be unwise and un reasonab le  to  o b ta in  the  

d a ta  from s tre n g th  a n a ly s is  o f co a l in  the  la b o ra to ry  and to  b e lie v e  

th a t  is  the  behavior of coa l a t  2000 or 3000 f e e t  deep under tremendous 

overburden p ressu re  compared w ith  f re e  coal in  the  la b o ra to ry .  The 

s tr e n g th  a n a ly s is  o f coa l can be made more a c cu ra te  i f  one s im u la te s  

the  f i e ld  c o n d itio n s  in  the  c o a l la b o ra to ry .

Up to  now, both  com pression t e s t s  and te n s io n  t e s t s  have been 

a p p lie d  to  c o a l .  The r e s u l t s  o f com pression t e s t s  o f coa l in  the  lab ­

o ra to ry  have shown th a t  s tr e n g th  can vary  by as much as 30% from the

49s tr e n g th  o f seam coal ( f i e l d  c o n d it io n s ) .  Both of th ese  methods are  

la rg e ly  in flu en ced  by h e te ro g e n e ity  c h a r a c te r i s t ic s  o f coal and the
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FIGURE 15. R e la tio n sh ip  betw een ap­
p a re n t d e n s ity  and th e  rank  o f  c o a l 
(as in d ic a te d  by carbon  c o n te n t ) . 
(From I .  A. W illiam son, Coal M ining 
Geology, Oxford U n iv e rs i ty  P re s s ,  
London, 1967.)
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FIGURE 16. V a r ia tio n  in  V ickers  m icrohardness w ith  c o a l ra n k . (From 
D. W. Van K reve len , C o a l, Am erican E ls e v ie r ,  New York, 1961.)
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d i f f e r e n t  c o n d it io n s  which e x is t  between the f i e l d  and the la b o ra to ry . 

As a r e s u l t ,  none o f the  la b o ra to ry  t e s t s  were a b le  to  re p re s e n t and 

p re d ic t  th e  b eh av io r o f seam c o a l .  F u rtherm ore , i t  was suggested  by 

D. W. V ankrevelen^^ in  1961 th a t  the  s tr e n g th  o f coal is  m ainly r e la te d  

to  the  hardness  and f r i a b i l i t y  of c o a l .  T h e re fo re , by m easuring 

hardness and f r i a b i l i t y  o f c o a l ,  the  s tr e n g th  o f coal can be e s tim a te d . 

The hardness o f co a l in  h is  p roposa l was determ ined  by the V ickers mi­

crohardness t e s t  in  which a pyram idal or s p h e r ic a l  in d e n tio n  is  made 

w ith  some ex a c t and p re c is e  amount o f fo rc e  fo r  a  s p e c i f ic  p e rio d  o f 

tim e in  th e  c o a l sam ple. Then the  dep th  and a re a  of p e n e tra t io n  a re  

taken  as a m easure o f h a rd n e ss . This t e s t  in d ic a te d  (F ig u re  16) the  

maximum hard n ess  i s  in  coal which has 83% carbon and minimum in  the 

coa l th a t  c o n ta in s  90% carbon . T ests have shown coal which has above 

90% carbon has e l a s t i c  p r o p e r t ie s .

F r i a b i l i t y  i s  the tendency o f coal to  fragm ent under l ig h t  

fo rc e  du ring  t r a n s p o r ta t io n  or s to ra g e  of c o a l ,^ ^  and f r i a b i l i t y  can be 

determ ined  by th e  im pact s tr e n g th  in d ex . The impact s tr e n g th  index is  

measured by d ropp ing  a  s te e l  p lunger fo r  a c o n s ta n t number o f tim es 

in to  a co a l sample a t  the  base of a s te e l  c y l in d e r .  As a r e s u l t ,  th e  

pe rcen tage  o f coa l rem aining in  the  i n i t i a l  s iz e  range a f t e r  the  t e s t  

i s  c a lle d  th e  im pact s tre n g th  index .

C. RESOURCES AND RESERVES OF COAL IN THE UNITED STATES AND THE WORLD 

AND ITS FUTURE AS A SOURCE OF ENERGY

In  January  1974 the U nited S ta te s  G eo log ica l Survey pub lished

52a b u l l e t i n  which in d ic a te d  th e  t o t a l  rem ain ing  coal re so u rc es  in  the
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U nited S ta te s .  I t  was e s tim a ted  as 3968 b i l l i o n  tons and is  d i s t r i ­

b u ted  as shown in  Table 6 . Of th e  t o t a l  id e n t i f i e d  c o a l ,  91 p ercen t is  

lo ca ted  a t le s s  than  1000 f e e t ,  7 .7  p e rcen t is  between 1000 and 2000, 

and 1 .3  p e rcen t is  between 2000 and 3000 f e e t .  Among 1731 b i l l i o n  tons 

( s h o r t  to n s ) ,  1 .1  p e rc e n t is  a n th r a c i t e ,  43 .1  p e rc e n t is  lo w -v o la t ile

TABLE 6 : Coal R esources in  the  U nited S ta te s

B il l io n s  of 
Short Tons

Mapped and exp lo red  ( I d e n t i f ie d )
0 to  3000 f e e t  deep 1731

Unmapped and unexplored  ( in d ic a te d  
and p ro b ab le )

0-3000 f e e t  deep 1849
3000-6000 f e e t  deep 388

T o ta l rem ain ing  re so u rc es  3968

bitum inous c o a l ,  28.1 p e rc e n t i s  subbitum inous and 27 .7  p e rcen t is 

l i g n i t e  (Table 7 ) .

The G eo log ica l Survey b u l l e t i n  d e fin ed  re s e rv e  base fo r  coa l 

beds o f s p e c i f ic  dep th  and th ic k n e ss  in  th e  mapped and exp lo red  ( id e n ­

t i f i e d )  reso u rc e  c a te g o ry . I t  was d e fin ed  as th o se  coal beds w ith  a 

minimum of 28 inches o f th ic k n e ss  fo r  bitum inous and a n th ra c i te  coal 

w ith  0  to  1 0 0 0  f e e t  overburden which could  be s u i ta b le  fo r both su rfa c e  

and underground m ining methods and 60 inches or more in  th ic k n e ss  fo r 

subbitum inous and l i g n i t e  w ith  0  to  1 2 0  fo o t overburden which i s  s u i t ­

ab le  fo r s u rfa c e  or open p i t  m ining m ethods. The t o t a l  amount of re ­

se rv e  base was e s tim a te d  to  be about 430 b i l l i o n  to n s .  Among mapped
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TABLE 7

(a) I d e n t i f i e d  Coal in  U.S.

B i l l io n  sh o r t
Depth P ercen t . tons o f coa l

0 - 1 0 0 0 91 1575

1 0 0 0 - 2 0 0 0 7.7 134

> 2 0 0 0 1 .3 2 2

T o ta l 1 0 0 . 0 1731

(b) D if fe re n t Rank of I d e n t i f ie d  Coal in  U.S.

B i l l io n  s h o r t
Type o f  Coal P ercen t to n s  o f c o a l

A n th ra c ite 1 . 1 19

Bituminous 43.1 746

Subbitum inous 28.1 487

L ig n ite 27.7 479

T o ta l 1 0 0 . 0 1731
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and exp lo red  ( id e n t i f i e d )  re s o u rc e s , on ly  about 150 b i l l i o n  tons is  

p r a c t i c a l l y  m inable w ith  p re se n t m ining m ethods. I t  i s  b e lie v e d  ap­

p rox im ate ly  1 0 0  b i l l i o n  tons of the  t o t a l  150 b i l l i o n  tons is  s u i ta b le  

fo r  the underground mining method and about 50 b i l l i o n  tons ( s h o r t  

to n s)  is  s u i ta b le  fo r  su rfa c e  m ining m ethods. This 150 b i l l i o n s  tons 

o f m inable coa l i s  c a lle d  re se rv e  or rec o v e rab le  coal which can be d i s ­

t in g u ish e d  from re s e rv e  b a se . I t  is  in te r e s t in g  to  n o te  th a t  t h i s  r e ­

cov erab le  coa l ( re s e rv e )  is  only 4 p e rc e n t of the  t o ta l  coa l e s tim a ted  

in  the  U nited  S ta te s .  Table 8  shows m inable co a l in  the  U. S . w ith  

reg ard  to  i t s  ra n k .

Paul A v e r it t  in  U .S. G eo log ica l Survey B u l le t in  1412, 1974, 

in d ic a te d  th a t  coa l com prised 69 p e rc e n t of the  t o t a l  e s tim a te d  recov­

e ra b le  re so u rc e  o f  f o s s i l  fu e l in  the  U .S. fd iile  pe tro leum  and n a tu ra l  

gas to g e th e r  com prised 7 p e rcen t and o i l  in  o i l  s h a le ,  which is  not 

c u r r e n tly  used as a f u e l ,  counted fo r  23 p e rcen t of the  t o t a l  re c o v e r­

ab le  f o s s i l  f u e l .  The U nited  S ta te s  a ls o  has th e  la r g e s t  rec o v e rab le  

re se rv e s  (25-28% o f t o t a l  w orld r e s e r v e s ) .  This is  fo llow ed by the  

S ov ie t Union which accounts fo r  22 p e rc e n t of the  world r e s e r v e s .  

However, the  s i t u a t io n  in  w orld re so u rc e s  is  d i f f e r e n t .  In  t h i s  c a te ­

go ry , 45 p e rc e n t o f the  t o t a l  w orld coa l reso u rce  is  lo c a te d  in  the  

S ov ie t U n i o n . T h e  t o t a l  re so u rc e  o f coal in  the  S o v ie t Union is  

e s tim a ted  to  be 8 . 6  t r i l l i o n  to n s . As F igu re  17 in d ic a te s ,  about 90 

p e rcen t o f the  t o t a l  coal re se rv e s  a re  lo ca ted  in  the  S o v ie t Union, 

U nited S ta te s  and China. As F igu re  18 shows, the  t o t a l  p o s s ib le  coa l 

re so u rce  in  b i l l i o n  ton o i l  e q u iv a le n t is  e s tim a ted  to  be 26 tim es 

g re a te r  th an  the  t o t a l  p o ss ib le  o i l  reso u rc e  around the  w orld .
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Rank

A n th ra c i te

Bitum inous

Subbitum inous

L ig n ite

TABLE 8 . R ecoverable Coal in  U.S. 
(m ill io n  to n s)

S u rface  Mining 

6 8

13,597

24,318

8,895

Underground Mining 

2,166 

54,596 

32,320

T o ta l

2,344

68,340

56,227

8,895

T o ta l 46,878 89,082 135,696
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Because of h ig h e r  demand in  energy , the r o le  o f coal as a 

major source o f energy in  the  fu tu re  is  alm ost u n av o id ab le . In  1979, 

the  world used 6 .9  b i l l i o n  tons o i l  e q u iv a le n t (BTOE) which was 3 .2  

p e rcen t more th an  1978 and fou r tim es la rg e r  than  1950. Among th is  

f ig u re  in  1979, co a l re p re se n te d  28 p e rc e n t,  o i l  45 p e rc e n t,  gas 19 

p e rc e n t, w ater 6  p e rc e n t,  and n u c le a r  2 p e rc e n t.  But t h i s  w i l l  change 

by the  year 2000 when the  demand fo r energy w il l  be 75 p e rcen t h igher 

than 1979. By the  year 2000, coa l w i l l  account fo r  37 p e rcen t of the 

t o t a l  f o s s i l  fu e l  consum ption w h ile  o i l  w i l l  account fo r  33 p e rc e n t,

gas fo r  17 p e rc e n t,  w ater 5 p e rc e n t,  and n u c le a r  fo r  8  p e rcen t (F igu re

5319). As F igu re  18 shows, in  1979 the  proven w orld e q u iv a le n t of 623 

b i l l i o n  tons o f o i l  e x is te d  to  meet the  energy  demand. I t  is  i n t e r e s t ­

ing to  no te  th a t  th e  same y e a r , th e  w orld used 6 .9  b i l l i o n  tons of o i l  

e q u iv a le n t. I t  i s  p ro je c te d  by in c re a s in g  the demand fo r  energy by 2 .7  

p e rcen t each year up to  th e  year 2000, th a t  32 p e rc e n t o f the p resen t 

energy re se rv e  would be gone and by the year 2 0 1 0  80 p e rcen t and f i n a l ­

ly  the  world energy re s e rv e  a t  i t s  p re se n t le v e l  would be lo s t  by the 

year 2023.^^ D esp ite  a tte m p ts  made by many c o u n tr ie s  to  reduce th e i r  

dependency on energ y , p a r t i c u l a r ly  on o i l ,  th e re  was only a l i t t l e  suc­

cess in  the  U nited  S ta te s ,  S w itz e rlan d , and Turkey between 1978-1979.

In  the same p e r io d , s e v e ra l  c o u n tr ie s  in  Europe and around the world 

were more dependent on o i l  than  a t  any o th e r  tim e . Among them Den­

m ark 's  dependency on o i l  accounted fo r 79% of t o t a l  energy consumed by 

th a t  c o u n try . Second was Japan w ith  70 p e rc e n t,  I t a l y  69 p e rc e n t, Swe­

den 64 p e rc e n t, Spain 61 p e rcen t and f in a l ly  France w ith  60 p ercen t 

The q u es tio n  a r i s e s  w hether or not the  p re se n t fu e l in  common terms
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which e x is t s  in  th e  ground is  enough to  meet the  fu tu re  energy demand 

of humans. The answer is  y e s , b u t i t  has been shown in  th is  re se a rc h  

and in d ic a te d  by many energy a n a ly s ts  th a t  coal is  going to  p lay  a 

m ajor r o le  in  th e  n e a r f u tu r e .  Coal has been c a l le d  th e  "b rid g e  to  the 

f u tu r e ."  A lso , i t  has been shown (F ig u re  18) th a t  th e  proven coal r e ­

se rv e  i s  a few tim es la rg e r  than  proven combined o i l  and s e v e ra l o th e r  

p o ss ib le  sou rces  o f  e n e rg y . Unmapped and unexplored  coa l ( s o -c a l le d  

coal re s o u rc e )  is  more than  tw enty tim es la rg e r  th an  th e  o i l  re s o u rc e . 

But i t  i s  d o u b tfu l th e  p re s e n t forms o f tech n o lo g y , e s p e c ia l ly  m ining 

m ethods, a re  ad equate  to  produce the la rg e  amount o f coa l which many 

energy p lan n e rs  a re  p re d ic t in g  w il l  be needed by the  year 2 0 0 0  in  o rd er 

to  meet th e  energy  needs in  developed , le s s  developed  and nondeveloped 

c o u n tr ie s .  But th e re  a re  no t any o th e r  r e a l i s t i c  a l t e r n a t iv e s  except 

c o a l .

U n fo r tu n a te ly , in  the  l a s t  30 years  because o f p o l i t i c a l  and 

economic re a s o n s , la rg e  d isc o v e r ie s  o f o i l  r e s e r v o ir s  in  a sh o rt pe r­

io d , easy  p ro d u c tio n  and t ra n s p o r t io n  o f o i l  have brought the  m ining 

in d u s t r ie s  in  g e n e ra l  and coa l m ining in  p a r t i c u l a r  to  the  s ta g e  where 

they  a re  a t  p r e s e n t .  There a re  many problems in  both  o p e n -p it and un­

derground m ining methods which a re  not s u i ta b le  fo r  la rg e  amounts of 

coal p ro d u c tio n  in  th e  near f u tu r e .  For exam ple, i t  was proposed in  

1976 by the  U nited  S ta te s  government to  in c re a se  U .S . co a l p ro d u ctio n  

from 600 m il l io n  to n s  to  1 .2  b i l l i o n  tons by 1985. But in  1981, th e re  

had been only  a 7 p e rc e n t in c re a se  in  coal p ro d u c tio n  from 1976 pro­

d u c tio n . I t  i s  d o u b tfu l th a t  the  goal w i l l  be ach ieved  by 1983 m ostly  

because o f la c k  o f h igh  technology  developm ent in  m ining and env iron ­

m ental i s s u e s .  Coal is  a ve ry  com plicated  rock  o r su b s tan ce  d i f f i c u l t
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to  d ea l w ith . I t  i s  a d i r ty  su b s tan ce  and in  some cases has r e l a t i v e ly  

high p e rcen tag e  o f im p u r it ie s .

R ecen tly  th e re  were some a ttem p ts  among coa l re se a rc h e rs  and 

m in e rs , p a r t i c u l a r ly  in  the  U nited  S ta te s  ( in c lu d in g  the  U n iv e rs ity  of 

Oklahoma), to  develop the tech n iq u e  c a lle d  chem ical comminution which 

can h e lp  ach ieve  h igher p ro d u c tio n  w ith  b<= t e r  q u a l i ty .  However, th e re  

a re  some p r a c t ic a l  and th e o r e t i c a l  problems in  t h i s  te c h n iq u e . W ithout 

f u r th e r  improvement, the r e s u l t  o f chem ical comminution cannot be b e t­

t e r  th an  o p e n -p it  and underground m ining m ethods. Furtherm ore , s in c e  

t h i s  tech n iq u e  is  very  new in  i t s  p re se n t form ( s t a r t e d  1971), i t  is  

hoped more re se a rc h  and s tu d y  w i l l  e lim in a te  most o f the  problems in  

t h i s  type o f m ining in  the  near fu tu re  and lead  to  h ig h er p roduction  

and b e t t e r  q u a l i ty .  As a r e s u l t ,  th e  energy c r i s i s  may be reduced .



CHAPTER III

GENERAL PROPERTIES OF SUGGESTED SOLVENT 

(COg + HgO)

A. COg,, ITS PHYSICAL AND CHEMICAL PROPERTIES

CO2  or carbon d iox ide  was f i r s t  recognized  as a  d i s t i n c t  gas 

by Van Helmont (1577-1644) when he d iscovered  i t s  p resen ce  as a bypro­

duct o f c h a rco a l combustion and fe rm en ta tio n .^ ^  Carbon d io x id e  e x is ts  

in  the  atm osphere in  r e l a t i v e ly  la rg e  q u a n ti t ie s  through the  combustion 

o f coal and o th e r  carbonaceous fu e ls  (abou t 3 v o ls  o f CO  ̂ in  1 0 ,000 ). 

COg is  a c o lo r le s s  gas which a lso  can e x is t  as a l iq u id ,  s o l id  or a l l

th re e  phases to g e th e r  s im u lta n e o u sly . In  the  form of g as , i t s  d e n s ity

5 8under s ta n d a rd  c o n d itio n s  is  1 .5  tim es the  d e n s ity  o f a i r .  Carbon 

d iox ide  does n o t e x is t  in  th e  l iq u id  phase a t  room tem p era tu re  and a t ­

m ospheric p re s s u re , but i t  can be l iq u i f i e d  a t  any tem pera tu re  between 

i t s  t r i p l e  p o in t (-56 .6°C ) and i t s  c r i t i c a l  p o in t (31°C) by com pressing

i t  to  th e  correspond ing  l iq u e fa c t io n  p re ssu re  and removing the  hea t of

59c o n d en sa tio n . F igu re  20 shows th e  phase diagram  of COg in  the  P-T 

p lane where p re ssu re  is  p lo tte d  as log  P r a th e r  than  P . The charac­

t e r i s t i c  p o in ts  of the phase e q u ilib r iu m  curve a re  th e  normal sublim a­

t io n  p o in t ,  th e  t r i p l e  p o in t and the  c r i t i c a l  p o in t .  The normal sub­

lim a tio n  p o in t i s  -108°F (-78 .35°C ) a t  one atm osphere p re s s u re . The

54
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m

FIGURE 20. COg phase e q u ilib r iu m  diagram

1 -  C r i t i c a l  iso c h o re ; 2 -  l i n e  o f maxima

From: V ukalovich, M. P . and A ltu n in , V. V ., "Phase E q u ilib riu m ,"
Therm ophysical P ro p e r t ie s  o f  Carbon D iox ide . London & W elling 
Borough, 1968, p . 72-100.
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t r i p l e  p o in t i s  -70.6®F (-57°C ) and 5.113 atm ospheres p re s s u re . And, 

f in a l ly ,  th e  c r i t i c a l  p o in t is  8 7 .8 “F (31.04°C) and 72.85 atm ospheres 

p re s s u re . In  Table 9 (g /cm ^), (cm ^/g) a re  the  c r i t i c a l  d e n s ity

and c r i t i c a l  volum e. Table 10^^ shows the g en era l p h y s ic a l p ro p e r t ie s

o f COg'

Carbon d io x id e  is  not a very  r e a c tiv e  su b s tan ce  a t  o rd in a ry

tem pera tu re  and p re s s u re .  However, in  w ater s o lu t io n  i t  forms carbon ic  

a c id  which is  c l a s s i f i e d  as a  weak ac id  and is  u n s ta b le .  F igu re  21^^ 

shows the s o lu b i l i t y  o f  carbon d iox ide  in  w ater a t  tem pera tu res  between 

0 and 120*C. As th e  f ig u re  in d ic a te s ,  the  s o lu b i l i t y  o f CO2  a t  r e l a ­

t iv e ly  low p re s su re  (up to  2 0 0  a tm ospheres) dec reases  d e s p ite  in c re a s ­

ing tem p e ra tu re . B ut, above 200 atm ospheres, the  case  is  d i f f e r e n t .  

G en e ra lly , the  minimum va lue  o f s o lu b i l i t y  occurs between 60-90°C; 

th e n , the s o lu b i l i t y  v a lu e  in c re se s  w ith  in c re a s in g  tem pera tu re  above 

2 0 0  atm osphere p re s s u re .

Carbon d io x id e  a ls o  can be reduced to  carbon monoxide by r e ­

a c tin g  w ith  hydrogen . The r e a c t io n  w ith  hydrogen i s  r e v e r s ib le  a t  

p roper tem pera tu re  and p re s s u re .

COg + HgO -  CO3 H2  

COg + Hg CO + HgO 

Although carbon d io x id e  is  ve ry  s ta b le ,  a t  h ig h e r  te m p e ra tu re , i t  can 

be d is s o c ia te d  in to  carbon monoxide and oxygen.

2 CO2  -  2C0 + O2

Table 11 shows th e  number of m olecules d is s o c ia te d  per 100 m olecules of 

CO2  a t d i f f e r e n t  te m p e ra tu re s .^ ^  Carbon d iox ide  a ls o  can be reduced
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c r cr

?cr°C

31.04

•cr

72.85

?tp°C

-57

P^p atm

5.113

T °C nsp

-7 8 .5

P atm nsp 3 3g/cm cm /g

0 .467  2.1413

TABLE 10. P h y s ic a l C onstan ts  o f Carbon D ioxide

TABLE Physical C onstants o f  C arbon D ioxide

M olecular weight
D ensity o f  the gas at 60°F  and 14.696 Ib/in^abs 
Critical temperature 
Critical pressure 
Specific heat;

G as at 60°F  and 14.696 Ib/in^abs ; constant pressure 
G as at 60° F  ; constant volum e  

Ratio o f  specific heat at constant pressure 
to specific heat at constant volum e, 60°F  

Specific gravity (air =  1.0)
Triple point (solid, liquid, and gas co-exist)

A tm ospheric sublim ation point 
Therm al conductivity : 

a t - 5 8 ° F ( - 5 0 ° C )  
at 32°F  (0°C) 
a t 212°F  (100°C)

V iscosity, gas : 
atO °F  ( -1 7 .8 ° C )  
at 100°F  (37.8°C ) 
at 200°F  (93.3°C)

Latent heat o f  vaporization : 
at trip le point ( - 7 0 ° F ; - 5 6 .6 ° C )  
atO °F  ( -1 7 .8 ° C )  
at 32°F  (0°C)

44.01
0.1166 lb/ft"
88°F (3 1 .0 = 0
1073 Ib/in^abs (73.01 atm )

0.201 B tu/lb  • =F 
0.1546 B tu /lb -= F

1.30
1.528
75.1 Ib/in^abs a n d —70°F  

(5.11 atm  a n d -5 6 .6 ° C )
-  109°F (78.5°C )

0.0064 B tu/hr • ft* ■ 
0.0084 B tu /hr • ft* • 
0.0128 B tu/hr • ft* •

0.013 cP  
0.0155 cP  
0.018 cP

149.7 Btu/lb  
120.1 B tu /lb  
100.9 B tu /lb

°F /ft
°F /ft
=F/ft

From: M cKetta, J .  J . ,  E ncycloped ia  o f Chemical P ro c e ss in g  and D esign,
V ol. 6 , 1978, p . 281.



58

71 MPa (700 atm )

4 0 .5  (400)

3 0  (300)

O
X 20 (200)

8
IS  (150)

8
10 (10OI7 .6  (75)

4.1 (40) \  5.1 (50)

8
3 .0  (30)

2.0  (20)

0 .5  (5) 1.0 ( 10)

0  10 2 0  3 0  4 0  SO 6 0  7 0  8 0  9 0  100 110 120
Tem peratur*. *C

FIGURE 21. S o lu b i l i ty  o f  carbon d io x id e  in  w a te r.

From: K irth -O thm er, Encyclopedia o f Chemical Technology, 1977, Vol. 

4, p. 727.
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w ith  v a rio u s  hydrocarbons and even w ith carbon i t s e l f  a t  h igh tem pera­

tu r e .  This r e a c tio n  happens in  alm ost a l l  co a l combustion p rocesses 

which a re  u s u a lly  used to  produce carbon monoxide.

CO2  + C -*■ 2C0

Carbon d iox ide  is  not considered  a hazardous substance in  i t s  

p re s e n t c o n c e n tra tio n  o f 300 ppm (0 .03  vol%) in  th e  atm osphere excep t 

in  an in d u s t r ia l  evnironm ent, in  idiich case approx im ately  16 tim es the  

normal c o n c e n tra tio n  o f CO  ̂ in  a i r  or a t  most 5000 ppm becomes a c ce p t­

a b le . Beyond t h a t ,  COg i s  recognized  as a hazardous substance  in  a i r  

and consequen tly  dangerous.

B esides the  n a tu ra l  occurrence o f COg in  a i r ,  carbon d iox ide  

has been produced com m ercially from n a tu ra l  gas w e lls  in  the  U nited  

S ta te s .  But th is  type o f CO  ̂ f re q u e n tly  c o n ta in s  hydrogen, s u l f u r ,  

m ethane, p ropane, and ethane and re q u ire s  f u r th e r  chem ical p ro ce ss in g

i s  o rd er to  o b ta in  pure COg. However, th e re  a re  s e v e ra l o th e r  commer-

62c ia l  methods which have been used to  produce COg: they  a re  ( 1 ) syn­

t h e t i c  ammonia and hydrogen p la n ts  in  «diich methane o r o th e r  hydrocar­

bons a re  converted  to  hydrogen and carbon d io x id e .

CH  ̂ + ZHgO + COg + AHg

( 2 ) l im e -k i ln  o p e ra tio n s  in  which carbonates a re  th erm ally  decomposed 

to  carbon d io x id e  and ca lc ium  o x id e .

CaCOg CO2  + CaO

(3 )  sodium phosphate m anufacture

3Na2C0g + 2 H3 I

(4 )  f lu e  gases r e s u l t in g  from th e  combustion o f carbonaceous f u e l ,  and

3Na2C03 + 2H3PO^ 2Na3P0^ + 3CO2



60

TABLE 11

D is s o c ia tio n  o f CO  ̂ a t  D if fe re n t  Tem peratures

T °K 1000 1500 2000 3000 3500

% d is s o c ia t io n  0.000024 0.0483 2 .05  54 .8  83 .2

TABLE 12

S ub lim ation , T r ip le ,  C r i t i c a l  P o in ts  o f Ĥ O 

a t  D if fe r e n t  Tem peratures and P re ssu re s

P o in t S ub lim ation  T r ip le  P o in t C r i t i c a l  P o in t

Tem perature “C -10  0 .01  374.14

P re ssu re  2 .56  x lO"^ 6  x 10“ ^ 218
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(5 ) fe rm e n ta tio n  in  Which a sugar is  converted  to  e th y l a lco h o l and 

carbon d io x id e

"  2 W H * 2 C 0 2

Carbon d io x id e  is  g e n e ra lly  co n sid e red  an inexpensive  su b stan ce  and in  

l iq u id  form can be purchased  fo r $ 0 .3 0 /lb .

B. WATER, ITS PHYSICAL AND CHEMICAL PROPERTIES

W ater is  one of the  most w idely d isp e rse d  of n a tu ra l  sub­

s ta n c e s  b u t is  never found in  a pure s t a t e .  I t s  m o lecu lar w eight is  

18. The c h a r a c te r i s t i c  p o in ts  o f the  phase e q u il ib r iu m  diagram  a re  the 

normal su b lim a tio n  p o in t ,  th e  t r i p l e  p o in t and the c r i t i c a l  p o in t .  I t s  

su b lim a tio n  p o in t i s  -10*C (14°F) a t  0 .26  kPa (2 .5 6  x 10” ^ atm ospheres) 

p re s s u re ;  the t r i p l e  p o in t i s  0.01°C (32.018®F) and 0.611 kPa ( 6  x  10“ ^ 

a tm ospheres) p re s s u re s ;  and the  c r i t i c a l  p o in t is  374.14°C (7 0 5 .4®F) a t  

22.09 MPa (218 a tm ospheres) p r e s s u re .  Table 12 shows the  su b lim a tio n  

p o in t ,  t r i p l e  p o in t and c r i t i c a l  p o in t .

F ig u re  22 shows how w ater changes to  steam  a t  d i f f e r e n t  tem­

p e ra tu re s  and p re ssu re s  The p o in ts  marked D re p re s e n t  the  s a tu ra te d  

l iq u id  p h ase , and th o se  marked E re p re s e n t the  s a tu ra te d  vapor s t a t e .  

The l a t e n t  h e a t o f v a p o r iz a t io n  (h ea t needed to  form steam  from l iq u id  

w a te r ) , o r the  h e a t re q u ire d  to  go from p o in t D to  p o in t E, depends on 

p re s s u re . At atm ospheric  p re s s u re  (14 .7  p s i ) ,  i t  r e q u ire s  ap p ro x i­

m ate ly  970 Btu in  o rd er to  convert one pound of w ater to  v ap o r. At 100 

p s i ,  i t  r e q u ire s  889 Btu to  co n v ert one pound o f w ater to  steam . As 

p re s su re  in c re a s e s ,  the  l a t e n t  h e a t va lue  d e c re a s e s . J u s t  below the  

c r i t i c a l  p o in t  (3204 p s i ) ,  th e  l a t e n t  h e a t v a lu e  is  62 B tu ; bu t when
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FIGURE 22 

Phase Diagram of H2 O
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th e  p re ssu re  reaches 3204 p s i ,  th e  l a t e n t  h ea t value is  e lim in a te d . 

Table 13 shows the g enera l p h y s ic a l p ro p e r t ie s  of w a te r.

U su a lly , w ater in  i t s  n a tu ra l  form co n ta in s  some s o l id  m atte r  

or m in e ra ls  in  a very  f in e  s i z e .  Even when w ater looks c l e a r ,  i t  s t i l l  

has s o lu t io n s  of a c id s  and s a l t s .  Water has been c la s s i f i e d  in to  th re e  

c a te g o r ie s '^  accord ing  to  the compounds i t  con ta in s  and t h e i r  e f f e c t  on 

the w a te r 's  u se . They a re

(1 ) C o rro sive—C orrosive substances  a re  u su a lly  in  the  form of an 

ac id  s o lu t io n  or as a d isso lv e d  gas such as oxygen, hydrogen s u lf id e  

and ammonia.

(2 ) Foam producing substance—O rganic and ino rgan ic  substances 

p re se n t in  w ater cause foaming du ring  any h e a tin g  p rocess o f the  w a te r. 

N orm ally, o i l  and decomposed humic m atte r  a re  the  c h ie f  causes of 

foam ing.

(3 ) S ca le -fo rm ing  su b stan ces—The presence of th ese  f re q u e n tly  

reduces the  s o lu b i l i t y  o f w a te r. The most common sc a le -fo rm in g  sub­

stan ces  a re  calcium  carbonate  and calcium  s u l f a te .

A ll o f th e s e  substances can be removed from w ater by chem ical t r e a t ­

m ent. Some of them may be removed by b o ilin g  the w a te r, b u t some of 

them re q u ir e  s p e c ia l  chem ical tre a tm e n t.

C. THE BINARY SYSTEM OF CO^-H^O MIXTURE AT HIGH TEMPERATURE AND 

PRESSURE

There have been many s tu d ie s  by d i f f e r e n t  groups o f re s e a rc h ­

e rs  o f th e  b in a ry  system  of carbon d io x id e  and w a te r. These s tu d ie s  

cover the  range from lower tem pera tu res and p re ssu res  up to  r e l a t i v e ly
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TABLE 13

G eneral P h y s ica l P ro p e r t ie s  o f Water*

Chemical form ula 

M olecular w eight 

S p e c if ic  g ra v i ty  a t  212°F 

M elting  p o in t ,  °F 

B o il in g , °F (atm . p re s su re )

F lash  p o in t ,  COG, °F

S p e c if ic  h e a t  o f l iq u id ,  B . t . u . / ( l b ) ( ° F )

Heat o f v a p o r iz a t io n , B . t . u . / l b

Heat o f fu s io n , B . t . u . / l b

C r i t i c a l  expansion  c o e f f ic ie n t

A bso lu te  v i s c o s i ty  o f l iq u i d ,  c e n tip o is e

S urface te n s io n  (c o n ta c t w ith  a i r ) ,  dynes/cm

W ater

HgO

18

0.958

32

212

1.005 (212°F)

970.2

143.3 

0.0024

0 .284 (212°F) 

72 .8

Thermal c o n d u c tiv ity  l iq u id ,  B . t . u . / ( f t ) ( h r ) ( s q . f t ) ( ° F ) 0 .393

*From P e r ry ,  J .  H ., Chemical E ngineering  Handbook. "W ater C o n s t i tu e n ts ,"  

4th E d i t io n , McGraw H i l l  S e r ie s ,  1960, p . 9 -51 .
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68 ,69 ,70
high tem p e ra tu re s  and p re s s u re s . This in c lu d e s  0 to  350 C

tem p era tu re  and up to  approxim ately  3000 p s i p r e s s u re .  Depending on 

the  methods and equipment used , d i f f e r e n t  r e s u l t s  were o b ta in e d , par­

t i c u l a r l y  a t  h igh  tem pera tu re  and p re s s u re .  However, th ese  d if fe re n c e s  

a re  no t la rg e  enough to  d ism iss or d i s c r e d i t  the  a tte m p ts  or d a ta  ob­

ta in e d  from the  s tu d ie s .

Most o f th e se  r e s u l t s  a re  c l a s s i f i e d  on the  b a s is  of e x p e ri­

m ental s e a rc h . In  1924, P o l l i t z e r  and S tre b e l  s tu d ie d  v a rio u s  gases 

mixed in  th e  w a te r . The tem pera tu re  ranged up to  70°C and p re ssu re  up 

to  87 atm ospheres (1280 p s i ) .  They d isco v e red  00^ mixed in  the  w ater 

in c re ase d  th e  p a r t i a l  p re ssu re  o f w ater in  the  vapor phase. In  1937,

Z e lv en sk ii de term ined  the s o lu b i l i t y  of COg in  w ater up to  100°C tem-

68p e ra tu re  and 100 atm ospheres (1470 p s i )  p r e s s u r e s .  He re p o rte d  th a t 

H enry 's  law* y ie ld s  b e t t e r  r e s u l t s  below 100°C and below 100 atmo­

spheres p re s s u r e .  In  1939-1941, Welbe and Gaddy in v e s t ig a te d  the 

CO2 -H2 O b in a ry  system s a t  100°C tem pera tu re  but p re s su re s  up to  700 

atm ospheres (10,290 p s i ) .  T heir re se a rc h  m ostly  in v e s t ig a te d  vapor 

phase c o m p o s itio n s . In  1958 K hitarov  and M alin in  s tu d ie d  the  COg-H^O 

m ix tu re  fo r  th e  f i r s t  tim e a t  h igher tem p era tu res  (range  200-300°G) and 

h ig h er p re s s u re  [approx im ate ly  580 atm (8300 p s i ) ] .  As a r e s u l t ,  

they  d isc o v e re d  the c r i t i c a l  tem pera tu re  o f the  s o lu t io n  is  lower than 

the c r i t i c a l  tem p era tu re  o f w ater in  th e  g a s - l iq u id  system . By 1959 

and 1963 two s e r i e s  o f a ttem p ts were made by E l l i s ^ ^  and E l l i s  and 

Golding^^ on the  s o lu b i l i t y  o f carbon d io x id e  in  w ater a t  h igher

*k  = Pg/x where k is  c a lle d  the H en ry 's  law c o e f f i c i e n t ,  P is  
the  p a r t i a l  p re s s u re  o f th e  gas and x is  the  r a t i o  o f th e  moles of the 
gas to  th e  sum of moles of gas and w ater in  s o lu t io n .
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tem p era tu re s  up to  350°C and up to  160 atm ospheres p re s su re  (2350 p s i ) .  

They in d ic a te d  the  H enry 's  law c o e f f ic ie n t  which was o b ta in ed  by equa­

t io n  was no t the  same as th e  one which they  o b ta ined  by ex p erim en t. In  

1959 Frank and Todheide in v e s t ig a te d  s u p e r c r i t i c a l  c o n d itio n s  o f the  

CO^-H^O b in a ry  sy ts tem . They re p o r te d  in  t h e i r  s tudy  th a t  th e  behav­

io r  o f  th e  carbon d io x id e -w a te r system  is  ty p ic a l  o f a b in a ry  system  

which c o n s is ts  o f a nonpolar and a  s tro n g ly  p o la r  component. In  th i s  

s tu d y  the  tem pera tu re  a p p lie d  was 750°C and p re s su re s  to  2000 atmo­

spheres (29 ,400  p s i ) .  R ecen tly  in  1963 Sukune Takenouch and George C. 

Kennedy a t  the  I n s t i t u t e  o f  Geophysics and P la n e ta ry  P hysics a t  the  

U n iv e rs i ty  o f  C a l if o r n ia ,  Los A ngeles, s tu d ie d  the  COg-HgO b in a ry  sys­

tem. T heir prim ary equipment c o n s is te d  o f an au to c lav e  or bomb re a c to r  

w ith 105 ml c a p a c ity  which was made o f s ta in le s s  s t e e l  m a te r ia l  and 

c o n ta in s  a p re s su re  gauge, v a lv e , tub ing  and s e v e ra l  pumps fo r  i n j e c t ­

ing CO  ̂ and H^O in s id e  the  bomb r e a c to r .  The tem p era tu re  ranged from 

110°C to  350°C and the p re s su re  up to  1500 bar (22000 p s i ) .  The p e rio d  

o f the  experim ent ranged from 6  to  7 hours depending on the  tem pera­

tu r e .  T able  14 shows th e  c o n c e n tra tio n  o f CO  ̂ in  l iq u id  and gas phase 

in  the  COg-HgO m ix ture  a t  v a rio u s  tem pera tu res  and p re s s u re s .  In  Table 

14, Xg shows the  c r i t i c a l  c o n c e n tra tio n  of carbon d io x id e  and P^ i s  the 

c r i t i c a l  p r e s s u re .  The r e s u l t s  o f the  experim ent by Sukune Takenouchi 

and George C. Kennedy which were shown in  Table 14 a re  a ls o  expressed  

in  diagram s fo r  the  mole p e rc e n t o f l iq u id  and gas phase o f CO  ̂ w ith  

reg a rd  to  tem pera tu re  and p re s s u re  (F ig u res  2 3 -2 6 ).

F ig u re  23 in d ic a te s  the  c o n c e n tra tio n  o f 00^ in  both the  l i ­

quid  and gas phase in  the  H^O-CO^ m ix tu re  a t  tem pera tu res  ran g in g  from
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TABLE 14

. ^3S0"C 325»C 300-C
bars hq phase gas phase liq phase gas phase liq phase gas phase
100 
ISO
200 ) 1.5 9.0
250 4.0 16.2
300 6.4 16.6
350
400 Pe =  325"'"
450 X. =  10.596
500 
550

bats liq phase gas phi
100 1.0 25.6
150 1.9 42.6
200 2.8 50.0
250 3.8 54.0
300 4.9 55.8
400 7.2 55.8
500 9.6 53.0
600 12.0 49.6
700 14.4 46.0
800 17.5 42.0
900

Pe =  i885"'"
1000

x .= 27.096
1100
1200
1300
1400
1500

250°C
hars liq phase gasph:
100 1.2 41.0
200 2.7 63.6
300 4.2 68.0
400 55 67.6
500 6.4 66.0
600 7.4 63.6
700 8.4 61.3
800 9.4 59.3
900 10.4 58.0

1000 11.5 56.7
llOO 12.5 55.5
1200 13.2 54,8
1300 136 .54 2
1400 14.0 54.0
1500 14.4 54.0

110"C
bars liq phase gasphs

100 1.40 95.6
200 2.10 95.8
300 2.40 94.8
400 2.60 93.2
500 2.80 91.4
600 3.00 89.3
700 3.15 875
800 350 85.4

— — 0.4 8.0
1.0 10.6 1.6 29.0
2.6 24.6-; 2.9 39.0
4.3 32.1 4.1 43.4
6.1 34.2 5.4 45.4
8.2 33.4 6.8 45.6

11.2 28.6 8.4 44.8

435"'"
10.4 42.2

P .= 12.7 38.0
Xc = 18.095 17.0 32.0

Pt = 575"'"
X, = 23.695

275° _ 270°C 260°C
liq phase gas phase liq phase gas phase

2.7 53.0 2.7 57.2
3.6 57.0 35 62.0
4.6 59.0 4.4 64.0
6.7 59.0 5.9 64.2
8.7 57.0 75 62.4

10.6 54.6 8.7 60.4
125 52.0 10.0 58.0
145 49.6 11.3 56.0
16.6 46.2' 125 54.8

19.0 42.4 13.5 53.6

21.5 38.2 14.5 52.4
25.0 34.0 155 51.0

16.0 50.4
P .= 1230"'" 165 50.2
Xe = 28.8% 17.5 50.0

200°C 150°C
liq phase gas phase liq phase gas phase

1.3 715 1.35 88.0
2.6 82.0 2.15 91.0
3.4 825 2.60 90.0
4.1 81.6 2.90 88.2
4.7 800 3.20 86.2
5.2 78.0 3.45 84.0
5.6 76.0 3.70 82.4
5.8 745 3.90 80.8
6.1 732 4.05 79.4
65 72.0 4.20 78.0
6.5 71.6 4.40 77.0
6.7 70.6 450 76.4
6.9 70.0 4.60 75.8
7.0 69.4 4.70 75.4
7.2 69.0 4.80 75.2

IIO 'C
bars liq phase gas phase

900 3.45 84.0
1000 3.60 83.0
1100 3.70 822
1200 3.75 81.6
1300 3.85 81.0
1400 3.90 80.4
1500 4.00 80.0

From: Sukune Takenouchi and George C. Kennedy, "ITie B inary  System of
HgO-COg," American Jo u rn a l o f S c ien c e . 1964, Vol. 262, p . 1059-

1 0 6 0 .
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FIGURE 24. Iso c o m p o s itio n a l cu rves o f  th e  l iq u id  
phase in  e q u il ib r iu m  w ith  th e  gas phase in  
th e  system  HgO-COg. (From: Sukune Takenouchi

and George C. Kenedy, Am erican J o u rn a l  o f 
S c ie n c e . V ol. 262, 1963, p . 1063 .)
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110° to  350°C and p re ssu re s  up to  1600 bars  (23200 p s i ) .  F igu re  24 and 

F igure 25 show th e  l iq u id  phase and gas phase o f CÔ  in  the  b inary  

system . F igu re  26 shows the c o e x is ten c e  o f th e  l iq u id  and gas phases 

o f COg in  the  b in a ry  system  of COg-HgO in  a sem ilo g arith m ic  diagram . 

And, f i n a l ly ,  the  d e n s ity  o f carbon d iox ide  and w ater i s  shown in  F ig ­

ure 27 a t  d i f f e r e n t  tem pera tu re  and p re s s u r e s . As Table 14 and Dia­

grams 23-26 in d ic a te ,  the mole p e rcen t of CO  ̂ in  the  gas and l iq u id  

phases from 110°C up to  350°C a t  d i f f e r e n t  p re s su re s  can be d e te r ­

m ined. A lso , th e  amount o f 00^ which has been d isso lv e d  in  the  w ater 

can be c a lc u la te d  by s u b tra c tin g  the  sum of moles o f 0 0 ^ in  the gas and 

l iq u id  phases from 100. For in s ta n c e , a t  110°C tem pera tu re  and 100 

bars  (99 atm) p re s s u re . Table 14 and F igu res 23-26 in d ic a te  95.6 

p e rcen t o f CO  ̂ in  th e  b in ary  system  is  gas and 1 .4  p e rc e n t is  l iq u id .  

T h e re fo re , 3 p e rc e n t o f the  CO  ̂ has been d isso lv e d  in  the  w a te r. These 

r e s u l t s  can a ls o  be ob ta in ed  by using  F igure  21 which shows the  s o l ­

u b i l i t y  o f COg in  w ater below 120°C te m p e ra tu re . By using  th i s  f ig u re ,  

a t  p re ssu re  of 99 atm and tem pera tu re  of 110°C, the  s o lu b i l i t y  o f CO  ̂

per 100 gram w ater i s  going to  be 3 -3 .5  gram or 3 -3 .5  p e rc e n t.  The 

sm all d i f f e re n c e  can be r e la te d  to  v a rio u s  p rocedures and human e r ro r  

by r e s e a rc h e r s .
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FIGURE 27. The d e n s ity  o f w a te r  and carbon d io x id e  a t  v a rio u s  tem­
p e ra tu re s  and p re s s u re s . (From: Takenouchi and Kennedy, American
J o u rn a l  o f S c ien c e . V ol. 262, 1963, p . 1071.)



CHAPTER IV

PROCEDURE OF THE INVESTIGATION

A. EXPERIMENTAL APPARATUS

The exp erim en ta l ap p ara tu s  fo r  th is  s tudy  included  the f o l ­

lowing equipm ent.

(1 ) P re ssu re  v e s se l or p re ssu re  r e a c to r  which c o n s is ted  of 

the  fo llow ing  p ieces  :

(a )  Body— the body had been c o n s tru c te d  from s ta in le s s  s te e l  316 

w ith  a r ig h t  c i r c u la r  c y l in d r ic a l  shape w ith  500 ml c a p a c ity . I t s  in ­

s id e  diam eter i s  2 .5  inches and o u ts id e  d iam eter i s  3.85 in ch es . I ts  

in s id e  depth is  6.25 in c h e s . The body was used as a c o n ta in e r o f coal 

and so lv e n t. The s ta in le s s  s te e l  c o n s tru c tio n  o f the  body was designed 

to  w ithstand  r e l a t i v e ly  h igh  p re ssu re  and high tem pera tu re  and co rro ­

s io n  which m ight be caused by the r e a c t io n .  Two h o les  had been ma­

chined on the bottom o f the  v e sse l fo r the  convenience o f ho ld ing  the 

v e s se l w ith a d isk  w h ile  removing cap , cover and b o l t s .  The body 

weight is  19 .2  pounds ( 8 . 6  k g ) .

(b ) Cover or head id iich  was made from s ta in le s s  s te e l  316 and 

covered the top and open p o r tio n  o f the  v e s s e l .  The cover had a 1/2 

m illim e te r  d iam eter ho le  th a t  was used fo r the purpose of gas or l iq u id  

in je c t io n  from the gas c y lin d e r  through th e  s ta in le s s  s te e l  f i t t i n g  and

72
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union type connecto rs  in to  th e  v e s s e l  (b o d y ). The weight o f th e  cover 

is  3 .6  pound (1 .6  k g ) .

( c )  Cap— the cap was machined from s ta in le s s  s te e l  and had an in ­

s id e  d iam eter o f 2  inches and o u ts id e  d iam eter of 4 3 /4  inches and 

h e ig h t of 3 1/8 in c h e s . The cap c o n s is te d  o f the  fo llow ing  p o r tio n s :

( 1 ) o u ts id e  cap th a t  screw s onto  th e  body o f the  r e a c tio n  v e s s e l ,

(2 ) e ig h t th r u s t  b o l ts  w ith  furrow  made from s t e e l .  The b o l ts  were 

used to  compress the  cap and th r u s t  r in g  and cover in  o rder to  become 

t ig h t  enough fo r  h igh tem p era tu re  and h igh  p re ssu re  o p e ra t io n s . The 

d iam eter o f each b o l t  i s  1 / 2  in ch ; the  le n g th  is  1  1 / 2  inches from 

below the head of the  b o l t .  The average  w eight of each b o l t  i s  45 

gram s. The b o l ts  must be loosened  in  a s ta g g e red  p a tte rn  b e fo re  un­

screw ing th e  cap . The b o l ts  must be tig h te n e d  in  the same fa s h io n , and 

each b o lt  i s  to rqued  e q u a lly  to  app rox im ate ly  80 f t - l b .  (3 ) hardened 

s te e l  th ru s t  r in g  th a t  s e p a ra te s  th e  cover from the b o l t s .  The cap 

a lso  has two tapped h o les  fo r  eye b o l ts  fo r  use in  l i f t i n g  th e  v e s se l  

from the h e a tin g  dev ice  ( fu r n a c e ) .  F in a l ly ,  th e re  is  an 0 - r in g  u n it  

which is  used as a g ask e t and c o n s tru c te d  o f s ta in le s s  s t e e l  316. This 

u n it  h e lp s  to  s e a l  the head onto  th e  top  o f the  v e sse l and p rev en t 

leak ag e . F igu re  28 shows the  body, cover and cap of the  p re s su re  v es­

s e l ,  and F ig u re  29 and Table 15 show the  dim ensions of th e  v e s s e l  which 

was used in  t h i s  re s e a rc h .

(2 )  Three p re s su re  gauges: ( a )  Matheson type p re s su re  gauge 

(0-3000 p s i)  run  by o i l  w ith  2 .5  inch  d iam eter d i a l .  The Matheson 

p re ssu re  gauge was used to  m easure the p re s s u re  o f CÔ  in je c te d  in to  

the c y lin d e r ;  (b ) M axisafe p re s s u re  gauge (0-5000 p s i)  w ith  5 inch
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1 -  Body 
3 -  cap

1 2  3 4

FIGURE 28: D if fe r e n t  P o r tio n s  o f  P re ssu re  V esse l

2 -  Cover o r  head  w ith  s t a in le s s  s t e e l  t h r u s t  r in g  
4 -  b o l ts

Name P re ssu re  V esse l

TABLE 15

Dimensions (in ch es)

A B C D E

2 .5  3.85 6 .25  10 4 .70

(See F ig u re  29, n e x t page)



Pressure Vessel  

Including

1. Cover
2. Bolt
3. Cop
4. Thurst ring 

(washer)
5. Body
6. Gasket
7. Disk

FIGURE 29

I l l u s t r a t i o n  o f 
P re ssu re  V essel
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ins ide  dia.  2 .5  in.  
—  B -----------------'
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diam eter d ia l  w ith  AISl 316 tube  f i l l e d  w ith  m ercury; (c )  Wika p re ssu re  

gauge (0-10000 p s i )  w ith  3.51 inch d iam eter d ia l  and tube f i l l e d  w ith  

m ercury. M axisafe and Wika p ressu re  gauges were used fo r high p ressu re  

and high tem pera tu re  o p e ra tio n s  in  d i f f e r e n t  p e rio d s  o f th e  experim ent.

(3 )  S tandard  CÔ  gas c y lin d e r  w ith  approx im ately  1050 p s i 

p re s s u re . F igu re  30 shows how the v a rio u s  p iec e s  of equipment used fo r 

coal-COg + H^O re a c t io n  a t h igh  tem pera tu re  and high p re ssu re  were 

connected to g e th e r  w ith  high p re ssu re  s t a in le s s  s t e e l  la b o ra to ry  

v a lv e s , f i t t i n g s  and tu b in g . The CO  ̂ c y lin d e r  was connected to  the 

p re ssu re  v e s se l  w ith  1/16 inch OD s ta in le s s  s t e e l  tu b in g .

(4 )  CENCO-Meinzer s ie v e  shaker w ith  U .S. S tandard  s ie v e  se­

r ie s  was used to  determ ine the  d i s t r ib u t io n  of coal p a r t i c l e s  a f t e r  

trea tm en t o f the  chunk coal w ith  COg-HgO m ix tu re . The s ie v e  number and 

opening s iz e s  a re :  4 (0.185 in c h e s ) , 16 (0.0469 in c h e s ) , 50 (0.0116 

in c h e s ) , 60 (0 .0098 inches) and 70 (0.0083 in c h e s ) ,  100 (0.0059 in ch es) 

and -100 (0.00291 in c h e s ) .

(5 ) G a lb ra ith  L abo ra to ry , In c . in  K n o x v ille , Tennessee p e r­

formed u ltim a te  an a ly ses  and s u l f u r  form an a ly se s  be fo re  and a f t e r  the 

co a l was t r e a te d .  A lso , the  same la b o ra to ry  determ ined th e  Btu va lue  

o f the H cA lester co a l befo re  and a f t e r  tre a tm e n t.

In  the  u ltim a te  a n a ly s is ,  the fo llow ing  elem ents were me- 

su red : carbon , oxygen, hydrogen, n i tro g e n , s u l f u r ,  c h lo r in e ,  a sh . In

the s u lfu r  form a n a ly s i s ,  p y r i t e ,  s u l f a te  s u l f u r  and o rgan ic  s u lf u r  was 

m easured.

( 6 ) A Beckman I r l o  I n f r a re d  Spectrophotom eter was used to  mea­

su re  th e  a b so rp tio n  o f  seven In o rg a n ic  and o rg an ic  compounds a f t e r
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I

FIGURE 30

I l l u s t r a t i o n  In d ic a t in g  P re s s u re  V esse l w ith  

C onten ts o f  Coal + H^O Ready fo r  In je c t io n  

of C0„



78

tre a tm e n t w ith  the  CO^-H^O m ix tu re . These compounds a re  b e lie v ed  to  

have lin k ag e  bonds s im i la r  to  the  coa l compounds. The p h y s ic a l cond i­

t io n s  fo r th e  tre a tm e n t of th e s e  compounds w ith  the  CO^-HgO m ix tu re  

were s im ila r  to  the  c o a l and CO^-H^O m ix tu re . In  th is  system  the  wave 

number ( th e  number o f waves per c e n tim e te r , cm i s  used to  measure 

th e  p o s i t io n  o f  a g iven  in f r a re d  a b s o rp tio n . There a re  two types of 

v ib ra t io n  fo r  m o lecu le s : ( a )  s t r e tc h in g ,  in  which the d is ta n c e  between

th e  two atoms d e c reases  or in c re a s e s  bu t the  atoms s ta y  in  the  same

bond a x is ;  (b ) bending or d e fo rm atio n , in  which the p o s it io n s  of the

71 75atoms change r e l a t i v e  to  t h e i r  o r ig in a l  p o s i t io n .  ’ Bending v ib ra ­

t io n s  u s u a lly  occur a t  a  lo nger w avelength (low er wave number) and r e ­

q u ire  very  low en erg y . In  the  Beckman I r l o  In f ra re d  spectropho tom eter

-1used in  t h i s  s tu d y , th e  in f r a r e d  reg io n  extended from 4000 to  300 cm .

The s t r e tc h in g  v ib ra t io n s  were found to  happen in  the  o rd er o f bond

s t r e n g th .  For in s ta n c e ,  th e  t r i p l e  bond a b so rp tio n  C=C w ith  2300-2000 
-1 ,

cm i s  s tro n g e r  than  the  double bond a b so rp tio n  C=C (1900-1500 cm ) 

which is  s tro n g e r  than  the  s in g le  bond a b so rp tio n  such as C-C, C-N, C-0 

(1300-800 cm ^ ) .  However, the  0-H bonds, such as in  w a te r, have the  

h ig h e s t  in f r a re d  a b s o rp t io n . The 0-H absorbed around 3500 cm . This 

was p a r t i c u l a r ly  obvious in  th o se  compounds used in  th is  s tu d y  because 

o f  the  very  sm all amounts o f  w ater rem ain ing  in  the  compounds a f t e r  the 

v a p o r iz a t io n  p ro c e s s .

(7 )  An E lconap ty p e  oven was used to  dry the  fragm ented sam­

p le s .  The h e a t su p p lie d  by th i s  oven i s  up to  200°C (392°F ). The 

tem p era tu re  used to  d ry  the  samples was around 110°C. This oven is  

m anufactured  by E le c t r i c  Heat C on tro l A pparatus Company in  the  U nited 

S t a t e s .
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( 8 ) An e l e c t r i c a l  h e a te r  was used to  p rov ide  h ea t fo r the  

r e a c t io n .  This dev ice  had a  fu rnace  w ith an in s id e  d iam eter of 4 

inches and o u ts id e  d iam eter o f 1 0  inches and in s id e  depth  of 1 0  in c h e s . 

The tem pera tu re  was measured by a therm ocouple. The maximum tem pera­

tu re  which could  be prov ided  by th is  h e a te r  was 400°C (752°F ). The 

tem p era tu re  was c o n tro l le d  by a tem pera tu re  c o n t r o l le r  d e v ic e . F igu re  

31 shows the p re ssu re  v e s se l  w ith  gauge in s id e  th e  fu rnace  and e l e c t r i ­

c a l  h e a te r  d ev ice .

(9 ) Some e v a p o ra tio n  a p p a ra tu s , b eak er, fu n n e l, f i l t e r ,  hot 

p la te  and chem ical agen ts  such as e th e r  and MgSO  ̂ were used in  th is  

s tu d y . E ther and MgSO  ̂ were used to  e x tr a c t  w ater from the  chem ical 

compounds which had been t r e a te d  w ith  the  CO2 -H 2 O b in a ry  system . These 

chem ical compounds have bond lin k ag es  s im ila r  to  c o a l;  and a f t e r  t r e a t ­

ment w ith CO2 -H2 O, the  w ater was removed from the rem ain ing  compounds 

b e fo re  in f ra re d  a b so rp tio n  a n a ly s is  in  o rder to  f in d  out w hether or not 

the  so lv e n t (CO2  + B^O) had any e f f e c t  on s e le c te d  chem ical compounds. 

(T h is  was an a ttem pt to  prove the  fragm en ta tion  o f coa l by the  CO2 -H 2 O 

b in a ry  system  occurs through th e se  linkages which a re  b e lie v ed  to  e x is t  

in  the  coa l s t r u c tu r e . )  This s e r ie s  o f t e s t s  were done w ith  a sm all 

r e a c to r  w ith  25 ml c a p a c i ty .

Except fo r th e  U .S. S tandard  s ie v e  shaker and sc reen  and E l­

conap oven which were p rov ided  by the G eolog ical and Petro leum  Engi­

n e e rin g  D epartm ent, th e  o th e r  equipment was p rov ided  in  P ro fe sso r  A. 

H agen 's Chem istry L aborato ry  a t  the  U n iv e rs ity  o f Oklahoma.
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Pressure Vessel with Contents of Coal + H^O + COg 

Inside Furnace Ready for Heating
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B. MATERIALS

1. C oal:

Three d i f f e r e n t  run -o f-m ine  (ROM) bitum inous coal beds from 

e a s te rn  Oklahoma and one unknown coal were used in  t h i s  s tu d y . The 

th re e  bitum inous co a ls  of Oklahoma a re :  ( a )  M cAlester c o a l—The McAl-

e s te r  coal was s e le c te d  from Latim er County and su p p lied  by F a r r e l -  

Cooper Mining Co. The M cAlester coal o f Latim er County is  1 .5 -3 .5  f e e t  

th ic k  w ith  more than  200 m il lio n  s h o r t  tons o f re s o u rc e s . Among t h i s ,  

40% has th ic k n e ss  between 29 and 42 in ch es ; 55% is  15-28 inches th ic k ;  

and le s s  than  5% of the  t o t a l  coa l re so u rc es  is  between 12 and 14 

inches th ic k .  The s u lf u r  co n ten t o f th is  co a l ranged from 2 to  4 .5  

p e rc e n t.  Up to  1974 le s s  than  one p e rcen t o f  th is  coa l had been mined 

by underground coal m ining m ethods. This co a l bed has been recognized  

as a s u i ta b le  coa l fo r  use in  e l e c t r i c  power g e n e ra tio n , l iq u e f a c t io n ,  

g a s i f ic a t io n  and coking m anufactu re . (b ) Secor c o a l—The Secor coal 

samples were s e le c te d  from Wagoner County in  the  n o r th e a s te rn  p a r t  of 

Oklahoma. The average th ic k n e ss  has been id e n t i f i e d  as 1 .5  f e e t  w ith 

an average o f 2 .8  p e rcen t s u lf u r  in  the c o a l .  There has been mining 

a c t i v i t y  in  t h i s  county by B i l l ' s  Coal Co. u s in g  the  o p e n -p it te c h ­

n iq u e . The average overburden th ic k n e ss  is  35 f e e t .  The t o t a l  Secor 

coal re so u rc e  o f th is  county is  n o t included  in  the  G eolog ical Survey 

re p o r t  o f January  1974. However, the  Secor co a l p roduction  o f Wagoner

County is  re p o r te d  by the  G eo log ica l Survey o f  Oklahoma to  be le s s  than 

73100,000 sh o r t  to n s .  In  g e n e ra l, th e  Secor c o a l bed in  Oklahoma has 

been recogn ized  as s u i ta b le  fo r l iq u e f a c t io n ,  g a s i f ic a t io n  and even fo r 

e l e c t r i c  power g e n e ra tio n  w ith in  the  l im its  o f  s u lf u r  and a sh . This
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coa l sample was p rov ided  by B i l l ' s  Coal Company through th e  P etro leum  

and G eo log ica l Departm ent of the  U n iv e rs i ty  of Oklahoma, ( c )  Croweburg 

c o a l—The Croweburg coa l sample was s e le c te d  from Okmulgee County of 

n o r th e a s t  Oklahoma. The t o t a l  Croweburg coal re so u rc es  of th is  county  

a re  e s tim a te d  to  be more th an  300 m il l io n  sh o r t  to n s .^ ^  Among t h i s ,  5 

p e rcen t i s  42 inches or more in  th ic k n e s s ;  more than  80 p e rc e n t is  be­

tween 29 and 42 inches in  th ic k n e s s ;  and le s s  than  15% o f th e  t o t a l  

Croweburg co a l bed o f Okmulgee county is  le s s  than  28 inches in  

th ic k n e s s . The s u lf u r  co n ten t ranges from 0 .9  to  4 .2  p e rc e n t.  Less 

than  2 0  p e rc e n t o f the  t o t a l  coa l has been mined by bo th  s u rfa c e  and 

underground m ining methods up to  1974. In  January  1977,^^ th e  Geolog­

i c a l  Survey re p o r te d  two mine companies had a c t i v i t i e s  in  t h i s  coun ty , 

and the  co a l p ro d u ctio n  by th e se  two mines was re p o r te d  to  be between

100,000 and approx im ate ly  500,000 sh o r t  tons in  th a t  y e a r .  The Crowe­

burg coa l bed is  recogn ized  to  be one of the  most u s e fu l  co a l beds in  

the  s t a t e  o f Oklahoma fo r  both  dom estic h e a tin g  and in d u s t r ia l  pu r­

p o s e s . T a b l e  16 shows the  m ining c h a r a c te r i s t i c s  of th e  M cA lester 

and Croweburg coal beds o f L atim er and Okmulgee C ounties of e a s te rn  

Oklahoma. A lso , F igure  32 shows the  d i s t r ib u t io n  o f b itum inous coal in  

th e se  c o u n tie s ,  and arrows in d ic a te  the  approxim ate lo c a t io n  where the 

samples were c o l le c te d .  The t o t a l  samples provided  fo r  s tu d y  were ap­

p rox im ate ly  50 pounds.

The unknown coal ( i t s  o r ig in  is  unknown) had been p rov ided  by 

the  T ra n sp o r ta tio n  Department o f Oklahoma to  the C hem istry Departm ent 

and was used in  t h i s  s tu d y .



TABLE 16

—O rig in a l  and Mined Coal R eso u rce s , L a tim er C ounty , Oklahoma 
( i n  th o u san d s o f  s h o r t  to n s )

ORIGINAL RESOURCES MINED AND LOST IN MINING

COAL DEPTH SULFUR CONTENT̂ 1 2 -H  INCHES lS-28 INCHES 29-42 INCHES 42+ INCHES TOTAL SURFACE UNDERGROUND TOTAL

COM. «n> RMK* (FEET) (PERCENT) ACRES TONS ACRES TONS ACRES TONS ACRES TONS ACRES TONS ACRES TON& ACRES TONS ACRES TONS

0 100 » . l  (4 .1) i 11 1,461 4,950 86 464 — — 1,552 5,625 52 166 52 IH
4.1 (4.1) 27 58 22,574 74,893 1,856 9,025 — 26,657 83,976 — — —

UPPER 1,001-2.000 4.1 (4,1) — " 5,125 15,184 555 2,697 . . 5,680 17.681 ••

Total 4.1 (4.1) 32 69 29,160 95,027 2,497 11,986 — 31,689 107,082 52 166 - •  - - 52

0 100 a 17 3.379 10,195 556 2.676 — 3,963 12,888 362 1,129 - -  - - 342 1,129
29 63 25,365 77,475 14.473 65,898 — 39,867 143.436 — — — --

2.3  (1 .9 -3 .2 ) — — 7,928 25,536 3,030 13,169 10,958 38,705 — — — -
LOWER 2,001-3,000 2.3  (1 .9 -3 .2 ) 1,758 7,595 — 1,758 7,595 “•
HC ALESTCI (hvb) 3,000+ - - — — "

Total 2 .3  (1 .9 -3 .2 ) 37 80 36,672 113,206 19,817 89,338 56,526 202,624 342 1,129 362 1.129

• •O r ig in a l and Mined Coal R eso u rces , Okmulgee County, Oklahoma
( in  thousands o f  s h o r t  to n s)

ORIGINAL RESOURCES MINED AND LOST IN MINING
COAL DEPTH SULFUR CONTENT̂ 12-14 INCHES 15-28 INCHES 29-42 INCHES 42* INCHES TOTAL SURFACE UNDERGROUND TOTAl

COM. AND RANK̂ (FEET) (PERCENT) ACRES TONS ACRES TONS ACRES TONS ACRES TONS ACRES TONS ACRES TONS ACRES TONS ACRES 70+

0-100 2.2 ( 0 .9 4 .2 ) 1,011 2,037 3,443 13,286 2.605 12,101 —-  —» 7,059 27,426 1,069 1.069 4 . '

CIOHEBUiC (h i* ) 101.1,000 2.3 rO .9-4.2) 975 1,972 6,515 25,153 60,199 322,135 3.149 20,972 70,838 370,232 — — 13,209 68,966 13.209

Total 2.2 (0 .9 -4 .2 ) 1,986 4,009 9,958 38,439 67,806 336,236 3,169 20,972 77,897 397,656 1,069 6,387 13,209 68,966 14,278 71.'

From: S. A. Friedman, Investigation of the Coal Reserves in the Ozark Section of Oklahoma, 
Oklahoma Geological Survey, January 1974, p. 88, 90.

00OJ
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2 . Chemical Compounds:

Besides the  th re e  d i f f e r e n t  coa l beds from the e a s te rn  p a r t  of 

Oklahoma and one unknown coal which had been used in  th is  s tu d y  w ith  CÔ  

HgO s o lv e n t ,  seven o th e r  ino rgan ic  and o rgan ic  compounds, some of which 

e x is t  in  coa l compounds and some of which have s im ila r  lin k ag es  to  the 

coal s t r u c tu r e  in  t h e i r  s t r u c tu r e ,  were used in  t h i s  re se a rc h  in  o rder 

to  d isc o v e r  whether or not the  fragm en ta tion  of coal by the  suggested  

so lv e n t was caused by th e se  compounds. These compounds were provided 

by P ro fe sso r  Â. Hagen. They a re :

(a )  B en zy l-e th e r (CgHgCH2 ) 2 0 — a l iq u id  w ith m olecu lar weight 

198.27, b o i lin g  p o in t 298°C, m elting  p o in t 3.6°C and s p e c i f ic  g ra v i ty  

1 .043 .

(b ) D ip h e n y l-d isu lf id e  (C^H^-S-S-CgH^)—a s o l id  w ith  molecu­

l a r  w eight 218, b o i l in g  p o in t 310°C, m e ltin g  p o in t 61-62°C and s p e c if ic  

g ra v i ty  1 .353 .

(c )  Benzyl phenyl e th e r  (C^H^CH^-0-C^Hg) —a s o l id  w ith  mo­

le c u la r  weight 184, b o i l in g  p o in t 297°C and m eltin g  p o in t 40-44°C.

(d ) P y r i t i c  s u l f u r  ( p y r i te )  (FeSg)—m olecular w eight 120, 

m e ltin g  p o in t 1171°C and s p e c i f ic  g ra v i ty  5 .0 0 .

(e )  B enzy l-a lcoho l (C^H^CH^OH)—a l iq u id  w ith  b o i l in g  p o in t 

204-205°C, m elting  p o in t -15°C, and s p e c i f ic  g ra v i ty  1 .0 4 .

( f )  P h en e th y l-a lco h o l (CgH^CH^-CRgOH)— a l iq u id  w ith  molecu­

la r  w eight 122, b o i l in g  p o in t 219-221°C a t  745 mm, m elting  p o in t 20°C 

and s p e c i f ic  g ra v ity  1 .023 .

(g ) 2 -N aph thy l-benzoale  (CgHjCOOCj^gH^)—a s o l id  w ith  molec­

u la r  w eight 248.
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The t e s t  o f th e s e  compounds w ith  th e  CO^-HgO m ix tu re  was con­

ducted  under s im ila r  tem p era tu re  c o n d itio n s  to  the  coal-CO^-H^O mix­

tu r e ;  b u t ,  g e n e ra lly , the  p re ssu re s  were h ig h e r . However, they  a re  not 

the  only  compounds which e x is t  in  coal or have s im ila r  s t r u c tu r a l  l in k ­

a g e s . As in d ic a te d  in  C hapter I I  (Coal S t r u c tu r e ) ,  th e re  a re  more than 

300 compounds found in  c o a l;  and many o th e r  compounds have s im ila r  

s t r u c tu r e s  to  c o a l .  These compounds were s e le c te d  because some of them 

a re  b e lie v e d  to have weak bonds and because they  a re  not hazard o u s.

C. GENERAL PROCEDURE OF THE EXPERIMENT

The g enera l p rocedure  of the  experim ent included  se v e ra l  

s te p s .  They a re :

1 . One to  th re e  p ie c e s  o f coal ( s iz e — gms) were p laced  in s id e  the 

p re s su re  v e s s e l .

* 2 . A known amount o f w ater was added to  the  p re ssu re  v e s s e l .

3 . The head or cover was put on top of the  p re ssu re  v e s se l  and 

covered by the  cap and th e  c lo su re  system  (co v e r and cap) was tig h te n e d  

w ith  the b o l t s .

4 .  The p re ssu re  gauge and valves were in s t a l l e d  on the  top of the 

cover (head) and connected  to  the  v e sse l by f i t t i n g s  and coup ling  con­

n e c to rs  .

* 5 . COg was in je c te d  from the COg c y lin d e r  in to  the  v e s se l  through 

the  s ta in le s s  s te e l  tube which was connected to  the  v e s se l by f i t t i n g s  

and c o n n e c to rs .

♦Step 2 i s  n o t re q u ire d  i f  only COg was used as a  so lv e n t in  
th e  experim ent w h ile  Step 5 i s  no t re q u ire d  i f  only H^O i s  used as a 
s o lv e n t in  th e  experim en t.
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6 . The COg was d isc o n n e c te d  from the c y lin d e r  when the p re ssu re  

shown by the p re ssu re  gauge in s ta l l e d  on th e  v e s s e l  ( r e a c to r )  was 

approx im ate ly  equal to  the  p re s su re  o f the CO  ̂ c y lin d e r ,  and the 

r e a c to r  was p repared  fo r  h e a tin g .

7 . The v e s se l  ( r e a c to r ) ,  which included  the  p re ssu re  gauge, w ith  

approx im ate ly  900 p s i  p re s s u re  was p laced  in s id e  the  fu rnace  and heated  

fo r  th e  d e s ire d  tim e to  the  d e s ire d  tem p era tu re .

8 . A fte r  th e  d e s ire d  p e r io d , the  hea t was tu rned  o ff  and the  r e ­

a c to r  (v e s s e l)  was l e f t  in s id e  the  fu rnace  fo r  a t  l e a s t  four to  f iv e  

h o u rs , depending on the  te m p e ra tu re , in  o rd er fo r  the  r e a c to r  to  become 

c o o l.  Then th e  bomb r e a c to r  (p re s s u re  v e s s e l )  was removed from the  

fu rnace  and th e  c lo su re  system  was opened by lo osen ing  the b o l ts  and 

removing b o l t s ,  cap and head (c o v e r ) .

9 . The s o lu t io n  was se p a ra te d  from the  fragm ented coal by p assin g  

through the  f i l t e r  and e v a p o ra tin g  the s o lu t io n .  The fragm ented coal 

was p repared  fo r  fu r th e r  purposes ( s iz e  d i s t r ib u t io n  a n a ly s i s ) .

10 . The U .S . s ta n d a rd  s ie v e  s e r ie s  was used to  determ ine the  s iz e  

d i s t r ib u t io n  o f  the  fragm ented c o a l .

11. Some o f  the  broken samples were p laced  in the oven a t  110°C 

fo r  24 hours in  o rd e r to  remove the  m o istu re  and dry the  sample fo r 

f u r th e r  chem ical a n a ly s is  (u l t im a te ,  s u lfu r  form , Btu a n a ly s i s ) .

12 . Samples of 3 to  10 grams— 60 mesh no. ( th o se  fragm ented sam­

p les  which can pass through mesh no. 60 and have le s s  than  0.0098 inch 

d iam e te r)  were prov ided  fo r  u ltim a te  a n a ly s is ,  s u lf u r  form a n a ly s is  and 

Btu m easurem ent.
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D. SPECIFIC PROCEDURE OF THE EXPERIMENT

Step 1 . P re p a ra tio n  o f  S e lec ted  Coal

A t o t a l  o f app rox im ate ly  50 pounds o f M cA lester, Secor and 

Croweburg run-of-m ine c o a l from e a s te rn  Oklahoma had been d e liv e re d  to 

the  la b o ra to ry . The Secor and Croweburg coal had been d iv ided  in to  

rea so n a b le  s i z e s . The M cA lester coal was in  a  la rg e  chunk and was bro­

ken in to  sm alle r p ieces  fo r  the  experim ent. A t o t a l  of more than  50 

t e s t s  were performed on th e s e  th re e  d i f f e r e n t  c o a ls  in  a period  of ap­

p rox im ate ly  e leven  months (May 1981-March 1982). The m a jo rity  o f the 

t e s t s  were done on the  M cA lester coal because o f the  d i f f i c u l t i e s  in ­

volved  in  the mining o p e ra tio n s  fo r  the  p ro d u c tio n  o f th is  p a r t i c u la r  

coa l bed and a lso  i t s  h ig h  s u lf u r  c o n te n t. These coal samples were 

kep t in  a p la s t ic  bag d u rin g  the p e rio d  of th e  experim en t. For each 

t e s t ,  from one to  th re e  p iec e s  of the  coal samples w ith  30 to  176 grams 

w eight were used . Each sample was 2 to  2 1 /4  inches wide and ap p ro x i­

m ately  2 1/2 to  3 1/2 inches  long . Before the  sample or samples were 

p laced  in  the r e a c to r ,  bo th  the coal sample and the v e sse l ( r e a c to r )  

were c le a n e d ) . Then th e  c o a l sample was c a re f u l ly  p laced  in to  the  ves­

s e l  (bottom  of v e s s e l ) .

*S tep  2 . A ddition  o f W ater to  the V essel (R e ac to r)

Between 125 and 300 cc o f w ater was poured in to  the v e s s e l .

This range depended on th e  amount o f coal being  used fo r the t e s t — le ss  

co a l re q u ire d  le s s  w ater and conseq u en tly , a  la rg e  amount of coal r e ­

q u ired  a la rg e r  volume o f w a te r . The w ater always covered the coal in

*Step 2 was n o t re q u ire d  fo r th o se  t e s t s  in  which only  CO was 
used as a s o lv e n t .
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th e  r e a c to r .  The minimum amount o f w ater used in the  experim ent was 

125 c c . This amount is  reaso n ab le  fo r a co a l sample w ith 30 to  50 

grams w eigh t; b u t s p e c i f ic a l ly ,  fo r  more than  one p iece  o f coal (abou t 

100 gram s), approx im ately  300 cc w ater was re a so n a b le . In  any c a se , 

th e re  was always a t  l e a s t  2  inches between the su rfa c e  o f the  w ater in ­

s id e  the  r e a c to r  and the  top p o r tio n  o f the  r e a c to r  to  avoid  very  high 

p re s su re s  as a r e s u l t  o f h e a tin g  a l i q u i d - f i l l e d  r e a c to r .  Also i t  

he lped  p rev en t leakage and damage to  th e  p re ssu re  gauge and co v e r. The 

w ater used in  t h i s  experim ent was no t d i s t i l l e d  or p u r if ie d .

*Step 3 . I n je c t io n  o f COg in to  th e  R eacto r

A fte r  w ater was added to  the  coa l in s id e  the r e a c to r ,  the  r e ­

a c to r  ( v e s s e l)  was covered w ith  the  head (c o v e r ) .  The cap was screwed 

c lockw ise  by a b e l t  or hand u n t i l  th e  cap was t i g h t .  The b o lts  were 

screwed down sy m m etrica lly . E i th e r  a to rque  wrench or an a i r  im pact 

wrench was used to  t ig h te n  the b o l t s .  In  both  c a se s , approx im ately  

78-85 ft-pounds to rque  was used to  t ig h te n  the  b o l t s .  This v a lu e  is  

s ta n d a rd  and depended on the p re s su re  used in  the  t e s t  and the type of 

g a s k e t .  F igure  33^* shows how to  s e le c t  the  to rque  w ith reg a rd  to  

p re ssu re  and type o f g a sk e t. A fte r  th e  b o l ts  were t ig h te n e d , the  p re s ­

su re  gauge was in s ta l l e d  on the  v e s s e l ,  and i t  was connected to  the  

v e s se l  th rough the  f i t t i n g s  and coup ling  connecto rs  w ith a 1/16 inch 

o u ts id e  d iam eter tu b e . Then carbon d io x id e  gas a t  approxim ately  1000 

p s i  was in je c te d  in to  the v e sse l ( r e a c to r )  by a c a p i l la r y  s ta in le s s  

s te e l  tube which was connected to  the  r e a c to r  through the f i t t i n g  and

*Step  3 was not ap p lied  fo r th o se  t e s t s  in  which HgO was used 
as the  only  s o lv e n t .
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P ERCENT OF MAXIMUM OPERATING P R E S S U R E

FIGURE 33. S e le c tio n  o f to rq u e . From: A utoclave E n g in eerin g , High
P re ssu re  In fo rm a tio n , A utoclave E ng ., I n c . ,  B u l le t in  857.^®

co n n ec to rs  w ith  an in s id e  d iam eter o f 1/2 m il l im e te r .  This procedure 

was co n tin u ed  fo r  about 15 m inutes u n t i l  th e  p re s su re s  o f the  CO  ̂ c y l­

in d er and v e s se l  ( r e a c to r )  were ba lan ced . Then th e  CO  ̂ l in e  was d is ­

con n ected , and the r e a c to r  was p repared  w ith  c o n te n ts  fo r  f u r th e r  op­

e r a t io n s .

Summary o f  the  F i r s t  3 and Im portan t Steps o f Experim ent:

F ig u re  34 i l l u s t r a t e s  the  f i r s t  th re e  im portan t s te p s  o f the 

experim en t. F i r s t ,  the r e a c to r  (A) was p laced  on a f l a t  d isk  th a t  was 

f i t t e d  on a p iece  o f wood (W) which was 5 1 /4  inches wide, 14 inches 

long and 2 1/2 inches th ic k .  The d isk  was lo c a te d  e x a c tly  in  th e  mid­

d le  o f th e  p iece  o f wood w ith  an o u ts id e  d iam eter o f  4 1/2 in c h e s .

This d isk  con ta ined  two b a rs  1 1/2 inches long which f i t  in to  th e  two 

h o les  machined a t  the  bottom  of the  r e a c to r  ( v e s s e l ) .  This dev ice  (W) 

he lped  to  ho ld  th e  v e s se l d u rin g  c lo s in g  and removing c lo su re  system  

such as cap , cover and b o l t s .  Then a p iece  or p ieces  of coa l ( I )  

ran g in g  from 30 to  176 grams were p laced  in s id e  the  r e a c to r  (A ). A fter
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cy l in d er

a -  Vessel  (reactor)  
b -  b o l t s  
c -  cap
D -  CO2  cy l ind er
E -  s t a i n l e s s  s t e e l  

tube
f  -  f i t t i n g
g j , g 2  -  gauge pressure  
h - H2O 
I -  coal  
j -  connector  
k -  head (cover)

D

p -  d isk  which 
holds reactor

V2 ,V2 ,V2  -  va lves
L -  top o f  v e s se l
Ri -  bottom of  v e s se l
n -  thrust  ring
z -  gasket

VO

FIGURE 3 4 . I l l u s t r a t i o n  o f  in j e c t io n  o f  CO2  into  reactor,
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t h a t ,  from 150 to  300 cc w ater (h ) was poured in to  the  r e a c to r  (de­

pending on the  amount o f c o a l ) .  The w ater always com ple te ly  covered 

th e  co a l as f ig u r e  34 in d ic a te s .  However, th e re  was a t  l e a s t  two 

inches  d is ta n c e  between the  s u rfa c e  of th e  w ater in s id e  the re a c to r  (h) 

and the  top of v e sse l (L ). Then the  head or cover (K) w ith  th ru s t  r in g  

(N) was put on top  of the v e s s e l  (L ). A fte r th a t  th e  cap (C) was lo ­

c a te d  and tu rned  c lockw ise around the top  p o r tio n  o f th e  v e s se l  u n t i l  

i t  became t ig h t  enough fo r  o p e ra t io n s . In  most t e s t s ,  a b e l t  was used 

to  t ig h te n  the  cap . O therw ise , th e re  could  have been leakage or prob­

ab le  e x p lo s io n  a t h igh  tem p era tu re  and p re s s u re . A f te r  the  cap was 

screwed on, e ig h t b o l ts  (b ) were tig h te n e d  in  a manner th a t  began by 

t ig h te n in g  any two d ia m e tr ic a l ly  opposed b o lts  by hand , then  two more 

in  th e  same fash io n  u n t i l  a l l  e ig h t  b o l ts  were t ig h te n e d  by hand. Then 

a to rq u e  wrench or a i r  impact wrench was used to  t ig h te n  the  b o lts  com­

p l e t e ly .  The amount of to rq u e  used ranged from 73 to  85 f t-p o u n d s .

Two d ia m e tr ic a l ly  opposed b o l ts  a re  p re fe rre d  in  o rd e r  to  p reven t leak ­

age o r e x p lo s io n . Then the  p re s su re  gauge. M axisafe or Wike model type 

o f gauge (g^) and the  th ree-w ay  s ta in le s s  s t e e l  v a lv e  (V^) were in ­

s t a l l e d  on the  v e s se l through th e  head by a union cou p lin g  connector 

tube w ith  1/16 inch o u ts id e  d iam eter ( j ) .  Then th e  COg c y lin d e r  (D) 

was used to  in je c t  COg through  the  24 inches o f c a p i l l a r y  s ta in le s s  

s t e e l  tube w ith  1 / 2  mm in s id e  d iam eter (e )  and f i t t i n g  in to  the  rea c ­

t o r .  A fte r  the  p re s su re  v e s s e l  w ith  p re ssu re  gauge was s e t  up , the COg 

c y lin d e r  was connected to  the  r e a c to r  by s t a in le s s  s t e e l  tube  (E ). At 

t h i s  s ta g e  o f  the  t e s t ,  v a lve  (3 ) was opened; and p re s s u re  gauge (2 ) 

was used to  in d ic a te  th e  COg p re s su re  o f the  c y lin d e r  which norm ally
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was about 1050 p s i .  In  cool w eather, th is  p re s su re  reduced to  900 p s i .  

F in a l ly ,  v a lv e  (2 ) was used to  c o n tro l the  flow  o f gas to  the r e ­

a c to r .  Sometimes i t  re q u ire d  a few m inutes to  reach  the  same amount of 

p re ssu re  in  th e  r e a c to r  and in  the  CÔ  c y lin d e r  (10-15 m in u te s ) . At 

th is  p o in t ,  p re ssu re  gauge (g^) and p re s su re  gauge ( 2 ) in d ic a te d  ap­

prox im ate ly  the  same p re s s u re . Then and were c lo se d ; and the CÔ  

in je c t io n  was d isconnec ted  by d isc o n n e c tin g  s ta in le s s  s te e l  tube (E ). 

F i r s t ,  was c lo se d , then  was c lo s e d . A fte r  c lo s in g  and the 

s ta in le s s  s t e e l  tub ing  was d isconnected  from the CÔ  c y lin d e r  by loos­

ening the  f i t t i n g  u n t i l  p re ssu re  gauge (g^) in d ic a te d  approxim ately  

ze ro . F in a lly  s ta in le s s  s te e l  (E) was a ls o  d isco n n ec ted  from the  r e ­

a c to r .  At t h i s  s ta g e , the  r e a c to r  w ith  i t s  c o n te n ts  (co a l + CÔ  + H^O) 

were ready  fo r  the  h e a tin g  p ro c e s s . Before the  h e a tin g  process began, 

a s o lu t io n  o f soap and w ater was used to  t e s t  fo r any leak ag e . In  the 

case o f le a k a g e , the  procedure was re p e a te d  from th e  f i r s t  s te p .

Step 4 . H eating  the R eactor

A fte r  the  leakage t e s t ,  the r e a c to r  was p laced  in s id e  the 

fu rnace  w ith  in s id e  d iam eter of 4 inches fo r  h e a tin g  pu rposes, and the 

tem pera tu re  was c o n tro l le d  by a c o n t r o l le r  d e v ic e . The p e rio d  of 

h e a tin g  ranged from 2 hours up to  42 h o u rs . However, th is  p e rio d  did 

not in c lu d e  the  tim e fo r  warming the  r e a c to r  up to  the  d e s ire d  temper­

a tu r e .  N orm ally, i t  re q u ire d  from 60 m inutes up to  150 m inutes to  in ­

c re a se  the  tem pera tu re  o f the  r e a c to r  from room tem pera tu re  (25°C) to  

the tem p era tu re  range o f 200 to  350°C. A fte r  the  d e s ire d  p e rio d  of 

h e a tin g , th e  e l e c t r i c a l  h e a te r  was tu rned  o f f .  The re a c to r  remained in  

the fu rnace  fo r  a  few hours (minimum of fo u r)  u n t i l  th e  r e a c to r  was



94

cool and could  be removed from the  fu rn a c e . The r e a c to r  can be cooled  

in  a s h o r te r  p e rio d  i f  th e  r e a c to r  can be removed from the  fu rn a c e .

S tep 5 . R elease o f Gas P re ssu re  in  R eacto r and th e  C losure  System

This s te p  began w ith  r e le a s in g  the  rem aining gas p re s su re  (CO  ̂

p re s s u re )  e i th e r  by lo o sen in g  the  gauge connecto r or loosen ing  th e  

three-w ay s ta in le s s  s t e e l  v a lv e s .  In  most t e s t s ,  the gauge connecto r 

( j  in  F igure  34) was used to  r e l i e v e  the  p re s su re  (approx im ate ly  900 

p s i ) .  F urtherm ore , in  both  c a se s , th e  p rocedure fo r removing the gas 

p re ssu re  was ve ry  slow , in  o rd er to  p rev en t any damage to  the gauge 

connecto rs  or f i t t i n g  or v a lv e s .  Then in  the  same manner in  which the  

b o l ts  were c lo s e d , th ey  were loosened  by u s in g  a to rq u e  wrench or a i r  

impact wrench. The to rq u e  used to  loosen  the  b o lts  was s l i g h t ly  h ig h e r  

th an  the  to rque  used to  t ig h te n  the  b o l t s .  A fte r a l l  b o l ts  were lo o s ­

ened, they  were removed from the head . Then the  cap was tu rned  coun­

te rc lo c k w ise . In  most c a s e s , the  b e l t  was used to  open the cap and 

remove i t  from the  v e s s e l .  However, in  some t e s t s ,  because o f th e  h igh  

te m p e ra tu re , the  cap or v e s s e l  expanded to  such a degree th a t  the  cap 

was d i f f i c u l t  to  remove from the v e s s e l .  In  th o se  c a se s , e i th e r  cool 

w ater was used to  cool the  bottom  p o r tio n  o f the  v e s se l in  o rd er to  

c re a te  a tem p era tu re  d if f e re n c e  between the  top p o r tio n  o f the  v e s se l  

which the  cap covered and the  bottom  p o r tio n  o f the  v e s s e l ,  or h e a t was 

a p p lie d  s l i g h t ly  to  th e  top  p o r tio n  o f the  v e s s e l .  A fte r  removing th e  

cap in  any c a se , the  head (co v e r)  was removed from the  top of th e  ves­

s e l  . In  t h i s  s te p  in  some t e s t s , th e  gas sm elled  l ik e  H^S which in ­

d ic a te d  th e re  had been some r e a c t io n  between so lv e n t and coal and some 

m inera l m a tte r  o f th e  c o a l .
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Step 6 . S ieve A nalysis  of th e  Fragmented Coal

In  t h i s  s te p ,  the  c o n te n ts  of the  v e s s e l ,  fragm ented coa l and 

s o lu t io n ,  were se p a ra te d  from each o th e r  th rough a f i l t e r .  The s o lu ­

t io n  was then  v ap o rized  to  remove the  w a te r . In  many c a se s , the  r e ­

s u l t s  o f e v a p o riz a tio n  in d ic a te d  a  sm all p o r tio n  of the  coal had been 

d isso lv e d  (< 1 gm). Then the  U .S . s ta n d a rd  s ie v e  s e r ie s  w ith  th e  f o l ­

lowing sc re e n  s iz e s  was used to  determ ine  the  percen tage  of s iz e  d i s ­

t r i b u t io n  o f fragm ented c o a l . The p e rio d  o f tim e used to  shake the  

U .S. s ta n d a rd  s ie v e  s e r ie s  was 30-35 m in u tes .

Step 7 . P re p a ra tio n  o f Samples fo r  U ltim ate  A n a ly s is , S u lfu r  A nalysis

and Btu Measurement

Two samples were p repared  fo r u l t im a te ,  s u lf u r  and Btu a n a ly ­

s i s .  Among th e se  two sam ples, one sample was be fo re  trea tm en t and the 

o th e r  sample was a f t e r  tre a tm e n t ( tre a tm e n t o f coal by CO^-H^O mix­

t u r e ) .  The p h y s ic a l c o n d itio n s  o f the  tre a tm e n t were 275°C tem p era tu re  

and 3300 p s i  p re s s u re .  The p e rio d  o f the  t e s t  was 24 h o u rs . T his 

a n a ly s is  was conducted by G a lb ra i th  L a b o ra to r ie s , In c . Both samples 

(b e fo re  and a f t e r  tre a tm e n t)  were s e le c te d  from M cAlester bitum inous 

c o a l .  A fte r  s ie v e  a n a ly s is  of each sam ple, between 3 and 10 grams of 

Mesh No. 60 (< 0.0098 in ch e s)  were c o lle c te d  s e p a r a te ly .  Then excep t 

fo r  the  o r ig in a l  sample (b e fo re  tre a tm e n t) ,  th e  o th e r  sample was p laced  

in  a watch g la s s  w ith  24 gram w eight and then  kep t in  the  oven fo r  a t  

l e a s t  24 h o u rs . F in a l ly ,  the  two samples were p laced  in  a p l a s t i c  j a r  

w ith  20 gram w eight and se n t to  G a lb ra ith  L a b o ra to r ie s , In c . fo r  u l t i ­

m ate, s u l f u r  and Btu a n a ly s is .
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In  the  u ltim a te  a n a ly s i s ,  th e  p e rc e n ts  of the  fo llo w in g  e le ­

ments were determ ined u sin g  ÂSTM (American S o c ie ty  fo r T e s tin g  and ma­

t e r i a l s )  s ta n d a rd s :  carbon , hydrogen , oxygen, n i tro g e n , s u l f u r ,  m ois­

t u r e ,  and c h lo r in e .  In  the  s u lf u r  form a n a ly s i s ,  th re e  d i f f e r e n t  forms 

o f s u lfu r  were m easured. They a re :  p y r i te  ( p y r i t i c  s u l f u r ) ,  s u l f a te

s u l f u r ,  o rg an ic  s u l f u r .  Also in  both sam ples, the  Btu v a lu e  was mea­

su red  by ÂSTM t e s t .  (The r e s u l t s  a re  shown in  Tables 1 and 2 o f Ap­

pendix A .)

S tep 8 . T est P rocedure fo r  Treatm ent w ith  CO^-H^O m ix tu re  o f Seven 

O rganic and In o rg an ic  Compounds Which E x is t in  Coal or Have 

S im ila r  Linkage Compared to  Coal S tru c tu re  

On th e  b a s is  of W ise r 's  th eo ry  about coal s t r u c tu r e  which is  

the  l a t e s t  th eo ry  and most accep ted  by coal r e s e a rc h e rs  in  th e  U nited  

S ta te s  (C hapter I I ,  F igu re  7 ) ,  seven in o rg an ic  ( p y r i te )  and o rgan ic  

compounds were s e le c te d  in  t h i s  s tu d y  fo r the  chem ical r e a c t io n  w ith  

carbon d io x id e -w a te r  m ix tu re . These compounds e i th e r  e x is t  in  c o a l, 

such as p y r i t e  (FeSg), or they  have lin k ag es s im ila r  to  co a l s t r u c tu r e .  

Two reasons a f f e c te d  the s e le c t io n  o f th ese  compounds. F i r s t ,  some of 

them a re  b e lie v e d  to  have weak bonds such as benzyl e th e r  (CgHgCH2 )gO 

and p y r i te  (F eS g). This is  the  view of Wiser^^ and in d ic a te d  by arrows 

in  F igu re  7 o f C hapter I I .  However, th is  view i s  not shared  by some 

co a l r e s e a rc h e r s .  Second, they  were no t hazardous compounds. The 

compounds used and the  p h y s ic a l c o n d itio n s  o f the  re a c tio n s  a re :

1 . Benzyl e th e r  (C^HgCH2 ) 2 0 —a l iq u id ,  b o i l in g  p o in t 298°C 

and m eltin g  p o in t 3.6°C w ith  s p e c i f ic  g ra v i ty  1 .043 . Benzyl e th e r  was 

mixed w ith  CO2  (g a s )  and w ater in  the  sm all bomb r e a c to r .  The p h y s ic a l
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c o n d itio n s  were tem pera tu re  of 305°C and p re ssu re  up to  8000 p s i .  No 

chem ical r e a c t io n  o b ta ined  a f t e r  24 h o u r s .

2 . D ip h e n y l-d isu lf id e  (C H -S-S-C  H )—a s o l id  w ith  b o i l in g
6  5 6  5

p o in t 310°C, m eltin g  p o in t 61-62°C w ith s p e c i f ic  g ra v i ty  1 .353 . Di­

p h e n y l-d is u lf  ide  was mixed w ith 0 0 ^ (g a s )  and w ater a t  tem pera tu re  of 

305°C and p re ssu re  up to  6000 p s i fo r  24 h o u rs . No re a c t io n  chem ical 

o c c u rre d .

3 . Benzyl phenyl e th e r  (C^H^CHg-O-C^H^)— a s o l id  w ith  b o i l in g  

p o in t 297°C, m eltin g  p o in t 40-44°C was mixed w ith CO  ̂ (g as)  and w ater 

a t  tem pera tu re  305°C and p re ssu re  up to  7000 p s i .  No chem ical r e a c t io n  

o b ta in ed  a f t e r  24 h o u rs .

4 .  P y r i te  (FeS^)—a s o l id  w ith  m eltin g  p o in t 1171°C w ith  

s p e c i f ic  g ra v i ty  5 .00 was mixed w ith CO  ̂ and w ater a t  305°C and p re s ­

su re  up to  3400 p s i  fo r  24 h o u rs . No chem ical r e a c t io n  o c c u rre d .

5 . B enzy l-a lcoho l (C^H^CH^OH)— a l iq u id  w ith  b o i l in g  p o in t 

203-205°C, m eltin g  p o in t -1 5 °C and s p e c i f ic  g ra v i ty  1.045 was mixed 

w ith  COg (g a s )  and w ater fo r 24 hours a t  305°C and p re s su re  up to  7000 

p s i .  No chem ical r e a c t io n  o b ta in e d .

6 . P h e n e th y l-a lco h o l (CgH^CH^-CH^OH) w ith  m eltin g  p o in t 20°C, 

b o i l in g  p o in t 219-221°C a t  750 mm and s p e c i f ic  g r a v i ty  1.023 was mixed 

w ith  COg (g a s )  and w ater fo r 24 hours a t  305°C and p re s su re  up to  7000 

p s i .  No chem ical r e a c t io n  o ccu rred .

7 . 2-Naphty 1-benzoa1 (CgH^COOC^gH^)—a s o l id  was mixed w ith  

CO2  gas and w ater fo r  24 hours a t  305°C and up to  7000 p re s s u re . No 

chem ical r e a c t io n  o b ta in e d .
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The procedure o f the  t e s t s  o f th e se  compounds w ith  the CO^-H^O 

m ixture  was s im ila r  to  th e  c o a l-ca rb o n  d io x id e -w a te r m ix tu re . The bomb 

re a c to r  (v e s s e l)  used in  th e se  t e s t s  was c o n s tru c te d  of s ta in le s s  s te e l  

but w ith  sm alle r c a p a c ity  compared to  the  one which was used in  the  

coal-COg-HgO t e s t s .  The r e a c to r  had 12 mm (1 .2  c e n tim e te r)  in s id e  d i­

ameter and 2 .5  cm o u ts id e  d iam eter w ith  21.5 cm in s id e  d e p th . The 

volume of the  c y l in d r ic a l  r e a c to r  was 25 m l. In  th is  r e a c to r ,  a g la s s  

l in e r  was used in  o rd er to  p reven t any c o rro s io n  by the r e a c t io n .  The 

ca p ac ity  of the  g la s s  l in e r  was 20 m l. In  a l l  seven t e s t s ,  th e  p roce­

dure was s im i la r .  F i r s t ,  a sm all amount o f the  compound was p laced  

in s id e  the g la s s  l in e r  (betw een 1 - 2  gram ), then  between 8  and 1 0  ml 

w ater was added to  the  compound in  the  g la s s  l i n e r .  A fte r  t h a t ,  the 

g la ss  l in e r  was c a re f u l ly  p laced  in s id e  the r e a c to r .  The p re ssu re  

gauge and three-w ay v a lv e  were connected to  the r e a c to r  th rough the 

f i t t i n g  and co n n e c to rs , and COg was added to  the r e a c to r  th rough the  24 

inch c a p i l la r y  s ta in le s s  s te e l  tube to  the  r e a c to r .  The tem pera tu re  

ap p lied  was 305°C (d e s ire d  tem pera tu re  on the  b a s is  o f coal fragm enta­

t io n  by the COg-HgO m ix tu re ) ,  and the p re s s u re , depending on the  com­

pound, ranged from 3400 p s i  to  8000 p s i .  The period  fo r t e s t s  was 24 

h o u rs . The h e a tin g  system  was s im ila r  to  the  one used in  the  coal 

carbon d io x id e -w a te r m ix tu re . A fte r 24 h o u rs , the r e a c to r  was allow ed 

to  cool o f f .  The c lo s u re  system  was removed, and the  g la s s  l in e r  w ith  

i t s  co n ten ts  was c a r e f u l ly  removed from the  r e a c to r .  The co n te n ts  were 

mixed w ith  e th e r  (ex cep t fo r  p y r i t e  which has a h igh  s p e c i f ic  g ra v i ty  

so th a t  the  lac k  o f r e a c t io n  w ith  the CO2 -H2 O m ixture  was obvious) in  a 

funnel fo r  e x tr a c t io n  o f w ater from the compound. Because e th e r  is  a
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good so lv e n t excep t fo r  w a te r, the  la y e r  of w ater cou ld  be recogn ized  

e a s i ly  and was e x tra c te d  from the  compounds. A very  sm all amount of 

w ater could  rem ain w ith in  the compounds so MgSO  ̂ was added to  the  r e ­

m aining compounds ( fo r  24 h o u rs) in  o rd er to  e lim in a te  th is  amount of 

w ater in  the  compounds. A fte r  t h i s  p e r io d , the  MgSO  ̂ was se p a ra te d  

from the chem ical compounds by f i l t e r ,  and the  chem ical compounds were 

ev ap o ra ted  by hot p la te  fo r  approx im ate ly  one hour in  o rd e r to  remove 

the e th e r .  For p y r i t e ,  the  r e s u l t  was obvious and d id  not r e q u ire  in ­

f ra re d  sp e c tro sc o p y . In  the  o th e r  c a se s , w hatever compounds rem ained 

were te s te d  using  the Beckman I r l o  in f ra re d  sp ec tro p h o to m e te r. The 

r e s u l t s  showed th a t  th e re  was no t much d if fe re n c e  between the  chem ical 

a f t e r  tre a tm e n t w ith  the  COg-H^O m ix tu re  and b e fo re  tre a tm e n t ( o r ig in a l  

compound)*. In  o th e r  w ords, th e re  was no r e a c t io n  between th e se  chem­

ic a l s  and the carbon d io x id e -w a te r  m ix tu re .

*The o r ig in a l  in f r a re d  spectrum  of some of the  th ese  compounds 
was p rov ided  by P ro fe sso r  Hagen a t  the  U n iv e rs i ty  o f Oklahoma Chem istry 
D epartm ent. But some of the  above seven chem icals were t e s t  by in f r a ­
red  sp ec tro sco p y  in  t h i s  s tu d y  in  o rd er to  compare the  o r ig in a l  in f r a ­
red  spectrum  o f the  chem ical (b e fo re  trea tm en t w ith  the  CO2 -H 2 O mix­
tu r e )  w ith  th e  in f r a re d  spectrum  o f the chem ical compound a f t e r  t r e a t ­
ment w ith  the COg-HgO m ix tu re .



CHAPTER V

CALCULATIONS AND THEORETICAL CONSIDERATIONS

A. CALCULATIONS

1 . Volume of r e a c to r  ( c y l in d r ic a l  sh a p e ) . 

D iam eter of r e a c to r  = 2 .5  inches 

In s id e  depth  o f r e a c to r  = 6.25 inches 

Volume o f r e a c to r  = irr^h 

h = 6 .25 inches =*■ r  =® = 1 .2 5  inches

1 f t  = 12 inches = 30.48 cm

.3V =  tr ("1.251 2 [6.251
12 i 12

V = 0.0177 f t ^

V = 500 ml

= 0.0177 f t -

f t

2 . Amount of CO  ̂ in je c te d  fo r  each t e s t :

T o ta l CO  ̂ in je c te d  in to  r e a c to r  = CO  ̂ d isso lv e d  in  w ater + CÔ  gas 

The CÔ  d isso lv e d  in  w ater fo r  tem pera tu res from 0 to  120*C and p re s ­

su res  up to  700 atm ospheres is  g iven in  gram per 100 gram w ater in  

F igure  21 of C hapter I I I .  S ince the  i n i t i a l  c o n d itio n s  o f  each t e s t  

a re  s im ila r  (room tem p e ra tu re , 25°C, and 900 p s i  or 61 a tm o sp h eres), 

the  amount of carbon d io x id e  d isso lv e d  per 1 0 0  gram w ater would be the 

same. However, because d i f f e r e n t  amounts of w ater were used in  each

100
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t e s t ,  the  t o t a l  amount o f CO  ̂ d isso lv e d  in  the  w ater fo r  each t e s t  

v a r i e s .  By u s in g  F ig u re  21 o f Chapter I I I  fo r  T = 25°C and p re ssu re  =

61 atm, the  CO  ̂ d is s o lv e d  in  1 0 0  grams w ater is  determ ined in  the f o l ­

lowing m anner. S ince fo r  T = 25°C and P = 61 atm , the  CO  ̂ d isso lv e d  is  

not given d i r e c t l y ,  th e  in te r p o la t io n  techn ique was u sed . T h erefo re , 

fo r  T = 25° and ?  = 61 atm s, 5 .86  g CÔ  is  d isso lv e d  in  100 gram w a te r.

The number o f moles of COg gas which was in je c te d  in to  the 

re a c to r  a t room tem p era tu re  (25°C) and 61 atm p re ssu re  th a t  d id  not

d is so lv e  in  th e  w ater is  c a lc u la te d  as fo llow s :

PV , , ,
“ g ■ ZRT  ̂^

where P is  in je c t io n  p re s s u re , 900 p s i (61 atm ); V is  the  volume of COg 

g as; Z is  the  c o m p re s s ib i l i ty  f a c to r  fo r  COg; R is  the  gas c o n s ta n t;  

and T is  the tem p era tu re  (25°C ). In  E quation  (1 ) ,  V is  equal to

?C0 2  gas = T o ta l '« a o to r  -  + V ^.^)

where t o t a l  volume o f  r e a c to r  = 500 ml

V
co a l p

where M is  the amount o f coa l used in  each t e s t  and p is  the  d e n s ity  of

the  coal which was determ ined from F igu re  15 o f C hapter I I .  By knowing

the  p e rcen t o f carbon in  M cAlester coa l ( 8 6 %), the d e n s ity  was e s t i -
3

mated as 1 .3  gram/cm . (T his v a lu e  had a ls o  been measured in  the P e tro -  

physics L aborato ry  o f  the  Petro leum  and G eological E ng ineering  D epart­

ment . )

V ^ ir = ( a i r  was assumed an id e a l  gas)
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is  the volume which is  occupied by a i r  in s id e  the  r e a c to r  a t  25°C (room 

tem p era tu re ) and 61 atm p ressu re  ( i n i t i a l  p re s su re  of COg).

By knowing and the volume o f gas (COg) can

be c a lc u la te d .  Then, knowing E quation  (1 ) was ap p lied  to  d e te r ­

mine the number o f moles of COg (g a s ) .  F in a l ly ,  by knowing the  amount 

o f COg d is so lv e d  in  th e  w ater and the amount of gas (COg) in  the re a c ­

t o r ,  the  t o t a l  amount o f COg used fo r each t e s t  was c a lc u la te d .

S ince the  p rocedure fo r c a lc u la t in g  the  COg in je c te d  in to  the 

r e a c to r  fo r  each t e s t  i s  s im i la r ,  the only d if fe re n c e  being  in  the  a -  

mount o f coal and w ater used fo r each t e s t ,  in s te a d  o f re p e a tin g  the 

procedure o f the  c a lc u la t io n  fo r a l l  t e s t s ,  only the  procedure fo r Test 

One is  i l l u s t r a t e d .  For the rem aining t e s t s ,  the  r e s u l t s  of the  c a l ­

c u la t io n  a re  shown in  Table 17 (p . 107) and Table 18 (p . 108).

TEST #1:

T o ta l CO2  in je c te d  in to  the r e a c to r  = COg d isso lv e d  + COg gas 

The CO2  d is s o lv e d  in  100 grams of w ater was c a lc u la te d  in  the  l a s t  

s e c tio n  to  be 5 .86  g COg/lOO g H2 O. Since 250 grams w ater was used in  

T est #1 , the  t o t a l  COg d isso lv e d  i s :

5 .86  X 2 .5  = 14.65 grams 

CO2  d is so lv e d  fo r  T est #1 = 14.65 g 

CO2  gas (T est # 1 ) :

'C02gVon _ = t o t a l  volume of r e a c to r  -  (V^^g^ + Vy ^ + V^^^)

= 500 .1  -  .  V , i , )

M
V ^oai “ ''k e re  M i s  the  amount of coal used in  T est #1, which was 160

3
grams and p = 1 .3  g/cm . T herefo re ,
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W  i ü  ■ «  o r 123 .1

Vr 0  = 250 ml or 250 c c , the  volume of w ater used in  T est #1 .

-  Assuming a i r  i s  an id e a l  g a s , then  the  fo llow ing  r e l a t i o n  can be

j u s t i f i e d  to  c a lc u la te

V air= where n is  number o f moles o f a i r  and R is  gas c o n s ta n t
-1 -1= 0.08205 l i te r - a tm -K  -m ole , T is  room tem pera tu re  (298 .2  K) and P

is  i n i t i a l  p re s s u re  o f CÔ  g a s , 61 atm (900 p s i ) .

n^^p fo r one atm osphere p re s s u re  and T = 25°C can be c a lc u la te d  a s :
PV n = RT

where V is  equal to :

V = 500 ( t o t a l  volume o f r e a c to r )  -  (V^oal + %

V = 500 -  (123 + 250) = 127 ml or 127 cm^

"  "  ( 0 .0 8 2 ^ 5 ( 2 9 ^ 2 )  “ 0 .0052 mole 

and a t  61 atm (900 p s i ) ,  298 .2  K is  c a lc u la te d  a s :

nRT (0 .0 0 5 2 )(0 .0 8 2 0 5 )(2 9 8 .2 )
\ i r  “  -----------------61--------------------

V . = 0.0021 l i t e r  or 2 .1  ml or 2 .1  cm^a i r
and

V „  = t o t a l  volume o f  r e a c to r  -  (V , + V„ „ + V . )COgg co a l HgO a i r

V = 500 -  (123 + 250 + 2 .1 )  = 124.9 cm^

s in c e  CO  ̂ is  a  n o n - id e a l g a s ,

COg gas ZRT

where P is  i n i t i a l  p re s s u re  o f CO  ̂ (61 a tm ); V = 0.1249 l i t e r ,  R i s  gas 

c o n s ta n t = 0.08205 l i t -a tm -K  ^-m ole T is  298.2 K (room tem p era tu re ) 

and Z is  c o m p re s s ib i l i ty  f a c to r  which is  c a lc u la te d  as fo llo w s:
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Using Chart #1,^^

irtiere P is  CO  ̂ in je c t io n  p re s s u re , i s  c r i t i c a l  p ressu re  o f CO  ̂ (73 

atm) and P^ is  reduced p re s su re  which is  equal to :

Pr = H  = 0-84

where is  the  reduced tem p e ra tu re , i s  the  c r i t i c a l  tem pera tu re  (31° 

C) and T is  room tem pera tu re  (25°C ). Thus,

Tr = I f  = 0.81

In  C hart #1 , the  c o m p re s s ib i l i ty  f a c to r  Z fo r  P^ = 0 .8 4 , = 0.81 i s

n o t g iv en , b u t Z a t  P = 0 .8 4  and T = 1 .0 0  and P = 0 .8 4  and T = 0 . 7
r  r  r  r

a re  g iv en . T h e re fo re , by u s in g  in te r p o la t io n ,  we can c a lc u la te  Z =

0.51 fo r P = 0 .8 4 , T = 0 .8 1 . r  r
78By u sin g  C hart #2 , th e  Z c o m p re s s ib i l i ty  f a c to r  fo r  P^ =

0 .8 4 , T^ = 0.81 is  app rox im ate ly  equa l to  the  v a lu e  which had been 

c a lc u la te d  by u sin g  C hart # 1 . T h e re fo re , by f in d in g  Z, n can be

c a lc u la te d .

=  ^COg gas ZRT

---------- (61) (0 .1245)-------------  0,61 . , 1 ,
COg gas (0 .5 1 )(0 .0 8 0 2 0 5 )(2 9 8 .2 ) 

S ince 1 mole of CO  ̂ = 44 g

COg gas = 0.61 X 44 = 26 .7  gram

T h e re fo re , th e  t o t a l  CO  ̂ in  th e  r e a c to r  is  equal to

CO  ̂ * CO  ̂ gas + COg d isso lv e d

COg = 26 .7  + 14.65 = 41.35 grams

T o ta l w ater = 250 grams
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TABLE 17 : The Results of Calculations of CO^ Used in This Study for McAlester Coal

e s t
No.

1

Coal
g

2

HgO
g

3

D isso lv ed
g

4

co^
gas (g)

5

T o ta l 
CÛ2  g

6

T o ta l
S o lv en t

g

7

BCOg

8

% HgO

9
T o ta l  

S o lv en t 
+ Coal

g

1 0  

% C oal

1 1  

% Solv<

1 160 250 14.65 2 6 .7 41 .35 291.35 14 .2 8 5 .8 451.35 35 .4 64 .5
2 128 225 13.185 37 .4 50.585 275.585 18 .4 81 .6 403.585 31,7 67 .3
3 132 215 1 2 . 6 38.7 5 1 .3 266.3 19 .2 80 .7 398.3 33 67
4 69 135 7 .9 6 6 73.9 208.9 35 65 277.9 24 .5 74.5
5 79.5 175 10.255 56 66.255 241.255 27 .5 72 .5 320.8 2 4 .8 75.2
6 59.7 135 7 .9 67 .32 75 .2 210.23 35.7 6 4 .3 269.93 2 2 . 1 77 .8
7 52 125 7.325 71 78.325 203.325 38.5 61 .5 255 .3 20 .4 79.6
8 50 .8 125 7.32 70 .8 78 .1 203 .1 38 .8 6 1 .2 253.9 2 0 80
9 47 .5 125 7.325 71.625 78.958 203.95 38.7 61 .2 251.3 18.9 81 .1

Column 1 -  Amount o f  c o a l  u sed  in  each  t e s t .  
Column 2 -  Amount o f  w a te r  used  in  each  t e s t .

o



TABLE 18; The Relationship Between Dependent Variable (d) and Independent Variables

1 2 3
P erio d  
o f  T e s t 

(h)

4 5 6 7 % Remaining on Mesh No.

T e s t
No.

T
“C

P
p s i S/C h/C

M
gm

d
in ch

4
0.185

16
0.0469

50
0.0116

70
0.0082

1 0 0

0.0059
- 1 0 0

0.0029

1 2 0 0 2150 21 .5 1 . 8 6 451 .3 0 .135 55 27 .2 6 .3 2 . 2 4 .5 5
2 225 2700 23 2 4 .5 403.58 0 .126 33.9 50 .4 9 .3 3 .4 1 2

3 235 2850 24 2 4 398.3 0 .124 42 38.4 1 2 . 6 4 .2 0 .5 2 .3

4 250 2950 24 2 .9 1 .85 277.9 0 .119 44 30 1 1 . 2 7 .7 4 .6 2 . 2

5 275 3300 18 3 2 . 6 320.8 0.145 60 28 7 1 .5 0 .6 3 3

6 275 3300 24 3 .5 1 . 8 269.93 0.094 30 27.5 17.2 9 .2 8 . 1 8

7 275 3300 30 3 .9 1 . 6 255 .3 0 .082 25 23 .4 18.5 11 .7 8 . 8 1 2 . 6

8 275 3300 36 4 1.59 253.9 0.072 2 1 2 2 16 .4 1 2 . 6 10 .5 17.5

9 325 3600 18 4 .3 1 .59 251.49 0 .074 23 .3 2 0 .3 16 1 0 . 2 1 2 . 8 17 .4

Column 1 -  T em perature  i n  d eg rees  C e n tig ra d e
Column 2 -  P re s s u re  in  p s i
Column 3 -  P e r io d  o f  experim en t in  hours
Column 4 -  S o lv e n t to  c o a l  r a t i o
Column 5 -  W ater to  CO2  r a t i o
Column 6  -  T o ta l  mass in  r e a c to r  in  grams (c o a l  + COg + HgO) 
Column 7 -  A verage p a r t i c l e  s i z e  in  in ch e s

o
00
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T o ta l so lv e n t (CO^ + H^O) = 250 + 41.35 = 291.35 grams

T o ta l coa l = 160 grams

% CO  ̂ in  so lv e n t = ^  x 100 = 14.2%

% H^O in  so lv e n t = ~ ®5.8%

T o ta l so lv e n t + t o t a l  coal = 291.35 + 160 = 451.35 grams

% coa l in  r e a c to r  = . x 100 = 35.4%4 5 1 .3 5

% so lv e n t in  r e a c to r  = 4 5 3 ^ * 3 5  * 100 = 64 . 6 %

B. THEORETICAL CONSIDERATIONS OF THE EXPERIMENT

Coal has such a com plica ted  s t r u c tu r e  and com position th a t  i t  

i s  d i f f i c u l t  fo r  many coal re s e a rc h e rs  to  work w ith  in  a normal fa sh ­

io n . I t s  com position  is  sometimes v a r ia b le  from one coal bed to  an­

o th e r  and even from one lo c a t io n  to ano ther in  the  same coa l bed. To 

d a te ,  more than  300 o rg an ic  and in o rg an ic  compounds have been recog­

n ized  in  c o a l.^ ^ * ^ ^  The way they  a re  bound to g e th e r  is  no t c le a r .  On 

one hand, W iser in  h is  th eo ry  in d ic a te d  th a t  the  o rgan ic  compounds of 

c o a l a re  bound to g e th e r  by s u lf u r  and a s h .^ ^ ’^^ On the  o th e r  hand,

th e re  a re  r e s e a rc h e rs  who b e lie v e  the  o rgan ic  and in o rg an ic  compounds
4

of coal a re  connected to  each o th e r  by hydrogen. T h e re fo re , th o se  who 

su p p o rt W ise r 's  h y p o th es is  b e lie v e  th a t  in  the  chem ical comminution 

p ro c e s s , the  suggested  s o lv e n t d is ru p ts  the  s u l f u r  bonds and perm its 

the  whole m acrom olecular compounds of coal to  f a l l  a p a r t .  Those who 

a re  fo llo w ers  o f the  second group b e lie v e  the  suggested  so lv e n t d i s ­

ru p ts  and d isc o n n e c ts  the  hydrogen bonds, th e re b y  causing  the  fragmen­

t a t io n  o f the  c o a l .  This d iv is io n  depends m ainly on the r e s u l t s  of the
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fragm ented coal and so lv e n t suggested  fo r  the  chem ical comminution

p ro c e ss , and in te r p r e ta t io n  of the  r e s u l t s  in  o rder to  j u s t i f y  the

cause o f th e  fragm en ta tion  as a r e s u l t  of the trea tm en t of the  co a l by

the  suggested  s o lv e n t . In  r e l a t i o n  to  th is  r e s e a rc h , s in c e  the t o ta l

s u lfu r  o f th e  coal was reduced from 3.51% by weight to  2.23% by w eight

(37% of th e  t o t a l  s u lfu r  was e lim in a te d )  and th e  t o t a l  ash was reduced

from 18.65 to  17.5% by w e ig h t, th e  W iser hypo thesis  is  most s u i t a b le .

79As in d ic a te d  in  the  Ph.D. d i s s e r t a t io n  p ro p o sa l, the  prim ary forms of 

s u lf u r  in  coa l a re  in o rg an ic  and o rg an ic  s u l f u r .

1 . In o rg an ic  S u lfu r ;

a .  P y r i t i c  s u lf u r  (FeSg)—P y r i t i c  s u lf u r  occurs in  coal in

two form s: ( 1 ) cubic shape in  which a = b = c and is  c a lle d  p y r i te ;  or

( 2 ) orthorhom bic in  which a ^ b c (unequal axes) which is  c a lle d

m a rc a s ite .

b . S u lfa te  s u lf u r  (CaS0 ^* 2 H2 O)

One of the  most s ig n i f ic a n t  forms in  which i t  occurs is  p y r i te  

(FeSg). In  some c a se s , the  p y r i te  is  s c a t te r e d  in  la rg e  masses and is  

r e a d i ly  recogn ized  as such . In  o th e r  cases i t  occurs in  a very  f in e ly  

d iv id ed  form w ith  s e p a ra te  p a r t i c l e s  be ing  too sm all to  be re c o g n iz e d .

2 . O rganic S u lfu r in  C oal:

Another im portan t form in  which s u lfu r  occurs is  o rgan ic  s u l ­

fu r which can be

a .  T hiol or m ercaptan RSH

b . S u lfid e  or th io - e th e r  RSR'

c .  D isu lf id e  RSSR'

d . Aromatic system  c o n ta in in g  the th iophen  r in g
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HC CH

HC CH 
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R and R ' a re  a lk y l or a ry l  g ro u p s .

The re a c tio n  o f coa l w ith  the suggested  so lv e n t in  th is  r e ­

search  (COg + HgO) is  expected  to  fo llow  the fo llow ing  two s ta g e s  in  

o rd e r to  fragm ent the coa l as a  r e s u l t  of removing and d isco n n ec tin g  

the  s u lf u r  bonds from o rgan ic  compounds. The f i r s t  s ta g e  is  o x id a tio n  

of o rgan ic  s u lfu r  to  su lfo n e .

R - S - R  R - S O g - R

The second s tag e  is  to  e lim in a te  th e  SO  ̂ from the su lfo n e  by aqueous

HgO

R-SOg-R y R-OH-R + SOg

In  the  case of ino rgan ic  s u l f u r ,  where p y r i te  is  considered  to  be the 

main p o r tio n  of ino rgan ic  s u l f u r ,  the  s ta g e s  a re :

1 . FeSg + 200^ ^>Fe + ZSOg + 2C

FeSg + 400^ ^^Fe + 2 S 0 ^  + 4C0

2 F e S 2  +  l l C O g  -■ "> F e ^ O g  +  480%  +  II C O

2 .  *  SO j "  S°3

These s ta g e s  and re a c tio n s  a re  th e  most reaso n ab le  ones fo r the  chemi­

c a l in te r a c t io n s  of COg w ith  c o a l ,  but the  r e a c tio n  of

CO 2 -*-00 + 02
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has such a thermodynamic p ro p e rty  (h ig h  p o s it iv e  f r e e  e n e rg y , AH), i t  

is  hard  to  b e lie v e  the  CO  ̂ can a c t  as a source o f oxygen a t  tem pera­

tu re s  up to  325°C and p re s su re  up to  3300 p s i .  However, s in c e  the coal

was fragm ented in  the  p resence  o f CO  ̂ + H^O and s u l f u r  was a ls o  reduced

by 37%, CO^ p robab ly  a c te d  as a medium to  d is so lv e  m in e ra l m a tte r  which 

e x is te d  between the  boundaries o f the  coa l and p rov ided  b e t t e r  sources 

of oxygen fo r  f u r th e r  r e a c t io n  w ith  p y r i te  and o rg an ic  s u l f u r .  A lso , 

s in c e  w ater is  in  the  system , th e  r o le  of carbon ic  a c id  cou ld  become

im p o rta n t. I t  i s  in te r e s t in g  to  n o te  th a t  r e c e n tly  th e re  have been

many s t u d i e s o n  th e  p resence  of s u l f u r  in  coal and how 

i t  can be removed from the  coal a t  r e l a t i v e ly  low tem p e ra tu re  and 

p re ssu re  ( th e  tem p era tu re  ranged from 23-400°C a t  a tm ospheric  p re ssu re )  

d e s p ite  th e  thermodynamic p ro p e r t ie s  o f p y r i te  which in d ic a te  th a t  py­

r i t e  is  v e ry  s ta b le  and s tro n g  a t  th e se  te m p e ra tu re s . These s tu d ie s  

claimed®®’®  ̂ FeSg appears in  th e  form of loose  c r y s t a l s  which form 

v e in - l ik e  s t r u c tu r e s  in  the  o rg an ic  coa l bed because th e  d e n s ity  of 

p y r i te  is  h igh  (5 .0  g /cm ^  and th e  d e n s ity  o f the  o rg a n ic  compounds a re  

r e l a t i v e l y  low (1 .2 -1 .5  g /cm ^). S ince the  f lo a t - s in k  te c h n iq u e , cen­

t r i f u g a t io n  method and f ro th  f lo t a t i o n  techn ique  can e a s i l y  remove the 

p y r i te  from the  coal compounds, i t  i s  no t s u rp r is in g  th a t  p y r i te  in 

coal compounds has loose  connections compared to  th e  s t r u c tu r e  of py­

r i t e  i t s e l f .  In  o th e r  w ords, th e  p y r i te  a lone  i s  much s tro n g e r  and 

e s ta b l is h e d  compared to  the  one which e x is t s  in  coa l compounds.

To j u s t i f y  th is  ana logy , two s e r ie s  o f t e s t s  were done on coal 

in  the  p resence  of oxygen and hydrogen . In  the  f i r s t  s e r i e s ,  coal was 

hea ted  a t  d i f f e r e n t  tem pera tu res ran g in g  from 25°C to  400°C in  the
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81presence  o f  an oxygen atm osphere on I l l i n o i s  No. 6  c o a l .  The r e s u l t s  

o f t h i s  s tu d y  showed the  o x id a tio n  o f p y r i te  (FeS^) in  I l l i n o i s  No. 6  

co a l occurs in  th re e  s te p s :  (1 ) a t  tem pera tu res betw een 25-310°C, py­

r i t e  is  co n v e rted  to  i ro n  s u l f a te ;  (2 ) a t  tem p era tu res  between 310- 

325°C p y r i te  is  changed to  y-FegO^; and (3 )  a t  325-400°C tem p era tu re , 

p y r i te  is  con v erted  to  a-FegOg. I t  has been concluded as a r e s u l t  of 

t h i s  s tu d y  th a t  the  o x id a tio n  o f p y r i te  in  coal i s  h ig h ly  a f f e c te d  by 

th e  compounds and s t r u c tu r e  o f th e  c o a l ,  k  s im ila r  t e s t  was done on 

the  same c o a l bed in  th e  p resence  o f a hydrogen atm osphere a t  tem pera­

tu re s  ran g in g  from 25*C to  400*0. The r e s u l t s  of t h i s  s tu d y  showed the 

p y r i te  cou ld  be removed from th e  coal below 400°C w ith  the p resence of 

hydrogen.

In  a d d i t io n ,  seven compounds which a re  b e lie v e d  to  e x is t  in

co a l or which have s im ila r  s t r u c tu r e  were t r e a te d  w ith  C0„ + HO . The
2 2

tem p era tu re  o f  a l l  t e s t s  was s e t  up a t  305°C which was p re d ic te d  to  

have a r e a c t io n  w ith  CO^-H^O compared to  the  range o f tem p e ra tu re s , 

200-325*0, a t  which coa l fragm ented as a r e s u l t  o f th e  trea tm en t w ith  

the  COg-HgO m ix tu re . The p re s s u re s  a re  d i f f e r e n t  because th e re  was no 

c o n tro l  on p re s s u re ,  and p re s su re  depended on tem p era tu re  and type of 

compound. These compounds were b e lie v e d  to  have weak bonds, bu t as 

Appendix D shows, no r e a c t io n  o ccu rred  between th e se  compounds and

COg + HgO.

I t  i s  b e lie v ed  the  fra g m en ta tio n  o f M cA lester, Croweburg and 

Secor coa l by th e  suggested  s o lv e n t (COg + H^O) i s  m ain ly  due to  d is ­

so lv in g  o f the  m ineral m a tte r  which holds the  co a l p a r t i c l e s  to g e th e r  

by CO^. However, the  m echanical e f f e c t  o f the  p rocedure  shou ld  be con­

s id e re d . As F igu re  10 o f Appendix A shows, in  the  tre a tm e n t of coal by
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only w a te r , the  vapor p re ssu re  developed and extended f ra c tu re s  in the 

coa l which cou ld  he lp  the  p e n e tra t io n  o f the  s o lv e n t;  bu t the  mechani­

c a l f a c to r  is  not the main cause o f frag m en ta tio n . T h e re fo re , the ro le  

o f  COg and carbon ic  a c id  becomes much more im portan t in  t h i s  s tu d y . I t  

is  p o s s ib le  th e  CÔ  d isso lv e d  th e  m ineral m a tte r  betw een the  boundaries 

o f coa l and caused or provided a b e t t e r  source o f oxygen fo r  fu r th e r  

r e a c t io n  w ith  p y r i te  which led  to  removing the  p y r i te  and b reak in g  the 

whole macrocompounds o f c o a l .  A lso , s u lfu r  removal could  have occurred  

due to  the  s o lu b i l i t y  o f s u lfu r -c o n ta in in g  m a te r ia ls ,  e s p e c ia l ly  o r­

ganic s u l f u r  (no t n e c e s s a r i ly  th e  compounds vAich had been examined 

w ith  COg + HgO), in  the  l iq u id  CÔ  which was p re se n t a t  the  c o n d itio n s  

o f the  experim en t.



CHAPTER VI 

INTERPRETATION OF EXPERIMENTAL RESULTS

From Che r e s u l t s  o f about 60 ex p erim en ts , the r e s u l t s  of 30 

t e s t s  were s e le c te d  and a re  p resen ted  in  t h i s  re s e a rc h . The r e s t  o f  

the t e s t s  e i th e r  had s im ila r  or c lo se  p h y s ic a l  c o n d itio n s , or th e  t e s t s  

had been re p e a te d . Among th ese  30 t e s t s ,  17 o f them were perform ed on 

Oklahoma bitum inous co a l (M cA lester, Croweburg and S eco r), but most 

emphasis and t e s t s  were done on the M cAlester coal which was the  ta r g e t  

o f th i s  s tu d y . The r e s u l t s  o f these  t e s t s  a re  i l l u s t r a t e d  in  Appen­

d ices  A, B, and C. A lso , th e re  were seven t e s t s  on chem ical compounds 

which e x is t  in  coa l or have s im ila r  s t r u c tu r e  to  coal on the macromo­

le c u la r  l e v e l .  The r e s u l t s  o f th ese  t e s t s  a re  p resen ted  in  Appendix D. 

F in a l ly ,  s ix  t e s t s  were done on the  unknown coal ( th e  o r ig in  o f the  

coal is  no t known), and the  r e s u l t s  o f th e s e  t e s t s  are  p resen ted  in  

Appendix E.

A. RESULTS OF FRAGMENTED COAL AT TYPICAL TEMPERATURE AND PRESSURE

In  Appendix A, F igu res 1, 3 and F ig u res  2, 4 show the McAles­

t e r  coa l b e fo re  and a f t e r  trea tm en t w ith  th e  CO^-H^O m ix tu re . F igu re  1 

shows one p iece  of M cAlester coal of approx im ate ly  60 gram w eight be­

fo re  tre a tm e n t. F ig u re  2 shows the  same p iece  o f coal a f t e r  tre a tm e n t
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w ith  th e  COg-HgO m ixture (35.7% COg and 64.3% HgO). The coal was 

p laced  in  the  r e a c to r  w ith the COg- HgO m ix tu re  fo r  24 hours under 

p h y s ic a l co n d itio n s  o f 275°C tem pera tu re  and p re s su re  up to  3300 p s i .  

The average  s iz e  of the  fragm ented coal ( a f t e r  tre a tm e n t)  is  0 .094 

which i s  approxim ately  1 / 2 2  of th e  o r ig in a l  coa l s iz e  (b efo re  t r e a t ­

m en t). 84% o f the fragm ented co a l remained above mesh no. 70 (> 0.0995 

in c h e s ) ,  and le ss  than  20% passed  through mesh no. 70 (< 0.00995 

in c h e s ) .

F ig u re  3 shows a p iece  o f M cAlester co a l o f approx im ately  50 

grams w eight befo re  tre a tm e n t. The coal was t r e a te d  w ith  CO2 -H 2 O 

(38.8% CO2  and 61.2% H2 O) a t  th e  same p h y s ic a l c o n d it io n s — 275“C tem­

p e ra tu re  and p ressu re  up to  3300 p s i ,  bu t the  t e s t  la s te d  fo r 36 hours 

in s te a d  o f 24 h o u rs . As F igu re  4 in d ic a te s ,  the  s iz e  of the fragm ented 

co a l is  sm a lle r ;  and the r e s u l t s  o f the  U.S. S tandard  s ie v e  a n a ly s is  

showed th e  average s iz e  of the  fragm ented coa l is  0.072 inches which is  

app rox im ate ly  1/30 of the  o r ig in a l  coal s iz e  (b e fo re  tre a tm e n t) .  A lso , 

the  U .S. S tandard  s iev e  a n a ly s is  showed 70% o f the  fragm ented co a l r e ­

mained above mesh no . 70 (> 0 .0 0 9 9 5 ), and 30% o f th e  broken co a l

passed  th rough  mesh no. 70 (< 0 .0 0 9 9 5 ).

F ig u re  5 o f Appendix A shows a p iece  o f Croweburg coal of ap­

p ro x im ate ly  60 grams weight b e fo re  tre a tm e n t, and F igu re  6  shows th e  

r e s u l t s  o f th e  Croweburg coa l a f t e r  trea tm en t w ith  the CO2 -H 2 O. The 

coa l was p laced  in  the r e a c to r ;  then  w ater and CO2  were added to  the  

coa l under p h y s ic a l c o n d itio n s  o f  305°C tem p era tu re  and p re ssu re  up to  

2550 p s i  fo r  24 h o u rs . These a re  th e  minimum p h y s ic a l co n d itio n s  r e ­

q u ired  to  b reak  the Croweburg c o a l .  The r e s u l t  o f the  U.S. S tandard
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s ie v e  a n a ly s is  showed the average  fragm ented coal had a s iz e  of 0.150 

in c h , which was approx im ately  1/13 o f th e  o r ig in a l  co a l s iz e  (b efo re  

t r e a tm e n t) .  A lso , the  U .S. S tandard  s ie v e  a n a ly s is  showed 95% of the 

fraèm ented coal was re ta in e d  above mesh no. 60 (> 0.0098 in c h ) , and 

only  5% passed  through mesh no. 60 (< 0.0098 in c h ) .

F ig u re  7 shows 136.5 grams by w eight o f  Secor c o a l b e fo re  

t re a tm e n t , and F igu re  8  shows th e  fragm ented Secor co a l as a r e s u l t  of 

tre a tm e n t w ith  the  COg-HgO s o lv e n t .  The coa l was p laced  in s id e  the 

r e a c to r ;  th en  th e  coa l was t r e a te d  w ith  the  COg'HgO m ix tu re  under 

p h y s ic a l c o n d it io n s  of tem p era tu re  up to  315*0 and p re s s u re  up to  2750 

p s i  fo r 24 h o u rs . These a re  the  minimum p h y s ic a l c o n d itio n s  re q u ire d  

to  b reak  th e  Secor c o a l .  The r e s u l t  o f the  U .S . S tandard  s ie v e  a n a ly ­

s i s  showed the average fragm ented coal had a s iz e  o f 0.135 in ch , which 

is  app rox im ate ly  1/16 o f the  o r ig in a l  coa l s iz e  (b e fo re  tre a tm e n t) .

A lso th e  U .S . S tandard  s ie v e  a n a ly s is  showed 8 6 % o f  the  fragm ented coal

rem ained above mesh no. 60 (> 0.0098 in c h e s ) ,  and 24% passed  through 

mesh no . 60 (< 0.0098 in c h e s ) .

F ig u re  9 o f Appendix A shows the  r e s u l t  o f  tre a tm e n t o f 34.5  

grams by w eight of M cAlester co a l by on ly  COg ( s o l id  + g a s ) .  The coal 

was p laced  in  the  r e a c to r ,  then  20 grams by w eight s o l id  COg (dry  ic e )  

was added to  the  coal in  a d d it io n  to  in je c t io n  of COg g a s . The t e s t  

was s e t  up a t  325*0 fo r  24 h o u rs , and th e  p re s s u re  went up to  3250 p s i .  

As a r e s u l t ,  th e  coal became s l i g h t l y  f r i a b le  but no t fragm ented .

F ig u re  10 shows the  r e s u l t s  o f tre a tm e n t o f 36 grams of Mc­

A le s te r  co a l by only HgO. The co a l was p laced  in  the  r e a c to r ,  then 150 

grams o f w ater was added to  the  c o a l .  The experim ent was s e t  up fo r  24
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hours a t  325°C. The p re ssu re  in c re a se d  to  2850 p s i .  As a r e s u l t ,  the

co a l became f r i a b l e ,  as F igu re  10 o f Appendix A in d ic a te s ,  bu t not

b roken .

B . ANALYTICAL RESULTS OF MCALESTER COAL BEFORE AND AFTER TREATMENT 

WITH COg-H^O AT TYPICAL TEMPERATURE AND PRESSURE

Table 1 o f Appendix A shows the a n a ly t ic a l  r e s u l t s  o f the Mc­

A le s te r  coa l b e fo re  tre a tm e n t and a f t e r  trea tm en t w ith  the  CO^-H^O 

m ix ture  on the  b a s is  o f f re e  m o is tu re  (fm b). Table 1 shows the  H/C 

r a t i o  is  s l i g h t ly  in c re a se d ; th a t  means hydrogen in c re a se d  and carbon 

decreased  s l i g h t ly  as a r e s u l t  o f  coa l trea tm en t by the  CO^-H^O mix­

tu r e .  There was a ls o  an in c re a s e  in  the  amount of oxygen and a d ec lin e  

in  the amount o f n i tro g e n .

But the  most im portan t elem ent in  th is  experim ent is  s u l f u r .  

The a n a ly t ic a l  r e s u l t s  o f th e  fragm ented coal ( a f t e r  tre a tm e n t)  shows 

in  Table 1 th a t  s u l f u r  decreased  from 3.51% to  2.23% by w e ig h t. That 

means 37% o f the  t o t a l  s u lf u r  in  the  M cAlester co a l had been reduced as 

a r e s u l t  o f t r e a t i n g  the  M cAlester co a l w ith  the  COg-H^O s o lv e n t .  I t  

i s  in te r e s t in g  to  n o te  th a t  the  p y r i t i c  s u lfu r  (FeS^) decreased  from 

2.06% by w eight to  1.24% by w e ig h t, about 40% re d u c tio n  o f p y r i te .  

S u lfa te  s u lf u r  decreased  by approx im ate ly  50%, and f i n a l l y ,  the most 

im portan t compound of s u l f u r ,  in o rg an ic  s u l f u r ,  had been decreased  from

1.07% by w eight to  0.82% by w e ig h t, about 23% re d u c tio n  o f  ino rgan ic  

s u l f u r .

Table 2 o f Appendix A shows b a s ic a l ly  the  same d a ta ,  but the 

v a lu es  a re  c a lc u la te d  on the  b a s is  o f m o is tu re , ash  f re e  (fm ab). The
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r a t i o  o f H/C is  in c re ase d  s l i g h t ly  a f t e r  tre a tm e n t which in d ic a te s  the 

carbon decreased  and the hydrogen in creased  s l i g h t l y .  There a ls o  was 

some in c re a se  in  n itro g e n  and oxygen. A gain, on the b a s is  of fmab 

c a lc u la t io n s ,  the t o t a l  s u l f u r  was reduced by 37% by w eigh t, p y r i t e  was 

reduced by 37%, s u l f a te  s u l f u r  by approx im ately  50%, and f i n a l ly ,  in ­

o rgan ic  s u lf u r  decreased  by 23% by w eigh t. The p h y s ic a l c o n d itio n s  fo r 

the  co a l trea tm en t in  both ta b le s  a re  the same, 273 C tem pera tu re  and 

p re ssu re  up to  3300 p s i ,  and the experim ent was s e t  up fo r 24 hours 

w ith 38.5% CÔ  and 61.5% w ater in  the s o lv e n t .

C. RESULT OF TREATMENT OF THREE DIFFERENT COALS WITH CO^-H^O AT 

DIFFERENT TEMPERATURES AND PRESSURES

Appendix B shows the  r e s u l t s  of the  tre a tm e n t o f seven teen  

t e s t s  on Oklahoma bitum inous c o a ls  w ith the COg'HgO s o lv e n t ,  w ith  only  

COg, and f in a l ly  w ith  only  HgO. The f i r s t  n ine  t e s t s  a re  r e la te d  to  

M cAlester c o a l ,  t e s t  number te n  belongs to  Croweburg c o a l, and t e s t  

number e lev en  is  w ith  Secor coal ; the so lv e n t used in  th ese  was the 

COg-HgO m ix tu re . The p h y s ic a l c o n d itio n s  of th e s e  e leven  t e s t s  a re  

d i f f e r e n t .  The tem pera tu re  ranged from 200°C to  325°C, the  p re ssu red  

ranged from 2150 p s i  to  3600 p s i ,  and the p e rio d  of experim ent ranged 

from a  minimum of 18 hours up to  36 h o u rs . The r e s u l t s  of the  U. S . 

S tandard  s ie v e  a n a ly s is  o f th e se  e leven  t e s t s  showed the average s iz e  

of the  fragm ented coa l ( a f t e r  tre a tm e n t)  v a r ie d  from 0.072 inches to  

0.150 in c h e s . For each t e s t ,  th e re  a re  f iv e  f ig u re s  and two t a b l e s .  

The f ig u re s  a re :  (1 ) tem pera tu re  in  degrees c e n tig ra d e  (C e ls iu s )  v e r­

sus time in  m inutes which in d ic a te s  the tim e re q u ire d  to  warm up the
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r e a c to r  to  the  d e s ire d  d eg ree ; ( 2 ) p re s su re  in  p s i  v e rsu s  tim e in  

m inutes which in d ic a te s  the tim e re q u ire d  to  in c re a se  the  p re ssu re  of 

the  r e a c to r  from i n i t i a l  p re ssu re  (900 p s i )  to  the  d e s ire d  p o in t w ith 

reg a rd  to  tem p era tu re ; (3 ) p re ssu re  in  p s i v e rsu s  tem pera tu re  in  de­

g rees c e n t ig ra d e .  These were to  s tu d y  th e  r e la t io n s h ip s  between tem­

p e ra tu re  and tim e, tem pera tu re  and p re s s u re , and p re s su re  and time 

s in c e  the  h y p o th es is  and r e s u l t s  in d ic a te d  (T able 1 of each t e s t )  th a t  

p re ssu re  and tem pera tu re  in c re a se  w ith  tim e . A lso , vapor p re ssu re  in ­

c re a se s  as tem pera tu re  in c re a s e s .  T h e re fo re , the  fo llow ing  models and 

SAS* were used in  o rder to  d e sc r ib e  the r e l a t io n s h ip  between (1 ) p re s ­

su re  and tem p e ra tu re , (2 ) p re s su re  and tim e, and (3 )  tem pera tu re  and 

tim e. The models a re :  (1 ) y = M*x + B, (2 ) y = M*z + B, (3 ) x = M*z + B 

where y r e p re s e n ts  p re ssu re  in  p s i ,  x r e p re s e n ts  tem pera tu re  in  C elsius 

and z r e p re s e n ts  tim e in  m in u tes . M is  th e  c o e f f ic i e n t  (s lo p e  of the 

l in e )  and B is  the in te r c e p t  v a lu e . These models a re  c a l le d  re g re s s io n

e q u a tio n s . By u sing  SAS and p lo t t in g  th e se  re g re s s io n  e q u a tio n s , the

re g re s s io n  l in e s  ( th e  l in e s  th a t  b e s t f i t  th e  p o in ts  on the graph) were 

o b ta in e d . The techn ique  used to  o b ta in  the  r e g re s s io n  l in e s  i s  c a lle d  

the  " le a s t - s q u a r e s  curve f i t t i n g . "  Table 1 o f Appendix B shows the 

g en e ra l program  which was used fo r  each t e s t  in  o rd er to  o b ta in  the r e ­

g re s s io n  l in e s  th a t  In d ic a te  th e  r e la t io n s h ip  between tem pera tu re  and

tim e, p re s s u re  and tim e, and p re s su re  and tem pera tu re  w ith  reg a rd  to

d a ta  o b ta in e d  from la b o ra to ry  experim ent fo r each t e s t .  Furtherm ore, 

F igu re  4 o f  each t e s t  shows the  p ercen tage  o f fragm ented coal ve rsu s

*SAS is  a computer system  fo r  d a ta  a n a ly s is  and s tan d s  fo r 
S t a t i s t i c a l  A nalysis  System.
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mesh n o .;  and , f i n a l ly .  F ig u re  5 shows the cum ulative d i s t r ib u t io n  o f 

fragm ented coal v e rsu s  the  s iz e  o f fragm ented coal in  in c h e s . Table 1 

o f each t e s t  shows the  d a ta  o b ta in e d  in  each t e s t  and in d ic a te s  the  r e ­

la t io n s h ip  between p re s s u re - te m p e ra tu re , p re s s u re - t im e , and tem pera- 

tu re - tim e  which was used to  f in d  the  re g re s s io n  l i n e s .  Table 2 o f each 

t e s t  shows th e  r e s u l t s  of the  U .S . S tandard  s ie v e  a n a ly s is  of f ra g ­

mented co a l w ith  reg a rd  to  p e rc e n ta g e  o f broken coa l as a r e s u l t  o f the  

tre a tm e n t o f the  co a l by the s o lv e n t (CO  ̂ + H^O).

Table 2 o f Appendix B shows each mesh number w ith  i t s  opening 

s iz e  which was used in  th is  r e s e a rc h .  Table 3 shows the  p e r io d , tem­

p e ra tu re  and p re ssu re  o f the  n in e  t e s t s  on M cAlester c o a l .  As Table 3

in d ic a te s ,  the  b reak  p o in t occu rs a t  200°C and 2150 p s i which is  the

minimum tem pera tu re  and p re ssu re  re q u ire d  fo r frag m en ta tio n  o f McAl­

e s te r  c o a l .  In  t e s t s  5 , 6 , 7, and 8  th e  tem pera tu re  and p re s s u re  r e ­

main c o n s ta n t ,  b u t tim e is  v a r i a b le .  The p e rio d  o f t e s t s ,  as T able 3 

shows, changed from 18 to  36 h o u rs .

Table 4 o f Appendix B i l l u s t r a t e s  the fragm ented s iz e  d i s t r i ­

b u tio n  from the  M cAlester b itum inous coal-COg + HgO m ix tu re . As Table 

4 i n d ic a te s ,  a t  lower tem p era tu re  and p re ssu re  a h ig h e r  pe rcen tag e  of 

the  fragm ented co a l rem ained above mesh no. 70; and a lower p e rcen tag e  

passed  th rough  mesh no . 70. But a t  h ig h e r  tem pera tu re  (275 C) and 

h ig h er p re s su re  (up to  3300 p s i ) ,  a lower pe rcen tage  o f th e  fragm ented 

coal rem ained above mesh no. 70. A lso , Table 4 o f Appendix B shows the  

p e rio d  o f th e  t e s t s  becomes th e  major f a c to r  from the p o in t o f view  of 

s i z e .  As the  p e rio d  o f the  t e s t s  in c re a se d , the  s iz e  o f th e  fragm ented 

coal d e c re a sed .
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T est 1, M cAlester C oal; A t o t a l  o f 160 grams of co a l ( th re e  

p ie c e s )  was t r e a te d  w ith  the  CO^'H^O so lv e n t a t  a tem p era tu re  of 2 0 0 ®C 

and p re s su re  o f 2130 p s i  fo r  21.5 h o u rs . Only 11 grams of the  coal ( 6 % 

by w eigh t) f e l l  a p a r t ,  and the average s iz e  of the  fragm ented coal was 

0.135 in c h e s . I t  r e q u ire d  80 m inutes in  o rder to  in c re a s e  the  tem per­

a tu re  o f th e  r e a c to r  from room tem pera tu re  (25®C) up to  200°C. The 

p e rio d  o f the  experim ent (21 .5  h ou rs) does not in c lu d e  the  80 m inutes 

which was used to  warm up the  r e a c to r  to  200°C. In  T est 1, Table 1 .1  

shows the  r e la t io n s h ip  between the tim e req u ired  to  in c re a s e  the  tem­

p e ra tu re  o f  the  r e a c to r  up to  200°C and p re ssu re  up to  2150 p s i .  As a 

r e s u l t  o f t h i s  t a b l e ,  F ig u res  1 .1 , 1 .2 , and 1 .3  show tim e v e rsu s  tem­

p e ra tu re ,  tim e v e rsu s  p re ssu re  and tem pera tu re  v e rsu s  p re s s u re .  The 

i n i t i a l  tem p era tu re  was 25°C (room te m p e ra tu re ) , and the  i n i t i a l  p re s ­

su re  was approx im ate ly  900 p s i (CO^ p r e s s u re ) .  Table 1 .2  shows the 

r e s u l t s  o f th e  U .S. S tandard  s iev e  a n a ly s is  on the  11 grams of f ra g ­

mented c o a l .  As Table 1 .2  in d ic a te s ,  90% by w eight o f t h i s  11 grams 

rem ained above mesh no . 70 (> 0.00995 in ch e s)  and 10% by w eight passed  

through mesh no. 70 (< 0.00995 in c h e s ) . As a r e s u l t  o f T able 1 .2 , 

F igu re  1 .4  and F igure  1 .5  show the normal and cum ulative d i s t r ib u t io n  

o f the  fragm ented c o a l .  F igure  1 .4  shows 55% by w eight o f the  f ra g ­

mented coa l rem ained on mesh no. 4 (> 0.185 in c h e s ) ,  27% on mesh no. 16 

(> 0.116 in c h e s ) ,  6.3% on mesh no. 50 (> 0.0273 in c h e s ) ,  2.2% on mesh 

no . 70 (> 0.00995 in c h e s ) ,  4.5% on mesh no. 100 (> 0.0071 in c h e s ) ,  and 

f in a l ly  5% by w eight passed through mesh no. 100 (< 0.0071 in c h e s ) .

T e s t 2 , M cAlester C oal: A t o t a l  o f 128 grams by w eight of 

coa l ( th r e e  p ie c e s )  was t re a te d  w ith  the COg-HgO so lv e n t a t  a tem pera­

tu re  o f 225“C and p re s su re  o f 2700 p s i fo r  23 h o u rs . This p e rio d  (23
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h ou rs) does not inc lude  the tim e used ( 1 0 2  m inu tes) to  in c re a se  the 

tem pera tu re  o f the  r e a c to r  up to  225°C. Only 48.6 grams of the  t o ta l  

coa l f e l l  a p a r t  (38% by w e ig h t) , and the  average s iz e  o f the fragm ented 

co a l was 0.126 in ch e s . Table 2 .1  shows th e  r e l a t io n  between the  tim e 

re q u ire d  to  in c re ase  the  tem pera tu re  o f the  re a c to r  up to  225°C and 

p re ssu re  up to  2700 p s i .  As a r e s u l t  o f  t h i s  t a b le .  F igu res 2 .1 , 2 .2 , 

and 2 .3  show tim e ve rsu s  tem p e ra tu re , tim e versus p re s s u re , and tem­

p e ra tu re  versus p re s s u re . The i n i t i a l  tem pera tu re  o f T est 2 was 25°C 

(room te m p e ra tu re ) , and the i n i t i a l  p re s su re  was approx im ately  900 p s i 

(COg p re s s u re ) .  Table 2 .2  shows the  r e s u l t s  o f the  U .S. S tandard  s ie v e  

a n a ly s is  on the  48 .6  grams of fragm ented c o a l .  As Table 2 .2  in d ic a te s ,  

97% o f the  fragm ented coal rem ained above mesh no. 70 (> 0.00995 

in c h e s ) ,  and only 3% by w eight passed  through mesh no. 70 (< 0.00995 

in c h e s ) .  As a r e s u l t  o f Table 2 .2 ,  F ig u re  2 .4  in d ic a te s  the normal 

d i s t r ib u t io n  and F igure  2 .5  the  cum ulative  d i s t r ib u t io n  of the  f ra g ­

mented c o a l.  F igure  2 .4  shows 34% by w eight of the  fragm ented coal 

rem ained on mesh no. 4 (> 0.185 in c h e s ) ,  50.4% on mesh no. 16 (> 0.116 

in c h e s ) ,  9.3% on mesh no. 50 (> 0.0293 in c h e s ) ,  3.4% on mesh no. 70 

(> 0.0095 in c h e s ) , 1% on mesh no. 100 (> 0.0071 in c h e s ) ,  and f i n a l ly ,

2 % by weight o f the fragm ented coal passed  through mesh no. 1 0 0  

«  0.0071 in c h e s ) .

T est 3 . M cAlester C oal; A t o t a l  of 132 grams by w eight of 

coa l sample ( th r e e  p ie c e s )  was t r e a te d  w ith  the 0 0 2 - 1 ^ 0  so lv e n t a t  a 

tem pera tu re  o f 235°C and p re ssu re  up to  2850 p s i fo r  24 h o u rs . This 

p e rio d  does no t include  the tim e used (105 m inu tes) to  in c re a se  the 

tem pera tu re  of the  r e a c to r  up to  235°C. A fte r  24 h o u rs , only 107.5
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grams of the coal f e l l  a p a r t  (81% by w e ig h t) , and the  average s iz e  of 

the fragmented coal was 0.124 in c h e s . Table 3 .1  shows the r e l a t io n  

between the tim e re q u ire d  to  in c re a s e  the  tem p era tu re  of the  r e a c to r  up 

to  235°C and p re ssu re  up to  2850 p s i .  As a r e s u l t  o f  th is  t a b le .  F ig­

u res 3 .1 , 3 .2 , and 3 .3  show tim e ve rsu s  tem p e ra tu re , tim e v e rsu s  p re s ­

s u re , and tem pera tu re  ve rsu s  p re s s u re . The i n i t i a l  tem pera tu re  of Test 

3 was 25°C (room te m p e ra tu re ) , and the i n i t i a l  p re ssu re  was ap p ro x i­

m ately  900 p s i (COg p r e s s u r e ) .  Table 3 .2  shows the r e s u l t  o f the  U.S. 

S tandard  s iev e  a n a ly s is  on the 107.5 grams of fragm ented c o a l .  As Ta­

b le  3 .2  in d ic a te s ,  97% o f the  fragm ented coa l rem ained above mesh no.

70 (> 0.00995 in c h e s ) ,  and le s s  than  3% passed  through mesh no. 70 

(< 0.00995 in c h e s ) .  As a r e s u l t  o f Table 3 .2 ,  F igu res  3 .4  and 3 .5  show 

the  normal and cum ulative d i s t r ib u t io n  o f the  fragm ented c o a l .  F igure

3 .4  shows 42% by w eight o f the  fragm ented coal rem ained on mesh no. 4 

(> 0.185 in c h e s ) , 38.5% on mesh no. 16 (> 0.116 in c h e s ) ,  12.6% on mesh 

no. 50 (> 0.0293 in c h e s ) ,  4.2% on mesh no. 70 (> 0.00995 in c h e s ) ,  0.5% 

on mesh no. 100 (> 0.0071 in ch es) and f i n a l l y ,  2.3% of the  fragm ented 

coal passed through mesh no. 100 (< 0.0071 in c h e s ) .

T est 4 , M cAlester C oal; A t o t a l  o f 69 grams by w eight o f coal 

(one p iece ) was t r e a te d  w ith  th e  CO^-H^O so lv e n t a t  a tem pera tu re  of 

250°C and p re ssu re  up to  2950 p s i  fo r  24 h o u rs . This 24 hours does not 

in c lu d e  the  tim e used (118 m in u tes) to  in c re a se  the  tem pera tu re  of the 

r e a c to r  to  250*0. A fte r  24 h o u rs , 100% of th e  coa l sample fragm ented, 

and the  average s iz e  o f the  fragm ented coal was 0 .119 in c h e s . Table 

4 .1  shows the r e l a t i o n  between th e  tim e re q u ire d  to  in c re a s e  the  tem­

p e ra tu re  of the  r e a c to r  up to  250*0 and the  p re s su re  up to  2950 p s i .
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As a r e s u l t  o f  th is  t a b l e ,  F ig u res  4 .1 ,  4 .2 ,  and 4 .3  show tim e ve rsu s  

tem p e ra tu re , time v e rsu s  p re s s u re , and tem pera tu re  versus p re s s u re .

The i n i t i a l  tem p era tu re  fo r  T est 4 was 23°C (room te m p e ra tu re ) , and the 

i n i t i a l  p re s su re  was 900 p s i  (00^ p r e s s u r e ) .  Table 4 .2  shows the  re ­

s u l t  o f the  U .S . S tandard  s ie v e  a n a ly s is  of the fragm ented c o a l .  As

Table 4 .2  in d ic a te s ,  92.9% by w eight o f the  fragm ented coal rem ained 

above mesh no . 70 (> 0.00995 in c h e s ) ,  and only 7% passed  through mesh 

no. 70 (< 0.00995 in c h e s ) .  As a r e s u l t  o f Table 4 .2 ,  F igu res  4 .4  and

4 .5  show the  normal d i s t r i b u t io n  and cum ulative d i s t r ib u t io n  o f the  

fragm ented c o a l .  F igu re  4 .4  shows 44% by weight of the fragm ented coal 

rem ained on mesh no . 4 (> 0.185 in c h e s ) ,  30% on mesh no. 16 (> 0.116 

in c h e s ) , 11.2% on mesh no . 50 (> 0.0293 in c h e s ) , 7.7% on mesh no. 70 

(> 0.00995 in ch e s)  and 4.6% on mesh no. 100 (> 0.0071 in c h e s ) .  F in a l­

ly , only 2.2% by w eight passed  through mesh no. 100 (< 0.0071 in c h e s ) .

T e s t 5 , M cA lester C oal; A t o t a l  of 79.5 grams by w eight of

coal sample (one p ie c e )  was t r e a te d  w ith  the CO^-H^O so lv e n t a t  a tem­

p e ra tu re  up to  275°C and p re s su re  up to  3300 p s i fo r 18 h o u rs . This 

p e rio d  does no t in c lu d e  th e  tim e used (132 m inu tes) to  warm up the  

r e a c to r  to  275°C. A fte r  18 h o u rs , the t o t a l  coal sample was broken , 

and the  average s iz e  o f  th e  broken coa l was 0.145 in c h e s . Table 5 .1  

shows the  r e l a t i o n  betw een th e  tim e used to  in c re ase  the tem pera tu re  o f 

the  r e a c to r  from room tem p era tu re  up to  275°C and p re ssu re  up to  3300 

p s i .  The i n i t i a l  tem p era tu re  o f T est 5 was room tem pera tu re  (25°C ), 

and the i n i t i a l  p re s su re  was 900 p s i  (COg p re s s u re ) .  As a r e s u l t  of 

Table 5 .1 ,  F igu res 5 .1 ,  5 .2 ,  and 5 .3  show tim e v e rsu s  tem p e ra tu re , time 

v e rsu s  p re s s u re , and tem p era tu re  ve rsu s  p re s s u re . Table 5 .2  shows the
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r e s u l t  o f  the  U .S . S tandard  s ie v e  a n a ly s is  o f the  fragm ented c o a l .  As 

T able 5 .2  in d ic a te s ,  more th an  96% by w eight o f the  fragm ented coal 

rem ained above mesh no. 70 (> 0.00995 in c h e s ) ,  and approx im ate ly  3% 

p assed  through mesh no. 70 (< 0.00995 in c h e s ) .  As a r e s u l t  o f Table

5 .2 ,  F ig u res  5 .4  and 5 .5  show the  normal and cum ulative d i s t r ib u t io n  of

th e  fragm ented c o a l .  In  F ig u re  5 .4 ,  60% of the  fragm ented coal in  T est

5 rem ained on mesh no. 4 (> 0.185 in c h e s ) ,  28% on mesh no. 16 (> 0 .116 

in c h e s ) ,  7% on mesh no. 50 (> 0.0193 in c h e s ) ,  1.5% on mesh no. 70 

(> 0.00995 in c h e s ) ,  0.63% on mesh no . 100 (> 0.0071 in c h e s ) .  Only 3% 

by w eight passed  through mesh no. 100 (< 0.0071 in c h e s ) .  F igu re  5 .5

shows the  cum ulative d i s t r ib u t io n  o f th e  fragm ented coal which was in -

ic a te d  in  th e  l a s t  column o f Table 5 .2 .

T est 6 , M cAlester C o a l: A t o t a l  o f 59 .7  grams of coal by

w eight was t r e a te d  w ith  the  CO^-H^O s o lv e n t a t  a tem pera tu re  o f 275®C 

and p re s su re  up to  3300 p s i  fo r  24 h o u rs . This p e rio d  (24 h o u rs)  does 

n o t in c lu d e  the  tim e re q u ire d  (130 m in u tes) to  in c re a se  the  tem pera tu re  

o f  th e  r e a c to r  from room tem p era tu re  to  275®C. A fte r 24 h o u rs , 100% of 

th e  co a l sample was broken to  sm a lle r  s i z e ,  and the  average s iz e  o f the  

fragm ented coa l was 0.094 in c h e s . Table 6 .1  shows the r e l a t i o n  between 

th e  tim e used to  in c re a se  the  tem p era tu re  from room tem pera tu re  to  

275®C and p re s su re  up to  3300 p s i .  The i n i t i a l  p re s su re  o f the  e x p e r i­

ment was 900 p s i  (COg p r e s s u r e ) ,  and th e  i n i t i a l  tem pera tu re  o f the  

experim ent was 25®C (room te m p e ra tu re ) . As a r e s u l t  o f Table 6 .1 ,  

F ig u re s  6 .1 ,  6 .2 ,  and 6 .3  show tim e v e rsu s  te m p e ra tu re , tim e v e rsu s  

p re s s u re ,  and tem pera tu re  v e rsu s  p re s s u re .  Table 6 .2  shows the  r e s u l t s
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o f  the  U.S. S tandard  s ie v e  a n a ly s is  o f the  fragm ented coa l o f E xperi­

ment No. 6 . As Table 6 .2  shows, approx im ate ly  84% o f the  fragm ented 

co a l remained above mesh no. 70 (> 0.00995 in c h e s ) ,  and approxim ately  

16% of the  broken coal passed through mesh no . 70 (> 0.00995 in c h e s ) .

As a r e s u l t  o f Table 6 .2 ,  F igu res  6 .4  and 6 .5  show the  normal and cum­

u la t iv e  d i s t r ib u t io n  o f the  fragm ented c o a l .  In  F igu re  6 .4 ,  30% by 

w eight o f the fragm ented coal s tayed  on mesh no . 4 (> 0.183 in c h e s ) , 

27.5% on mesh no. 16 (> 0.116 in c h e s ) , 17.2% on mesh no. 50 (> 0.0293 

in c h e s ) ,  9.2% on mesh no. 70 (> 0.00995 in c h e s ) ,  8.1% on mesh no. 100 

(> 0.0071 in c h e s ) , and f i n a l ly ,  8 % by w eight passed  through mesh no.

100 (< 0.0071 in c h e s ) .  F igu re  6 .5  shows the  cum ulative  d i s t r ib u t io n  of 

the  fragm ented coal which appeared in  th e  l a s t  column of Table 6 .2 .

T est 7 . M cAlester C oal; In  T est No. 7, a t o t a l  o f 52 grams of 

coa l (one p iec e )  by w eight was t r e a te d  w ith  the CO^-H^O so lv e n t a t  a 

tem pera tu re  of 275°C and p re ssu re  up to  3300 p s i  fo r  30 h o u rs . This 

p e rio d  (30 h o u rs) does not in c lu d e  the  tim e used (135 m in u tes) to  warm 

up the  r e a c to r  to  275°C. The average s iz e  o f the  fragm ented coal was 

0.082 in ch e s , and 100% o f the  coal b ro k e . Table 7 .1  shows the r e l a t io n  

between the time used to  in c re a se  the tem p era tu re  of the  r e a c to r  to  

275°C and p ressu re  up to  3300 p s i .  The i n i t i a l  tem pera tu re  o f Exper­

iment No. 7 was approx im ate ly  25°C (room te m p e ra tu re ) , and the i n i t i a l  

p re s su re  was approx im ately  900 p s i (COg p r e s s u r e ) .  As a  r e s u l t  of 

Table 7 .1 , F igures 7 .1 , 7 .2  and 7 .3  show tim e v e rsu s  tem p e ra tu re , time 

v e rsu s  p re ssu re  and tem pera tu re  ve rsu s  p re s s u re .  Table 7 .2  shows the 

r e s u l t  o f  the U .S. S tandard  s ie v e  a n a ly s is  o f the  fragm ented coal of 

T est No. 7 . As the  ta b le  in d ic a te s ,  78% by w eight o f the  fragm ented
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coal rem ained above mesh no. 70 (> 0.00995 in c h e s ) ,  and 22% passed 

through mesh no . 70 (< 0.00995 in c h e s ) . As a r e s u l t  of Table 7 .2 , 

F igu res  7 .4  and 7 .5  show the normal and cum ulative  d i s t r ib u t io n  of the 

fragm ented c o a l .  F igure  7 .4  shows 25% by w eight of the  fragm ented coal 

s tayed  on mesh n o . 4 (> 0.185 in c h e s ) , 23.4% on mesh no . 16 (> 0.116 

in c h e s ) , 18.5% on mesh no. 50 (> 0.0293 in c h e s ) ,  11.7% on mesh no . 70 

(> 0.00995 in c h e s ) ,  8 . 8 % on mesh no 100, and f i n a l l y ,  12.6% by weight 

of the fragm ented coa l passed through mesh no. 100 (< 0.0071 in c h e s ) . 

F igure  7 .5  shows the  cum ulative d i s t r ib u t io n  o f the  fragm ented coal 

which was p re se n te d  in  the l a s t  column of Table 7 .2 .

T est 8 , M cAlester C oal; In  T est No. 8 , a  t o t a l  o f 50 .8  grams 

by weight of c o a l (one p iec e )  was t re a te d  w ith  the  carbon d io x id e -w a te r 

so lv e n t a t  a tem p era tu re  of 275°C and p re ssu re  up to  3300 p s i  fo r  36 

h o u rs . This p e r io d  (36 h ou rs) does not in c lu d e  the tim e which was 

spen t (130 m in u tes) to  in c re ase  the tem p era tu re  of th e  r e a c to r  to  

275°C. A fte r 36 h o u rs , as a r e s u l t  o f  th e  c o a l tre a tm e n t by the COg" 

HgO m ix tu re , th e  t o t a l  coal sample had been broken to  sm a lle r  s iz e ,  and 

the average  broken s iz e  o f the  coa l was 0.072 in c h e s . Table 8 .1  shü%@ 

the r e l a t i o n  betw een the tim e used to  in c re a se  the  tem pera tu re  o f the  

r e a c to r  up to  275°C and p re ssu re  up to  3300 p s i .  As a r e s u l t  o f Table

8 .1 , F igu res 8 .1 ,  8 .2 , and 8 .3  show tim e v e rsu s  tem p e ra tu re , tim e v e r­

sus p re ssu re  and tem pera tu re  versus p re s s u re . Table 8 .2  shows the  re ­

s u l t s  o f  the  U .S . S tandard  s ie v e  a n a ly s is  o f th e  broken coal of T est 

No. 8 . As the  ta b le  in d ic a te s ,  approx im ately  72% by w eight o f the 

broken coa l rem ained above mesh no. 70 (> 0.00995 in c h e s ) ,  and 28% 

passed through mesh no. 70 (< 0.00995 in c h e s ) .  As a  r e s u l t  o f Table
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8 .2 , F igu res 8 .4  and 8 .5  show the normal and cum ulative  d i s t r ib u t io n  of 

the broken c o a l .  F ig u re  8 .4  in d ic a te s  21% by w eight o f th e  broken coal 

remained on mesh no . 4 (> 0.185 in c h e s ) , 22% on mesh no. 16 (> 0.116 

in c h e s ) , 16.4% on mesh no. 50 (> 0.0293 in c h e s ) ,  12.6% on mesh no. 70 

(> 0.00995 in c h e s ) ,  10.5% on mesh no. 100 (> 0.0071 in c h e s ) ,  and f i ­

n a l ly ,  17.5% by w eight o f the  broken coal passed through mesh no. 100 

(< 0.0071 in c h e s ) .  F ig u re  8 .5  shows the  cum ulative  d i s t r ib u t io n  of the 

fragm ented coal as shown in  the  l a s t  column o f Table 8 .2 .

T est 9 , M cA lester C oal: In  T est No. 9 , d e s p ite  T ests  5 , 6 , 7,

and 8 , th e  tem p era tu re  and p re ssu re  were not c o n s ta n t and a t o ta l  of

47 .5  grams by w eight o f coa l (one p ie c e )  was t r e a te d  w ith  the carbon 

d iox ide -w ate r so lv e n t a t  a tem pera tu re  of 325°C and p re s su re  up to  3600 

p s i  fo r  18 h o u rs . I t  re q u ire d  148 m inutes to  warm up the re a c to r  to  

325°C. The p e rio d  o f the  experim ent (18 h o u rs) does no t include  the 

tim e to  warm up the r e a c to r  (148 m in u te s ) . The i n i t i a l  tem pera tu re  of 

T est 9 was 25*0 (room tem p e ra tu re ) , and the i n i t i a l  p re ssu re  was 900 

p s i .  A fte r 18 h o u rs , 100% o f the  coal b roke , and the  average s iz e  o f 

the fragm ented co a l was 0 .074 in c h e s . Table 9 .1  shows the  r e l a t io n  of 

time re q u ire d  to  in c re a s e  the  tem pera tu re  o f th e  r e a c to r  to  325 C and 

p ressu re  up to  3600 p s i .  As a r e s u l t  o f Table 9 .1 ,  F igu res  9 .1 , 9 .2 ,  

and 9 .3  show tim e v e rsu s  tem p era tu re , tim e v e rsu s  p re s s u re , and tem­

p e ra tu re  ve rsu s  p r e s s u re .  Table 9 .2  shows the  r e s u l t s  o f the U.S. 

Standard s ie v e  a n a ly s is  of T e s t 9 , and Table 9 .2  shows approxim ately  

70% of th e  broken co a l rem ained above mesh no . 70 (> 0.00995 inches) 

w hile  approx im ately  30% of the  broken co a l by w eight passed  through 

mesh no. 70 (< 0.00995 in c h e s ) .  As a r e s u l t  o f  T able 9 .2 ,  F igures 9 .4
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and 9 .5  show the  normal and cum ulative d i s t r ib u t io n  of the  fragm ented 

coal o f T e s t 9 . As F igu re  9 .4  shows, 23% by w eight o f th e  fragm ented 

coal rem ained on mesh no. 4 (> 0.185 in c h e s ) ,  20.6% on mesh no . 16 (>

0.116 in c h e s ) ,  16% on mesh no . 50 (> 0.0293 in c h e s ) ,  10.2% on mesh no. 

70 (> 0.00995 in c h e s ) ,  12.8% on mesh no. 100 (> 0.0071 in c h e s ) ,  and 

f i n a l l y ,  17.4% by w eight passed  through mesh no. 100 which has s iz e  

le s s  than  0.0071 in c h e s . F igu re  9 .5  shows the cum ulative d i s t r ib u t io n  

o f the fragm ented coa l o f T est 9 which was p resen ted  in  the  l a s t  column 

of Table 9 .2 .

G en e ra lly  speak ing , the  r e s u l t s  of th ese  n ine t e s t s  on Mc- 

A le s te r  b itum inous coa l shows th a t  h ig h er tem pera tu re  and p re ssu re  w ith  

r e l a t i v e ly  long p e rio d  o f t e s t s  in c re a se d  the percen tage  o f fragm ented 

coa l th a t  has sm a lle r  s iz e .

T e s t 10, Croweburg C oa l; In  T est 10, in s te a d  o f M cAlester 

c o a l, a  t o t a l  o f 60 grams by w eight o f Croweburg coal (one p ie c e )  was

t r e a te d  w ith  th e  CO^-H^O s o lv e n t a t  a tem pera tu re  up to  305®C and

p re ssu re  up to  2550 p s i  fo r  24 h o u rs . This p e rio d  (24 h o u rs)  does no t 

in c lu d e  th e  tim e sp en t to  in c re a s e  the  tem pera tu re  of the  r e a c to r  from

room tem pera tu re  to  305*0 and p re s su re  up to  2550 p s i .  The i n i t i a l

tem pera tu re  o f the  r e a c to r  was approx im ate ly  25*0 (room tem p e ra tu re ) , 

and th e  i n i t i a l  p re s su re  o f the  r e a c to r  was 900 p s i which was the CO2  

p re s s u re . A fte r  24 h o u rs , 100% o f the  coa l broke to  a sm a lle r  s i z e ,  

and the  average  broken s iz e  was 0.150 in c h e s . Table 10.1 shows the 

r e l a t i o n  between the  tim e used to  warm up the  r e a c to r  from room tem­

p e ra tu re  to 305 C and p re s su re  up to  2550 p s i .  As a r e s u l t  o f Table

1 0 .1 , F igu res 1 0 .1 , 1 0 .2 , and 10 .3  show the tim e ve rsu s  tem p e ra tu re ,
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tim e v ersu s p re s su re  and tem pera tu re  v e rsu s  p re s s u re . Table 10.2  shows 

th e  r e s u l t s  o f the  U .S . S tandard  s ie v e  a n a ly s is  of the  broken Croweburg 

c o a l .  As Table 10 .2  shows, approx im ate ly  95% by w eight o f the  broken 

coa l rem ained above mesh no. 60 (> 0.011 in c h ) , and approx im ate ly  5% by 

w eight passed  through mesh no. 60 (< 0.011 in c h e s ) . As a r e s u l t  o f 

Table 1 0 .2 , F ig u res  10.4  and 10.3  show the  normal and cum ulative d i s ­

t r i b u t io n  o f th e  fragm ented Croweburg c o a l .  F igu re  10 .4  shows 6 6 % by 

w eight o f th e  broken coa l s tay ed  on mesh no. 4 (> 0.185 in c h e s ) ,  21.7% 

on mesh no. 16 (> 0.116 in c h e s ) ,  6.7% on mesh no. 50 (> 0.0293 in c h e s ) ,

0.8% on mesh no . 60 (> 0.0011 in c h e s ) , 1.6% on mesh no. 100 (> 0.0079 

in c h e s ) ,  and f i n a l l y ,  only  3.2% by w eight o f the  Croweburg fragm ented 

co a l of T est 10 passed  through mesh no. 100 (< 0.0079 in c h e s ) .  F ig u re

10.5  shows th e  cum ulative d i s t r ib u t io n  o f the  broken coal which ap­

peared  in  the  l a s t  column o f Table 1 0 .2 .

T es t 11, Secor C oal: A t o t a l  o f 136.5 grams o f coal ( th r e e

p ie c e s )  by w eight was t r e a te d  w ith  the  COg-Byo so lv e n t a t  a tem p era tu re  

up to  315*C and p re s su re  up to  2750 p s i  fo r  24 h o u rs . A fte r  t h i s  p e r­

io d , 1 0 0 % o f the  co a l had broken to  a sm a lle r  s iz e ,  and the  average  

s iz e  o f the  broken coa l was 0.135 in c h e s . Table 11.1 shows th e  r e l a ­

t io n s  between the  tim e used to  warm up the  r e a c to r  to  315°C tem p era tu re  

and p re s su re  up to  2750 p s i .  As a r e s u l t  o f  Table 1 1 .1 , F igu res 1 1 .1 ,

1 1 .2 , and 11 .3  show th e  tim e v e rsu s  tem p e ra tu re , tim e v e rsu s  p re s su re  

and tem p era tu re  v e rsu s  p re s s u re . Table 11 .2  shows the  r e s u l t  o f the  

U .S . S tandard  s ie v e  a n a ly s is  o f th e  Secor broken coal ( a f t e r  t r e a t ­

m en t) . As Table 11 .2  shows, 8 6 % by w eight of the  broken coal rem ained 

above mesh no. 60 (> 0.011 in c h e s ) , and approx im ately  14% by w eight
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passed through mesh no. 60 (< 0.0011 in c h e s ) . As a r e s u l t s  o f Table

1 1 .2 , F igu res  11 .4  and 11.5 show the  normal and cum ulative d i s t r ib u t io n  

o f the fragm ented Secor c o a l .  F igure  11 .4  shows th a t  64% by w eight of 

the  fragm ented coa l o f T est 11 stayed  on mesh no. 4 (> 0.185 in c h e s ) , 

10.7% by w eight on mesh no. 16 (> 0.116 in c h e s ) , 7.3% on mesh no. 50 

(> 0.0293 in c h e s ) ,  4.4% on mesh no . 60 (> 0.011 in c h e s ) , 4.8% on mesh 

no . 100 (> 0.0079 in c h e s ) ,  and only 8 . 6 % by w eight o f th e  Secor f ra g ­

mented coal passed through mesh no. 100 which has s iz e  le s s  than  0.0079 

in c h e s . F igu re  11.5 shows the cum ulative d i s t r ib u t io n  o f th e  Secor 

fragm ented coa l which appeared in  the  l a s t  column of Table 1 1 .2 .

The r e s u l t s  o f the  t e s t s  on Croweburg and Secor coa l show th a t  

th e  minimum tem pera tu re  re q u ire d  to  b reak  the coa l is  h ig h e r  than  the 

M cAlester coa l and the  s iz e  o f the fragm ented coal is  c o a r s e r .  These 

d if fe re n c e s  a re  due to  the  d i f f e r e n t  p ro p e r t ie s  of the  co a l which pro­

bab ly  e x is ts  in  th e se  th re e  coa l beds.

There were se v e ra l  trea tm en ts  of M cAlester coal w ith  only  c a r ­

bon d iox ide  or only  w a te r. In  th is  s e r ie s  of experim en ts, l ik e  p re­

v ious t e s t s ,  coal was p laced  in s id e  the r e a c to r ;  then  CÔ  o r w ater 

a lo n e , in s te a d  o f the  m ix ture  o f CO2 -H 2 O was added to  the  c o a l .  But in  

both cases (COg or w ater a lo n e ) , no fragm en ta tion  was o b ta in e d . Most 

of th e se  t e s t s  were perform ed a t  the  th re e  d i f f e r e n t  tem p era tu re  which 

r e s u l te d  in  the  coa l being  broken as a r e s u l t  of the  tre a tm e n t by the 

carbon d io x id e -w a te r  m ix tu re . In  both c a se s , COg or w a te r, the  tem­

p e ra tu re s  were 250°C, 275°C and 325°C, and the p e rio d  o f the  experim ent 

ranged from 24 hours to  48 h o u rs .
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In  Appendix B, Tables 1 2 .1 , 13 .1 , and 14.1 re p re s e n t the r e ­

la t io n s h ip  between th e  time re q u ire d  to  warm up the r e a c to r  and tem­

p e ra tu re  and p re ssu re  o f the  th re e  t e s t s .  In  th e se  th re e  t e s t s ,  Mc­

A le s te r  coal was t r e a te d  w ith  only H^O a t  d i f f e r e n t  p h y s ic a l condi­

t io n s ,  bu t no frag m en ta tio n  o c c u rre d . However, some f ra c tu r e  in  the 

co a l which was due to  vapor p re s su re  became o bv ious. In  T est 12.1 a 

t o t a l  o f 45 grams of co a l w ith  150 grams of w ater was examined under 

250”0 and 2250 p s i  p re ssu re  fo r  24 h o u rs . In  T est 13.1 a t o t a l  of 55 

grams of coal was t r e a te d  w ith  150 grams o f w a te r, and the tem pera tu re  

was 275°C and the p re s su re  went up to  2600 p s i .  The p e riod  of th e  t e s t  

was 24 h o u rs . In  T est 14.1 a t o t a l  o f 35 .5  grams of sample was t r e a te d  

w ith  H2 O a t 325”0 fo r  24 h o u rs . The p re s su re  went up to  2900 p s i .  In  

a l l  th re e  c a se s , no frag m en ta tio n  o c c u rre d . But i t  is  in te r e s t in g  to  

n o te  th a t  the  coa l became f r i a b le  a f t e r  tre a tm e n t.

Tables 1 5 .1 , 16.1 and 17.1 r e p re s e n t  th e  r e la t io n s h ip  of tim e 

re q u ire d  to  warm up th e  r e a c to r  w ith  tem pera tu re  and p re ssu re  as a r e ­

s u l t  o f the  M cAlester coal tre a tm e n t w ith  only  CÔ  a t  th re e  d i f f e r e n t  

c o n d it io n s . In  th e se  th re e  t e s t s ,  both s o l id  and gas COg were used , 

b u t no fragm en ta tion  o c c u rre d . A gain, the  coal became f r i a b le  compared 

to  i t s  o r ig in a l  s t a t e .  In  T est 15, 80 grams o f  coal (M cA lester) was 

examined w ith  15 grams s o l id  CO2  (d ry  ic e )  and CO2  g a s . The tem pera­

tu re  was s e t  up fo r 250°C fo r  24 h o u rs , and the  p re s su re  went up to  

2600 p s i .  In  T est 16, a  t o t a l  o f 50 grams of coa l w ith  22 grams s o l id  

CO2  (d ry  ic e )  in  a d d it io n  to  CO  ̂ gas were u sed . The tem pera tu re  was 

arranged  a t  275°C fo r  24 h o u rs , and the p re s su re  went up to  2900 p s i .  

In  T est 17, a t o t a l  o f 34.5 grams of coal sample was t r e a te d  w ith  CO2
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gas in  a d d it io n  to  20 grains o f s o l id  COg. The tem pera tu re  fo r  T est 17 

was 325°C, and the  p re s su re  went up to  3250 p s i a f t e r  24 h o u rs . In 

th e se  th re e  t e s t s ,  th e  i n i t i a l  COg gas p re ssu re  was 900 p s i ,  and no 

frag m en ta tio n  was o b ta in e d .

In  Appendix C, F ig u re  1 shows th e  r e l a t i o n  between the  p e r­

cen tage o f M cA lester coa l broken and p re s su re  and tem p e ra tu re . As 

F igu re  1 shows, an in c re a s e  in  th e  p re s s u re  and tem p era tu re  caused an 

in c re ase  in  the p e rcen tag e  o f fragm ented c o a l .  At p o in t (1 )  w ith  tem­

p e ra tu re  o f  200°C and p re s su re  o f 2150 p s i ,  only  6 % o f  th e  coa l f e l l  

a p a r t ;  b u t a t  p o in t (4 )  w ith  tem p era tu re  o f 250*0 and p re s su re  of 2950 

p s i ,  100% o f the  co a l f e l l  a p a r t .  F igu re  2 shows expansion  o f the 

p e rio d  o f th e  experim ent r e s u l te d  in  sm a lle r  s iz e  o f the  fragm ented 

c o a l .  In  th e se  f ig u r e s ,  tem p era tu re  and p re s su re  a re  c o n s ta n t ,  and the 

p e rio d  o f th e  experim ent is  v a r i a b le .  A ll th e se  p o in ts  had a p ressu re  

o f 3300 p s i  and a tem p era tu re  o f 275*0. As the  f ig u re  shows, fo r a 

p e rio d  of 18 h o u rs , th e  average  p a r t i c l e  s iz e  o f  the  fragm ented coal 

was la rg e r  th an  th e  s iz e  o f th e  fragm ented coal fo r  a p e rio d  of 36 

h o u rs . F ig u re  3 o f Appendix 0 shows how the  p e rio d  o f th e  experim ent 

a f fe c te d  th e  d i s t r ib u t io n  o f  th e  fragm ented c o a l .  At a s h o r te r  p e riod  

o f experim en t, most o f th e  broken coa l rem ained on a lower mesh no. In  

o th e r  w ords, the  s h o r te r  th e  p e rio d  o f experim en t, the  c o a rs e r  the  p a r­

t i c l e  s iz e .

In  Appendix C, F ig u re  4 shows th e  r e la t io n s h ip  between the 

average fragm ented s iz e  o f M cA lester c o a l and p re s su re  ( P ) ,  tem pera tu re  

(T ), p e rio d  o f experim ent (A ), so lv e n t to  coal r a t i o  (S ) , and w ater to  

CO2  r a t i o  (H ). As F ig u re  4 in d ic a te s ,  th e  s iz e  o f frag m en ta tio n  is  d i ­

r e c t ly  r e l a te d  to  p re s s u re ,  tem p e ra tu re , so lv e n t to  co a l r a t i o ,  and



135

p e rio d  o f experim ent which means th a t  in c re a s in g  tem p era tu re  and p re s ­

s u re , the  fragm ented coa l becomes s m a lle r .  However, th e re  is  a l im ita ­

t io n  on both  tem p era tu re  and p re s s u re . Above 325°C, th e  M cA lester coal 

became s t ic k y  ( s o - c a l le d  p l a s t i c  s t a t e )  in s te a d  of frag m en tin g . Fur­

th e r  in c re a se  of th e  tem p era tu re  beg ins to  change the  phase ( s o l id  to  

l iq u id ) .  T h e re fo re , the  h ig h e s t  tem pera tu re  and p re s su re  fo r  fragmen­

t a t io n  o f  M cA lester coa l a re  325°C and 3600 p s i .  The minimum tem pera­

tu re  and p re s su re  re q u ire d  to  fragm ent M cAlester co a l a re  200°C and 

2150 p s i .  Between th e  range o f 200 to  325°C tem p era tu re  and 2150 to  

3300 p s i  p r e s s u re ,  th e  p e rcen tag e  o f fragm ented coal became h ig h er and 

the  s iz e  o f  th e  fragm ented coa l became s m a lle r .  However, th e se  a re  not 

th e  only f a c to r s  which cause h ig h e r  pe rcen tag e  o f f ra g m e n ta tio n . The 

pe rio d  o f  experim ent and la rg e r  r a t i o  o f  so lv e n t to  co a l g e n e ra lly  

cause sm a lle r  fragm ents o f c o a l .  With reg a rd  to  fra g m en ta tio n  o f  Mc­

A le s te r  coa l by COg + H2 O, 24 hours fo r  the  p e rio d  o f experim ent and 

between 3 .5  to  4 .5  r a t i o  o f  so lv e n t to  coal a re  fa v o ra b le . This recom­

m endation is  based on approxim ate uniform  d i s t r ib u t io n  o f fragm ented 

coa l on d i f f e r e n t  mesh num bers. F in a l ly ,  as F igu re  4 o f  Appendix C

shows, th e  la r g e r  th e  r a t i o  o f HgO to  CÔ  th e  c o a rse r  th e  fragm ented

coa l became; and the  range  o f 1 .58 to  2 .6  o f w ater to  carbon d io x id e

gave b e t t e r  r e s u l t s  w ith  reg a rd  to  fragm ented s iz e  o f c o a l .

From the  M cAlester co a l experim en ta l r e s u l t s  a r e la t io n s h ip  

was found betw een th e  s iz e  o f th e  fragm ented coal (d , dependent v a r ia ­

b le )  and independent v a r ia b le s  which inc luded  tem p era tu re  (T ), p re s ­

su re  (P ) , p e rio d  o f experim ent ( t ) ,  t o t a l  mass p laced  in  the  r e a c to r  

(c o a l + HgO + COg) and s p e c i f ic  h ea t o f coal ( c ^ ) .  ( I t  would be more
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r e p r e s e n ta t iv e  to  use an apparen t fo r  the  t o t a l  mass in  th e  r e a c to r .  

However, under the exp erim en ta l c o n d it io n s , i t  was not p o s s ib le  to  

m easure d i r e c t l y  the  f r a c t io n  o f l iq u id  w ater and vapor and the  CÔ  

c o n te n t in  each p h a se .)  The method o f d im ension less a n a ly s is  was used 

in  o rd er to  reduce the  number o f independent v a r ia b le s  and to  form the 

number o f v a r ia b le s  in to  two d im ension less g roups. C onsequently , an 

e m p ir ic a l c o r re c tio n  was develped to  p r e d ic t  the s iz e  o f the  fragm ented 

bitum inous coal in  the  chem ical comminution p rocess as a r e s u l t  of 

tre a tm e n t o f M cAlester bitum inous coa l w ith  the proposed s o lv e n t .  

T h e re fo re , the  II theorem  was used in d im ension less a n a ly s is  to  id e n t i f y  

the  groups from the  independent v a r ia b le s  as fo llo w s:

d = f(t,T ,C p ,P ,M ) 

where d is  s iz e  o f fragm ented c o a l ,  t  i s  p e rio d  o f experim en t, T is  

tem p e ra tu re , c^  is  s p e c i f ic  h e a t o f c o a l ,  F is  p re s s u re , M is  t o t a l  

mass in  r e a c to r  expressed  by M = coal + COg + HgO. T h e re fo re , in  MLT 

system

F (d ,t,T ,C p ,M ,P ) = 0

and

Then

= d , t ,  T , C j  

d = L

c = 
P

X  + 2 = 0 =» X  = -2  

y -  2  = 0  =» y = 2
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T h ere fo re ,

z - l = 0 =» z = l

t^T c

And

( 1 )

Hg = P. M, d , t

T h e re fo re ,

=  0

X -  2  = 0  =* X = 2

y -  1  = 0  =*■ y = l

z + 1  = 0  =* z = - l

t^dP
^ 2  M

2
Furtherm ore , by m u ltip ly in g  and Hg , a new group was c o n s ti tu te d  

c a l le d  Eg:

c TP^t^
ÏÏ3 = - P 2 —  (3)

T, P, M, t ,  Cp, and d a re  known from ex p erim en t. Thus, ^ 2  and ^ 3  could  

be c a lc u la te d  and a re  shown in  Table 19 (p . 138). Then log was

p lo tte d  v e rsu s  Eg in  F igu re  5 o f Appendix C. From th is  p lo t ,  the 

m athem atical model was developed which w il l  p r e d ic t  the  s iz e  o f f ra g ­

mented bitum inous coa l (w ith  re fe re n c e  to  M cA lester co a l of Oklahoma) 

in  chem ical comminution by using  CO2  + HgO as a s o lv e n t .  The eq u a tio n  

fo r  the  l in e  in  F igure  5 o f  Appendix C is  found to  be

^“* 1 0 ^ 3  “ ^  ^ ^ 2  (4 )

T his eq u a tio n  can be w r i t te n  in  th e  fo llow ing  form:
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TABLE 19

VALUES OP DIMENSIONLESS VARIABLES

^ I  ^2 ^3

I5 2 I8 I I 297.26 13.45 X lo lo

2249150 445.90 44.72 X l o l o

2640999 510.43 68.81 X 1 0 ^°

3050632 727.62 161.51 X 1 0 ^°

I27I344 483.27 29.69 X 1 0 ^°

5377999 661.93 235.64 X lo lo

11042534 953.94 1004.87 X 1 0 ^°

20625000 1212.80 3033.69 X l o l o

5768809 343.26 67.97 X lo lo
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^ ° ® 1 0
= brig (5 )

" 2  = b 1 * * 1 0
( 6)

T h e re fo re , s u b s t i tu t in g  th e  ex p re ss io n s  fo r  Hg and and re a rra n g in g  

E quation  ( 3 ) ,  the  s iz e  of fragm ented coal can be o b ta in e d  as

where A i s  the  in te r c e p t  and b is  the  s lo p e . For F igu re  5 o f Appendix 

C, th ese  were found to  be A = 24 .4  and b = 0 .0055 . T h e re fo re , as 

E quation  (5 ) shows, as the  p e rio d  o f experim ent in  chem ical comminution 

becomes longer and th e  p re s su re  g e ts  h ig h e r , th e  s i z e  o f fragm ented 

coal can be expected  to  become s m a lle r .

In  Appendix D Table 1 shows the seven chem ical compounds which

were examined w ith  the  proposed s o lv e n t .  These compounds e x is t  in  coal 

or a re  b e lie v ed  to  have s im ila r  s t r u c tu r e s  compared to  the  coa l s t r u c ­

tu r e .  These compounds were t r e a te d  w ith COg + HgO under s im i la r  con­

d i t io n s  as th e  co a l had been t r e a te d  w ith  COg + HgO in  th is  s tu d y . As 

the  l a s t  column o f t h i s  ta b le  in d ic a te s ,  no r e a c t io n  occu rred  between

th e se  compounds and the  proposed so lv e n t even though , in  most t e s t s ,

the  p re ssu re  was much h ig h e r  than  the p re s su re  which was ob ta ined  as a

r e s u l t  o f the  M cAlester co a l tre a tm e n t w ith COg + HgO a t  d i f f e r e n t  

te m p e ra tu re s .

Table 1 o f Appendix E shows the r e s u l t s  o f tre a tm e n t of the 

unknown coa l w ith  only  CO2  a t  d i f f e r e n t  tem p era tu res  and p re s s u r e s . As

Table 1 in d ic a te s ,  a t  tem p era tu res  rang ing  from 200°C to  350°C and
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p re s s u re s  rang ing  from 1650 to  2175 p s i ,  th e  c o a l d id  n o t b re a k . Table 2 

o f Appendix E shows th e  r e s u l t  o f one t e s t  o f th e  co a l w ith  only Ĥ O a t  

a tem p era tu re  o f 350°C and p re s s u re  up to  7500 p s i .  T his t a b le  in d ic a te s  

no fra g m en ta tio n  occu rred  as a r e s u l t  o f tre a tm e n t o f th e  c o a l by only 

HgO. Table 3 of Appendix E shows th e  r e s u l t s  o f  tre a tm e n t o f th e  unknown 

co a l w ith  COg + 100% o f th e  c o a l  fragm ented. S ince  t h i s  p a r t i c u la r

co a l was n o t p a r t  o f  th e  o r ig in a l  r e s e a rc h , only  one s e t  up o f tem pera­

tu re  was a rra n g e d . The tem p era tu re  was s e t  up fo r  350°C, and th e  p re s ­

su re  w ent up to  3600 p s i .  A ll  th e s e  t e s t s  were run  fo r  24 h o u rs . Table 

4 o f Appendix E shows th e  d i s t r ib u t io n  o f th e  fragm ented c o a l o f T est 6  

of T able 3 (unknown c o a l + COg + H^O) on th e  U.S. S tandard  s ie v e  s e r i e s .  

As T able 3 shows, 60% o f  th e  broken c o a l  has le s s  than  0 .185  in ch es  d i­

am eter and 40% o f  th e  fragm ented co a l rem ained above mesh no . 40 (> 0.185 

in c h e s ) . The r e s u l t s  of t h i s  s e r i e s  of t e s t s  in d ic a te d  th a t  th e  combi­

n a tio n  o f COg and w a te r i s  re q u ire d  fo r  th e  frag m en ta tio n  o f  th e  c o a l, 

b u t th e  c o n d itio n s  of th e  r e a c t io n  a re  d i f f e r e n t  which i s  due to  the  

d i f f e r e n t  c h a r a c te r i s t i c s  o f  th e  c o a l .

D. SUMMARY OF RESULTS

The la b o ra to ry  experim ents proved th a t  carbon d io x id e  in  aqueous 

s o lu t io n  w ith  w ater can be used as a chem ical agent fo r  th e  chem ical com­

m inu tion  p ro cess  ( te c h n ic a l ly ,  b u t w ith o u t economic c o n s id e ra t io n s )  in  

m ining I n d u s t r ie s  in  o rd e r  to  fragm ent M cA lester c o a l to  a sm a lle r  s iz e .

U ltim ate  a n a ly s is  o f  la b o ra to ry  e x p e rim en ta lly  fragm ented coal 

in d ic a te d  th e  t o t a l  s u l f u r  in  th e  c o a l  decreased  from 3.51% to  2.23% 

(m fb), ash  d ecreased  from 18.65% to  17.5%, and h e a tin g  v a lu e  in c reased  

from 11808 Btu p e r pound to  11923 Btu p e r  pound.
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This in v e s t ig a t io n  in d ic a te d  th e  minimum tem p era tu re  and p re s ­

su re  re q u ire d  fo r  frag m en ta tio n  o f M cAlester b itum inous c o a l by the  sug­

g ested  s o lv e n t (COg + Hg)) were 250°C and 2950 p s i .  However, th e  r e s u l t s  

o f th e  s tudy  showed th a t  a t  200°C and 2150 p s i ,  th e  co a l (M cAlester) be­

gan to  f a l l  a p a r t .  The maximum tem pera tu re  and p re s s u re  a p p lie d  in  th i s  

in v e s t ig a t io n  were 325*0 and 3600 p s i .  F u rth e r  in c re a s e  o f  tem pera tu re  

was n o t a ttem pted  in  o rd er to  avo id  th e  p l a s t i c i t y  c h a r a c te r i s t i c  o f coa l 

which u s u a lly  occurs in  th e  range o f tem pera tu re  betw een 325*0-350*0.

The minimum tim e re q u ire d  fo r  th e  chem ical r e a c t io n  between 

th e  suggested  s o lv e n t (OOg + HgO) and th e  co a l in  o rd e r  to  d isso lv e  the  

im p u r it ie s  o f  co a l such as p y r i te  and ash  and fragm ent th e  co a l was es­

ta b l is h e d  to  be 18 h o u rs .

The p h y s ic a l  and chem ical c h a r a c te r i s t i c s  o f th e  c o a l were 

found to  s ig n i f i c a n t ly  a l t e r  th e  s iz e  o f the  fragm ented c o a l. The 

M cAlester c o a l re a c te d  more fav o rab ly  th an  th e  Oroweburg and Secor w ith  

reg ard  to  s iz e  o f th e  fragm ented c o a l.

With reg a rd  to  th e  r e s u l t  o f frag m en ta tio n  o f M cA lester coa l 

by COg + HgO, a s e r i e s  o f c a lc u la t io n s  were done in  o rd e r  to  determ ine 

the  amount o f COg and HgO used fo r  each t e s t .  These c a lc u la t io n s  would 

be h e lp f u l  fo r  f u r th e r  in v e s t ig a t io n  o f  th i s  s e r i e s  o f  t e s t s  e i th e r  in  

th e  la b o ra to ry  o r  in  a c tu a l  f i e l d  o p e ra tio n s .

The S t a t i s t i c a l  A na ly sis  System (SAS computer system ) and l e a s t  

squares curve f i t t i n g  techn ique were used fo r  each t e s t  in  o rd e r to  

achieve th e  b e s t  f i t  l i n e  fo r  ( 1 ) p re s s u re  v e rsu s  tem p e ra tu re , ( 2 ) p re s ­

su re  v e rsu s  tim e (tim e re q u ire d  to  warm up th e  r e a c to r  w ith  i t s  co n ten ts  

to  the  d e s ire d  te m p e ra tu re ) , and (3) tem pera tu re  v e rsu s  tim e .
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U.S. S tandard  s ie v e  a n a ly s is  o f  th e  fragm ented M cA lester co a l 

in d ic a te d  th a t  a t  h ig h e r  tem pera tu re  and p re s s u re  and lo n g er tim e , th e  

fragm ented co a l i s  f in e r  than  a t  low er tem p era tu re  and p re s s u re  and 

s h o r te r  p e rio d  o f t e s t s .

This i n v e s t ig a t io n  a ls o  proposed a th eo ry  along  w ith  form ulae 

o f  p o s s ib le  chem ical r e a c t io n s  to  e x p la in  th e  fra g m en ta tio n  o f M cA lester 

c o a l by COg + H2 O. I t  i s  a ls o  p o s s ib le  vapor p re s su re  he lped  to  develop 

f r a c tu r e s  on th e  s u rfa c e  of th e  co a l th a t  made th e  p e n e tr a t io n  o f COg 

e a s ie r  and f a s t e r .  But in  th e  f i n a l  a n a ly s i s ,  th e  chem ical r e a c t io n  

betw een COg and th e  m in e ra l m a tte r  o f co a l p lay ed  th e  m ajor r o le  i n  th e  

frag m en ta tio n  o f M cA lester c o a l .  P ro b ab ly , COg, a f t e r  re a c h in g  th e  min­

e r a l  m a tte r  which e x i s t s  betw een th e  b o u n d a rie s  o f th e  c o a l ,  d is s o lv e d  

t h i s  m in e ra l m a tte r  and caused th e  fra g m e n ta tio n ; o r  e ls e  i t  p rov ided  

a  b e t t e r  and u n s ta b le  so u rce  o f oxygen w hich had f u r th e r  r e a c t io n  w ith  

p y r i t e  o r  any o th e r  o rg a n ic  s u l f u r  and l e t  to  th e  fra g m en ta tio n  o f c o a l. 

A lso , t h i s  in v e s t ig a t io n  showed th a t  t h i s  type  o f experim ent i s  very  

s e n s i t iv e  and r e q u i r e s  c a re  and p a tie n c e  w ith  reg a rd  to  s e t t i n g  up the 

ex p erim en ts . Any la c k  o f  c a re  o r  p a tie n c e  cou ld  r e s u l t  in  d i f f e r e n t  

r e s u l t s  and c o n c lu s io n s .

F in a l ly ,  t h i s  s tu d y  found th a t  th e  tre a tm e n t o f M cA lester coa l 

w ith  COg i t s e l f  o r  w ith  only w ater does n o t cause  fra g m en ta tio n . There­

f o r e ,  th e  com bination o f carbon d io x id e  and w a te r i s  re q u ire d  in  th e  

chem ical comminution p ro ce ss  fo r  M cA lester b itum inous c o a l ,  and th e  

p e rc e n ta g e  and s iz e  o f fragm ented c o a l depended on tem p e ra tu re , p r e s ­

s u r e ,  so lv e n t to  c o a l r a t i o  and p e rio d  o f experim en t.



CHAPTER VII 

SUMMARY AND CONCLUSIONS

A. STATEMENT OF THE PROBLEM

In  the  p a s t decade, th e  recovery  o f deep coal in  th in  depos­

i t s  has become extrem ely  expensive  and d i f f i c u l t .  Many unsolved prob­

lems e x is t  in  both o p e n -p it and underground m ining m ethods. In  open- 

p i t ,  d e s p i te  advances in  techno logy  Which in c re a s e  the coa l produc­

t io n ,  a i r  and w ater p o l lu t io n  p lu s the  d e s tr u c t io n  o f n a tu ra l  re so u rc e s  

s t i l l  rem ain w ithou t s o lu t io n .  At the  same tim e, the  p r ic e  o f equ ip ­

ment and o p e ra tio n s  in  o p e n -p it  m ining has r i s e n  to  h igh  l e v e ls .  I t  is  

a ls o  reco g n ized  th a t  the  p ro d u c tio n  of coal by underground mining o p e r­

a tio n s  is  very  low, and the  m ining  o p e ra tio n s  a re  r i s k y .  On the  o th e r  

hand, the  demand fo r  pure co a l w ith o u t im p u r it ie s  such as s u lfu r  by 

in d u s try  has in c re ase d  r e c e n t ly .  In  the  p a s t ,  th e  mine eng ineer d id  

no t pay a t t e n t io n  to  the  p u r i f i c a t i o n  o f coal because i t  was assumed 

the  mine e n g in e e r 's  ta s k  was to  produce the co a l from the r e s e r v o i r .

But now the  view of the  mine en g in e e r  has changed. On the one hand, 

the  m echanical methods (c ru s h in g , g r in d in g , m il l in g )  which have been 

used fo r  a  long p e rio d  o f tim e in  o rd er to  e x t r a c t  s u lf u r  from the coal 

a re  not s u f f i c i e n t  because th e  m echanical methods a re  not ab le  to  sep a ­

r a t e  o rg an ic  s u l f u r .  Such s u l f u r  accounts fo r  30 to  70 p e rcen t of the

143



144

t o t a l  s u l f u r .  On th e  o th e r  hand , the im p u ritie s  o f co a l such as ash 

and s u lf u r  reduce th e  s a l a b i l i t y  of coal and in c re a se  th e  c o s t of 

t r a n s p o r ta t io n .  These f a c to r s  com plicate  the  p ro d u ctio n  o f c o a l; and, 

as a r e s u l t  o f  t h i s , co a l p ro d u ctio n  is  low and thus se rv es  to  worsen 

th e  energy c r i s i s .  T h e re fo re , new e f f e c t iv e  m ining methods fo r h ig h er 

p roduction  and b e t t e r  q u a l i ty  a re  n e c e ssa ry . An example is  the f ra g ­

m en ta tio n  of o f coal by th e  chem ical comminution p ro c e s s .

The o b je c tiv e  of t h i s  re se a rc h  was to  answer th e  fo llow ing  

q u e s tio n s  :

1 . Can COg and i t s  aqueous s o lu t io n  in  w ater be used in  the 

chem ical comminution p rocess  fo r  in  s i t u  m ining o p e ra tio n s  o f deep and 

th in  coal beds fo r which both  underground and o p e n -p it  methods a re  not 

s u i ta b le  (w ith  re fe re n c e  to  M cA lester coal of Oklahoma)?

2 . Can CO2  and i t s  aqueous s o lu t io n  in  w ater be used in  the 

chem ical comminution p ro cess  in  o rder to  reduce the  t o t a l  amount of 

s u l f u r  and ash in s te a d  of u s in g  a m echanical method (w ith  re fe re n c e  to  

M cA lester bitum inous coal o f Oklahoma)?

B. PROCEDURE OF THE INVESTIGATION

A 500 ml s t a in le s s  s t e e l  p ressu re  v e s se l  (bomb r e a c to r )  w ith

2 .5  inch  in s id e  d iam eter and 6 .25  inch in s id e  depth  was used in  th is  

i n v e s t ig a t io n .  Three c o a ls  from e a s te rn  Oklahoma and one unknown coal 

( o r ig in  o f coa l is  unknown) were t r e a te d  w ith CO  ̂ + HgO. In  each t e s t ,  

one to  th re e  p ieces  o f coal were p laced  in s id e  the  r e a c to r ;  then w ater 

was added to  th e  c o a l;  and f i n a l l y ,  CO  ̂ (g as) was in je c te d  in to  the 

r e a c to r .  The i n i t i a l  tem p era tu re  of the r e a c to r  was 25°C (room tem­

p e ra tu re )  and the  i n i t i a l  p re s su re  o f the  r e a c to r  w ith  i t s  co n ten ts  was
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900 p s i (COg c y lin d e r  p r e s s u r e ) .  The re a c to r  w ith  i t s  c o n te n ts  was 

hea ted  (an  e l e c t r i c  type h e a te r  was used to  h ea t th e  r e a c to r  and a 

therm ocouple was used to  measure the  tem pera tu re) fo r  the  d e s ire d  

p e riod  o f tim e . Then the  h ea t was tu rned  o f f ,  and the r e a c to r  was 

a llow ed to  c o o l. F in a l ly ,  the  c o n te n ts  of the r e a c to r  ( s o l id  + l iq u id )  

were se p a ra te d  from each o th e r  through a f i l t e r .  The fragm ented coal 

was ana lysed  w ith  a U .S . S tandard  s ie v e  s e r ie s  to  o b ta in  th e  s iz e  d is ­

t r i b u t io n  o f the  fragm ented c o a l .  Then 3 to  5 grams of the  fragmented 

M cA lester coa l were se n t to  G a lb ra ith  L a b o ra to r ie s , In c . fo r  u l tim a te , 

s u lf u r  form, and h e a tin g  v a lu e  a n a ly s e s . These sam ples included  coal 

bo th  b e fo re  and a f t e r  tre a tm e n t of the  coal w ith  CÔ  + H^O.

The r e s u l t  o f t h i r t y  t e s t s  were analysed  in  t h i s  s tu d y . F i f ­

tee n  o f th e se  were o f M cAlester c o a l ,  and two of th e se  were of Crowe­

burg and Secor coal from e a s te rn  Oklahoma. Six of them belonged to  the 

unknown c o a l,  and seven t e s t s  were o f compounds which had s im ila r  

s t r u c tu r e  w ith  regard  to  coal s t r u c tu r e  or which e x is t  in  c o a l .  The 

p h y s ic a l c o n d itio n s  fo r  the chem ical re a c tio n  between th e  suggested  

so lv e n t (COg + H^O) and the coal ranged in  tem pera tu re  from 2 0 0 ° C to  

325°C and p re ssu re  from 2150 p s i  to  3600 p s i .  The p e rio d  o f  the  ex­

perim ents ranged from 18 hours to  36 h o u rs .

C. RESULTS AND CONCLUSIONS

This study  e s ta b l is h e d  th e  fo llow ing :

1. The proposed so lv e n t (COg + 8^0) can be used in  th e  chemical 

comminution process fo r  frag m en ta tio n  of M cAlester b itum inous c o a l.
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2 . The su g g ested  so lv e n t (CO  ̂ + H^O) a ls o  may be used in  the  

chem ical comminution fo r  p u r i f ic a t io n  o f the  c o a l .  In the sample tested 

the total percentage of sulfur, Including both organic and inorganic forms, 

was reduced; and the amount of ash in McAlester coal was also decreased.

3 . E xperim enta l d a ta  can be used to  p re d ic t  the  fu tu re  perform ­

ance o f a M cA lester coal-CO^ + H^O m ix tu re .

4 . The minimum tem pera tu re  and p re s su re  re q u ire d  fo r  fragm enta­

t io n  o f M cA lester c o a l by CO  ̂ + H^O a re  250*C tem pera tu re  and 2950 p s i  

p re s s u re . However, a t  200°C and 2130 p s i ,  th e  bitum inous coal o f Ok­

lahoma began to  f a l l  a p a r t .

5 . The minimum tim e re q u ire d  fo r  chem ical r e a c tio n  between the  

suggested  so lv e n t and M cAlester co a l i s  18 h o u r s .

6 . At h ig h e r  tem pera tu re  and h igher p re s su re  and longer p e rio d  of 

experim ent and r e l a t i v e ly  h igher r a t i o  o f so lv e n t to  coal (3 .5 -4 .5 )  and 

lower r a t i o  o f w a te r to  COg ( 1 . 6 - 2 . 6 ) ,  th e  fragm ented coal is  s m a lle r , 

and the  p e rc e n ta g e  o f fragm ented coa l i s  h ig h e r .

7 . The p h y s ic a l and chem ical c h a r a c te r i s t i c s  o f the  coal a f f e c t  

the  r e s u l t s  o f th e  chem ical comminution by the  proposed s o lv e n t .  Three 

d i f f e r e n t  coa l beds o f  Oklahoma, M cA lester, Croweburg, and S ecor, r e ­

a c ted  d i f f e r e n t ly  w ith  reg a rd  to  th e  s iz e  o f th e  fragm ented coal and 

p h y s ic a l c o n d itio n s  o f  tre a tm e n t.

8 . M echanical e f f e c t s  should  be c o n s id e re d . In  p a r t i c u l a r ,  gas 

p re ssu re  p robab ly  he lped  to  develop f r a c tu r e s  %Aieh made th e  p e n e tra ­

t io n  o f CO2  e a s ie r  and f a s t e r .  However, th e  m ajor f a c to r  fo r  the  

frag m en ta tio n  o f  th e  th re e  e a s te rn  Oklahoma c o a ls  is  the  chem ical r e ­

a c tio n  between th e  suggested  so lv e n t and c o a l .
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9 . W ater I t s e l f  w ith o u t CO2  and CO  ̂ w ith o u t w a te r  a t  250“C, 275®C 

and 325"C f o r  24 hours d id  n o t b reak  th e  c o a l .  But In  a l l  c a se s , f r a c ­

tu re  o f  th e  c o a l was obvious and w id er. On th e  o th e r  hand , fo r  th e  same 

p e rio d  o f  t e s t  (24 h o u rs) and same tem p era tu re  w ith  th e  p resence  o f bo th  

COg and H^O ( th e  proposed  s o lv e n t ) , th e  same c o a l bed (M cA lester) had 

been broken (fragm ented) to  a  f in e r  s iz e .

10 . D e sp ite  th e  f a c t  th a t  th e  proposed so lv e n t (COg + H2 O) was a b le  

to  b reak  and reduce th e  s iz e  o f th re e  c o a ls  from e a s te rn  Oklahoma and d ec re a se  

th e  amount o f ash  and s u l f u r ,  because co a l I s  a he terogeneous type  o f rock  and 

has such a com p lica ted  s t r u c tu r e .  I t  I s  n o t obvious th a t  th e  tre a tm e n t o f 

o th e r  b itum inous c o a ls  w ith  th e  proposed so lv e n t (CC^ + B^O) w i l l  have th e  

same r e s u l t s .  However, th e  p o s s ib i l i ty  o f th e  chem ical comminution o f o th e r  

bitum inous c o a ls  as a  r e s u l t  o f t h i s  I n v e s t ig a t io n  e x i s t s .

D. SUGGESTIONS FOR FURTHER RESEARCH

F u rth e r  re s e a rc h  should  be developed In to  th e  fo llo w in g  c a te g o r ie s  :

1 . T reatm ent o f  o th e r  b itum inous c o a ls  from d i f f e r e n t  reg io n s  w ith  

th e  sug g ested  so lv e n t (CO2  + H^O). In  th e  c a se  o f  th e  U .S ., th e s e  b i ­

tuminous c o a ls  can be o b ta in e d  from th e  A ppalachian  re g io n  (P ennsy lvan ia  

and West V i r g in ia ) ,  Alabama re g io n , e a s te rn  midwest re g io n  ( I l l i n o i s ,  

In d ia n a ) , w e s te rn  re g io n  (Montana, C olorado) and p o s s ib ly  from o th e r  

reg io n s  such a s  A rkansas and Iowa. These v a rio u s  ty p es  o f  c o a ls  w i l l  

p ro v id e  more e x te n s iv e  co n c lu s io n s  re g a rd in g  th e  chem ical comminution 

p ro cess  on b itum inous c o a l by u s in g  th e  proposed so lv e n t (COg + HgO).

2 . T reatm ent o f  a l l  fo u r ty p es  o f c o a l ,  a n th r a c i t e ,  b itum inous, 

subbltum lnous and l i g n i t e ,  w ith  th e  proposed so lv e n t In  o rd e r  to  d is ­

cover th e  e f f e c t  o f  th e  ran k  o f co a l In  th e  chem ical comminution p rocess
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w ith  th e  proposed s o lv e n t .  These s e r i e s  o f t e s t s  w i l l  h e lp  to  determ ine  

th e  e f f e c t  o f th e  p h y s ic a l c h a r a c te r i s t i c s  o f c o a l, such as  p o ro s i ty , 

p e rm e a b il ity , d e n s ity  and m o is tu re  c o n te n t, on th e  chem ical comminution 

p ro cess  w ith  th e  suggested  s o lv e n t .

3 . A f te r  conducting  th e s e  two s e r i e s  o f t e s t s ,  i t  i s  u s e fu l  to  develop 

th e  k i n e t i c  eq u a tio n  in  o rd e r  to  p r e d ic t  the  f a c to r  o r f a c to r s  which a f f e c t  

th e  chem ical comminution p ro ce ss  o f c o a l w ith  the  proposed so lv e n t fo r  

f i e l d  a p p l ic a t io n s .

4 . The f i n a l  s te p s  o f  r e s e a rc h  should  in v o lv e  th e  a p p lic a t io n  o f 

th e  r e s u l t s  ob ta in ed  from t h i s  in v e s t ig a t io n  to  the  in  s i t u  m ining op­

e r a t io n .  F ig u re  35 and F igu re  36 show th e  h y p o th es is  o f in  s i t u  m ining 

o p e ra tio n s  fo r  th in  co a l d e p o s i t s .  The equipment which a r e  re q u ire d  in  

f i e ld  o p e ra tio n s  a re  in d ic a te d  in  F ig u res  35 and 36. However, th e  amout 

of h e a t  lo s s  from th e  s u rfa c e  o f  ground to  th e  bottom  of th e  h o le  must 

be c a lc u la te d  in  o rd er to  add t h i s  amount o f h e a t to  th e  b in a ry  system  

in  Tank 5 . The o p e ra tio n  in  th e  f i e l d  can be as fo llo w s:

a . Open v a lv e  3 and a llo w  w ater to  flow in to  tan k  5 . Then

c lo s e  v a lv e  3 and allow  CO  ̂ to  flow  from tank  2 in to  tank  5 . The p re ­

f e r r e d  r a t i o  o f HgO/COg i s  1 .5  to  1 . C lose v a lv e  4.

b . Heat b in a ry  system  to  the  d e s ire d  tem pera tu re  by a fav o r­

ab le  h e a tin g  d ev ice . At t h i s  s ta g e ,  th e  amount o f h e a t  lo s s  from the

ground s u rfa c e  to  th e  bottom  h o le  must be c a lc u la te d . A lso i t  i s  nec­

e ssa ry  to  c a lc u la te  th e  amount o f tem pera tu re  and p re s su re  which e x is t s  

a t  th e  bottom  h o le  o f th e  in  s i t u  m ine.

c . Open va lve  7 and a llo w  th e  so lv e n t to  flow  th rough  th e  in ­

j e c t io n  w e ll  f o r  th e  d e s ire d  tim e. Then c lo se  va lve  7.
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d. A f te r  th e  c o a l i s  broken (F igu re  3 6 ), th e  fragm ented c o a l 

can be moved to  th e  s u rfa c e  by u s in g  a s in g le  h y d ra u lic  pump (9) w ith  

enough p r e s s u re .  Open v a lv e  8  and open v a lv e  10 a t  th e  p ro d u c tio n  w e ll 

( in  th is  o p e ra t io n , th e  p ro d u c tio n  w e ll and in je c t io n  w e ll  a re  n o t sep ­

a r a t e ) .  A f te r  removing fragm ented c o a l, c lo se  v a lv e  8  and v a lv e  10.

e .  Use fa v o ra b le  s e p a ra t io n  dev ice  (11) and s e p a ra te  l iq u id  

( 1 2 ) (HgO and COg) from s o l id  (fragm ented c o a l ) , then  keep th e  c o a l in  

s to ra g e  (1 3 ) . P ro b ab ly , fo r  economic c o n s id e ra t io n s , th e  l iq u id  can be 

re c y c le d , and th e  o p e ra tio n  can be rep ea ted  w ith  th e  same p ro ced u re .

5. The accuracy  of th e  c o r r e la t io n  e q u a tio n  which was developed 

(page 140, Eqn. 6 ) could  be improved i f  the  fo llow ing  s te p s  a re  c a r r ie d  

o u t in  f u r th e r  re s e a rc h .

a .  In s te a d  o f u sin g  th e  f ig u re  and e m p ir ic a l c a lc u la t io n ,  th e  

COg can be  determ ined  from th e  d if fe re n c e  in  th e  w eight o f  th e  r e a c to r  

b e fo re  and a f t e r  in je c t i o n  o f th e  COg.

b . S ince d im ensiona l a n a ly s is  i s  a p p lie d  to  develop  th e  c o r r e la ­

t io n  betw een th e  dependent v a r ia b le  ( s iz e  o f fragm ented c o a l)  and independen t 

v a r ia b le s  (T, P , s o lv e n t to  c o a l  r a t i o ,  e t c . ) ,  b e t t e r  c o r r e la t io n  m ight be 

ob ta in ed  i f  th e  co a l i s  a s p e c i f ic  shape in s te a d  o f i t s  n a tu r a l  form (unshaped) .

c .  A lso , b e t t e r  r e s u l t s  and c o r r e la t io n  would o ccu r i f  th e  co a l 

can be s to re d  in  such a  way to  p rev en t i t s  o x id a tio n .

d . A b e t t e r  u n d e rs tan d in g  of frag m en ta tio n  can be  ga ined  i f  th e  

p ro cess  o f  chem ical comminution can be observed in s id e  th e  r e a c to r  in  o r ­

d e r to  de te rm ine  th e  c o n d it io n s  (vapo r, l iq u id  o r  m ix tu re ) w h ile  th e  co a l 

i s  fragm en ting . For t h i s  p u rp o se , a p ie c e  o f g la s s  ( 5 x 3  in ch e s)  which 

can r e s i s t  h ig h  tem p era tu re  and p re s su re  can be i n s t a l l e d  on th e  r e a c to r .  

The r e s t  o f  th e  equipm ent would be s im ila r  to  th a t  used i n  t h i s  re s e a rc h .
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APPENDIX A

PHOTOGRAPHS INDICATING THREE COAL BEDS, McALESTER, 

CROWEBURG AND SECOR, BEFORE AND AFTER TREATMENT 

WITH CO^ +  HgO
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TABLE 1

A n a ly tic a l  D ata: M cA lester Bituminous Coal o f Oklahoma

(M oistu re  f r e e  b a s is )

T = 275°C, P = 3300 p s i

Weight % of 
U ltim ate  A nalysis U ntrea ted T reated

C»0.67

Carbon (C) 70.4 69.54

Hydrogen (H) 3.95 4 .01

N itrogen  (N) 1.25 1 . 1 2

S u lfu r  (S) 3.51 2.23

C h lo rine  (Cl) 0 . 0 2 0.04

Oxygen (0) by d if fe re n c e 2 . 2 2 5.56

M oisture [0 .04] [ 0 . 1 0 ]

Ash 18.65 17.5

S u lfu r  Form

P y r i t i c  S u lfu r  (FeSg) 2.06 1.24

S u lfa te  S u lfu r 0 .38 0.17

O rganic S u lfu r 1.07 0 .82

T o ta l 3.51 2 .23

H eating Value (B tu /lb ) 11808 11924
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TABLE 2

A n a ly tic a l  D ata: M cA lester Bituminous Coal o f Oklahoma

(M o istu re , ash  f r e e  b a s is )

T = 275°C, P = 3300 p s i)

Weight % of
U ltim ate  A n a ly sis U n trea ted T rea ted

(*0 .67 ^^0.69
Carbon (C) 86.55 84.3

Hydrogen (H) 4.86 4 .87

N itrogen  (N) 1.53 1 .36

S u lfu r  (S) 4 .32 2 .71

C h lo rine  (Cl) 0.024 0.049

Oxygen (0) by d if fe re n c e 2.73 6 .71

M oisture [0 .04] [ 0 . 1 0 ]

Ash [18.65] [17 .5 ]

S u lfu r Form

P y r i t i c  S u lfu r  (FeSg) 2.53 1 .5

S u lfa te  S u lfu r 0.47 0 . 2 2

Organic S u lfu r 1 .32 0 .99

T o ta l 4 .32 2 .71

H eating Value (B tu /lb ) 14522 14471



A P P E N D IX  B

THE R E SU L T S OF 1 7  T E S T S  ON M cA L E S T E R , CROWEBURG, AND SECO R COAL IN C LU D ­

IN G  F IG U R E S : TEMPERATURE V E R SU S T IM E , P R E SSU R E  V ER SU S T IM E , P R E SSU R E

VER SU S TEM PERATURE, THE D IS T R IB U T IO N  OF FRAGMENTED COAL V E R SU S MESH N O . 

AND S I Z E  OF FRAGMENTED COAL V ER SU S PERCENT OF CUM ULATIVE
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TABLE 1

'SAS" G eneral Computer Program o f R egression  A n a ly s is  f o r :

1. P ressu re -T em pera tu re  R e la tio n sh ip

2. P ressure-T im e R e la tio n sh ip

3. Tem perature-Tim e R e la tio n sh ip

//JOB

//EXEC SAS 

//SYSIN DD *

DATA NAME;

INPUT X Y Z;

CARDS;

Data he re  

Proc p r in t ;

Proc NLIN Data=Name Best=10;

Model Y = M*X + B;

Param eter M=0 to  10 by .1 

B=0 to  10 by .1 ;

Output o u t -  One p re d ic te d  = PY;

Proc p r in t ;

Proc GPLOT D ata = One;

P lo t  Y*X PY *X /overlay;

Symbol 1 V = S ta r ;

Symbol 2 V = None I  = J o in ;

Label Y = P re ssu re  in  p s i ;

Label X = Tem perature in  Degree C e n tig ra d e ;
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TABLE 1 (Continued)

T i t l e  .H=2 P re ssu re  v e rs  Tem perature;

F oo tno te  1 .H=l T est No. Tem perature in  degree C en tig rade  .H= 

1 P re s s u re  in  p s i ;

F oo tno te  2 .H=l P e rio d  o f T e s t in  h o u rs;

Run;

Proc NLIN Data = Name B est = 10;

Model Y = M*Z+B;

P aram eter M=0 to  10 by .1  

B=0 to  10 by .1 ;

Output o u t = One P re d ic te d  = PY;

Proc P r in t ;

P roc GPLOT Data = One;

P lo t  Y*Z PY *Z/overlay;

Symbol 1 V = S ta r ;

Symbol 2 V = None I  = J o in ;

Label Y = P re ssu re  in  p s i ;

Label Z = Time in  m inu tes;

T i t l e  ,H=2 P re ssu re  vers  Time;

F ootnote  .H=l T est No.

Run;

Proc NLIN Data = Name Best = 10;

Model X = M*Z + B;

P aram eter M=0 to  10 by .1  

B=0 to  10 by .1 ;

Output o u t = One P re d ic te d  = PX;



171

TABLE 1 (Continued)

Proc P r in t ;

Proc GPLOT Data = One;

P lo t  X*Z PX*Z/o v e r la y ;

Symbol 1 V = S ta r ;

Symbol 2 V = None I  = J o in ;

L abel X = Tem perature in  deg rees C en tig rad e ; 

Label Z = Time in  m inu tes;

T i t l e  .H=2 Tem perature v e rs  Time 

Footno te  .H=l Nest No.

/ /

JCL F in a l  C on tro l Card
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Mesh 
No. •
4
16
50
70

100

-100

TABLE 2
U.S. STANDARD SIEVE

Opening
Size
Inch

Average 
Opening Size 

Inch
Average 

Opening Size 
cm

0.185 0.185
0.0469 0.116 0.295
0.0116 0.0293 0.074
0.0083 0.00995 0.0252
0.0059 0.0071 0.018
0.0029 0.0044 0.011

1 inch = 2.54 cm or 25.4 mm
41 cm = 10 micron 

1 inch = 25400 micron
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TABLE 3

T est P e rio d  T P
No. Hours ®C p s i

1 21.5 2 0 0 2150

2 23 225 2700

3 24 235 2850

4 24 250 2950

5 18 275 3300

6 24 275 3300

7 30 275 3300

8 36 275 3300

9 18 325 3600

A ll  t e s t s  w ere run  on M cA lester Coal o f Oklahoma.
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TABLE 4

Fragmented S ize D is tr ib u t io n  from M cA lester 

Coal-COg + HgO M ixture

% R eta ined  on U.S. S tandard  Screen Mesh
T est Time

to. Hours 4 16 50 70 1 0 0 - 1 0 0

1 21.5 55 27.2 6 .3 2 . 2 4 .5 5

2 23 33.9 50.4 9 .3 3 .4 1 . 0 0 2

3 24. 42 38.4 1 2 . 6 4 .2 0 .5 2 .3

4 24 44 30 1 1 . 2 7 .7 4 .6 2 . 2

5 18 60 28 7 1 .5 0 .63 3

6 24 30 27.5 17.2 9 .2 8 . 1 8

7 30 25 23.4 18.5 11.7 8 . 8 1 2 . 6

8 36 2 1 2 2 16.4 1 2 . 6 10.5 17.5

9 18 23.3 20.3 16 1 0 . 2 1 2 . 8 17.4
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TEST #1

T = 200“C

P re ssu re  = 2150 p s i

P e rio d  = 21.5 hours

6 % o f t o ta l  coal f e l l  a p a r t

T o ta l coal sample = 160 grams (3 p ie c e s )

Water added = 230 gm

COg added = 41 .4  gm

T o ta l fragm ented co a l = 11 grams

Average p a r t i c l e  s iz e  = 0.135 inches
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TABLE 1.1*

Time, Tem perature, P re ssu re  R e la tio n  of T est #1

Time
Minute

Tem perature
°C

P re ssu re
p s i

1 0 50 1 1 0 0

2 2 75 1300

31 1 0 0 1475

55 150 1825

6 8 175 1950

80 2 0 0 2150

80 m inutes were re q u ire d  to  warm r e a c to r up to  2 0 0 '

*These d a ta  a re used to  p lo t  F igu res  1 .1 , 1 .2 ,  1 .3
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TABLE 1.2

The R esu lt o f U. S. S tandard  Sieve A naly sis  of' P a r t i c u la r D is tr ib u t io n

Mesh
No.

Opening
S ize
Inch

%i
Average
Opening

S ize
Inch

^ i 
Weight 

R etained 
on Mesh 
No. (g)

% by ; 
Weight

\  Cum ulative 
by W eight

4 0.185 0.185 6 55 55

16 0.0469 0.116 3 27.2 82.2

50 0.0116 0.0293 0.7 6 .3 8 8 . 6

70 0.0083 0.00995 0.25 2 . 2 90.8

1 0 0 0.0059 0.0071 0 .5 4 .5 95

- 1 0 0 0.0029 0.0044 0.55 5

1 1  8 1 0 0 %

Average p a r t i c l e  ̂ ^ i^ i  s iz e  = ^  f
L i

= 0.135 inches
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TEST #2

T = 225°C

P re ssu re  = 2 7 0 0  p s i

P e rio d  = 23 hours

38% of t o t a l  coa l f e l l  a p a r t

T o ta l co a l sample = 128 grams (3 p ie c e s )

Water added = 225 gm

CO  ̂ added = 50.58 gm

T o ta l fragm ented coal = 48.6  grams

Average p a r t i c l e  s iz e  = 0.126 inches
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TABLE 2.1*

Time, Tem perature, P re ssu re  R e la tio n  o f T est #2

Time Tem perature . P re ssu re
M inute “C p s i

2 2 75 1250

37 1 0 0 1600

55 125 1850

72 150 2 1 0 0

8 8 2 0 0 2500

1 0 2 225 2700

102 m inutes were re q u ire d  to  warm re a c to r  up to  225°C

*These d a ta  a re  used to  p lo t  F igu res 2 .1 ,  2 .2 , 2 .3 .
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TABLE 2 .2

The R esu lt o f U.S. S tandard  Sieve A n a ly s is  o f Fragmented Coal D is tr ib u tio n

Mesh
No.

Opening
S ize
Inch

* i
Average
Opening

Size
Inch

i
Weight 

R eta ined  
on Mesh 
No. (g)

% by 
Weight

% Cum ulative 
by Weight

4 0.185 0.185 16.5 33.9 33.9

16 0.0469 0.116 24.5 50.4 84.3

50 0.0116 0.0293 4 .5 9 .3 93.6

70 0.0083 0.00995 1 . 6 3.4 97

1 0 0 0.0059 0.0071 0 .5 1 . 0 0 98

- 1 0 0 0.0029 0.0044 1 . 0 0 2 1 0 0 %

48.6 1 0 0 %

I f i ^ i
Average p a r t i c l e  s iz e  = y—̂----- 0.126 in ch es
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TEST #3

T = 235=C

P re ssu re  = 2850 p s i

P e rio d  = 24 hours

8 l /  o f t o t a l  coal f e l l  a p a r t

T o ta l coa l sample = 132 grams (3 p ie c e s )

W ater added = 215 gm

COg added = 51 .3  gm

T o ta l fragm ented coa l = 107.5 grams

Average p a r t i c l e  s iz e  = 0.124 inches



192

TABLE 3.1*

Time, T em perature, P re ssu re  R e la tio n  of T est #3 

Time Tem perature • P re ssu re
Minute °C p s i

1 1 50 1 1 0 0

34 1 0 0 1550

58 150 1875

8 8 2 0 0 2450

1 0 0 225 2750

105 235 2850

105 m inutes were re q u ire d  to  warm re a c to r  up to  235°C.

*These d a ta  a re  used to  p lo t  F igu res 3 .1 , 3 .2 ,  3 .3 .
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TABLE 3.2

The R e su lt of U.S. S tandard  S ieve  A n a ly sis  of Fragmented Coal D is tr ib u t io n

Mesh
No.

Opening
Size
Inch

X .
1

Average
Opening

S ize
Inch

Weight 
R etained 
on Mesh 
No. (g )

% by 
Weight

% Cum ulative 
by Weight

4 0.185 0.185 45 42 42

16 0.0469 0.116 41.5 38.4 80.8

50 0.0116 0.0293 13.5 1 2 . 6 93

70 0.0083 0.00995 4 .5 4 .2 97.2

1 0 0 0.0059 0.0071 0 .5 0 .5 97.7

- 1 0 0 0.0029 0.0044 2 .5 2 .3 1 0 0

107.5 100%

A verage p a r t i c l e  s iz e  = 0 . 1 2 4  inches
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TEST #4

T = 250°C

P re ssu re  = 2950 p s i

P erio d  = 24 hours

1 0 0 % of t o t a l  co a l f e l l  a p a rt

T o ta l coal sample = 69 grams (1 p iec e )

Water added = 133 gm

CO2  added = 73.9 gm

T o ta l d isso lv e d  coa l = 0 .8  grams

Average p a r t i c l e  s iz e  = 0.119 inches
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TABLE 4.1*

Time,

Time
M inute

T em perature, P re ssu re  R e la tio n  of

Tem perature
"C

T est H

P re ssu re
p s i

1 1 50 1150

35 1 0 0 1425

60 150 1900

72 175 2 2 0 0

87 2 0 0 2450

1 0 1 225 2650

118 250 2950

118 m inutes w ere re q u ire d  to  warm up r e a c to r  to  250®C.

*These d a ta  a re  used to  p lo t  F ig u res  4 .1 , 4 .2 ,  4 .3 .
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TABLE 4 .2

The R esu lt o f U.S. S ieve  A n a ly s is  D is tr ib u t io n  o f Fragmented Coal by % Wt.

Mesh
No.

Opening
S ize
Inch

Average
Opening

S ize
Inch

^ i  
Weight 

R etained  
on Mesh 
No. (g )

% by 
Weight

% Cum ulative 
by Weight

4 0.185 0.185 30 44 44

16 0.0469 0.116 20.5 30.0 74

50 0.0116 0.0293 7.6 1 1 . 2 85.2

70 0.0083 0.00995 5 .3 7 .7 92.9

1 0 0 0.0059 0.0071 3.2 4 .6 97 .5

- 1 0 0 0.0029 0.0044 1 .5 2 . 2 1 0 0 %

68.1 100%

Average p a r t i c l e  s iz e  = = 0.119 inches
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TEST #5

T = 275®C

P re ssu re  = 3300 p s i

P e rio d  -  18 hours

1 0 0 % o f t o t a l  coa l f e l l  a p a r t

T o ta l c o a l sample = 79 .5  grams (1 p iec e )

Water added = 175 gm

COg added = 66.255 gm

T o ta l d is s o lv e d  co a l = 0 .7  grams

Average p a r t i c l e  s iz e  = 0.145 inches
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TABLE 5.1*

Time, T em peratu re , P re ssu re  R e la tio n  o f T est #5

Time
M inute

Tem perature
“C

P re ssu re
p s i

1 0 50 1150

38 1 0 0 1500

62 150 1850

74 175 2050

1 0 0 225 2750

118 250 2950

132 275 3300

132 m inu tes w ere re q u ire d  to  warm up r e a c to r  to  275°C

*These d a ta  a re  used to  p lo t  F igu res 5 .1 ,  5 .2 ,  5 .3 .
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TABLE 5 .2

The R e su lt o f  U .S. S ieve  A n a ly s is , D is tr ib u t io n  o f Fragmented Coal

Mesh
No.

Opening
S ize
Inch

Average
Opening

S ize
Inch

f i
Weight 

R etained  
on Mesh 
No. (g )

% by 
Weight

% Cum ulative 
by Weight

4 0.185 0.185 47 60 60

16 0.0469 0.116 2 2 28 8 8

50 0.0116 0.0293 5 .6 7.00 95

70 0.0083 0.00995 1 . 2 1 .5 96 .5

1 0 0 0.0059 0.0071 0 .5 0.63 97

- 1 0 0 0.0029 0.0044 2.5 3 1 0 0

78.8 1 0 0 %

Average p a r t i c l e  s iz e  = I  - 1 * 1

I ' l

= 0 .145 in ch es
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TEST # 6

T = 275*C

F re ssu re  = 3300 p s i

P e rio d  = 24 hours

1 0 0 % o f coa l fragm ented

T o ta l coa l sample = 59.7 grams

Water added = 135 grams

CO  ̂ added = 75.2 grams

T o ta l d isso lv e d  coal = 0 .3  grams

Average p a r t i c l e  s iz e  = 0.094 inches
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TABLE 6.1*

Time, T em peratu re , P re ssu re  R e la tio n  o f  T es t # 6  

Time Tem perature P re s s u re
M inute °C p s i

1 0 50 1150

38 1 0 0 1500

56 150 1900

8 6 2 0 0 2325

1 0 1 225 2725

130 275 3300

130 m inu tes were re q u ire d  to  warm r e a c to r  up to  275°C.

*These d a ta  a re  used to  p lo t  F ig u re s  6 .1 ,  6 .2 ,  6 .3 .
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TABLE 6 .2

The R esu lt o f U.S. S ieve A n a ly s is , D is tr ib u t io n  o f Fragmented Coal on Mesh

X *

Mesh
No.

Opening
S ize
Inch

Average
Opening

S ize
Inch

f i
Weight 

R etained  
on Mesh 
No. (g)

% by 
Weight

% Cum ulative 
by Weight

4 0.185 0.185 17.5 30 30

16 0.0469 0.116 16.3 27.5 57.5

50 0.0116 0.0293 1 0 . 2 17.2 74.7

70 0.0083 0.00995 5 .7 9 .2 83.9

1 0 0 0.0059 0.0071 4 .8 8 . 1 92.0

- 1 0 0 0.0029 0.0044 4 .7 . 8 1 0 0

59.3 1 0 0 %

Average co a l p a r t i c l e “ 0 .094  in ch es
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TEST #7

T = 275“ C

P re ssu re  = 3300 p s i

P e rio d  = 30 hours

1 0 0 % of co a l fragm ented

T o ta l co a l sample = 52 grams (1 p ie c e )

Water added = 125 grams

CÔ  added = 78.325 grams

T o ta l d is so lv e d  coal -  0 .7  grams

Average particle size = 0.082 inches
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TABLE 7.1*

Time, T em perature, P re ssu re  R e la tio n  o f T est #7

Time Tem perature P re ssu re
M inute ®C p s i

1 0 50 1070

35 1 0 0 1475

62 150 1800

92 2 0 0 2400

103 225 2850

135 275 3300

135 m inutes were re q u ire d  to  warm r e a c to r  up to  275*C.

*These d a ta  a re  used to  p lo t  F igu res  7 .1 ,  7 .2 ,  7 .3 .
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TABLE 7.2

The R esu lt o f U.S. S ieve A n a ly s is , D is tr ib u tio n  o f Fragmented Coal

a t  T = 275--280*0 and P = 3300 p s i

Mesh
No.

Opening
S ize
Inch

X .
1

Average
Opening

Size
Inch

f .
1

Weight 
Retained 
on Mesh 
No. (g)

% by 
Weight

% Cumulât 
by Weigl

4 0.185 0.185 1 2 . 8 25 25

16 0.0469 0.116 1 2 23 .4 48.4

50 0.0116 0.0293 9 .5 18.5 66.9

70 0.0083 0.00995 6 . 0 0 11.7 78.6

1 0 0 0.0059 0.0071 4.5 8 . 8 87.4

- 1 0 0 0.0029 0.0044 6.5 1 2 . 6 1 0 0 %

51.3 100%

Average co a l p a r t i c l e s  =
I t ,

0.082 inches
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TEST # 8

T = 275°C

P re ssu re  = 3300 p s i

P e rio d  = 36 hours

1 0 0 % of coal fragm ented

T o ta l co a l sample = 50 .8  grams (1 p ie c e )

Water added = 125 grams

CÔ  added = 7 8 . 1  grams

T o ta l d isso lv e d  coal = 0 . 3  grams

Average particle size = 0.072 inches
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Time,

Time
M inute

TABLE 8.1* 

T em perature, P re ssu re  R e la tio n  of

Tem perature
“C

T est # 8

P re ssu re
p s i

1 0 50 1075

29 1 0 0 1450

58 150 1775

80 2 0 0 2250

95 225 2500

1 1 0 250 2950

130 275 3300

130 m inutes were re q u ire d  to  warm re a c to r up to  275

*These d a ta  a re  used to  p lo t  F igu res 8 .1 ,  8 .2 ,  8 .3 .
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TABLE 8.2

The Result of U.S. Standard Sieve Analysis, Distribution of Fragmented 

Coal at 275*0 and 3300 psi

Mesh
No.

Opening
Size
Inch

*i
Average
Opening

Sise
Inch

^i 
Height 

Retained 
on Mesh 
No. (g)

Xby
Height

% Cumulative 
by Height

. 4 0.185 0.185 10.5 21 21

16 0.0469 0.116 11.3 22 43

50 0.0116 0.0293 8.3 16.4 59.4

70 0.0083 0.00995 6.4 12.6 72.0

100 0.0059 0.0071 5.3 10.5 82.5

-100 0.0029 0.0044 8.7 17.5 100

50.5 100.0

Average p a r t ic le  s iz e  ̂ ^i*i

I ^ i
"  0.072 inches
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TEST #9

T = 325=C

P re ssu re  = 3600 p s i

P e rio d  = 18 hours

1 0 0 % of coa l fragm ented

T o ta l coa l sample = 47 .5  grams (1 p ie c e )

W ater added = 125 grams

CO  ̂ added = 71.625 grams

T o ta l d isso lv e d  coal = 0 .1  grams

Average particle size = 0.074 inches
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TABLE 9.1*

Time, Tem perature, P re ssu re  R e la tio n  of T est #9

Time Temperature P re ssu re
M inute °C p s i

1 0 50 1 1 0 0

40 125 1600

60 175 2 2 0 0

90 225 2825

118 275 3250

148 325 3600

148 m inu tes were req u ired  to  warm re a c to r  up to  325°C.

*These d a ta  a re  used to  p lo t  F ig u res  9 .1 ,  9 . 2 ,  9 . 3 .
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TABLE 9.2

The R e su lt o f U.S. S ieve A n a ly s is , The D is tr ib u t io n  o f Fragmented Coal

a t  325°C and 3600 p s i  P re ssu re

Average Weight

Mesh
No.

Opening
S ize
Inch

Opening
S ize
Inch

R etained 
on Mesh 
No. (g)

% by 
Weight

% Cumulâti  
by Weight

4 0.185 0.185 1 1 23.3 23

16 0.0496 0.116 9.5 20.3 43.6

50 0.0116 0.0293 7.6 16 59.6

70 0.0083 0.00995 4.9 1 0 . 2 69.8

1 0 0 0.0059 0.0071 6 . 2 1 2 . 8 82.6

- 1 0 0 0.0029 0.0044 8 . 2 17.4 1 0 0

47.4 1 0 0 . 0

Average p a r t i c l e s iz e  .  ^ = 0.074 inches



245

100 r

80

60
>

O
OO
■ao+->
c
(U
E
D!
O

O

40

20

T = 325"C 

P = 3600 psi  

Period 29 h
I 7

16 50

Mesh No.

70 100 -100

FIGURE 9 .4  The d is tr ib u t io n  of fragmented cool on mesh no.



246

CO
(U

s zu
c

.01aou
•D
CL>4-J
c
ien
oL_

4 -

4 -
O

S  •001
T = 325"C 

P = 3600 psi 

Period 18 h

.0001
80 10040 6020

FIGURE 9 .5  % Cumulative of fragmented coal



247

TEST #10

T = 305“ C

P re ssu re  = 2530 p s i

P e rio d  = 24 hours

1 0 0 % of coal fragm ented

T o ta l coa l sample = 60 grams (1 p ie c e )

Water added = 200 grams

COg added = 6 5 . 3  grams

T o ta l d isso lv e d  coal = 0 . 3  grams

Average particle size = 0.150 inches
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TABLE 10.1*

Time, Tem perature, P re ssu re  R e la tio n  o f T est #10

Time
M inute

Tem perature
“C

P re ssu re
p s i

1 0 50 1050

2 2 1 0 0 1300

35 150 1550

55 2 0 0 1800

78 250 2 2 0 0

90 275 2350

106 305 2550

106 m inutes were re q u ire d  to  warm r e a c to r up to  305

*These d a ta a re  used to  p lo t  F igu res  10.1 , 1 0 . 2 , 1 0
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TABLE 10.2

The R e su lt o f U.S. S tandard  Sieve A n a ly sis  o f  Croweburg C oal, D is t r ib u t io n  

o f Fragmented Coal a t  T = 305"C and P = 2550 p s i

Mesh
No.

Opening
Size
Inch

^ i
Average
Opening

S ize
Inch

f .
1

Weight 
R etained 
on Mesh 
No. (g)

% by 
Weight

% Cum ulative 
by W eight

4 0.185 0.185 39.2 6 6 6 6

16 0.0469 0.116 13 21.7 87 .7

50 0.0116 0.0293 4 6 .7 94 .4

60 0.0098 0 . 0 1 1 0.5 0 . 8 95 .2

1 0 0 0.0059 0.0079 1 1 . 6 96 ,8

- 1 0 0 0.0029 0.0044 2 3.2 1 0 0

59.7 1 0 0

Average co a l p a r t i c l e  s iz e  =
I fj»

T T
= 0.150 inches
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FIGURE 10 ,4  The d is tr ib u t io n  of  fragmented cool (Croweburg) 
on mesh no.
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TEST #11

T = 315°C

Pressure = 2750 psi 

Period = 24 hours 

100% of coal broke

Total coal sample (Secor) = 136 grams 

Average particle size = 0.135 inches
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Time,

Time
M inute

TABLE 11.1* 

T em perature, P re ssu re  R e la tio n  of

Tem perature
°C

T est #11

P re ssu re
p s i

1 0 50 1050

29 1 0 0 1350

46 150 1600

63 2 0 0 2 0 0 0

90 260 2450

1 2 0 315 2750

1 2 0  m inutes were re q u ire d  to  warm re a c to r up to  315

*These da ta  a re  used to  p lo t  F igu res 1 1 .1 , 1 1 .2 , 1 1 .3 .
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TABLE 11.2

The R esu lt o f U.S. Standard S ieve A nalysis o f Secor Coal

Mesh
No.

Opening
Size
Inch

Average
Opening

S ize
Inch

f i
Weight 

R etained  
on Mesh 
No. (g)

% by 
Weight

% Cum ulative 
by Weight

4 0.185 0.185 87.5 64 64

16 0.0469 0.116 14.5 10.7 74.7

50 0.0116 0.0293 1 0 7.3 82.0

60 0.0098 0 . 0 1 1 6 4.4 8 6 . 6

1 0 0 0.0059 0.0079 6 .5 4 .8 91 .4

- 1 0 0 0.0029 0.0044 11.5 8 . 6 1 0 0

136.0 1 0 0

Average c o a l p a r t i c l e
I  *1 * 1

0.135 inches
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P = 2750 psi  

Period 24 h
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70 100 - 1 0 0

FIGURE 11.4  The d i s tr ib u t io n  of  fragmented cool  (Secor) 
on mesh no.
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TABLE 12.1 

Time, T em perature , P ressu re  R e la tio n  

fo r  Coal + HgO 

P e rio d  o f T e s t:  24 hours

263

Time
M inutes

20

29

47

66

77

89

Tem perature
°C

75

100

150

200

225

250

P re ssu re
p s i

50

275

1075

1800

2100

2250
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TABLE 13.1  

Time, T em perature, P re ssu re  R e la tio n  

fo r  Coal + HgO 

P e rio d  o f  T e s t:  24 hours

Time
M inutes

18

28

46

67

90

102

Tem perature
®C

75

100

150

200

250

275

P re ssu re
p s i

50

300

1150

1850

2375

2600
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TABLE 14.1  

Time, Tem perature, P re ssu re  R e la tio n

f o r  Coal + HgO 

P erio d  o f T e s t: 24 hours

Time
M inutes

Temperature
°C

P re ssu re
p s i

18 75 50

30 1 0 0 300

49 150 1 1 0 0

70 2 0 0 1750

92 250 2425

104 275 2575

130 325 2900
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TABLE 15.1

Time, Tem perature, P re ssu re  R e la tio n

fo r  Coal + CO. .
2  g+s

P eriod  o f  T e s t;  24 hours

Time Tem perature P re ssu re
M inutes ®C p s i

0 25 900

17 75 1150

25 1 0 0 1300

32 125 1650

40 150 1800

51 175 2150

59 2 0 0 2325

82 250 2600
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TABLE 16.1

Time, T em perature, P re ssu re  R e la tio n

fo r  Coal + C0_ ,
2  g+s

P e rio d  o f T e s t:  24 hours

Time Tem perature P re ssu re
Minute ®C p s i

25 900

18 75 1 2 0 0

31 125 1625

50 175 2050

6 8 225 2500

80 250 2650

93 275 2900
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TABLE 17.1

Time, T em perature , P re ssu re  R e la tio n

fo r  Coal + CO- ,
2  g+s

P e rio d  o f  T e s t:  24 hours

Time Tem perature P re ssu re
M inutes °C p s i

25 900

17 75 1 2 0 0

33 125 1700

48 175 2175

6 6 225 2575

8 8 275 2875

1 0 2 325 3250



APPENDIX C

FIGURES INDICATING THE RELATION BETWEEN THE PERCENTAGE 

OF FRAGMENTED McALESTER COAL VERSUS TEMPERATURE, 

PRESSURE, AND PERIOD OF EXPERIMENT
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TABLE 1

"SAS" GENERAL COMPUTER PROGRAM OF REGRESSION ANALYSIS

/ / J O B

//EXEC SAS 

//SYSIN DD*

//DATA NMIE:

INPUT P T t  SC HC AV;

CARDS;

D a t a  h e r e  

PROC PRINT;

PROC GLM DATA=MAIN;

M o d e l  A V = P T  t .  SC HC A V ;

OUTPUT OUT=One P re d ic te d  = PAV;

PROC PRINT;

DATA NON;

MERGE MAIN ONE;

PROC GPLOT;

PLOT P A V *P  P A V *T  P A V * t  P A V *S C  P A V *H C /O V E R L A Y ;

SYMBOLl V ='P ' I=RL C=l;

SYMB0L2 V='T' I=RL C=2;

SYMBOLS V='A' I=RL C=3;

SYMB0L4 V='S’ I=RL C=4;

SYMBOLS V='H' I=RL C=5;

LABEL PA V = Fragmented s iz e  in  in c h e s ;

TITLE .H=2 M u ltip le  R eg ression  A n a ly s is ;

FOOTNOTE .H = E xpla in  P , T, A, S, H 

/ /  F in a l  JCL Card
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3200 1 -  6 % of co a l fragm ented (T est #1)
2 -  39% o f  co a l fragm ented (T est #2)
3 -  81.5% of coal fragm ented (T est #3)
4 -  100% o f co a l fragm ented (T est #4)
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FIGURE 1

In c re a se  o f th e  pe rcen tage  o f fragm ented co a l as P , T in c re a se d .
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FIGURE 2

At constant temperature and pressure,  the fragmented coal 
becomes smaller with longer period of  experiment.
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FIGURE 3

For shorter time periods, a higher percentage of fragmented 

coal remains coarser.



MULTIPLE REGRESSION ANALYSIS
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FIGURE 5: R e la tio n  between ajjd 11̂  (p re d ic t io n s  of
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APPENDIX D

THE RESULTS OF TREATMENT OF SEVEN COMPOUNDS WITH CO  ̂ + H^O



TABLE 1

COMPOUNDS TREATED WITH 00^ + H^O
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Compound
Name

Compound
Formula

T
“C

P re ssu re
p s i

P eriod  
o f  T est 

Hours R eaction

B enzyl-
e th e r

(C^HjCHp^O
L iquid

305 8000 24 No r e a c tio n

D iphenyl-
d i s u l f id e

C ,H .-S-S-C ,H . 
6  5 6  5

S o lid

305 6000 24 No r e a c t io n

Benzyl- 
phenyl e th e r

P y r i te

CgH^CH^-O-CgH^ 305 7000

S olid

FeSg 305 3400

S o lid

24

24

No r e a c t io n

No r e a c t io n

Benzyl-
a lc o h o l

C^H^CHgOH

L iquid

305 7000 24 No r e a c t io n

P h en e th y l-
a lc o h o l

CgHgCHg-CHgOH
L iquid

305 7000 24 No re a c t io n

2-N aphthyl-
benzoal

CgHgCOOCigĤ 305 7000 24 No r e a c t io n



APPENDIX E

THE RESULTS OF TREATMENT OF UNKNOWN COAL WITH 

COg +  H gO, COg AND HgO
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*TABLE 1: Coal + COg (gas)

T est T P R eaction
No. “C p s i

1 2 0 0 1650 None

2 2 0 0 1700 None

3 300 2 1 0 0 None

4 350 2175 None

TABLE 2: Coal + HgO

T est T P
No. °C p s i R eaction

5 350 > 3000 None

TABLE 3: Coal + CO  ̂ + HgO

T est T P
No. °C p s i R eaction

6 350 3600 1 0 0 % of co a l
broke

*The o r ig in  of c o a l i s  unknown. Coal had been p rov ided  by 
Chem istry Department by P ro fe s so r  A. Hagen.

T his s e r ie s  o f t e s t s  w ere done in  advance i n  o rd e r  to  
prove d i s s e r ta t io n  p ro p o sa l and o b ta in  g ra n t from OMMRRI.
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TABLE 4

D is tr ib u t io n  o f Fragmented Coal on Mesh No. o f 

T est 6  o f  Table 3 o f Appendix E

Opening
* i

^ i P e rcen t
Mesh S ize Weight P e rc e n t Cum ulative

No. Inch Inch gram by W eight by Weight

4 0.185 0.185 70 39.7 39.7

16 0.0469 0.116 64.5 36.6 76.3

50 0.0116 0.0293 2 0 1 1 .4 87.7

70 0.0083 0.00995 4 2 .3 89.9

1 0 0 0.0059 0.0071 3 1 . 8 91.7

- 1 0 0 0.0029 0.0044 14.5 8 .3 1 0 0 . 0

176.0 1 0 0 . 0

Average p a r t i c l e  s iz e
I  f i * !  

% f i

inches


