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FOREWORD 

1  Ob iec t i ves  and S c o ~ e  

The p r i n c i p a l  o b j e c t i v e  o f  t h i s  program has been t o  deepen understanding 
o f  t h e  ways i n  which y i e l d s  o f  products  and p roduc t  d i s t r i b u t i o n s  i n  l i q u e f a c -  
t i o n  a r e  determined by t h e  chemical, pe t rograph ic ,  m i n e r a l o g i c a l  and geochemi- 
c a l  c h a r a c t e r i s t i c s  o f  coa ls .  I n  p a r t i c u l a r ,  i t i s  des i r ed  t o  p rov ide  a  
s c i e n t i f i c  b a s i s  f o r  c o r r e l a t i o n s  p r e v i o u s l y  es tab l i shed  e m p i r i c a l l y .  The 
f o l l o w i n g  s t u d i e s  a r e  inc luded :  

( i )  At tempts t o  induce c o a l s  t o  generate t h e i r  own hydrogen donor s o l v e n t  
d u r i n g  a  repeated s e r i e s  o f  ba tch  runs .  It i s  v e r y  d e s i r a b l e  t o  be a b l e  t o  
c h a r a c t e r i z e  and compare c o a l s  i n  terms o f  t h e  q u a l i t y  o f  t h e  s o l v e n t  t hey  can 
generate.  A p o s s i b l e  way t o  ach ieve t h i s  a b i l i t y  i s  t o  use t h e  p roduc ts  o f  one 
r u n  t o  p rov ide  p a r t  o f  t h e  so l ven t  f o r  t h e  nex t  r u n  w i t h  t h e  same coa l ,  and r e -  
peat  t h i s  u n t i l  coa l  p roduc t  has rep laced  t h e  i n i t i a l  t e t r a l i n .  

( i i )  Tests  f o r  s y n e r g i s t i c  e f f e c t s  when m ix tu res  o f  c o a l s  a r e  1  i q u e f i e d .  
E f f e c t s  cou ld  be due t o  supe r i o r  donor s o l v e n t  o r  c a t a l y t i c  m i n e r a l s  c o n t r i b u t -  
ed by one component o f  t h e  m ix tu re .  Q u a n t i t a t i v e  analyses o f  m ine ra l  d i s t r i b u -  
t i o n s  and some degree o f  p roduc t  a n a l y s i s  a r e  ob ta ined  when e f f e c t s  a r e  found. 

( i i i )  Aspects of t h e  phenomenology o f  1  i que fac t i on ,  and i n  p a r t i c ~ l a r  r a t e s  
of l o s s  of 0 and S f unc t i ons  i n  t h e  e a r l y  stages. Can t h i o e t h e r  c leavage be an 
e f f i c i e n t  cha in  i n i t i a t o r  i n  coa l s  o f  h i g h  o rgan ic  s u l f u r  con ten t?  

( i v )  The re1  evance t o  1  i q u e f a c t i o n  behavior  o f  r ecen t  1  i t e r a t u r e  concepts 
of coa l  as a macromol ecul  a r  network c o n t a i n i n g  p h y s i c a l l y  t rapped molecules.  
Does l i q u e f a c t i o n  c o n s i s t  t o  a  s i g n i f i c a n t  e x t e n t  mere ly  o f  t h e  r e l e a s e  o f  
molecules a l r eady  p resen t  i n s i d e  impe r fec t i ons  i n  t h e  network? What i s  t h e  
s t r u c t u r a l  cha rac te r  o f  t h e  network? 

( v )  An i n -dep th  s tudy o f  p roduc t  y i e l d s  and d i s t r i b u t i o n s  i n  t h e  l i q u e -  
f a c t i o n  of a  homogeneous, se lected,  s e t  o f  25 h i g h  s u l f u r ,  medium rank  coa l s ,  
whose o rgan ic  chemical  s t r u c t u r e  has been we1 1  cha rac te r i zed  by means o f  FTIR, 
1 3 ~  nmr, and a n a l y w s  of p roduc t  d i s t r i b u t i o n s  f rom o x i d a t i o n  w i t h  p e r t r i f l u o r o -  
a c e t i c .  a c i d  (Deno r e a c t i o n ) .  The mass of da ta  i s  t o  be exarr~ir~ed s t a t i s t i c a l l y .  

( v i )  E x p l o i t  t h e  p e r t r i f l u o r o a c e t i c  a c i d  o x i d a t i o n  t o  c h a r a c t e r i z e  asphal -  
tenes and compare them w i t h  t h e i r  paren t  coa ls .  Asphaltenes a r e  d i f f i c u l t  t o  
f r a c t i o n a t e  chromatographica l ly ,  and so, l i k e  o thers ,  we seek average informa- 
t i o n  f o r  u n f r a c t i o n a t e d  m a t e r i a l  . 

( v i  i ) Compare t h e  1  i q u e f a c t i o n  behav io r  o f  s e t s  o f  maceral concentrates,  
i n c l u d i n g  v i t r i n i t e s ,  l i p t i n i t e s  and s e m i f u s i n i t e s .  D e t a i l e d  p roduc t  ana l y -  
ses have been made. 

( v i  i i ) E x p l o i t  computerized GC/MS techniques,  p a r t i c u l a r l y  r egene ra t i on  of 
s i n g l e  i o n  chromatograms, f o r  i d e n t i f y i n g  key c h a r a c t e r i s t i c s  o f  t h e  d i s t r i -  
b u t i o n  o f  p roduc ts  i n  t h e  hexane-soluble o i l  f rom a  s e t  o f  coa l s .  S i n g l e  i o n  
chromatography i s  s p e c i a l l y  va luab le  f o r  d e t e c t i n g  and i d e n t i f y i n g  s t r u c t u r a l  
types a l l  o f  which g i v e  a  common i u n  under e l e c t r o n  impact; a lkanes and many 
homologous s e r i e s  o f  a1 k y l  a romat ics  have t h i s  fea tu re ,  



Some Comments . - on t h i s  Phase o f  t he  Research -.. . 

This, and t h e  one f u r t h e r  experimental  p a r t  o f  t h i s  F ina l  Report s t i l l  
t o  be pub1 ished, at tempt t o  r e l a t e  1  i q u e f a c t i o n  behavior, i nc lud ing  some 
aspects o f  product  composit ion, t o  f ea tu res  o f  t he  organic chemical s t ruc-  
t u r e  o f  coals. E a r l i e r  work l e d  t o  usefu l  empi r ica l  c o r r e l a t i o n s  o f  con- 
v e r s i o n  w i t h  basic  c.ompositiona1 data. Here, i n  t he  f i n a l  phases o f  t he  
study, we seek a  more s c i e n t i f i c ,  r a t i o n a l  , bas is  f o r  c o r r e l a t i o n s .  



ABSTRACT 

The in i t i a l  aim of t h i s  research project was to  use empirical 

mathematical relationships to  formulate a  bet ter  understanding of 

the processes involved in the liquefaction of a  se t  of medium rank 

high sulfur coals. These coals were chosen due t o  the fac t  that  

previous work had shown that  similar samples tended to  exhibit high 

liquefaction yields.  Additionally i t  appeared tha t  rank, organic and 

pyri t ic  sulfur were important structural parameters in tha t  1 ique- 

faction process. 

In a l l ,  jus t  over 50 structural parameters and yields of product 

classes were determined. The structural parameters included d i s t r i -  

bution of acids produced by oxidation with trifluoroperoxyacetic 

acid (TFPA), aromaticity as determined by CP/MAS 13c nmr spectro- 

scopy, intensity of a l iphat ic  and aromatic C-H absorptions measured 

by FTIR, infrared absorption due to  carbonyl in acetylated coal s ,  and 

the high and low temperature ash yields. The product classes determined 

included total  conversion, conversion to  asphal tenes, oi l  s ,  and gases. 

The gases were further analyzed by gas chromatography for hydrocarbons, 

CO, Cop, HpS and hydrocarbons, a n d  the hexane-soluble o i l s  were separ- 

ated into saturate,  aromatic and polar fractions by HPLC.  The r a t io  of 

t e t r a l in  to naphthalene was also determined and the amount of hydrogen 

transferred was calculated. 

In order to  gain a  more complete understanding of the empirical 

relationships between the various properties, a  number of relat ively 

complex s t a t i s t i ca l  procedures and t e s t s  were applied t o  the data,  

mostly selected from the f ie ld  of mu1 t i va r i a t e  analysis. These can 



be broken down i n t o  two groups. The f i r s t  group inc luded grouping 

techniques such as non- l inear  mapping, h i e r a r c h i c a l  and t r e e  c l u s -  

t e r i n g ,  and l i n e a r  d i s c r i m i n a n t  analyses. These techniques were 

u t i l i z e d  i n  de termin ing  i f . m o r e  than one s t a t i s t i c a l  popu la t i on  was 

present  i n  t h e  data set ;  i t  was concluded t h a t  t he re  was no t .  The 

second group o f  techniques inc luded f a c t o r  a n a l y s i s  and stepwise 

mu1 t i v a r i a t e  1  i near regress ions  which were appl i e d  i n  o rder  t o  ga in  

a  b e t t e r  understanding o f  how chemical p r o p e r t i e s  o f  t h e  coal  a f f e c t  

t h e  y i e l d s  o f  va r i ous  product c lasses.  

L inea r  d i s c r i m i n a n t  analyses were a b l e  t o  show t h a t  f i v c  d i s t i n c t  

groups o f  coa l s  were represented i n  t he  data se t .  However o n l y  seven 

o f  t h e  p r o p e r t i e s  seemed t o  f o l l o w  t h i s  t rend.  The chemical p rope r t y  

t h a t  appeared t o  f o l l o w  t h e  trend. most c l o s e l y  was t h e  a romat i c i t y ,  

where a s e r i e s  o f  f i v e  p a r a l l e l  s t r a i g h t  l i n e s  was observed f o r  a  p l o t  

o f  fa versus carbon conten t .  Th i s  t ype  o f  behavior i s  somewhat sur- 

p r i s i n g  i n  t h a t  i t  was o r i g i n a l l y  be l ieved t h a t  t h e  sample s e t  was , 

homogeneous i n  nature.  

Ihe t a c t o r  pa t te rns  f o r  each o f  t h e  product  c lasses  i nd i ca ted  

t h a t  a l though each o f  t h e  i n d i v i d u a l  c lasses  tended t o  load  on f a c t o r s  

de f ined  by s p e c i f i c  chemical p rope r t i es ,  t h e  y i e l d s  o f  t h e  broader 

product  c lasses,  such as t o t a l  conversion t o  l i q u i d s  + gases and 

convers ion t o  asphaltenes, tended t o  load  l a r g e l y  on f a c t o r s  de f ined  

by rank. The var iance expla ined and the  communal i t ies tended t o  be 

r e l a t i v e l y  low. 

E v i d e n t l y  impor tan t  sources o f  var iance have s t i l l  t o  be found. 

These may i n c l u d e  t h e  presence o f  a  d i v e r s i t y  o f  types o f  v i t r i n i t e  

i n  any one sample, and the  d i s t r i b u t i o n  of s t r u c t u r a l  forms o f  organic  



sulfur.  I t  i s  suggested that  the diversi ty  of sulfur forms in high- 

sulfur coals i s  primarily responsible for  the surprising degree of 

heterogeneity di.spl ayed by the sampl e se t .  
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CHAPTER I 

INTRODUCTION AND REVIEW OF COAL STRUCTURE 
AND LIQUEFACTION PROCESSES 

A. INTRODUCTION 

Over t h e  l a s t  t h i r t y  o r  so years,  t h e r e  has been an ex tens i ve  num- 

be r  o f  papers r e p o r t i n g  on t he  s t r u c t u r e  o f  coa l ,  and on i t s  behav io r  

under l i q u e f a c t i o n  cond i t i ons .  Few, however, have sought t o  r e l a t e  

o rgan i c  chemical s t r u c t u r e  t o  behavior ,  and fewer s t i l l  have used s t a t -  

i s t i c a l  methods t o  e s t a b l i s h  r e l a t i o n s h i p s  o r  have employed r e l a t i v e l y  

l a r g e  sample se ts .  I f  one takes i n t o  account t h e  wide range o f  prop- 

e r t i e s  (e.9.. c a l o r i f i c  va lue,  con ten ts  o f  carbon, hydrogen and oxygen, 

pe t rog raph i c  composi t ion,  v o l a t i l e  m a t t e r  y i e l d ,  a romat ic i t y ,  and con- 

t e n t s  o f  - f u n c t i o n a l  groups) t h a t  coa l  s  f rom va r i ous  p rov inces  and seams 

e x h i b i t ,  t h e  use o f  t h e  s t a t i s t i c a l  techniques should be o f  g r e a t  

importance i n  e l u c i d a t i n g  t h e  f a c t o r s  i nvo l ved  i n  l i q u e f a c t i o n  and g i v e  

s i g n i f i c a n t  i n f o rma t i on  about t h e . r o l e  of  t h e  s t r u c t u r e s  o f  t h e  coa ls .  

Th i s  t h e s i s  dea ls  w i t h  t h e  use of a v a r i c t y  o f  methods t o  ga in  

s t r u c t u r a l  i n f o r m a t i o n  on a  s e r i e s  o f  medium rank  h i g h - s u l f u r  coa ls ,  

i n  r e l a t i o n  t o  a  d e t a i l e d  a n a l y s i s  of  t h e i r  l i q u e f a c t i o n  p roduc ts .  The 

techniques used t o  i n v e s t i g a t e  t h e  coa1"s s t r u c t u r e  i n c l u d e  F o u r i e r  

t r ans fo rm  i n f r a r e d  spectroscopy (FTIR), c r o s s - p o l a r i z a t i o n  magic-angle-  

sp inn ing  n u c l e a r  magnet ic resonance spect roscopy (CP-MAS) , and peroxy- 

t r i f l u o r o a c e t i c  a c i d  '(PTFA) ox ida t i ons .  High 'performance 1 i q u i d  chroma- 

tography (HPLC), FTIR, gas chromatography (GC), and gas chromatography/mass 



spectroscopy (GCIMS) have been employed t o  separate and analyse the  

l i q u e f a c t i o n  products. The r e s u l t s  from each o f  t he  techniques, w h i l e  

i n f o r m a t i v e  i n  t h e i r  own r i g h t ,  have been f u r t h e r  analysed by s t a t i s -  

t i c a l  methods t o  o b t a i n  a c l e a r e r  understanding o f  t he  i n t e r - r e l a t i o n -  

sh ips  between the  var ious  s t r u c t u r a l  parameters and the  product  compo- 

s i t i o n .  

Thus, t h e  express aim o f  t h i s  Study i s  t o  fo rmula te  a - b e t t e r  

understandinq o f  t h e  processes invo lved i n  coal l i q u e f a c t i o n  f o r  t h i s  

s p e c i f i c  s e t  o f  h i g h - s u l f u r  medium rank coals.  O f  spec ia l  i n t e r e s t  i s  

t h e  r o l e  o f  var ious  coal  s t r u c t u r a l  parameters, e s p e c i a l l y  t he  s u l f u r  

content ,  on t h e  l i q u e f a c t i o n  product  y i e l d  and d i s t r i b u t i o n .  O f  no l ess  

importance, b u t  o f  secondary i n t e r e s t  i n  t h i s  study, i s  t he  i n s i g h t  

gained i n t o  t h e  d i f f e r e n c e s  i n  s t r u c t u r e  o f  the  o r i g i n a l  coa ls ,  and the  

composit ion o f  t h e  l i q u e f a c t i o n  products. 

B. JUSTIFICATION FOR RESEARCH 

I n  1970 American domestic o i l  p roduct ion  peaked a t  11.3 m i l l i o n  

b a r r e l s  per day w h i l e  usage cont inued t o  r i s e  (Stabaugh and Yergin, 

1979). By 1979 over  47 percent o f  t he  o i l  consumed i n  t h e  U. S .  had 

t o  be imported from ex te rna l  sources. Th is  placed the  count ry  i n  a 

precar ious  p o s i t i o n ,  sub jec t  t o  var ious  economic and p o l i t i c a l  pres- 

sures, w h i l e  i nc reas ing  t h e  danger o f  U. S. involvement i n  t h e  p o l i t -  

i c a l  a f f a i r s  o f  o i l - p roduc ing  nat ions .  Although est imates vary  as 

t o  t h e  s e v e r i t y  o f  t h e  problem, and i n  t he  e a r l y  1980's a sharp 

reduc t i on  i n  wor ld  energy usage brought on by an economic downturn has 

produced a surp lus  i n  p roduct ive  capaci ty ,  i t  i s  c e r t a i n  t h a t ,  over 



t h e  long term, i n s t a b i l i t y  in t h e  world o i l  market w i l l  be a  recur-  

r ing  problem. 

I t  i s  obvious t h a t  a  s h i f t  i n  energy u t i l i z a t i o n  away from o i l ,  

towards a  more balanced sys tem, is  needed i f  economic and p o l i t i c a l  s t a -  

b i l i t y  a r e  t o  be achieved. Many a l t e r n a t i v e  energy sources have been 

proposed, including t h e  development of fus ion ,  and t h e  increased u t i l -  

i z a t i o n  of  nuclear  f i s s i o n ,  s o l a r  r a d i a t i o n ,  o i l  s h a l e ,  t a r  sands,  and 

coa l .  The d i r e c t  u t i l i z a t i o n  of  coal a s  an energy source presents  many 

problems t h a t  could be overcome a t  l e a s t  in  p a r t  i f  t h e  coal could be 

converted e f f i c i e n t l y  t o  a  l i q u i d .  

Sol id  coal i s  r e l a t i v e l y  d i f f i c u l t  t o  t r a n s p o r t ,  whereas a  l i q u i d  

can be d i s t r i b u t e d  through p ipe l ines  with e x i s t i n g  technology. So l ids  

do not lend themselves t o  use a s  a  t r a n s p o r t a t i o n  f u e l ,  because of pro- 

blems a s soc ia t ed  with loading,  s to rage  and handling. Coal tends t o  have 

a  lower c a l o r i f i c  value than commonly used l i q u i d  f u e l s ,  which f u r t h e r  

increases  t h e  c o s t  of t r anspor t a t ion  and c a l l s  f o r  l a r g e r  s to rage  a reas .  

Liquids produced from coal may have a  lower s u l f u r  con ten t ,  which reduces 

t h e  amount of s u l f u r  d ioxide  re leased  i n t o  t h e  atmosphere on combustion. 

F ina l ly ,  t h e  l j q u i d s  produced from t h e  coal might in t h e  course of time 

f i n d  use a s  replacement petrochemical feeds tocks .  

Previous work has shown t h a t  rank (Yarzab e t  a l . , . 1 9 8 0 ;  S e n f t l e  and 

Davis, 1982.), petrographic composition, inorganic c o n s t i t u e n t s ,  and 

geologic h i s t o r y  can a f f e c t  t he  behavior of c o a l s  under l i que fac t ion  

condi t ions  (Given e t  a1 . , .1975,  1980). The f a c t  t h a t  t h e  chemical com- 

pos i t ion  of t h e  l i que fac t ion  products i s  a l s o  a f f e c t e d  has been demon- 

s t r a t e d  by .Mudamburi (1 983) ,  who observed s i g n i f i c a n t  d i f f e r e n c e s  in  



t h e  q u a n t i t i e s  o f  s p e c i f i c  c lasses o f  compounds such as a l k y l  d e r i -  

t i v e s  o fnaphtha lene furan, phenol, and indanol ,  i n  t h e  hexane so lub le-  

f r a c t i o n  separated a f t e r  the  l i q u e f a c t i o n  o f  several U. S. and B r i t i s h  

coa ls  and coal  maceral concentrates. 

The r a m i f i c a t i o n s  o f  t h i s  dependence o f  l i q u e f a c t i o n  product  com- 

p o s i t i o n  on t h e  c h a r a c t e r i s t i c s  o f  t he  coal  from which i t  was formed 

w i l l  be o f  g rea t  importance t o  any commercial d i r e c t  l i q u e f a c t i o n  pro- 

cess. .As coa l  l i q u e f a c t i o n  processes develop, feed coa ls  w i l l  have t o  

be chosen t h a t  produce n o t  on1 y t h e  g rea tes t  y i e l d  of products, b u t  

a l s o  product  composit ions t h a t  a re  most advantageous. I f  our  under- 

s tanding o f  t h e  processes invo lved i n  l i q u e f a c t i o n  can be developed t o  

t h e  p o i n t  where s p e c i f i c  coals  can be chosen t o  produce maximum y i e l d s  

o f  commercial ly d e s i r a b l e  products, t he  economic f e a s i b i l i t y  o f  t h e  

o v e r a l l  technology can be s i g n i f i c a n t l y  enhanced. I n  a d d i t i o n ,  an i n -  

crease i n  knowledge o f  coal  s t r u c t u r e  and l i q u e f a c t i o n  reac t i ons  should 

a l l ow  new methods o f  l i q u e f a c t i o n  t o  be proposed and more e f f i c i e n t  con- 

d i t i o n s  t o  be developed f o r  technologies t h a t  a r e  a l ready  ava i l ab le .  

C. LIQUEFACTION PROCESSES 

There a r e  two d i s t i n c t  c lasses .of  processes c u r r e n t l y  under develop- 

ment f o r  ' the conversion .o f  s o l i d  coal t o  a  l i q u i d  -product.  With i n d i r e c t  

l i q u e f a c t i o n ,  coal  i s  g a s i f i e d  t o  carbon monoxide and hydrogen, and t h i s  

so-ca l led  syn thes is  gas i s  subsequently converted t o  a  l i q u i d  f u e l  w i t h  

the  use o f  a  b?scher-~ropsch c a t a l y s t .  I n d i r e c t  l i q u e f a c t i o n  has- t he  ad- 

vantage o f  being ab le  t o  a f f o r d  a  product d i s t r i b u t i o n  t h a t  can be a l -  

t e red  t o  meet market demands, p a r t i c u l a r l y  i f  new and more s e l e c t i v e  



c a t a l y s t s  can be developed. I n  a d d i t i o n  t h e  process i s  technolog-  

i c a l l y  more advanced, w i t h  p roduc t i on  f a c i l i t i e s  t h a t  have been i n  oper-  

a t i o n  f o r  many years  (Lee, 1982). 

D i r e c t  l i q u e f a c t i o n  conver ts  coa l  t o  l i q u i d  p roduc ts  a t  r e l a t i v e l y  

low temperatures w i t h  t h e  a i d  o f  a donor so l ven t ,  hydrogen, and i n  some 

cases a c a t a l y s t .  D i r e c t  processes a r e  n o t  a t  t h e  p resen t  be ing  u t i l -  

i z e d  on a commercial bas is ,  b u t  i t  i s  thought  t h a t  t h e y  w i l l  compare 

f a v o r a b l y  economica l ly  w i t h  i n d i r e c t  l i q u e f a c t i o n  when development 

reaches t h e  .commercial stage. Several  d i r e c t  processes have been i n -  

v e s t i g a t e d  a t  t h e  p i l o t  p l a n t  stage, i n c l u d i n g  t h e  Solvent -Ref ined Coal 

process, t h e  Exxon Donor So lven t  process, and t h e  H-Coal process (Spen- 

c e r  and A l p e r t ,  1979). 

A somewhat newer process i n t e g r a t e s  t h e  advantages o f  t h e  e a r l i e r  

methods i n  Two Stage l i q u e f a c t i o n .  T h i s  process i n v o l v e s  a non-cata- 

l y t i c ,  r a p i d  d i s s o l u t i o n  o f  t h e  coa l  (Wiser, 1968; H i l l ,  1966; White- 

h u r s t  e t  a l . ,  1976) t o  a v iscous b u t  s o l u b l e  l i q u i d .  T h i s  p r ima ry  l i q u i d  

p roduc t  i s  then  c a t a l y t i c a l l y  upgraded t o  t h e  des i r ed  p roduc t  i n  t h e  

second s tage 0.f t h e  process a f t e r  t h e  minera l  m a t t e r  and heavy ends have 

been removed. By d i v i d i n g  t h e  o v e r a l l  ,process i n t o  two ,s tages  hydrogen 

consumption can be reduced, c a t a l y s t  l i f e t i m e  can be extended, and a 

b e t t e r  q u a l i t y  p roduc t  can be obta ined.  

D. DEPENDENCE OF LIQUEFACTION ON COAL CHARACTERISTICS 

a. General C h a r a c t e r i s t i c s  

Recent ly ,  Given (1983) has c r i t i c a l l y  reviewed t h e  l i t e r a t u r e  per -  

t a i n i n g  t o  t h e  dependence o f  l i q u e f a c t i o n  behav io r  on coa l  c h a r a c t e r i s t i c s .  



The rev iew a l s o  i nc luded  a d iscuss ion  o f  t h e  mechanism o f  donor so lven t  

l i q u e f a c t i o n ,  emphasizing t h e  r o l e  o f  both organic  and inorgan ic  s u l f u r .  

Due t o  t he  scope and depth of t h i s .  rev iew o n l y  a  very  b r i e f  overview of 

t h e  work i n  t h i s  area w i l l  be g iven  here. However, t h e  l i t e r a t u r e  per- 

t a i n i n g  t o  t h e  r o l e  of s u l f u r  i n  t he  l i q u e f a c t i o n  process w i l l  be d i s -  

cussed i n  f u r t h e r  d e t a i l  because of i t s  importance t o  t h i s  r e p o r t .  

I n  general  bo th  rank and geo log ica l  h i s t o r y  a re  important  i n  de te r -  

m in ing  how a  coal w i l l  redct under l i q u e f a c t i o n  cond i t i ons .  The work 

undertaken by Yarzab and coworkers (1980), Given and coworkers (1980a), 

and Given and Sood (1982) i n  bo th  batch and con t i nuous . f l ow  reac tors ,  

showed t h a t  t h e  c o a l s  cou ld  be s t a t i s t i c a l l y  d i v i d e d  i n t o  groups; t he  

p r i n c i p a l  d i f fe rences  between t h e  groups were t h e  ranges o f  carbon and 

t o t a l  s u l f u r  con ten ts .  As.signment t o  a  group had some dependence on 

geo log i ca l  p rov ince  o f  o r i g i n .  Other aspects o f  geo log ica l  h i s t o r y ,  i n  

a d d i t i o n  t o  rank,may have t o  be considered when working w i t h  a  l a r g e  

sample se t  having a  wide representa t ion .  For example, many A u s t r a l i a n  

and Western Canadian coa l s  con ta in  considerable amounts o f  " i n e r t i n i t e "  

macerals which a re  i n  f a c t  f a i r l y  r e a c t i v e  under l i q u e f a c t i o n  c o n d i t i o n s  

(Dur ie ,  1980; Pearson, 1982). 

The gene ra l l y  accepted theory  o f  t h e  mechanism of coal l i q u e f a c t i o n  

i nvo l ves  an i n i . t i . a l  thermal decomposit ion t o  form f r e e  r a d i c a l s  whish 

a r e  then "capped" by hydrogen donated by t h e  so l  vent  (Neavel , 1976). The 

involvement o f  f r e e  r a d i c a l s  has been conf i rmed by es r  ( e l e c t r o n  sp in  

resonance) s tud ies  ( P e t r a k i s  e t  a1 . , 1981 , 1982; Pe t rak i s  and Grandy, 

1981; Retcofsky, 1978); however,the p rec i se  mode o f  p a r t i c i p a t i o n  o f  t h e  

donor so l ven t  has n o t  been s tud ied  i n  depth. Thus, i t  i s  d i f f i c u l t  t o  



propose an exact  pathway o r  mechanism by which t h e  donor so l ven t  m i -  

g ra tes  through t h e  coal t o  the  the rma l l y  formed r a d i c a l s .  

The main minera l  ma t te r  components o f  most coa ls  a re  c lays .  Clays 

a re  polymer ic  a l u m i n o s i l i c a t e  s t ruc tu res ,  w i t h  a c i d i c  OH groups at tached 

t o  t h e  aluminum and s i l i c o n  atoms. These OH groups have t h e  a b i l i t y  t o  

ca ta l yze  reac t i ons  v i a  - a  carbonium i o n  mechanism i f  t h e  hydrogen has n o t  

been s u b s t i t u t e d  w i t h  a  c a t i o n  through a  anion exchange r e a c t i o n  (Given, 

1983). A1 though o n l y  a  .small amount o f  work has been performed t o  pro- 

mote understanding t h e  e f f e c t s  o f  c l ays  du r i ng  l i q u e f a c t i o n ,  Given and 

coworkers (1  974) have shown t h a t  t h e  r a t e  o f  hydrogen t r a n s f e r  f rom 

t e t r a l i n  t o  phenanthrene and hydrogenated phenanthrene t o  naphthalene 

can be increased t h r o ~ g h  t h e  a d d i t i o n  o f  c lays .  Both c lays  and p y r i t e  

a l s o  appear t o  ca ta l yze  rearrangement and coup l ing  o f  t h e  donor so lven t  

(Sundaram and Given, 1983 3 .  

b. P y r i t i c  and Organic S u l f u r  

Group 2 coa l s  s i m i l a r  t o  those choosen f o r  i n v e s t i g a t i o n  i n  t h i s  

work have been found t o  produce t h e  h ighes t  y i e l d  o f  product sand  possess 

the  h ighes t  t o t a l  s u l f u r  con ten t  (Yarzab e t  a l . ,  1980). Thus, i t  i s  

commonly be l i eved  t h a t  one o f  t he  f a c t o r s  c o n t r i b u t i n g  t o  t h e  l i q u e f a c -  

t i o n  y i e l d  i s  promotion by s u l f u r .  The exact  r o l e  o f  s u l f u r  i s  n o t  w e l l  

understood; however,.several t h e o r i e s  do e x i s t  and w i l l  be discussed here. 

I n  a d d i t i o n  several  reviews o f  t he  reac t i ons  and chemist ry  o f  s u l f u r  can 

be found i n  t h e  l i t e r a t u r e  which t h e  reader may f i n d  h e l p f u l  (Given and 

Wyss, 1961 ; l lo r ton  and Randal 1, 1947; Brooks, 1956; Wandless, 1959). 

Several workers have shown t h a t  conversion o f  coa l s  of low s u l f u r  

con ten t  can be increased by f rom 5 ' t o  18 percent  through t h e  a d d i t i o n  



of p y r i t e  (Appel e t  a1. , 1979 G r a n o f f  and .Montana, 1980; Bockrath and 

Schroeder, 1981 ; Alexander and Anderson, 1982). It has a l s o  been obser- 

ved t h a t  t h e r e  i s  a  l e v e l i n g  of f  of t h e  increase o f  convers ion w i t h  t he  

a d d i t i o n  o f  more than about t e n  percent p y r i t e  (Granof f  e t  a l . ,  1978) 

and t h e  a d d i t i o n  o f  p y r i t e  t o  a  coal a l ready  possessing h igh  l e v e l s  i s  

a1 so . i n e f f e c t i v e  i n  i nc reas ing  conversion (Granof f  e t  a1 . , 1978; Neavel , 

1981). The e f f e c t  o f  p y r i t e  a d d i t i o n  i s  a l s o  dependent on t h e  coal f rom 

which the  p y r i t e  trds been I s o l a t e d  (Given e t . a l . ;  f 982), and i t s  p a r t i c l e  

siz.e (Guin e t  al.. , 1979), bu t  .appears . t o  be independent of surface area 

(S toh l  . 1983). 

There a re  two t h e o r i e s  t h a t  a t tempt  t o  e x p l a i n  these ef fects .  The 

t r a d i t i o n a l  t heo ry  proposes t h a t  t h e  i r o n  su l  f ides  ( p y r i t e  and py r ro -  

h o t i t e ) p r e s e n t  i n  t h e  coal, a c t  as c a t a l y s t s  f o r  t he  rehydrogenat ion o f  

t h e  donor s o l v e n t  (Guin e t  a l . ,  1978), o r  f o r  o t h e r  impor tan t  reac t i ons .  

It has been observed t h a t  du r i ng  l i q u e f a c t i o n  p y r i t e  i s  reduced t o  

p y r r o h o t i t e  and hydrogen s u l f i d e  a t  rough ly  t h e  same r a t e  as t h e  organ ic  

ma t te r  i s  conver ted t o  1  i q u i d  products (Given, 1983), p y r r o h o t i  t e  being 

a non -s to i ch iome t r i c  minera l  which can be represented by t h e  formula 

FeS, where x = 1.00 - 1.22. The value o f  x  appears t o  be dependent 

ma in l y  on t h e  a c t i v i t y  o f  s u l f u r  when i t  i s  re leased from organic  and 

i no rgan i c  combinat ion (Lambert e t  a l . ,  1980). Thus coa l s  con ta in ing  

h i g h  p ropo r t i ons  o f  o rgan ic  and p y r i t i c  s u l f u r  w i l l  tend t o  form p y r r -  

k o t i t e s  w l , L h  a  h igh  l e v e l  o f  i r o n  vacancies (Bommannavar and Montano, 

1  982), which appear t o  promote 1  i q u e f a c t i o n  (Montano and Granof f  , 1980). 

More recen t  work has l e d  ~ambert.  (1982) and Thomas and coworkers 

(1982) t o  r e j e c t  t h i s  t heo ry  and propose t h a t  t h e  ac tua l  promoting 



agent i s  hydrogen s u l f i d e  generated by the  p y r i  t e - to -py r roho t i  t e  t rans-  

formation, s ince n e i t h e r  p y r i t e  o r  p y r r o h o t i t e  i s  capable o f  d i s s o c i -  

a t i v e  chemisorpt ion of hydrogen ( ~ y p r s s  e t  a1 . , 1981 ) .  Thus, t he  hydro- 

gen s u l f i d e  produced by the  reduct ion  of p y r i t e  must be a c t i n g  as the  

c a t a l y s t  o r  promoter. The hydrogen s u l f i d e  i s  thought t o  a c t  as both a  

f r e e  r a d i c a l  cha in  i n i t i a t e  and a  hydrogen donor ( f r e e  r a d i c a l  cha in  

propagator o r  t e rm ina to r ) ,  as shown below (Thomas e t  a1 . ,. 1982). 

FeS2 + FeSx + 1-xS: (1.00 < x  1.22) 

S:+ Solvent ( o r  Hz) + HS: + Solvent :  ( o r  H: ) 

HS: + Hz - H2S + H: 

HS: ( o r  H:) + coal - coa l :  + H2S ( o r  Hz) 

coa l :  + H2S - coal  H  + HS: 

[HS: e tc . ,  r e f e r  t o  f r e e  r a d i c a l  species] 

The theory i s  supported by the  f a c t  t h a t  H2S does promote t h e  

generat ion o f  f r e e  r a d i c a l s  (Sr in ivasan and Seehra, 1982) and l i q u e f a c -  

t i o n  (Given e t  a l . ,  1981'; Youtcheff  and Given, 1982; Baker e t  a l . ,  1982.; 

Sondreal e t  a1 . , 1982). 

The.same ideas might  be app l ied  t o  the  b e n e f i c i a l  e f f e c t  o f  organic 

s u l f u r .  It was observed t h a t  t he  a d d i t i o n  o f  c e r t a i n  organic s u l f u r  

compounds promoted the  t r a n s f e r  o f  hydrogen between t e t r a l i n - d 1 2  and 

known compounds, and a l s o  between the  l a b e l l e d  t e t r a l i n  and a  coa l ,  

though the  e f f e c t  was smal l .  It was suggested t h a t  c e r t a i n  t h i o l s ,  

thioethers..  and d i s u l f i d e s  r e a d i l y  d i ssoc ia te  t o  r a d i c a l s ,  which a c t  as 

i n i t i a t o r s .  Thus, s u l f i d e  s t ruc tu res  i n  one p a r t  o f  a  coal cou ld  promote 

r e a c t i o n s  i n  o the r  p a r t s  (Huang and Stock, 1982). 



E. COAL FORMATION 

The biochemical. s tages o f  coa l  f o rma t i on  occur red  i n  peat  swamps 

o r  marshes, which were p robab ly  somewhat s i m i l a r  t o  t h e  Okefenokee Swamp 

i n  Georgia and t h e  Everglades i n  F l o r i d a  (Spackman. e t  a l . ,  1976 ; Given 

and D ick inson ,  1975; Given, 1972). I n  most ae rob i c  h a b i t a t s  such as 

f o r e s t s  and m e a d o ~ s ~ d i s c a r d e d  p l a n t  organs a r e  comple te ly  degraded by 
- 

microorganisms t o  C O Z Y  H20, 504. NH3, e t c .  However i n  water- logged 

environments a smal l  f r a c t i o n  of  t h e  o rgan i c  m a t e r i a l  ( l o % ?  ; Given and 

Dick inson,  1975) may escape complete degradat ion,  a1 though i t  w i l l  be 

a l  t e r e d  somewhat chemica l l y .  These a1 t e r e d  m a t e r i a l s ,  c o n s i s t i n g  o r  

va.r ious degraded and repo lymer ized  m a t e r i a l s  c o n s t i t u t e d  peat,  which 

under f a v o r a b l e  c o n d i t i o n s  may be t h e  p recursor  o f  coa l .  

There i s  always some degree o f  water  f l o w  i n t o  o r  th rough  t h e  peat-  

f o rm ing  areas o f  a swamp o r  marsh, capable o f  t r a n s p o r t i n g  suspended 

m ine ra l  g r a i n s  and d i s s o l v e d  i o n i c  species.  Peat swamps tend  t o  be 

e f f i c i e n t  t r a p s  f o r  b o t h  k inds  o f  i no rgan i c  i n p u t .  The suspended par-  

t ~ c l e s  s e t t l e  a t  t h e  reduced v e l o c i t y  as t h e  water  spreads o u t  over  t h e  

swamp bas in  and i o n s  can be t rapped by i o n  exchange on t h e  c a r b o x y l i c  

a c i d  groups o r  fo rm che la ted  c o o r d i n a t i o n  complexes w i t h  ad jacen t  p a i r s  

o f  f u n c t i o n a l  groups i n  t h e  peat  ( M i l l e r ,  1977).  

A l though n o t  t o t a l  l y  understood o r  even v e r y  comprehensively s tu -  

d ied ,  chemical  o r  b iochemica l  t r ans fo rma t i ons  o f  t h e  i n o r g a n i c  m a t e r i a l  

occur  appa ren t l y  th roughout  t h e  pea t - fo rming  stage. Organic a c i d s  l each  

K f rom i l l i t e  and c o n v e r t  i t  t o  k a o l i n i t e ,  and l each  Fe f r om i l m e n i t e ,  

l e a v i n g  t h e  TiOp, as anatase. o n d a e r o b i c  growth can induce p r e c i p i t d l i u r ~  

of carbonates. I f  t h e  w a t e r . i s  s a l i n e ,  anaerobic b a c t e r i a  can reduce 



s u l f a t e  i o n  t o  H2S, a process t h a t  most l i k e l y  l e a d s  t o  t h e  f o rma t i on  

o f  bo th  p y r i t e  and o rgan ic  s u l f u r  compounds. Most o f  t h e  minera l  m a t t e r  

found i n  coa l  i s  thought  t o  be i n  p l ace  by t h e  end o f  t h e  pea t - fo rming  

stage, a1 though some secondary p y r i t e  and c a l c i t e  may be depos i ted  i n  

c racks  and c l e a t s  a f t e r  t h e  o rgan ic  sediment has been b u r i e d  and i n -  

durated. 

The d e p o s i t i o n a l  environment i s  impor tan t  n o t  o n l y  i n  de te rmin ing  

t h e  makeup o f  t he  i no rgan i c  p o r t i o n  o f  t h e  coa l  b u t  a l s o  t h e  o rgan i c .  

I n  t h e  swamp, t i d a l  r i v e r s ,  de l t as ,  and lagoons behind s h o r e l i n e  beach 

b a r r i e r s  a l l  p rov ide  microenvironments a b l e  t o  suppor t  d i f f e r e n t  p l a n t  

communities g i v i n g  r i s e  t o  - d i s t i n c t i v e  peat  types (Cohen and Spackman, 

1977). L a t e r a l  g rad ien t s  i n  s a l i n i t y  may be impor tan t  i n  de te rmin ing  

t h e  amount o f  s u l f u r  f i x a t i o n  and perhaps t h e  dominance o f  d i f f e r i n g  

p l a n t  communit ies. 

Once t h e  d e p o s i t i o n  i s  complete, the processes i nvo l ved  i n  c o a l i -  

f i c a t i o n  change f rom b iochemica l  t o  p u r e l y  chemical and phys i ca l .  

Changes brought  about by exposure t o  e l eva ted  temperatures a r e  termed 

metamorphic. I n  general  as t h e  degree o f  metamorphism o r  rank inc reases  

t h e  con ten ts  o f  v o l a t i l e  mat te r ,  mo is tu re ,  and oxygen decrease, w h i l e  

t h a t  o f  carbon increases (see f i g u r e  1; Techrrruller, 1967). The i n i t i a l  

r u l e  t o  e x p l a i n  t h i s  process was t h a t  o f  H i l t .  which s t a t e d  t h a t  i n  a 

p a r t i c u l a r  coa l  s e r i e s  rank  o r  t h e  degree o f  metamorphism increased w i t h  

t h e  depth o f  b u r i a l .  Th i s  t heo ry  has been e labo ra ted  by many workers and 

a general  consensus has emerged t h a t  i t  i s  .not p u r e l y  t h e  depth o f  b u r i a l  

t h a t  determines rank, b u t  a complex f u n c t i o n  o f  t h e  temperature- t ime 

h i s t o r y  o f  t h e  coa l .  
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Figure 1. VARIATION O F  COAL PROPERTIES WITH D E P T H  O F  BURIAL 
(Teichmiilber, 1967) 
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F. COAL STRUCTURE 

Because o f  t he  a v a i l a b i l i t y  o f  severa l  rev iews cove r i ng  t h e  s t r u c -  

t u r e  o f  coa l  (e.g. Given, 1984; Davidson, 1982; Wender e t  a l . ,  1980), 

t h e  m a t e r i a l  presented here w i l l  be l i m i t e d  t o  a  b r i e f  overview. How- 

ever,  a  more d e t a i l e d  d i scuss ion  o f  t h e  forms o f  o rgan i c  s u l f u r  w i l l  
. , 

be prov ided.  

a. Phys ica l  , Macromol ecu l  a r  and Func t iona l  

The f a c t  t h a t  coa l  i s  an a s s o c i a t i o n  o f  o rgan i c  macerals and i n o r -  

ganic  m ine ra l s  has l e d  Neavel (1979) t o  descr ibe  i t  as 1  i ke a  f r u i t c a k e .  

It i s  t h i s  extreme he te rogene i ty  t h a t  makes coa l  so d i f f i c u l t  t o  work 

w i t h  and understand. The dominant maceral i n  most c o a l s  i s  v i t r i n i t e ,  

and f o r  t h i s  reason when one d iscusses t h e  s t r u c t u r e  o f  coa l  one i s  

concerned mos t l y  w i t h  v i t r i n i t e .  

I t  i s  now w ide l y  be l i eved  t h a t  coa l  i s  a  c r o s s - l i n k e d  macromolecular 

s t r u c t u r e  (Larsen, 1980), t h a t  con ta ins  up t o  about 40% t rapped m a t e r i a l  

(J.urkiewicz e t  a1 , 1982, and Marzec e t  a1 . , 1983). The f o r ces  h o l d i n g  

t h e  s t r u c t u r e  t oge the r  appear t o  be bo th  cova len t  c r o s s - l i n k s  and i n t e r -  

mo lecu la r  hydrogen bonds ( L i o t t a ,  1979; Larsen, 1983). 

The f u n c t i o n a l  groups p resen t  i n c l u d e  pheno l i c  hydroxy l  (Brown and 

Wyss, 1955; Friedman e t  a l . ,  1961; L i o t t a ,  1979, and Yarzab e t  a l . ,  1979); 

e the rs  (Lazarov and' Angel ova, 1968; I gnas iak  and Gawlak, 1977), p y r i d i n e -  

t ype  compounds (Deno e t  a1 . , 1981a, 1981 b y  Bodzek and Marzec, 1981 ; Mont- 

gomery and H o l l y ,  1957; Hayatsu e t  a l . ,  1981), and p y r r o l e  d e r i v a t i v e s  

(Pate1 e t  a l . ,  1981).  

b. O ~ g a n i c  S u l f u r  

There i s  a t  t h i s  t ime  no r e a l  consensus on e i t h e r  t h e  source o r  

forms o f  o rgan ic  s u l f u r  groups found i n  coa l .  It i s  e v i d e n t  t h a t  t h e  



s u l f u r  en te red  i n i t i a l l y  d u r i n g  t h e  pea t  s tage (Given, 1981 ) .  However 

i t  i s  n o t  known how t h e  i n c o r p o r a t i o n  o f  t h e  s u l f u r  i n t o  t h e  o rgan i c  

p o r t i o n  o f  t h e  coa l  proceeds. 

It i s  f a i r l y  c e r t a i n  t h a t  a t  l e a s t  some o f  t h e  o rgan i c  s u l f u r  i s  

p resen t  as t h i o p h e n i c - t y p e  compounds. Benzologs o f  th iophene have been 

i d e n t i f i e d  i n  coa l  l i q u e f a c t i o n  products  (Aczel  e t  a l . ,  1976) and s o l v e n t  

e x t r a c t s  (Aczel  e t  a l . ,  1976; Hayatsu e t  a l . ,  1978; Bodzek and Marzec, 

1981 ) .  

The presence o f  o t h e r  forms o f  s u l f u r  i s  more u n c e r t a i n .  

tv ' idence t rom m e t h y l a t i o n  r e a c t i o n s  w i t h  methy l  i o d i d e  i n d i c a t e s  t h a t  

f o r  a  b i tuminous  coa l  o rgan i c  s u l f i d e s  c o n s t i t u t e  5-20 p resen t  o f  t h e  

o r g a n i c  s u l f u r .  The remain ing  p o r t i o n  o f  t h e  o rgan i c  s u l f u r  was thought  

t o  c o n s i s t  o f  e i t h e r  t h i aphen i c ,  condensed t h i ophen i c  o r  a r y l  s u l f i d e s ,  

which a r e  u n r e a c t i v e  w i t h  r espec t  t o  t h e  m e t h y l a t i n g  agent (Pos tovsk i  

and Harlampovich, 1936; Bogdanova and Boransk i ,  1961; Pr i lezhaeva  e t  a l . ,  

1963).  Depo lymer iza t ion  r e a c t i o n s  us ing  Lewis ac ids  l e d  Radianova and 

B u r a u s k i i  (1970) t o  be1 i e v e  t h a t  t h e  r a t i o  o f  s u l f i d e s  t o  d i s u l f i d e s  does 

n o t  v a r y  g r e a t l y ,  and t h i o l i c  groups do n o t  e x i s t  i n  coa l s .  The Rzsa 

coa l  f rom Yugoslav ia  can have o rgan i c  s u l f u r  con ten ts  up t o  12 percen t .  

Much of t he  s u l f u r  can be removed by t r ea tmen t  w i t h  a l k a l i  meta ls  i n  

v a r i o u s  so l  ven ts  (Given e t  a1 . , 1958; I gnas iak  e t  a1 . , 1978). T h i s  has 

l e d  t o  t he  b e l i e f  t h a t  up t o  o n e - t h i r d  o f  t h e  s u l f u r  may be p resen t  as 

t h i o e t h e r s .  

A second approach t h a t  has been used t o  determine t h e  d i s t r i b u t i o n  

o f  o rgan i c  s u l f u r  groups i s  t h e  examinat ion o f  t h e i r  d i s t r i b u t i o n  i n  

l i q u e f a c t i o n  p roduc ts  o r  e x t r a c t s .  I n  a d d i t i o n  t o  t h e  work repo r ted  



e a r l i e r  i n  t h i s  sec t ion ,Min ia  and Yanagi (1963) used t e t r ahyd ro fu ran ,  

dimethyl formamide and benzene t o  show t h a t  t h e  e x t r a c t  f rom Mieke coa l  

con ta ined  3-9 percen t  of i t s  o rgan ic  s u l f u r  as t h i o l s ,  6  13 p c r c c n t  

as d i s u l f i d e s ,  28-37 percen t  as a l i p h a t i c  t h i o e t h e r s ,  7-19 percen t  

th iophenes and W Y ~  s u l f i d e s  and 30 percen t  unknown. These r e s u l t s  a re  

s u r p r i s i n g ,  s i nce  one would n o t  expect  t h e  more reac t i . ve  s u l f u r  groups 

t o  s u r v i v e  t h e  coal  i f i c a t i o n  process. 

A  t h i r d  approach developed by  A t t a r  and Dupuis (1978)' and A t t a r  

and Hendrickson (1982).uses c a t a l y t i c  d e s u l f u r i z a t i o n  o f  t h e  coa l  and 

d e t e c t i o n  o f  t h e  hydrogen s u l f i d e  produced. The coa l  i s  p laced i n  a  

c e l l  w i t h  a  so lven t ,  reduc ing  agent, and c a t a l y s t ,  As t h e  c e l l  i s  heated 

t h e  hydrogen s u l f i d e  i s  swept t o  t h e  d e t e c t o r  by a  stream o f  n i t r o g e n .  

By c o r r e l a t i n g  t h e  temperature a t  which hydrogen s u l f i d e  was. re leased 

f rom a  coa l  w i t h  t h a t  forknown s u l f u r - c o n t a i n i n g  polymers t h e y  c la imed t o  

be a b l e  t o  d i s t i n g u i s h  between t h e  va r i ous  s u l f u r - c o n t a i n i n g  f u n c t i o n a l  

groups. T h e i r  r e s u l t s  seemed t o  i n d i c a t e  t h a t  t h e  h i ghe r  t h e  rank  t h e  

g r e a t e r  t h e  p r o p o r t i o n  o f  t h i ophen i c  s u l f u r  and t h a t  t h e  amount o f  

t h i o e t h e r s  remains r e l a t i v e l y  cons tan t  ( A t t a r ,  1979). 



CHAPTER I I 

BACKGROUND OF THE ANALYTICAL TECHNIQUES USED 

A. INTRODUCTION 

I n  t h e  prev ious chapter  a g rea t  deal o f  i n fo rma t i on  was presented 

concern ing the  s t r u c t u r e  o f  coal and the  processes i nvo l ved  i n  l i q u e -  

f a c t i o n .  The work t h a t  was performed t o  ga in  t h i s  knowledge u t i l i z e d  a 

wide range of techniques, some o f  which were borrowed from o t h e r  f i e l d s ,  

w h i l e  o the rs  saw t h e i r  main emphasis f o r  development i n  s tud ies  o f  coa l .  

T h i s  chapter  w i l l  o u t l ? n e  t h e  var ious  methods used i n  t h e  research des- 

- c r i b e d  here, t h e  aim being t o  g i v e  t h e  reader enough i n fo rma t i on  about 

each technique t o  understand why i t  was app l ied ,  i t s  l i m i t a t i o n s ,  and 

what i n f o r m a t i o n  i t  i s  capable o f  p r o v i d i n g  o r  has a l ready  provided. 

B. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 

The products o f  donor so l ven t  l i q u e f a c t i o n  a r e  a complex m ix tu re  

o f  compounds which must be separated f u r t h e r  be fore  t h e  r e s u l t s  o f  

o t h e r  a n a l y t i c a l  techniques such as GC/MS, GC o r  FT IR can e a s i l y  be 

i n t e r p r e t e d .  The i n i t i a l  f r a c t i o n a t i o n  i n t o  res idue,  asphaltenes, 

gases and o i l s  by b o i l i n g  p o i n t  and l i q u i d  separa t ion  techniques s i g n i -  

f i c a n t l y  reduces t h e  complex i ty  of each product ;  however, these pr imary 

f r a c t i o n s  are s t i l l  q u i t e  complex. There i s  a wide range o f  methods 

a v a i l a b l e  f o r  per forming the secondary separa t ion  on each o f  these 

i n i t i a l  f r a c t i o n s .  Th i s  sec t i on  w i l l  g i v e  a b r i e f  overview o f  t h e  

sepa ra t i on  methods which have been a p p l i e d  t o  t h e  f u r t h e r  separa t ion  o f  

t h e  o i l  f r a c t i o n .  The aim i s  t o  g i v e  t h e  reader some i n s i g h t  i n t o  why 



a normal phase separat ion on a bonded amino column was used i n  t h i s  

work. I n  a d d i t i o n  a s h o r t  d iscuss ion  o f  t h e  theory  o f  separa t ion  u t i l i -  

z i ng  such a colurr~r~ w i l l  be given. 

a. Theory 

Several good .reviews o f  t he  theory  and appl i c a t i o n s  o f  t h e  var ious  

separa t ion  techniques are  a v a i l a b l e  (Heftmann, 1975; Johnson and Steven- 

son, 1978; Snyder and K i rk land,  1979). The advantages o f  h igh  p e r f o r -  

mance l i q u i d  chromatography (HPLC) over  convent ional  g r a v i t y  f l o w  l i q u i d  

chromatography (LC) i nc lude :  increased ana l ys i s  speed; increased reso- 

l u t i o n  between c l o s e l y  spaced compounds; t h e  a v a i l a b i l i t y  and a p p l i c a t i o n  

o f  h i g h l y  s e n s i t i v e  de tec to rs  which u t i l i z e  t h e  change i n  r e f r a c t i v e  i n -  

dex o r  absorp t ion  o f  u l t r a - v i o l e t  l i g h t  t o  de tec t  e l u t i o n  o f  a  compound 

from t h e  column; and the  a v a i l a b i l i t y  o f  reusable columns which do no t  

r e q u i r e  repacking a f t e r  each separa t ion  (Johnson and Stevenson, 1978). 

Other advantages o f  t he  app l i . ca t ion  o f  l i q u i d  chromatographic procedures 

t o  t h e  separa t ion  o f  coal l i q u i d s  i nc lude :  t h e  a b i l i t y  t o  separate l a r g e  

molecules, which normal ly  e x h i b i t  low v o l a t i l i t y ,  and t h e  ease w i t h  which 

t h e  separated sample can be c o l l e c t e d  f o r  f u r t h e r  ana lys is .  

Four types o f  chromatography a r e  norm3l ly  poss ib le  i n  HPLC: L i q u i d /  

Sol i d  (LSC), which i s  analogous t o  a c l a s s i c a l  g r a v i t y  f l o w  column sep- 

a r a t i o n  on s i l i c a  gel  o r  alumina; p a r t i t i o n ,  i n  which t h e  m ix tu re  t o  be 

separated i s  d i s t r i b u t e d  between t h e  l i q u i d  mobi1.e phase and a second 

l i q u i d  coated on o r  bonded t o  an i n e r t  support ;  i o n  exchange, where an 

acid-base e q u i l i b r i u m  e x i s t s  between t h e  i o n i c  groups on t h e  sur face  o f  

t he  suppor t  and t h e  i o n i c  components o f  t h e  mix tu re ,  and s i z e  exc lus ion ,  

i n  which t h e  molecules a re  separated accord ing t o  molecular  s i ze .  



Pa r t i t i on  chromatography has been divided in to  two sub-classes based on 

the  po la r i ty  of the  s ta t ionary  and mobile phases; i f  the mobile phase 

i s  more polar than the  s ta t ionary  phase then the  method i s  known as  nor- 

mal phase chromatography and i f  the reverse i s  t r ue  the system i s  said 

t o  be reverse phase. As a general r u l e ,  highly polar samples a r e  more 

e a s i l y  separated on a reverse phase column while non-polar samples a r e  

bes t  separated under normal phase condit ions.  Due t o  the  high po la r i ty  

of many components of coal l iquefact ion products one would expect  t o  

obtain t he  highest resolut ion with reverse phase pa r t i t i on  chromato- 

graphy. 

Pa r t i t i on  chromatography on bonded phase columns has a l l  b u t  re-  

placed the  use of coated phase columns because of the  elimination 

of s t a t ionary  phase s o l u b i l i t y  in the  mobile phase. With a non-bonded 

s t a t i ona ry  phase one m u s t  s e l e c t  a phase whose s o l u b i l i t y  parameter i s  

qu i t e  d i f f e r en t  from t h a t  of the mobile phase. With a bonded s ta t ionary  

phase. t h i s  requirement i s  much l e s s  important (Locke, 1973). A bonded 

phase column d i f f e r s  only s l i g h t l y  in re tent ion cha rac t e r i s t i c s  from 

a column coated with the  same material (Hogan and L i t t l e ,  1972). Thus, 

the  same theor ies  t h a t  a r e  used t o  describe behavior on coated columns 

a r e  normally a l so  applied t o  bonded phase columns. For more information 

on the  advantages of bonded phase columns, the  reader i s  referred t o  

one of t h e  following reviews: Collin and Guichon (1977); Molnor and 

Horvath (1 977) ; Scot t  and Kucera , (1 977) ; Karger and coworkers (1 976) ; 

Horvath and coworkers (1 976) ; Kirk1 and (1 975) ; Chang and coworkers 

(1976); Unger and coworkers (1976); Rehak and Smolkova (1976) and Karch 

and coworkers (1 976). 



6. L i t e r a t u r e  

The most common sepa ra t i on  scheme f o r  pe t ro leum'and  s y n t h e t i c  f u e l s  

i n t o  l e s s  complex f r a c t i o n s  t h a t  a r e  cons ide rab l y  more amenable t o  

f u r t h e r  a n a l y s i s  i s  known as "SARA" (Sa tu ra tes ,  - - Aromatics,  - Resins o r  

p o l a r s  and - Asphal tenes f r a c t i o n a t i o n ;  Jewel 1  e t  a1 . , 1972).  I n  t h e  

SARA scheme t h e  asphaltenes a r e  f i r s t  removed by l i q u i d - l i q u i d  e x t r a c -  

t i o n  p r i o r  t o  t h e  chromatographic sepa ra t i on  i n t o  sa tu ra tes ,  a romat ics  

. a n d  po la r s .  The e a r l y  methods f o r  per fo rming  t h i s  sepa ra t i on  tended t o  

be time-consuming, r e q u i r e d  l a r g e  volumes o f  so l ven t  and t h e  r e a c t i -  

v a t i o n  o f  t h e  s t a t i o n a r y  phase a f t e r  each sepa ra t i on  ( M i l l e r ,  1982). 

I n  o r d e r  t o  overcome some o f  these problems, severa l  workers developed 

HPLC. procedures u t i  1  i z i n g  a c t i v a t e d  s i l  i c a  columns (Radke e t  a1 . , 
1980; Selucky e t  a l . ,  1978; Suatoni  and Swab, 1975, 1976). However, 

severa l  drawbacks were s t i l l  apparent :  an a c t i v a t i o n  s t e p  was r e -  

qu i  red, which had t o  be performed c a r e f u l  l y  f o r  r ep roduc i  b l  e  r e s u l  t s  

t o  be obta ined;  i r r e v e r s i b l e  adso rp t i on  was a problem f o r  t h e  most 

p o l a r  components of t he  o i l s ;  l a r g e  volumes o f  s o l v e n t  were s t i l l  

r e q u i r e d  t o  e l u t e  t h e  samples and t o  r e - e q u i l i b r a t e  t h e  column a f t e r  

t h e  sepa ra t i on  was complete. 

The development o f  bonded phase columns p rov ided  a means o f  

a l l e v i a t i n g  many o f  t h e  problems assoc ia ted  w i t h  t h e  SARA f r a c t i o n a t i o n  

us ing  HPLC on a c t i v a t e d  s i l i c a .  The bonded phase columns reduced bo th  

i r r e v e r s i b l e  adso rp t i on  and t h e  amount o f  s o l v e n t  needed t o  e q u i l i b r a t e  

t h e  column, and e l i m i n a t e d  t h e  a c t i v a t i o n  s t e p  c n t i r c l y .  Thc SARA 

sepa ra t i on  has been performed us ing  va r i ous  groups bonded t o  s i l i c a .  

th rough  a1 k y l  cha ins :  NH2 (Dark and McGough, 1978; Galya and Suatoni  , 1980; 



Liphard,  1980; M i l l e r ,  1982): CN (Crowley, e t  a l .  1980s Matagunaga and 

Kusayanagi, 1981; M i l l e r ,  1982); mixed NH2, -CN ( M i l l a r  e t  a l . ,  1981; 

B o l l  e t  e t  a1 . , 1981 ) ,. and NO2 (Matagunaga and Kusayanagi , 1981 ) . Both 

M i l l e r  (1982) and Matagunaaa and Kusayanagi (1981 ) have compared t h e  

r e s o l u t i o n  o f  pack ings conta ' in ing t h e  va r i ous  f u n c t i o n a l  groups, and 

found t h a t  each had s p e c i f i c  advantages and disadvantages. However 

t h e y  concluded t h a t  t h e  amino-bonded phase was supe r i o r  i n  sepa ra t i ng  

phenols and n i t r o g c n  c o n t a i n i n g  compounds, b u t  bas ic  and non--basic n i t -  

rogen he te rocyc les  were n o t  reso lved .  

C. CROSS-POLARIZATION MAGIC-ANGLE-SPINNING NMR 

Wi th  t h e  a d d i t i o n  o f  c r o s s - p o l a r i z a t i o n  (CP) and magic-angle sp in -  

n i n g  (MAS), r e1  i a b l e  13c nmr es t imates  o f  t h e  f r a c t i o n  o f  aromat ic  c a r -  

bon fa became a v a i l a b l e  f o r  t h e  f i r s t  t ime.  These developments were of 

g r e a t  impor tance i n  coa l  sc ience s i n c e  normal wide 1 i n e  13c nmr. spec t ra  

of  coal  p r o v i d e  l i t t l e  i n f o r m a t i o n  and t h e  r e s u l t s  de r i ved  from CP tech-  

n iques w i t h o u t  MAS a r e  soniewhat suspect. A co~ i i p l e te  rev i ew  o f  a l l  t h e  

l i t e r a t u r e  p e r t a i n i n g  t o  CP-YAS i s  n o t  p o s s i b l e  here; however, t h e p r o -  

cesses i n v o l v e d  i n  CP and MAS w i l l  be qua1 i t a t i v e l y  discussed, as w i l l  

t h e  l i t e r a t u r e  p e r t a i n i n g  t o  c o a l .  I n  a d d i t i o n ,  t h e  r e s u l t s  fr.0111 a va r -  

i a t i o n  o f  t h e  CP-MAS technique which u t i l i z e s  t h e  dephasing t ime  o f  t h e  

13c n u c l e i  i n  d i f f e r e n t  environments t o  r e s o l v e  d i f f e r e n t  t ypes  o f  a ro -  

m a t i c  and a l i p h a t i c  carbons w i l l  be discussed. 

a. Theory 

High r e s o l u t i o n  nuc lea r  magnet ic resonance spectroscopy (nmr) o f  

s o l i d s  became p o s s i b l e  w i t h  t h e  development o f  c r o s s - p o l a r i z a t i o n  magic- 



ang le -sp inn ing  nmr (CP-MAS) by Schaefer e t  a1 . ( 1  975) us ing  t h e  : ideas 

o f  Pines e t  a l .  (1972).  Th i s  method combines pu lsed nmr. w i t h  high-speed 

sample r o t a t i o n  t o  o b t a i n  13c spec t ra  o f  s o l  i d  o rgan i c  m a t e r i a l  w i t h  

l i n e  w id ths  as narrow as 2 Hz. 

The major  source o f  1  i n e  broadening i n  t h e  13c spectrum o f  s o l  i d s  

i s  d i p o l a r  i n t e r a c t i o n s  between t h e  3~ n u c l e i  and c l o s e l y  assoc ia ted  

H  n u c l e i  caus ing s p l i t t i n g  o f  t h e  nmr s i g n a l .  When normal nmr t e c h n i -  

ques a r e  used w i t h  s o l i d  samples broad f e a t u r e l e s s  envelopes o f  unre- 

so lved  s p l i t t i n g s  a r e  encountered. These envelopes would be even wider  

if i t  were n o t  f o r  t h e  averaging o f  t h e  d i p o l a r  s p l i t t i n g s  due t o  sp in  

d i f f u s i o n  o f  t h e  d i po la r - coup led  p ro tons .  

The p ro ton  d i p o l a r  broadening cou ld  be removed by a  h i g h  power 

v e r s i o n  o f  t h e  decoupl ing technique used i n  s o l u t i o n  nmr; however, sens i -  

t i v i t y  i n  s o l i d  s t a t e  13c spec t ra  i s  s i g n i f i c a n t l y  enhanced by p ro ton-  

carbon c ross  p o l a r i z a t i o n  (CP) which i s  i n i t i a t e d  by s p i n - l o c k i n g  t h e  

p ro tons  (Hartmann and Hahn, 1962; Pines e t  a l . ,  1973). S ince t h e  sp in -  

locked  protor is  a r e  decoupled -from o t h e r  n u c l e i  i t  i s  v e r y  convenient  t o  

decouple, s imp ly  by s p i n - l o c k i n g  t h e  p ro tons  d u r i n g  t h e  p e r i o d  t h a t  t h e  

carbon s i g n a l  i s  be ing  acqui red.  

Even a f t e r  d i p o l a r  broadening has been removed, t h e  13c spec t ra  o f  

s o l i d s  w i l l  appear much broader  than a  s o l u t i o n  spectrum because o f  asy- 

m e t r i c  l i n e  shapes. These a r e  due t o  t h e  f a c t  t h a t  t h e  chemical s h i f t  

depends on t h e  o r i e n t a t i o n  of  t h e  mo lecu la r  axes w i t h  r espec t  t o  t h e  ex- 

t e r n a l  f i e l d ,  and a r e  s a i d  t o  be a n i s o t r o p i c  (Haeberlen, 1976). Th i s  

s h i f t  an i so t ropy  can be e l i m i n a t e d  w h i l e  r e t a i n i n g  t h e  i s o t r o p i c  s h i f t  

found i n  s o l u t i o n  through t h e  use o f  magic angle sp inn ing ,  where t h e  



sample i s  r o t a t e d  r a p i d l y  about an a x i s  which makes an angle o f  54.7" 

w i t h  t h e  magnetic f i e l d  (Yannoni, 1982). 

b. App l i ca t i ons  i n  Coal Chemistry 

The development o f  t he  CP technique (Pines e t  a l . ,  1972, 1973) 

a l lowed fo r  t h e  a c q u i s i t i o n  o f  13c nmr spectra o f  coal  t h a t  were a s i g n i -  

f i c a n t  improvement over  those produced by Retcofsky and F r iede l  (1 973) 

us ing  convent ional  broad l i n e  techniques. The CP technique has been 

used b , ~  VanderHart and Ret.cnfsky (1976~1, 1976b, 1978) and Barron and co 

workers (1981 ) t o  o b t a i n  spectra o f  coals, coal maceral s  and l i q u e f a c t i o n  

products,  whose spec t ra  may be regarded as composed of two over lapping 

resonances represent ing  the  aromatic and a l i p h a t i c  carbons. I n  i n t e r -  

p r e t i n g  the  spectra i t  was.necessary t o  assume t h a t  t he  aromatic component 

o f  t h e  spectrum was a l i n e a r l y  decreasing f u n c t i o n  throughout t h e  reg ion  

o f  over lap.  

I n  a re f inement  o f  t h e  spectrum ana lys i s  technique descr ibed i n  t h e  

prev ious  paragraph Pines and Wemmer (1978) developed a techniql le t h a t  a1- 

lowed t h e  CP spectrum t o  be resolved i n t o  f o u r  r e m a n c e  bands., cnr res-  

ponding t o  simple aromatic carbon atoms, quaternary aromatic,  oxygen- 

bonded aromatic,  and a l i p h a t i c .  This  technique was subsequently used by 

Whi tehurst  (1978) and Whi t e h u r s t  and coworkers' (1977) t o  develop fa values 

f o r  a Series o f  coa ls  and coal conversion products. However, a p l o t  of 

H/C versus fa d i d  n o t  show any c o r r e l a t i o n  making the  method somewhat 

suspect, s ince Maciel and coworkers (1979) fou.nd a smooth curve us ing  

CP-MAS. 

The a d d i t i o n  o f  magic-angle-spinning t o  the  CP technique s i g n i f i -  

c a n t l y  increased t h e  r e s o l u t i o n  between the  a l i p h a t i c  and aromatic 



13c resonances (Bar tuska  e t  a1. ; 1977). The technique has been used 

t o  s tudy several  coa l s  (Maciel  e t  a l . ,  1979, and Bartuska e t  a l . ,  

1978a, 1979b), and t h e i r  v a r i a t i o n  w i t h  rank (Mikn is  c t  a1 . 1982), 

Maceral concentrates have been i n v e s t i g a t e d  by Khan and Schn i tzer  (1972)., 

Maciel  e t  a1 . 1982), Pugmire (quoted by Mudamburi , 1983), and W i  1 son 

e t  a l .  (1984), who found t h a t  i n  general fa  f o l l o w s  t h e  sequence f u s i -  

n i t e  > v i t r i n i t e  = m i c r i n i t e  > a t t r i n i t e  1 r e s i n i t e  which agrees very  

w e l l  w i t h  t h e  r e s u l t s  obta ined by Retcofsky and VanderHart (1976a) w i t h -  

o u t  MAS. L i t ho types  separated from A u s t r a l i a n  coa l s  were i n v e s t i g a t e d  

by Verheyen (1  982), and a v a r i e t y  o f  13c nmr techniques, i n c l u d i n g  

CP-MAS, were used by Z i lm  and coworkers (1979) t o  support  a F r i e d e l -  

C r a f t  mechanism f o r  c a t a l y t i c  hydrogenat ion w i t h  ZnC12. MacPhee and 

Nandi (1981) f e l t  t h a t  a p l o t  o f  Cal/Carversus o x i d a t i o n  t ime i n  a i r  

a t  105°C i n d i c a t e d  t h a t  o x i d a t i o n  was occu r r i ng  a t  aromatic carbons. 

The quest ion o f  r e l i a b i l i t y  and q u a n t i t a t i v e  accuracy i n  CP-MAS, 

has been addressed by several  workers. Thus Wilson e t  a1 . (1980) d i d  

n o t  f e e l  t h a t  a l l '  o f  t h e  carbons present  i n  coal were observable. Dudley 

and Fyfe (1982) showed t h a t  t h e  CP-MAS s igna l  i s  independent o f  r e c y c l e  

t ime,  y e t  very  dependent on con tac t  t ime; o v e r a l l  they f e l t  t h a t  a 90' 

pu lse  sequence was bes t  bu t  a l s o  recommended c a l i b r a t i o n  w i t h  model com- 

pounds f o r  t r u e  q u a n t i t a t i v e  measurements. Alemany and h i s  coworkers 

(1983) s tud ied  model s t r u c t u r e s  thought t o  be rep resen ta t i ve  o f  coal  and 

found t h a t  con tac t  t imes o f .  2.25ms were needed t o  o b t a i n  t h e  proper atomic 

r a t i o s .  Hagaman and Woody (1  981 ) be1 i eve  on'ly S;U-80"/ of t h e  carburl ,'ill ' the 

coal  i s  detected, bu t  on t h e  o t h e r  hand Pugmire and coworkers (1  982) 

quote work by Wilson showing t h a t  fa values f o r  Solvent  Ref ined Coal were 



t h e  same i f  d e r i v e d  by s o l u t i o n  'H, s o l u t i o n  13c, o r  so l  i d  s t a t e  

CP-MAS nmr methods. 

D. FOURIER TRANSFORM INFRARED SPECTROSCOPY 

The use o f  i n f r a r e d  spectroscopy ( I R )  has a  l ong  h i s t o r y  i n  coa l  

sc ience.  Much o f  t h e  fundamental work us ing  d i s p e r s i v e  ins t ruments  was 

performed d u r i n g  t h e  1950 's  and 1960 's  and has been reviewed i n  severa l  

ex tens i ve  a r t i c l e s  ( F r i e d e l ,  1966; Dryden, 1963; Speight,  1971 , 1978). 

The more recen t  work, . i nc lud inq  a  ma, ior i ty  of t h e  advances r e a l i 7 ~ r l  h,y 

t h e  development o f  FTIR i ns t rumen ta t i on ,  has been reviewed by P a i n t e r  

e t  a l .  (1982) and Solomon e t  a l .  (1982a). However, a  d i scuss ion  here 

o f  some o f  t h e  c o n t r o v e r s i e s  i n  t h e  f i e l d  i s  prudent ,  and a  b r i e f  

rev iew o f  t h e  s p e c i f i c  techniques used i n  t h i s  d i s s e r t a t i o n  i s  necessary. 

a. Theory and Band Assignments 

The use of  FTIR spectrometers has r e v o l u t i o n i z e d  t h e  amount of :  in- 

f o r m a t i o n  t h a t  can be e x t r a c t e d  from a  spectrum. There a r e  severa l  r e -  

views ( G r i f f i t h s ,  1975; Koenig, 1975; and Coleman e t  a l  - 1978) t h a t  cover 

t h e  i ns t rumen ta l  advantages o f  t h e  new system, B a s i c a l l y  these advantages 

can be broken down i n t o  two ca tego r i es :  those t h a t  a r i s e  f rom t h e  use o f  

an i n te r f e rome te r  r a t h e r  than  a  system o f  s l i t s  and g r a t i n g s ;  and those 

t h a t  a r e  r e a l i z e d  from the  f a c t  t h a t  t h e  spectrum i s  ob ta ined  and s to red  

i n  d i g i t a l  form. The f i r s t  of  these a l l ows  f o r  a  h i ghe r  energy through- 

put  espcia!l.y i n  h i g h l y  a,bsorbing systems s11c.h ar, c o i ~ l ,  which a l l o w s  

s u p e r i o r  spec t ra  t o  be taken. The second i s  p robab ly  t h e  most impor tan t ,  

s i n c e  i t  pe rm i t s  t h e  spec t ra  t o  be scale-expanded so t h a t ' s u b t l e  f e a t u r e s  

can be i n v e s t i g a t e d ,  . sub t rac ted  o r  used i n  con junc t i on  w i t h  computer 

programs f o r  cu rve  r e s o l v i n g .  



The assignments for most of the characteristic bands in coal are 

well known (Friedel, 1966; Dryden, 1963; Speight, 1971; Speight, 1978). 

Table 1 gives a list of most of them. However there.is still a great 

deal of controversy about the assignment of the bands in the region be- 

tween 1000 and 1350 cm-' . Solomon (1979, 1980) has reported the reso- 

lution of several bands in the .region and assigned them to ethers. How- 

ever Painter et al. (1982) believe that firm assignments in this region 

may not be possible, due to mixing of closely lying vibrational energy 

levels or even intramolecular mechanical coupling between, for example, 

adjacent C-C and C-0 stretching vibrations in ethers or C-0 stretching 

and 0-H bending motions in phenols. They concluded from this that it is 

highly unlikely that the bands in the region could be assigned to speci- 

fic groups or motions, but instead were complex, poorly defined, and of 

mixed character. Thus it seems that if they are correct very little 

useful information will ever be extracted from this portion of the spectra 

of coals. 

There are two possible assignments for the characteristic band found 

near 1600 cm-' in coals. It has been a1 ternatively assigned to an aro- 

matic ring-stretching vibration, a chelated carbonyl type structure such 

as that found in acetylacetone, or to an as yet unknown origin. Although 

his arguments are rather circumstantial, Painter (1.982) convincingly argues 

that the band can be assigned to the aromatic ring-stretching vibration 

enhanced by phenolic hydroxyl functionality or linkage of aromatic units 

by methyl ene and possibly ether bridges. 

h.. Spectral Corrections 

In order to obtain reliable quantitative information on the functional 



Band Assignments f o r  t he  I n f r a r e d  Spectra o f  Coals 

Wave Number 
cm- 

Assignment 

Aromatic C-H s t r e t c h i n g  

A l i p h a t i c  CH, CH2, and C H 3  s t r e t c h i n g  

Most l i k e l y  aromatic r i n g  s t r e t c h  
(see page 25, i n  t e x t )  

Aromatic r i n g  s t r e t c h  

CH2 and CH3 bend 

C H 3  groups 

Aror~lat ic C-H ou t -o f  p l  ane bending modes 

I s o l a t e d  aromatic H 

1,4 s u b s t i t u t e d  aromatic groups 

I s o l a t e d  H and/or two neighbour H  

1  $ 2  s u b s t i t u t e d  i .e. neighbouring H  

Hydrogen bonded OH 

C-0 anhydride 

C-0, e s t e r  w i t h  e l e c t r o n  withdrawing 
group at tached t o  s i n g l e  bonded 0  

C-0 es te r ,  o the r  

C-0, kctonc, a1 dchydc, and COO14 

C=O h i g h l y  conjugated 

H igh l y  conjugated hydrogen bonded C=O 
(see page 25 i n  t e x t )  

Carboxyl group as . sa l t ,  COO- 

C-0 s t r e t c h  and 0-H bend i n  phenoxy 
s t ruc tu res ,  ethers 

A1 i pha t i c  ethers,  a lcoho ls  

( f rom Pa in te r  e t  a1 . , 1982) 



groups p resen t  i n  coa l  i t  i s  necessary f i r s t  t o  account f o r  t h e  min- 

e r a l  m a t t e r  present .  Solomon e t  a1 . (1982) r epo r ted  t h a t  t h e  coa l  spec- 

t r a  cou ld  be co r rec ted  by s u b t r a c t i n g  t h e  c o n t r i b u t i o n s  o f  k a o l i n i t e  and 

i l l i t e  and s c a l i n g  t h e  spec t ra  t o  g i v e  t h e  absorbance f o r  1  mg. o f  coa l  

on a  d r y  m inera l  m a t t e r  f r e e  (dmmf) bas is .  However, P a i n t e r  e t  a1 . 
(1978a, 1978b) p o i n t  o u t  t h a t  these c l a y s  may c o n s t i t u t e  o n l y  30 t o  40% 

by we igh t  o f  t h e  minera l  m a t t e r  p resen t  i n  a  coa l .  They t h e r e f o r e  sug- 

ges t  t h a t  t h e  most accura te  method f o r  de te rmin ing  m ine ra l  con ten t  and 

a d j u s t i n g  t h e  FTIR spectrum t o  account f o r  a l l  t h e  m ine ra l  m a t t e r  t h a t  

may be. p resen t  i s  t o  s u b t r a c t  t h e  spectrum o f  t h e  low temperature ash 

(LTA). Occas ional ly ,  t h i s  procedure i s  compl i ca ted  by f i x a t i o n  o f  o r -  

ganic  s u l f u r  and n i t r o g e n  as i n o r g a n i c  s u l f a t e s  and n i t r a t e s  d u r i n g  t h e  

ashing process, b u t  t h i s  can b e - d e t e c t e d  and q u a n t i t a t i v e l y  measured by 

FTIR methods ( P a i n t e r  e t  a l . ,  1978b; P a i n t e r  e t  a l . ,  1981). 

The second c o r r e c t i o n  t o  t h e  coa l  spectrum needed i s  f o r  t h e  s lop-  

i n g  b a s e l i n e  t h a t  i s  encountered. An obvious reason f o r  f i n d i n g  a  

s l o p i n g  base l i ne  i s  s c a t t e r i n g  o f  r a d i a t i o n  by coa l  p a r t i c l e s .  Th i s  

e f f e c t  w i l l  decrease a t  an unp red i c tab le  r a t e  w i t h  decreas ing frequency. 

Dryden (1963) suggested t h a t  f o r  h i ghe r  ranked coa l s  p a r t  o f  t h e  back- 

ground 'cou ld be a t t r i b u t e d  t o  e l e c t r o n i c  abso rp t i on  bands ex tend ing  

i n t o  t h e  i n f r a r e d .  One can i n f e r  f rom t h e  d i scuss ion  t h a t  no s i n g l e  

(mathemat ica l )  f u n c t i o n  can a c c u r a t e l y  represen t  a  s p e c t r a l  base l i ne  

over  any extended range o f  f requency. Drawing on a l l  o f  t h i s  i n f o r -  

mat ion ,Pa in te r  e t  a l .  (1982) suggest t h a t  i f  coa l  spec t ra  a r e  t o  be 

a c c u r a t e l y  curve-resolved o r  compared, base l i ne  c o r r e c t i o n s  w i l l  have 

t o  be a p p l i e d  sepa ra te l y  t o  s p e c i f i c  reg ions  o f  t h e  spect,rum. 



c. Curve Resolv ing 'o f  FTIR Spectra - 

For t h e  most p a r t  coal  I R  spectra a re  made up o f  broad over lapping 

peaks. Although at tempts have been made t o  i n t e g r a t e  absorp t ion  i n t e n s i -  

t i e s  over whole reg ions  o f  a  spectrum (Retcofsky, 1977; Dur ie  e t  a1 . , 
1966; Retcofsky and F r iede l ,  1968), t h i s  approach i s  u n r e l i a b l e  due t o  

d i f f e r e n c e s  i n  t he  e x t i n c t i o n  c o e f f i c i e n t s  f o r  t h e  c o n t r i b u t o r y  bands. 

It i s  u s u a l l y  a  r e l a t i v e l y  easy task  t o  curve reso l ve  t h e  reg ion  i n  ques- 

t i o n  i n t o  s p e c i f i c  bands, b u t  several quest ions must be addressed i f  

r e l i a b l e  r e s u l t s  a r e  t o  be obtained. The f i r s t  o f  these i s  t h e  peak 

shape, which i s  normal ly  assumed t o  be an e m p i r i c a l l y  determined sum o f .  

Gaussian and Lorentz ian  c o n t r i b u t i o n s  (Jones, 1969a, 1969b; Jones e t  a l . ,  

1963). The remainder .of  t h e  problems deal w i t h  choosing the  proper 

s t a r t i n g  parameter f o r  a  l e a s t  squares o p t i m i z a t i o n  procedure (Fraser  

and Suzuki, 1973). The parameters t h a t  must be est imated i nc lude  the  

peak p o s i t i o n s  and he igh ts  and the  w id th  a t  h a l f ' h e i g h t ,  a l l  n f  which can 

e a s i l y  be de r i ved  f rom t h e  scale expanded spectrum o r  i t s  second d e r i -  

1 .-6-H; Group .De.temin~t..i.on 
- '.,,.,. - . . . .  . . . . .  . - .  ? .  

There are  two reg ions  of t he  I R  spectra o f  c o a l  t h a t  a re  nnrmal ly  

used i n  i n v e s t i g a t i n g  t h e  presence o f  C-H groups. The determinat ion  o f  

aromat lc  groups can u t i i  i z e  t h e  reg ion  between 920 and 680 cm-1 , which 

corresponds t o  t h e  aromatic out-of -p lane bending modes w h i l e  t he  reg ion  

between 3000 and 2800 cm-' i s  used f o r  t he  a l i p h a t i c  C-H determinat ions.  

I n  the  a l i p h a t i c  reg ion  t h e r e  i s  s t i l l  some controversy as t o  the  exact 

modes o f  t h e  f i v e  c o n t r i b u t i n g  bands; however Pa in te r  and coworkers (1982) 

f e e l  t h a t  t he  band around 2923 cm-' i s  a  composite o f  t h e  absorpt ions due 



t o  asymmetrical s t r e t c h i n g  o f  CH2 and CH3, t h e  band around 2870 and 

2956 cm-' t o  symmetrical CH3 and CH2 s t r e t c h i n g  r e s p e c t i v e l y  and t h a t  

around 2891' cm-' t o  CH groups. Th is  i n d i c a t e s  t h a t  i f  proper e x t i n c t i o n  

c o e f f i c i e n t s  can be der ived,  a  s i g n i f i c a n t  amount o f  i n fo rma t i on  cou ld  be 

deri.ved about t h e  s t r u c t u r e  o f  coa l .  

2. --- OH Group Determinat ion 

A number of at tempts have been made t o  measure d i r e c t l y  t h e  OH con ten t  

of coa l s  by' I R  spectroscopy (Solomon, 1979; Solomon, 1980; Tschamler and de 

Ru i te r ,  1963; and Dryden, 1963), o r  by measuring t h e  i n t e n s i t i e s  o f  char- 

a c t e r i s t i c  bands in t roduced through chemical reac t i ons  (Osawa and Shih, 

1971 ; Friedman e t  a1 . 1963:; Duf fy ,  1967; and Dur ie  and S te rnhe l l  , 1959) . 
For example, Solomon (1979, 1980) used t h e  r e l a t i o n s h i p  between t h e  

s p e c i f i c  e x t i n c t i o n  c o e f f i c i e n t  o f  ' t h e  3450 cm" absorp t ion  band and 

hydroxy l  con ten t  developed by Osawa and Shih (1971 ) .  However t h e r e  ap- 

pears t o  be a  major problem i n  account ing f o r  t h e  absorp t ion  due t o  water 

i n  t h e  p e l l e t .  F r i ede l  (1966) has discussed t h e  presence o f  water i n  KBr 

p e l l e t s  and deterrr~ined t h a t  heat ing  t o  175OC was requ i red  t o  remove t h e  

l a s t  t races,  which then reappeared upon coo l i ng .  I n  con t ras t ,  Solomon 

(1979, 1980) has repo r ted  complete removal by heat ing  t o  110°C over- 

n i g h t .  Pa in te r  e t  a l .  (1978), a l though no t  d i r e c t l y  addressing whether 

water cou ld  be complete ly  r e m o ~ e d ~ i n d i c a t e d  t h a t  t h e  coal-KBr m ix tu re  

prov ides a  good d i s t r i b u t i o n  o f  b ind ing  s i t e s ,  s i g n i f i c a n t l y  i nc reas ing  

t h e  c o n t r i b u t i o n  of water t o  t h e  i n t e n s i t y  o f  t h e  3450 cm-' band. I n  

a d d i t i o n  broadening o f  t h i s  band due t o  hydrogen bonding and poss ib le  . 
/ 

c o n t r i b u t i o n  from NH2 groups makes OH determinat ions us ing  o n l y  FTIR 

h i g h l y  suspect. 



D u r i e  and S t e r n h e l l  (1959) were t h e  f i r s t  t o  r e p o r t  an I R  s tudy o f  

a c e t y l a t e d  c o a l .  A l though some u s e f u l  in fo rmat ion  was obta ined,  t h e  i n -  

a b i l i t y  t o  r e s o l v e  a c e t y l  bands f rom those of t h e  o r i g i n a l  coa l  made t h e  

accu ra te  de te rm ina t i on  o f  base l ines  and measurements o f  peak i n t e n s i t i e s  

imposs ib le .  Modern FTIR techniques can e a s i l y  hand1 e  problems such as 

t hese  s imp ly  by s u b t r a c t i n g  t h e  spectrum o f  t h e  o r i g i n a l  f rom t h a t  o f  t h e  

a c e t y l a t e d  coa l  p roduc ing  w e l l  r eso l ved  a c e t y l  bands. Once t h e  bands a r e  

r e s o l v e d  i t  i s  a  s imp le  m a t t e r  t o  determine base l ines  and peak areas. 

These bands due t o  C=O i n  a c e t y l  a r e  found i n  t h e  r e g i o n  between 1800 

and 1600 cm" . Kuehn and coworkers (1  982a ,b) have determined t h a t  t h e r e  

a r e  f i v e  c o n t r i b u t o r y  bands i n  t h i s  reg ion .  Three a r e  thought  t o  be due . 
t o  t h e  a c e t y l a t e d  OH/NH f u n c t i o n a l i t y  i n  t h e  coa l ,  w h i l e  t h e  remain ing two, 

around 1710 and 1635 cm", have been assigned t o  r e s i d u a l  a c e t i c  a c i d  

f rom t h e  a c e t y l a t i o n  procedure and t o  water i n  t h e  KBr p e l l e t  respec- 

t i v e l y .  The t h r e e  bands assigned t o  t h e  C=O o f  ace ta tes  i n  t h e  coa l  

i n c l u d e  t h a t  due t o  pheno l i c  ace ta tes  around 1770 crn-l, a l c o h o l i c  around 

1145 cm-l, and a c e t y l  amino NH around 1670 cm-l . It can he rnnrluded t h a t  

th rough  t h e  use of a c e t y l a t i o n  and cu rve  r e s o l v i n g  .it i s  p o s s i b l e  t o  g a i n  

v a l u a b l e  i n f o r m a t i o n  about t h e  OH f u n c t i o n a l i t y  present  i n  a  coal  sample, 

A p p l i c a t i o n s  o f  FTIR i n  coal  sc ience i n c l u d e  t h e  i n v e s t i g a t i o n  o f  

t h e  c a r b o n i z a t i o n  o f  s o l v e n t  r e f i n e d  coa l  ( P a i n t e r  e t  a l . ,  1979a), the 

a n a l y s i s  o f  f r a c t i o n a t e d  and u n f r a c t i o n a t e d  coal. l i q u i d s  ( P a i n t e r  and 

~ ~ l e l l l d l l ,  1999; Solomon and Co'lket, 1978), i n v e s t i g a t i o n s  o f  coa l  o x i d a t i o n  

( P a i n t e r  and Rhoads, 1981 ; P a i n t e r  e t  a1 . , 1980), t h e  model ing o f  va r -  

i o u s  convers ion  processes (Sol  omon, 1979b; Sol omon e t  a1 . , 1981 ) . Ove ra l l  , 

t l i e  use o f  FTIR i n  i n v e s t i g a t i n g  t h e  s t r u c t u r e  o f  coal  and i t s  convers ion  

p roduc ts  h a s c o n t r i b u t e d  a  l a r g e  volume o f  knowledge and th rough t h e  use 



of curve resolving and other spectral manipulation techniques will 

continue to  do so. 

E .  LOW T E M P E K A I U K E  ASHING 

The use of low temperature ashing has found several uses in investi- 

gating the mineral matter present i.n coal. The low temperature ash ( L T A )  

produced by t h i s  method closely resembles the original mineral matter in 

the coal, which makes i t  the preferred method of d i rec t ly  determining 

mineral matter and preparing pure samples for the analysis of mineral com- 

ponents by other techniques. Given and Yarzab (1978) have reviewed the 

l i t e ra tu re  pertaining to  the use of low temperature ashing as a method of 

direct ly  determining mineral matter, while Jenkins and Wal ker (1 978) 

. discuss the process in relation to  separating minerals from the organic 

portion of the coal . 
The LTA i s  formed by reacting oxygen excited by a radio frequency 

discharge with the organic portion of the coal a t  re lat ively low tem- 

perature (80-160") and pressure (2  t o r r )  (O'Gorman and Walker, 1972; 

Guilanell i and Williamson, 1982). Miller (1977) has investigated the 

optimum conditions for  performing the ashing to minimize the oxidation 

of pyrite and ensuring t h a t  a l l  of the organic material has been ox- 

idized. His suggestions include an RF power of 50W, s t i r r ing  the sam- 

ple three times during the f i r s t  8 hours of the i n i t i a l  24 hour ox- 

idation period to  expose new surface, limiting the total  oxidation 

time to 30-36 hours and analyzing for  any residual carbon following a 

3 N HC1 washing. 

The low temperature ashing procedure has been suggested as a 

routine me.thod for  the d i rec t  determination of a mineral matter (Frazer) 



and Belcher, 1973; Miller  e t  a1 . , 1979). However, ce r ta in  precautions 

must be taken t o  ensure t h a t  organic su l fu r  and nitrogen a r e  not fixed 

and t h a t  oxidation of py r i t e  is  minimized (Miller  e t  a l . ,  1979). The 

problem of su l fu r  and nitrogen f ixa t ion  has been investigated by Painter  

and coworkers (1 980), Mil 1 e r  (1 978) and OUGorman and Wal ker (1 971 ) .  

Although a d e f i n i t i v e  study of the  processes involved i s  needed, the  

work already performed ind ica tes  t ha t  f ixa t ion  i s  g rea tes t  f o r  low rank 

coa l s ;  however, the re  a r e  a l s o  repor ts  t h a t  i t  may be a problem with 

oxidized samples of coals  i n  the  bituminous rank range. The oxidation 

of py r i t e  during the  ashiny process has been studied by sevcral workers 

(Huggins and Hoffman, 1978; Mil ler ,  1978; Montano, 1977; Frazer and 

Belcher, 1973). The general consensus i s  t h a t  oxidation can be mini- 

mized i f  ca re  i s  taken not t o  have too high an RF power level o r  allow 

the  ashing t o  occur f o r  too long a period of time. Other changes t h a t  

occur during the  ashing process include the  dehydration of gypsum 

(CaS04e2H20), and r o z i n i t e  (FeS04H20) (Painter  e t  a1 . , 1978b; Frazer and 

Belcher, 1973), and the  oxidation of some ~ e "  t o  ~ e ~ +  (Guil.ianelli  and 

Williamson, 1982; Huggins and Hoffman, 1978). 

The LTA's have been u t i l i z ed  by Huggins and Hoffman (1 978) i n  

conjunction with Mossbauer spectroscopy t o  determine t h a t  the  main pro- 

ducts of pyr i t e  weathering include hematite (Fe203), magnetite (Fe3U4), 

and j a r o s i t e  ( K  Fe3(~04)q*(OH)6)  as  have Rao and Gluskoter (1973) and 

Walker and coworkers (1975) in quan t i t a t ive  mineral analys is  via X-ra.~ 

d i f f r a c t i o n .  

Additionally Painter  and coworkers in several commur~ications 

(1 978a, 1978b, 1981 ) have discussed t he  quan t i t a t ive  analys is  of 



m i n e r a l s  i n  t h e  LTA th rough t h e  use o f  FTIR. Other workers u s i n g  t h e  

LTA i n  t h e  q u a n t i t a t i v e  a n a l y s i s  o f  m inera l  m a t t e r  i n c l u d e  G lusko te r  

(1965, 1967), and Estep and coworkers (1968).  

Ove ra l l  t h e  low temperature ashing procedure i s  t h e  bes t  method 

f o r  separa t ing  m ine ra l  m a t t e r  f rom t h e  o rgan ic  substance o f  coa l  i f  c a r e  

i s  taken t h a t  changes such as o x i d a t i o n ,  dehydra t ion ,  and f i x a t i o n  o f  

n i t r o g e n  and s u l f u r ,  a r e  minimized. The LTA can . t hen  be used f o r  min- 

e r a l o g i c a l  a n a l y s i s  by a  v a r i e t y  o f  techniques.  

F. TFPA OXIDATIONS 

The use o f  t r i f l u o r o p e r o x y a c e t i c  a c i d  as an o x i d a t i v e  degrada t ion  

method f o r  coa l  has p rov ided  a  power fu l  technique f o r  i n v e s t i g a t i n g  

coa l  s t r u c t u r e .  T h i s  so -ca l l ed  reve rse  o x i d a t i o n ,  because i t  tends t o  
1 

o x i d i z e  aromat ic  s t r u c t u r e s  w h i l e  p reserv ing  a l i p h a t i c  ones, has pro-  

v ided  i n v a l u a b l e  i n f o r m a t i o n  concern ing t h e  non-aromatic s t r u c t u r e s  

found i n  coa l .  T h i s  i n f o r m a t i o n  i s  o f  spec ia l  i n t e r e s t  s i nce  i t  r e -  

l a t e s  t o  t h e  l i nkages  between aromat ic  c l u s t e r s  w i t h i n  t h e  coa l .  

TFPA was f i r s t  prepared and i n v e s t i g a t e d  by Emmons and F e r r i s  

(1953).  They found t h a t  t h e  peroxyac id  cou ld  be formed by r e a c t i n g  

t . r i f 1 1 r n r n a c ~ t . i r  a r i d  w i t h  aql.reol.1~ hydrogen perox ide,  t h e  r e a c t i o n  

occur ing  more r a p i d l y  than w i t h  f o rm ic  o r  a c e t i c  ac i ds .  It was a l s o  

observed t h a t  t h e  peroxyac id  e x h i b i t e d  s t r ong  o x i d i z i n g  power. 

It i s  thought  t h a t  TFPA a c t s  as a  source o f  t h e  e l e c t r o p h i l i c  

t 
hydroxy l  c a t i o n ,  OH , though t h e  cleavaqe o f  t h e  0-0 bond as shown 

i n  Equat ion 1 (Curry ,  1980). 



Although t h e  exact  mechanism of t he  o x i d a t i o n  .'is n o t  known i t  i s  

thought  t h a t  t he  i n i t i a l  s tep  i s  t he  d i r e c t  hyd roxy la t i on  t o  the  aro-  

ma t i c  o r  a1 i p h a t i c  carbon remote from an e l  ec t ronegat ive  center  (Rak- 

i t s k y ,  1980). 

A  complete rev iew o f  t he  non-coal - re lated l i t e r a t u r e  concerning 

t h e  uses o f  TFPA up t o  1980 has been g iven by Rak i tsky  (1 980) and t o  

a  l e s s e r  ex ten t  Curry (1980), so .only those papers r e l a t i n g ,  d i r e c t l y  

t o  i t s  use i n  t h e  i n v e s t i g a t i o n  o f  coal s t r u c t u r e  need t o  be pre- 

sented here. 

The a p p l i c a t i o n  o f  TFPA t o  coal  and coa l -der ived m a t e r i a l s  has 

a  r e l a t i v e l y  r e c e n t ,  h i s t o r y .  Ea r l y  work by Deno and coworkers (1977) 

and Greigger (1978) l e d  them t o  be l i eve  t h a t  ox ida t i ons  w i t h  TFPA 

cou ld  y i e l d  va luab le  i n fo rma t ion  concerning t h e  s t r u c t u r e  o f  coa l .  

I n i t i a l l y  f o u r  coa l s  and two so l ven t  r e f i n e d  coa ls  were i nves t i ga ted  

( ~ e n o  e t  a i  . , 197Oa, 19fOb) along w i t h  a numbcr o f  model compounds. 

The major product  from t h e  whole coa ls  was found t o  be succ in i c  a c i d  

which i s  thought t o  be der ived from d iary le thane and indane-type 

St ruc tures .  

Three a d d i t i o n a l  t o p i c s  o f  study have come o u t ' o f  t h i s  work. 

The f i r s t  i nvo l ves  t h e  f a t e  o f  s u l f u r  and n i t rogen-conta in ing  

f u n c t i o n a l  groups du r ing  t h e  ox ida t i on .  It appears t h a t  both o f  these 

groups a re  o x i d i z e d  when present  as heterocycles,  the  n i t r o g e n  going 

t o  t h e  N-oxide and t h e  s u l f u r  t o  t he  sul fone.  Both o f  these s t ruc tu res  

a r e  then thought  t o  be r e s i s t a n t  t o  f u r t h e r  a t tack ,  due most probably 



t o  t h e  p o s i t i v e  na tu re  o f  t he  o x i d i z e d  heteroatom (Venier  e t  a1 . , 
1981, and L i o t t a  and Ho f f ,  1980). 

The second t o p i c  i nvo l ves  t h e  long-chained a l i p h a t i c  m a t e r i a l  

p resen t  i n  c o a l .  Product workup c o n d i t i o n s  u t i l i z e d  by Deno i n  a l l  

o f  h i s  papers were such t h a t  long-chained p roduc ts  were n o t  observed. 

However o t h e r  workers have found numerous products  i n  t h i s  c l a s s  by 

us ing  o t h e r  procedures (Verheyen, 1982, and' Hessley e t  a l . ,  1982); The 

l a c k  of these  long-chained m a t e r i a l s  seems t o  be due t o  t h e i r  r e l a t i v e  

i n s t a b i l i t y  under r e a c t i o n  c o n d i t i o n s  and t h e i r  l i m i t e d  s o l u b i l i t y  

i n  t h e  medium. 

L i o t t a  and H o f f  (1980) have e x t e n s i v e l y  s t u d i e d  t h e  r e a c t i o n  o f  

PTFA w i t h  a  number o f  model compounds. The main conc lus ions  were t h a t  

t he  p roduc t i on  o f  numerous s i d e  p roduc ts  i f  m i l d  r e a c t i o n  c o n d i t i o n s  

were used makes t h e  a n a l y s i s  o f  t h e  p roduc t  d i f f i c u l t .  

The i n a b i l i t y  t o  o b t a i n  a  mass balance i s  due t o  t h e  m i n e r a l -  

ca ta l yzed  deca rboxy la t i on  o f  t he  TPFA reagent .  Genera l l y  low y i e l d s  

(60-80%) a r e  obtained,which reduces t h e  q u a n t i t a t i v e  accuracy o f  t h e  

data.  However, L i o t t a  and H o f f  d i d  f e e l  t h a t  t h e  r e a c t i o n  shows 

some promise as a q u a l i t a t i v e  i n d i c a t i o n  of t h e  a l k y l  groups p resen t .  

G ,  GAS ANALYS1:S 

The gases formed d u r i n g  donor so l  ven t  1 i q u e f a c t i o n  c o n s t i t u t e s  

a smal l  y e t  s i g n i f i c a n t  p o r t i o n  o f  t h e  product .  A number o f  workers 

have i n v e s t i g a t e d  t h i s  p o r t i o n  o f  t h e  product ,  u t i l  i z i n g  a wide range o f  

a n a l y t i c a l  techniques. Most o f  these techrsiyues were based e i t h e r  

t o t a l l y ,  o r  i n  p a r t ,  on a gas chromatographic (GC) separa t ion .  T h i s  

s e c t i o n  w i l l  r ev i ew  t h e  t heo ry  o f  sepa ra t i on  f o r  t h e  t w o  techniques used 



i n  t h i s  r e p o r t  and p resen t  some of t h e  o t h e r  methods t h a t  have been 

u t i  1 i z e d  by o t h e r  workers.  

Two v a r i a t i o n s  of gas chromatography were used i n  t h i s  work. The 

f i r s t  p rov ided  a n a l y s i s  f o r  Hz, H2S, N2, 02, CH4, and i s  known as 

s i z e  e x c l u s i o n  o r  ge l  chromatography. The second, used i n  t h e  a n a l y s i s  

of  a l l  hydrocarbons o t h e r  than CH4,is based on t h e  most common v a r i e t y  

of  GC, gas l i q u i d  p a r t i t i o n  chromatography. Several good rev iews o f  

t h e  t h e o r y  and p r a c t i c e  o f  gas a n a l y s i s  u t i l i z i n g  GC a re  a v a i l a b l e  

(Des ty  and Goldup, 1975; Jan'ak,  1975),as a r e  v a r i o u s  rev iews o f  t h e  

genera l  t heo ry  of SEC and mo lecu la r  s ieves  (De.L;er.~r~dr~r! and Brewer, 1975) 

and GLC (G idd i  ngs, 1975).  

a.  Non-hydrocarbon Gases 

I n  pure SEC, sepa ra t i on  i s  ob ta ined  because molecules o f  d i f f e r e n t  

s i z e s  e n t e r  a t  d i ' f f e r e n t  r a t e s  t h e  i n t e r i o r  o f  a  porous, three-dimen- 

s i o n a l  netw0r.k.. S ince l a r g e  molecules spend l e s s  t ime  i n  t h e  qu ies-  

c e n t  i n t e r i o r  o f  t h e  network, t h e y  a r e  c a r r i e d  through t h e  column more 

r a p i d l y  by t h e  c a r r i e r  gas than  a r e  molecules o f  sma l l e r  s i ze .  I f  t h e r e  

were no i n t e r a c t i o n  between t h e  molecules be ing  separated and t h e  pack- 

i n g  mater ia1,one would expect  a  sepa ra t i on  t o  be dependent o n l y  on pore 

s i z e  and shape, b u t  t h i s  =is n o t  no rma l l y  t h e  case. I n  a  r e a l  sepa ra t i on  

t h e r e  a r e  i n t e r a c t i o n s  between t h e  molecules be ing  analyzed and t h e  

s u r f a c e  o f  t h e  pack ing ( e x t e r i o r  and i n  pores) ,  which makes t h e  o r d e r  o f  

e l u t i o n  dependent on t h e  m a t e r i a l  o f  which t h e  pack ing i s  made as we1 1 

as on t h e  pore  c h a r a c t e r i s t i c s .  

Three t ypes  o f  pack ing m a t e r i a l s  a r e  commonly used f o r  t h e  a n a l y s i s  

o f  l i g h t  non-hydrocarbon gas. The f i r s t  o f  these, and p robab ly  t h e  most 

conimon,,is t h e  s i l i c a - a l u m i n a  mo lecu la r  s i e v e . .  However t h i s  pack ing 



con ta ins  s u r f a c e  OH groups which make h i g h l y  p o l a r  gases. such as Cop  

and HpS d i f f i c u l t  t o  e l u t e .  I n  an a t tempt  t o  decrease t h e  s t r ong  

adso rp t i on  assoc ia ted  w i t h  separa t ions  on mo lecu la r  s ieves,  pack ing 

produced .by copo lymer iza t ion  o f  s t y rene  and e thy lv iny lbenzene w i t h  

some d iv iny lbenzene,  known u n d e r t h e  name "Porapak", p resen ts  a  v i a b l e  

a1 t e r n a t i v e  when h i g h l y  p o l a r  gases must be separated, p rov ided  t h e  

column i s  cooled below room temperature t o  ensure good r e s o l u t i o n  of 

l e s s  p o l a r  gases. The t h i r d  t ype  o f  pack ing - i s  a  porous carbon which 

e x h i b i t s  i n t e rmed ia te  behavior  compared t o  mo lecu la r  s ieves  o r  Porapak. 

Th i s  a l l ows  t h e  sepa ra t i on  o f  l i g h t  gases a t  j u s t  s l i g h t l y  above room 

temperature y e t  r e q u i r e s  o n l y  a  moderate r i s e  i n  temperature t o  e l u t e  

t h e  more p o l a r  components. 

b. Hydrocarbon Gases 

A l a r g e  number of suppor ts  and coa t i ngs  a r e  a v a i l a b l e  f o r  t h e  

sepa ra t i on  of hydrocarbon gases. Even though these  gases a r e  occasion- 

a l l y  separated by adso rp t i on  o r  SEC t h e  most common techn ique  u t i l -  

i z e s  gas l i q u i d  chromatography (GLC). Thus, t h e  sepa ra t i on  produced i s  

based p r i m a r i l y  on t h e  re1  a t i v e  vo l  a t i l  i t y  o f  t h e  s p e c i f i c  components. 

There a r e  two forms o f  packings t h a t  can be used i n  GLC, those  i n  which 

t h e  s ta t ' ionary phase i s  coated on t h e  suppor t  and those i n  which t h e  

phase i s  a c t u a l l y  chem ica l l y  bonded. The advantages r e a l i z e d  by bonding 

t h e  s t a t i o n a r y  phase t o  t h e  suppor t  app l y  t o  bo th  HPLC (Sec t i on  B )  and 

GLC. There i s  one added c o n s t r a i n t  i n  GLC; i n  HPLC one does n o t  have 

t o  wor ry  about t h e  thermal s t a b i l i t y  o f  t h e  packings s i nce  sepa ra t i on  

i s  no rma l l y  performed a t  room temperature.  However i n  GLC t h e  samples 

must be v o l a t i l i z e d ,  which r e q u i r e s  temperatures above those  encountered 

i n  HPLC. Thus, bonded phase GLC columns cannot be used t o  separate 



hydrocarbons which r e q u i r e  temperatures greater  than 1 4 0 0 ~  f o r  e l u t i o n .  

However, t h i s  i s  a  problem not  encountered du r ing  gas ana lys is .  

H. STATISTICS 

The use o f  s t a t i s t i c s  i n  coal research, as i n  any s c i e n t i f i c  f i e l d ,  

has a  l ong  h i s t o r y .  The extreme d i v e r s i t y  i n  t h e  s t r u c t u r e  o f  var ious  

coals,  the  extreme complexi ty  o f  a  s i n g l e  coal ,  and t h e  l a r g e  number o f  

r e a c t i o n s  t h a t  occur du r ing  coal  1  iquefac t ion ,  a1 1  c o n t r i b u t e  t o  making 

s t a t i s t i c s  an a t t r a c t i v e  method o f  analyz ing t h e  complex i n t e r r S e l d t i o n -  

sh ips encountered. There a re  many techniques t h a t  can be c l a s s i f e d  as 

s t a t i s t i c a l .  I n  t h i s  sec t i on  a  sho r t  d iscuss ion  o f  those u t i l i z e d  i n  

ana lyz ing  t h e  data acqui red i n  t h i s  rep0r.t w i l l  be presented. O f  spec ia l  

i n t e r e s t  w i l l  be d iscuss ion  o f  why the  techniques were used, t h e i r  ap- 

p l  i c a b i l  i t y  t o  var ious  types o f  data, i n c l u d i n g  the  1  i m i t s  and pre- 

caut ions  i n  i n t e r p r e t i n g  t h e i r  r e s u l t s ,  t h e  type o f  i n fo rma t ion  t h a t  

o t h e r  workers have obtained, and a  qua1 i t a t i v e  d e s c r i p t i o n  o f  how t h e  

techniques were performed. 

Tile s t b t i s t i c s  used i n  t h i s  rcport can be d i v ided  i n t n  three gen- 

e r a l  categor ies,  desc r ip t i ve ,  b i v a r i a t e ,  and m u l t i v a r i a t e .  Desc r ip t i ve  

techniques encompass those methods which f i n d  t h e i r  use ? n  ana lys iny  the 

data i n  o rder  t o  determine i t s  s t r u c t u r e  and a p p l i c a b i l i t y  before more com- 

p lex  b i v a r i a t e  and m u l t i v a r i a t e  ana lys is .  Inc luded i n  t h i s  c l a s s i f i c a t i o n  

arc  procedures t h a t  c a l c u l a t e  means, rn~dians,  frequency d i s t r i b u t i o n s ,  

degrees o f  skewness and ku r tos i s ,  and o the r  i n t e r p r e t a t i o n s  of t he  

shape o f  t h e  d i s t r i b u t i o n s .  The main b i v a r i a t e  method i s . a  s'imple l i n e a r  

l e a s t  squares regression,  which.develops the  bes t  l i n e  through a  se r ies  

of po in ts .  This  technique i s  normal ly  used i n  determin ing the  r e l a t i o n -  

sh ip  between two var iab les ,  a l though i t  a l s o  f i n d s  use i n  developing 



c a l i b r a t i o n  curves f o r  t h e  va r i ous  chromatographic methods. M u l t i -  

v a r i a t e  techniques i n  some instances,  such as m u l t i p l e  regress ions ,  

can be cons idered as extens ions o f  b i v a r i a t e  techniques, w h i l e  i n  

o t h e r  ins tances  per form f u n c t i o n s  which a r e  t o t a l l y  apa r t  f rom those 

encountered i n  b i v a r i a t e  methods. Two methods u t i l i z e d  i n  t h i s  work 

f a l l  i n t o  t h i s  second c l ass .  C l u s t e r  a n a l y s i s ,  which i s  used t o  

segregate members o f  a  s t a t i s t i c a l  s e t  i n t o  subsets based on t h e i r  

c h a r a c t e r i s t i c s ,  i s  t h e  f i r s t  o f  these. The second and more h e a v i l y  

used i n  t h i s  work i s  f a c t o r  ana l ys i s ,  a  grouping o f  separate t e c h n i -  

ques a l l  hav ing t h e  f u n c t i o n  o f  e x t r a c t i n g  hypo the t i ca l  f a c t o r s  from 

a da ta  m a t r i x  which e x p l a i n  a  p o r t i o n  o f  t h e  t o t a l  v a r i a t i o n  o f  t h e  

data.  These f a c t o r s  can subsequent ly be i n t e r p r e t e d  t o  g a i n  under- 

s tand ing  o f  how a s p e c i f i c  process depends upon a s e r i e s  o f  o t h e r  

c h a r a c t e r i s t i c s .  

A l though a g r e a t  deal  o f  i n f o r m a t i o n  can be ga ined th rough t h e  

use o f  b i v a r i a t e  methods, t h e  g r e a t  complex i t y  o f  t h e  da ta  c o l l e c t e d  

through t h e  number o f  a n a l y t i c a l  techniques t h a t  can be a p p l i e d  t o  coa l  

r a p i d l y  leads  t o  t h e  u t i l i z a t i o n  o f  t h e  more complex m u l t i v a r i a t e  

methods. I n  a d d i t i o n ,  Yarzab and coworkers (1979) have shown t h a t  t h e  

processes i nvo l ved  i n  l i q u e f a c t i o n  a r e  dependent on t h e  i n t e r p l a y  o f  

a  number o f  c h a r a c t e r i s t i c s  o r  v a r i a b l e s  and t h e r e f o r e  requi re : .mul t i -  

v a r i a t e  techniques f o r  an adequate d e s c r i p t i o n .  Fac to r  a n a l y s i s  i s  

one o f  these techniques t h a t  has shown g r e a t  promise i n ' d e t e r m i n i n g  t h e  

processes i nvo l ved  i n  coal  l i q u e f a c t i o n .  

Fac to r  a n a l y s i s  i s  a  techn ique  which has as i t s  purpose t h e  ana l -  

y s i s  o f  s t r u c t u r e  w i t h i n  t h e  var iance-covar iance m a t r i x  o f  a  da ta  s e t .  



The i n i t i a l  developmental stages o f  t he  method took p lace dur ing  the  

1930's  and 1940's.  I t  was be l ieved by experimental psycho log is ts  o f  

t h e  t ime t h a t  a l though a s i n g l e  t e s t  could n o t  be used t o  asce r ta in  

a person's  i n t e l l i g e n c e ,  one's score was r e l a t e d  t o  h i s  o r  her  mental 
. 

a b i l i t y ,  a long w i t h  education, c u l t u r a l  background and environmental 

circumstances surrounding t h e  t e s t  s i t u a t i o n .  Thus, by u t i l i z i n g  a 

number o f  t e s t  scores i t  was thought t h a t  f a c t o r  ana lys i s  was capable 

o f  e x t r a c t i n g  an a b s t r a c t  o r  i d e a l i z e d  i n t e l l i g e n c e  f a c t o r .  

Seveval o f  t h e  assumptions used by t h e  e a r l y  workers i n  t h e  f i e l d  

o f  psychology do n o t  l end  themselves t o  the  t r a n s f e r  o f  t h e  technique 

t o  o the r  d i s c i p l i n e s ,  and a great  deal o f  t he  more recent  work i n  t he  

f a c t o r  ana lys i s  area has been devoted t o  c i rcumvent ing these problems. 

The most prominent problem t h a t  i s  encountered i n  t r a n s f e r r i n g  the  

method i s  determin ing t h e  number o f  f a c t o r s  t o  be ex t rac ted .  The 

e a r l y  workers had a preconceived idea o r  model which s e t  t h e  number of 

f ac to rs .  I n  o the r  f i e l d s  t h i s  knowledge does n o t  normal ly  e x i s t  and 

methods have had t o  be developed such t h a t  c r i t e r i a  cou ld  be s e t  up f o r  

f a c t o r  r e t e n t i o n .  

The f i r s t  problem t h a t  i s  encountered when a f a c t o r  ana lys i s  i s  

performed i s  whether t h e  data should be standardized. As a general r u l e  

whenever t h e  measurements t h a t  comprise the  data m a t r i x  have been made, 

u t i l i z i n g  d i f f e r e n t  methods, s tandard iza t ion  o f  t h e  va r iab les  i s  re -  

q l l i r ~ d .  A 1  t h ~ i ~ g h  a d i  s c u s s i ~ n  s f  t h e  vari,ous nlsthocls o r  l i~ l ' l l l d l  i ~ d L  ~ U I I  

i s  beyond t h e  scope o f  t h i s  repo r t ,  i t  i s  important  t o  p o i n t  ou t  t h a t  

no rma l i za t i on  i s  necessary f o r  data se ts  such as t h e  ones u t i l i z e d  here. 



CHAPTER I 1 1  

EXPERIMENTAL PROCEDURES 

A. INTRODUCTION 

The exper imenta l  procedures descr ibed  i n  t h i s  chap te r  have been 

d i v i d e d  i n t o  t h r e e  groups depending on whether t hey  were used i n  t h e  

' c h a r a c t e r i z a t i o n  o f  t h e  l i q u e f a c t i o n  products ,  t h e  de te rm ina t i on  of 

coa l  p r o p e r t i e s  o r  t h e  s t a t i s t i c a l  ana1,ysis o f  t h e  data.  The o v e r a l l  

a n a l y s i s  scheme i s  shown i n  F igu re  2. A l though most o f  t h e  techniques 

used were not.new, many were m o d i f i e d  s i g n i f i c a n t l y ,  i n  ways t h a t  

w i l l  be d e t a i l e d  i n  t h e  f o l l o w i n g  sec t ions .  

B.. SAMPLE SELECTION 

The sample s e l e c t i o n  was e s s e n t i a l l y  based on t h e  c l u s t e r  a n a l y s i s  

o f  Yarzab e t  a l .  (1980). A l l  o f  t h e  c o a l s  i n  t h e  PSU Sample and Data 

Base, except  f o r  those from t h e  Alaskan and P a c i f i c  p rov inces  having 

a PSOC number g r e a t e r  than 349, a m ine ra l  ma t te r  con ten t  l e s s  than  o r  

equal t o  20 percent  and be ing i n  one o f  t h e  h i g h  v o l a t i l e  b i tuminous 

rank c lasses,  were assigned t o  one o f  t h r e e  groups us ing  t h e  equat ions 

s e t  up by d i s c r i m i n a n t  a n a l y s i s  ( ~ a r z a b  e t  a l . ,  1981 ) .  The ac tua l  

cod1 5 t o  be used I n  the study were then  hand se l  ected f rom those  t h a t  

had been assigned t o  group 2 ( h i g h  s u l f u r  and medium rank )  such t h a t  

t h e i r  d i s t r i b u t i o n  o f  carbon and s u l f u r  con ten ts  and t h e i r  r a t i o s  o f  

p y r i t i c  t o  o rqan ic  s u l f u r  were as un i f o rm  a s  poss ib l e .  

C. SAMPLE PREPARATION 

The coa l s  se lec ted  us ing  t h e  procedure descr ibed  i n  t h e  preceding 
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s e c t i o n  were ob ta ined  f rom t h e  PSU Sample and Data Base. Fresh cans o f  

coa l  were used except f o r  PSOC 666 and 773 where t h e y  were unava i l ab le .  

Samples of  these two c o a l s  were taken  f rom our  l a b o r a t o r y  s tock  supply  

which, a l though opened, had been t h r o u g h l y  purged w i t h  n i t r o g e n  be fo re  

s to rage  i n  a  sealed con ta ine r .  Each new can was opened, t h e  con ten ts  

removed, r i f f l e d  (ASTM, 1974a), coned and quar te red  (ASTM, 1974b), i n t o  

t h r e e  r e p r e s e n t a t i v e  samples. One o f  these  samples was used f o r  t h e  

1  ique fac t ions ,  High Temperature Ash (HTA), Low Temperature Ash (LTA), 

and F o u r i e r  Transform I n f r a r e d  Spectroscopy (FTIR) . The second sampl e  

was used f o r  t h e  t r i f l u o r o p e r o . x y a c e t i c  a c i d  (TFPA) ox ida t i ons ,  and t h e  

t h i r d  f o r  t h e  c ross -po la . r i za t i on  magic-angle-sp inn ing nuc lear  magnet ic 

resonance spec t ra  (CP-MAS nmr) and s u l f a t e  a n a l y s i s .  Each o f  t h e  sam- 

p l e s  was f l u i d i z e d  w i t h  n i t r o g e n  t o  remove atmospheric oxygen, sealed, 

and s to red  i n  a  d e s i c c a t o r  u n t i l  needed. 

D. LIQUEFACTIONS 

The l i q u e f a c t i o n s  were performed i n  an apparatus t h a t  has been de- 

scri.bed elsewhere (Szladow, 1979.). The system, which i s  shown schemat- 

i c a l l y  i n  F igu re  3, i s  composed o f  a  r e a c t i o n  bomb w i t h  a  g a s - t i g h t  

va lve,  a  f l u i d i z e d  bed sand-bath, a  shaker o r  a g i t a t o r  assembly, and a  

g a s - t i g h t  man i fo ld .  The bombs a re  made f rom a  s t a i n l e s s  s tee l  p i p e  

w i t h  Swagelock end f i t t i n g s  and a  long-stemmed gas t i g h t  va lve,  t o  

f a c i l i t a t e  purg ing  and p r e s s u r i z a t i o n  (F igu re  4 ) .  

Each coa l  ( -20  mesh) was d r i e d  a t  l l O ° C  f o r  one hour i n  a  vaccum 

oven and s to red  i n  a  des i cca to r .  2.5 g. o f  two d i f f e r e n t  coa l s  were 

weighed o u t  and added t o  t h e  two bombs. Any o f  t h e  coal  adher ing t o  

t h e  weigh ing paper was r i n s e d  o f f  w i t h  7.5 ml.  o f  t e t r a l i n  ( F i s h e r  

S c i e n t i f i c  Co., P i t t sbu rgh ,  Pa.). The bomb was then  mounted i n  t h e  
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shaker and gas l i n e s  connected. The bombs were purged three times 

by pressur iz ing t o  1000 psig. w i t h  hydrogen, fol lowed by a slow 

venting. They were pressurized one f i n a l  t ime and the hydrogen was 

turned o f f  on the tank s ide of the pressure gauge. A per iod o f  about 

10 minutes was allowed t o  be sure t h a t  there were no leaks, which would 

be indicated by a drop i n  the pressure gauge reading. 

I f  no leaks were observed, the valves on the bombs were closed, 

the  shaker se t  t o  perform 150 ag i ta t ions  per minute, and the bombs 

immersed i n  t he  f l u i d i z e d  bed bath. Other studies have shown tha t  the 

reac t ion  vessel s reach t h e i r  maxfmum 1ernper-d tuve wi th in  two minutes 04 

being immersed. The bombs were allowed t o  remain a t  425°C f o r  30 

minutes, then removed and immediately cooled i n  co ld  water; and t he  

contents were given 30 minutes t o  equ i l i b ra te  a t  room temperature. 

The gases were removed from each bomb by al lowing small amounts 

o f  gas t o  d ra in  through a three centimeter Tygon tube i n t o  a 5 l i t e r  

Tef lon coated sampl ing  bag (Anlabs Inc. , North Haven, Conn. ) . Af te r  

each por t ion  o f  t he  gas had been t ransfer red about 5 n~ l r~utes  were 

allowed f o r  the  mater ia l  remaining i n  the bomb t o  reequi l ib ra te .  This 

process was repeated u n t i l  the pressure i n  the  bomb was equal t o  atmos- 

pherIc . The Tef lon sampling bag was then sealed and saved f o r  the 

analysts uf Lire yases, wtrs'tlr ms performed a3 r a p i d l y  as possiblc a f t e r  

sd~ny 1 i ng . 
The mater ia l  remaining i n  the bomb was dispersed i n  e thy l  acetate, 

a process invo lv ing  a combination o f  scraping, washing, and sonicating. 

The mater ia l  removed from the bomb was then f i l t e r e d  through a tared 

30 rnm. x 80 mm. alundum ext ract ion thimble. The mater ia l  remaining i n  

t he  thimble was extracted w i t h  e thy l  acetate i n  a Soxhlet apparatus 



under a  n i t r o g e n  atmosphere f o r  24 hours. The res idue  was d r i e d  a t  

100°C i n  a  vacuum p i s t o l  f o r  24 hours, coo led  i n  a  d e s i c c a t o r  and 

weighed. The e t h y l - a c e t a t e - s o l u b l e  f r a c t i o n  was concent ra ted  by 

r o t a r y  evapora t ion  a t  80°C and a  p ressure  o f  approx imate ly  20 mm. 

250 ml .  o f  hexane were then  added t o  t h e  remain ing m a t e r i a l ,  t h e  r e -  

s u l t i n g  m i x t u r e  was sonicated f o r  15 minutes,  purged w i t h  n i t r ogen ,  and 

a l lowed t o  s tand f o r  24 hours. The und isso lved  m a t e r i a l  (asphal tenes)  

was removed by vacuum f i l t r a t i o n ,  d r i e d  under vacuum i n  a  d r y i n g  p i s t o l  

and weighed. The hexane was removed from t h e  remain ing m a t e r i a l  by 

r o t a r y  evapora t ion  t o  l eave  t h e  o i l s  ( e t h y l - a c e t a t e - s o l u b l e  and hexane- 

s o l u b l e ) .  The o i l s  were then  weighed, purged w i t h  n i t r ogen ,  sealed and 

s to red  a t  reduced temperature i n  t h e  dark  u n t i l  needed. 

The preceding scheme ( a l s o  see F igu re  5 )  separated t h e  p roduc ts  

o f  l i q u e f a c t i o n  i n t o  f o u r  f r a c t i o n s ,  t h e  gases, o r  t h a t  m a t e r i a l  i n  t h e  

vapor phase i n  e q u i l i b r i u m  w i t h  t h e  p roduc t  m i x t u r e  a t  room temperature 

and pressure,  t h e  asphaltenes, where t h e  m a t e r i a l s  a r e  s o l u b l e  i n  e t h y l  

ace ta te  y e t  i n s o l u b l e  i n  hexane, t h e  o i l s ,  which a r e  s o l u b l e  i n  bo th  

e t h y l  ace ta te  and hexane, and t h e  res idue  o r  e t h y l - a c e t a t e - i n s o l u b l e  

m a t e r i a l .  

E. PRODUCT ANALYSIS 

Once t h e  i n i t i a l  separa t ion  o f  t h e  l i q u e f a c t i o n  p roduc ts  was complete, 

t h e  gas and o i l  f r a c t i o n s  were f u r t h e r  ana1,yzed u s i n g  t h e  methods d e s c r i -  

bed i n  t h i s  sec t i on .  The a n a l y s i s  o f  t h e  gases was performed immediate ly  

a f t e r  t h e  l i q u e f a c t i o n s ,  bu t  t h e  vacuum d i s t i l l a t i o n  de te rm ina t i on  o f  

t h e  n a p h t h a l e n e / t e t r a l i n  r a t i o ,  and t h e  HPLC depara t ions ,  were n o t  begun 

f o r  severa l  months. Dur ing  t h i s  p e r i o d  t h e  o i l  f r a c t i o n ,  s t i l l  c o n t a i n i n g  
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Table 2. Condi t ions Used i n  t he  Ana lys is  o f  Gases 
Produced D u r i n ~  L iaue fac t i on  - 

i n j e c t o r  temperature 250" i n  a l l  cases 

Permanent Gases 

Col umn 
Detector  
C a r r i e r  
Temperature Program 

Hydrocarbon Gases 

Col umn 
Detector  
C a r r i e r  
Temperature Program 

Hydrogen Gas 

Col umn 
Detec tor  
C a r r i e r  
Temperature 

Hydrogen Sul f i d e  

Col umn 
Detec tor  
C a r r i e r  
Temperature 

Carbosieve S (3m) 
,TCD (250°C) 
He (20ml /min) 
35°C f o r  2 min., 10°C/min t o  l4O0C, 
140°C f o r  5 min. 

Duropak ( 6 . f t )  
FID' (250°C) 
HE (20ml/min) 
35°C f o r  2 min., 10°C/min. t o  140°C, 
140°C. for  5 min. 

Carbosieve S (cm) 
TCD (250°C) 
A r  (17ml/min) 
Isothermal a t  40°C 

Carbosieve (3m) 
TCD (250°C) 
A r  (20 ml/min) 
Isothermal a t  140°C 



t h e  te t ra l in / . .naph tha lene  mix tu re ,  was s to red  i n  sealed v i a l s ,  under 

n i t r o g e n ,  i n  a  r e f r i g e r a t o r  i n  t h e  dark .  It was thought  t h a t  these 

s to rage  c o n d i t i o n s  would e l i m i n a t e  t h e  r e t r o g r e s s i v e  r e a c t i o n s  t h a t  

a r e  known t o  occur  d u r i n g  t h e  s to rage  o f  coa l  l i q u i d s .  

a. Gas Ana l ys i s  

I n  o r d e r  t o  de te rmine  t h e  amount o f  gas produced under l i q u e f a c t i o n  

c o n d i t i o n s  t h e  compos i t ion  o f  t h e  gas was analyzed by gas chromatography 

(GC) and t h e  volume determined u s i n g  a  wet t e s t  meter.  By us ing  t h e  

compos i t ion  and volume i n fo rma t i on  t h e  t o t a l  amount o f  gas produced cou ld  

be c a l c u l a t e d .  The sampl i n g  procedure has been descr ibed  i n  Sec t i on  D 

o f  t h i s  Chapter, so t h e  d i scuss ion  here  w i l l . b e g i n  w i t h  t h e  GC a n a l y s i s .  

The Va r i an  Model 3700 gas chromatograph (Va r i an  Assoc., Palo A l t o ,  

C a l i f . )  was c o n f i g u r e d  i n  such a  way t h a t  bo th  t h e  f lame i o n i z a t i o n  (FID)  

and thermal c o n d u c t i v i t y  (TCD) d e t e c t o r s  cou ld  be used t o  mon i t o r  t h e  

e f f l u e n t  f rom separa te  columns s imu l taneous ly .  The FID was used t o  analyze 

t h e  hydrocarbon gases (exc lud ing  methane) w h i l e  t h e  TCD was used f o r  Hz, 

CH4, CO, C O Z Y  and H p S .  Two c a r r i e r  gases were used, argon when hydrogen 

was be ing  analyzed and he l ium f o r  a l l  o f  t h e  remain ing gases. The s i g n a l s  

f rom b o t h  d e t e c t o r s  were recorded on a  s t r i p  c h a r t  r eco rde r  ( F i s h e r  Model 

50UO). The .columns used i nc l uded  a  180 cm x  3  mm O.D. s t a i n l e s s  s t e e l  tube  

packed w i t h  GC Durapak n-Octane/Porasi l  C (Waters ~ s s o c i a t e s ,  I nc . ,  M i l -  

f o r d ,  Mass.) f o r  t h e  hydrocarbons and a  matched p a i r  o f  275 cm x  3 mm O.D. 

s t a i n l e s s  s t e e l  tubes packed w i t h  60180 mesh Carbosieve B  (Supel co., Inc . ,  

B e l l e f o n t e ,  Penna.) f o r  t h e  remain ing gases. Table 2  l i s t s  t h e  a c t u a l  

c o n d i t i o n s  under  which each gas was analyzed. 



Two procedures were used, depending on t h e  number o f  analyses t o  

be performed s imul taneously .  I f  o n l y  .one a n a l y s i s  was t o  be performed 

t h e  c o n d i t i o n s  on t h e  GC were s e t  t o  t h e i r  p roper  va lues  and a l lowed t o  

equ i l ab ra te .  The gas was removed f rom t h e  sampl ing bag through i t s  

septum, us ing  a l o c k i n g  g a s - t i g h t  sy r i nge  (Hami l ton Co., Reno, Nev. ) and 

i n j e c t e d  i n t o  t h e  proper  i n j e c t i o n  p o r t  o f  t h e  GC. I f  more than one 

a n a l y s i s  was t o  be pe r fo red  s imu l tanous ly  each sample was removed f rom 

t h e  sampl ing bag, i n j e c t e d  i n t o  t h e i r  r e s p e c t i v e  i n j e c t o r s  and t h e  tem- 

pe ra tu re  program s t a r t e d .  

Q u a n t i f i c a t i o n  of each gas i nvo l ved  t h e  use of s tandard m i x t u r e s  (see 

F igu re  6. ) and, f o r  H2S, r e l a t i v e  response f a c t o r s ,  f o l l o w e d  by peak 

i n t e g r a t i o n s  us ing  Formula 1. I n  t h i s  fo rmu la  A i s  t h e  peak area and h 

i s  t h e  h e i g h t  f rom t h e  base l i ne  and w i s  t h e  w i d t h  a t  h a l f  he igh t .  W i l -  

l a r d  e t  a1 . (1 978) r e p o r t  t h a t  t h i s  formula'  accounts f o r  90 percen t  o f  t h e  

peak area f o r  no rma l l y  encountered chromatographic peaks. 

A=1/2hw . . . . . . . . . . . . (1 

Complete s e t s  o f  standards were analyzed and c a l i b r a t i o n  curves generated 

each week w h i l e  s i n g l e  standards were r u n  each day t o  be sure t h a t  i n s t r u -  

ment response f a c t o r s  had n o t  changed. 

Once t h e  GC a n a l y s i s  o f  each sample was complete t h e  volume o f  gas 

remain ing i n  t h e  sampling bag was measured by f o r c i n g  t h e  gas th rough a 

wet t e s t  meter.  T h i s  process was accomplished by connec t ing  t h e  va l ve  o f  

t h e  gas sampl i n g  bag t o  t h e  wet t e s t  meter  w i t h  a  s h o r t  (2-3 cm. ) p iece  of 

Tygon t u b i n g  and f o r c i n g  t h e  gas ou t  o f  t h e  bag and th rough t h e  meter.  The 

e n t i r e  process t ook  l e s s  than two minutes,  and so d i s s o l u t i o n  o f  t h e  gases 

i n  t h e  wate r  con ta ined  i n  t h e  meter  was assumed t o  be un impur tant .  The 



Amounts 
Mix Number Compounds ppm by volume Remarks 

1 methane 15.1 +lo%, i n  n i t r o g e n  
suppl i ed by Supel co 
Inc.  

ethane 14.6 
propane 15.6 , 
n- bu tane 15.2 
n- pentane 15.6 
n- hexane 15.9 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - -  

7 c y c l  opentane 15 .7  &lo%, i n  n i t r o g c n  
suppl i e d  by Supel co 
Inc.  

methyl  c y c l  opentane 16.1 
c y c l  uper~tane 16.7 
methyl  c y c l  ohexane 15.9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. 3 .? 
rl methane 8.77 +-5%', i n  a i r ,  supp l ied  

by Supelco Inc .  
ethane 9.42 
propane 9.59" 
i sobutane 9.33 
n- bu tane 9.13 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

21 8 methane 0.363 ~ 2 % ~  i c ~  11 i Lr9uyen 
suppl i e d  by Supelco 
Inc. 

carbon monoxide 0.969 
carbon monoxide 0.992 
hydrogen 0.961 
oxygen - - - - - - - -  0.997 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 9331 e t h y l  P ~ P  1000 i n  ke1iu111 suppl ied by 
Appl i ed 'Science 
Laborator ies,  Inc.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

19339 propy l  ene 1000 i n  he1 ium suppl i e d  by 
Appl i e d  Sci  once 
Laborator ies,  Tnc. 

'Figure 6. CHART OF STANDARDS USED IN THE ANALYSIS 0FG.ASES 
P,ROM .L.IQU.EFACT.ION 



volume of gas as measured w i t h  t h e  wet t e s t  meter was then  added t o  t h a t  

removed f o r  a n a l y s i s  t o  o b t a i n  t h e  t o t a l  volume o f  gas produced d u r i n g  

t h e  l i q u e f a c t i o n .  

The amount o f  each gas produced, Vi, was then  c a l c u l a t e d  by m u l t i -  

p l y i n g  t h e  percentage o f  each gas, Xi, by  t h e  t o t a l  volume o f  gas c o l -  

l ec ted ,  Vt, ( co r rec ted  t o  s tandard temperature and p ressure) ,  u s i n g  

Formula 2. 

The co r rec ted  percentages o f  gas produced cou ld  then  be ca l cu la ted ,  by 

assuming t h a t  a l l  o f  t h e  n i t r o g e n  and hydrogen i n  t h e  p roduc t  gas mix- 

t u r e  r e s u l t e d  f rom atmospheric con tamina t ion  and i n i t i a l  l i q u e f a c t i o n  

atmosphere r e s p e c t i v e l y ,  u s i n g  Formula 3. 

Where Vx i s  t h e  t o t a l  volume o f '  gas l e s s  t h a t  a t t r i b u t e d  t o  hydrogen 

and n i t r o g e n .  

b. Vacuum D i s t i l l a t i o n s  

Each hexane-soluble f r a c t i o n  was d i s t i l l e d  a t  reduced pressure us ing  

a  sp inn ing  .band column (B /R  Ins t ruments  Corp., Pasadena, Maryland) t o  

r,emnve t h e  t e t r a l i n  and naphthalene. The ac tua l  o p e r a t i o n  o f  t h e r  d i s -  

t i l l a t i o n  column has been descr ibed  elsewhere ( Z o e l l e r ,  1984) and so o n l y  a  

b r i e f  d i scuss ion  i s  needed here. 

A sp inn ing  band column has a  motor d r i v e n  t w i s t e d  band whose f u n c t i o n  

i s  t o  inc rease  v a p o r - l i q u i d  con tac t  du r i ng  t h e  d i s t i l l a t i o n .  As t he  band 

i s  r o t a t e d  i t  brushes t h e  w a l l s  o f  t h e  column, m i x i n g  t h e  vapor and l i q u i d .  

The band i s  a l s o  p i t c h e d  i n  such a  way as t o  c o n s t a n t l y  move t h e  condensate 

down towards t h e  p o t  i n  a  g i ven  t ime. The d i s t i l l a t i o n  was con t inued  



u n t i l  t h e  c r y s t a l l i z a t i o n  of  naphthalene on t h e  w a l l s  o f  t h e  r e c e i v e r  

chamber appeared t o  be complete. 

c. De te rmina t ion  o f  Te t ra l in /Naphtha lene  Ra t i os  

To a s c e r t a i n  t h e  amount o f  t e t r a l i n  t h a t  had been conver ted t o  

naphthalene d u r i n g  t h e  1 i que fac t i ons  each hexane-soluble f r a c t i o n  was 

analyzed by GC p r i o r  t o  vacuum d i s t i l l a t i o n .  The analyses were r u n  under 

t h e  c o n d i t i o n s  shown i n  Table 3. The r a t i o s  o f  t e t r a l i n  t o  naphthalene 

wcrc t h c n  c a l c u l a t e d  by measuring t h e  I - e s p e ~ l i v e  pedk t ~ e l y t ~ t s  and d l v l d l n g  

each by t h e  expe r imen ta l l y  determined response f a c t o r s .  

d. High P r e s s u r e . L i q u i d  Chromatograph.y 

Each o i l  was separated i n t o  t h r e e  f r a c t i o n s  us ing  a Waters model 

ALC/GPC 224 High Pressure L i q u i d  Chromatograph (Waters Associates,  

M i l f o r d ,  Mass. ) equipped w i t h  a Model 400 u l t r a  v i o l e t  ( U V )  and a Model 

R401 r e f r a c t i v e  index ( R I )  de tec to r .  The HPLC was a l s o  equipped w i t h  

two Model 6000A pumps and a Model 660 so l  ven t  programmer t o  a1 low so l  - 

vent-programmed separa t ions  t o  be performed. Al though severa l  d i f f e r e n t  

ctll umns wcrc t r i e d ,  a coup1 ed ~ o l u i i l t l  isrrir iyur-dl- iur i  culls is,t 4r1g o f  a 

D i r e c t  Connect guard column d r y  packed w i t h  p e l l i c u l a r  NH2 packing, an 

Adsorbasphere 5p CN a n a l y t i c a l  column, and a Spherasorb 5p NH2, a l l  

suppl  i e d  by Appl i e d  Science ( S t a t e  Col lege, Pa. ) ,  was judqed t o  g i v e  t h e  

b e s t  r e s u l t s .  

I n  or.der. Lu dc tc rmine  t h e  retention t in ies 0 1 '  the  vdr-iuus c lasses  

o f  compounds, a s e r i e s  of  standards was used (see Tab le  4 ) .  Each stan- 

dard  was i n j e c t e d  i n t o  t h e  HPLC and t h e  s o l v e n t  program s t a r t e d  a t  t h e  

same t ime.  Th i s  program cons is ted  o f  a logrami thmic program f rom pure 

hexane t o  a . m i x t u r e  o f  methylene c h l o r i d e  w i t h  5% methanol, a 3 minute  



Table 3. Condi t ions f o r  GC Ana lys is  o f  Tetra1 i n  + Naphthalene 

Isothermal ho ld  o f  30 m. SE30 g lass  c a p i l l a r y  column a t  140°C 
Flow r a t e  o f  helium, ca. 1 ml./min.; s p l i t  r a t i o  (vent/column), 30 : l  

Table 4. Compounds Used as Standards f o r  Development 
o f  HPLC Separat ion Procedures 

Compound 
A1 i p h a t i c  

Cycl ohexane 
n-Dotr iacontane 
n-Eicosane 
n-Hexatriacontane 
n-Triacontane 

9,lO-Benzophenanthrene 
3,4-Benzo- (a)-pyrene 
9,lO-Di hydroanthracene 
2,3-Dimethyl naphtha1 ene 
Fl  uorene 
Phenanthrene 
1-Phenylheptane 
Naphtha1 ene 

2-Cycl ohexyl phenol 
1,2-Dihydroxybenzene 
2,6-Dihydroxytoluene 
2,5-Dimethyl phenol 
2,6-Dimethyl phenol 
3,4-Dimethylphenol 
a-Naphthol 
n- propyl  phenol 
2,3,5,6-Tetraethylphenol 

3- I sobu ty l -qu ino l i ne  
Qu ino l  i n e  
3-4 Benzoqu i no1 i ne 

Carbazol e 
P i p e r i d i n e  

D i  benzofuran 
Xanthene 
Xanthone 

Aromatic 

Su pp l  i e r  

F isher  

'EDCAN Labs 
K & K. Labs. 
A l d r i c h  
EDCAN Labs. 
A l d r i c h  
Eastman 
Unknown 
Ea s tma n 

Mobi l  Research 
Eastman 
A l d r i c h  
Baker 
Eastman 
Baker 
Eastman 
F i she r  
Unknown 

Basic N i t rogen 
Unknown 
Unknown 
Unknown 

Nonbasic N i t rogen 

F isher  
Unknown 

Oxygen Heterocyc l  es 

A l d r i c h  
A l d r i c h  
A l d r i c h  
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h o l d  p e r i o d  w i t h  t h e  methylene c h l o r i d e  mix tu re ,  fo l lowed by a  s tep t o  

pure  methanol. A l l  so l ven ts  were obta ined from F i she r  S c i e n t i f i c  Co. and 

were f i l t e r e d  th rough a  5um f i l t e r  and s o n i c a l l y  degased be fore  each 

day ' s  use. 

The o i l  samples d i sso l ved  i n  methylene c h l o r i d e  from t h e  vacuum 

d i s t i l l a t i o n  were f i l t e r e d  by fo rc ing  them through a  5pm f i l t e r  w i t h  a  

g a s - t i g h t  syr inge.  Once f i l t e r e d  t h e  so l ven t  was evaporated us ing  a  

stream o f  d r y  n i t r ogen .  A f t e r  t h e  so l ven t  had been removed t h e  sample 

was weighed and re -d i sso l ved  i n  approx imate ly  1  m l .  o f  methylene 

c h l o r i d e .  The sample was then i n j e c t e d  i n t o  t h e  HPLC and t h e  so lven t  

program s t a r t e d .  

Three f r a c t i o n s  were co l l ec ted ,  us ing  ta red  v i a l s .  The so lven t  was 

removed from each f r a c t i o n  under d r y  n i t r o g e n  and t h e  remaining m a t e r i a l  

weighed. 

F. CHARACTERIZATION OF COALS 

I n  t h e  preceding sec t i ons  t h e  methods u t i l  i zed  i n  t h e  sepdra t ion  and 

a n a l y s i s  o f  t h e  l i q u e f a c t i o n  p r o d ~ r c t s  were descr ibed. This  sec t i on  w i l l  

focus on t h e  a n a l y t i c a l  techniques u t i l i z e d  i n  determin ing t h e  p r o p e r t i e s  

o f  t h e  unreacted coa ls .  Inc luded i n  t h i s  sec t i on  a re  h igh  and low temper- 

a t u r e  ashing, which were used t o  i n v e s t i g a t e  t he  amount o f  minera l  mat te r  

p resent  i n  t he  coa l ,  TFPA ox ida t i ons  which prov ide  i n fo rma t i on  concerning 

a l i p h a t i c  s t ruc tu res ,  FTIR which when analyzed through t h e  use o f  curve- 

r e s o l v i n g  and ace ty . la t ions  measure s p e c i f i c  f u n c t i o n a l  groups w i t h i n  t h e  

coa l ,  and CPIMAS nmr which i s  ab le  t o  determine t h e  f r a c t i o n  o f  aromatic 

car-bon. 

a, Ashing 

The h i g h  temperature ashing (HTA) was performed f o l l o w i n g  ASTM 



Method D-3174 (1  974). I n  u s i n g  t h i s  method 16 samples cou ld  be ashed 

s imul taneously .  More samples c o u l d  be f i t t e d  i n t o  t h e  oven, b u t  t h e r e  

appeared t o  be a l a r g e  temperature v a r i a t i o n  between t h e  f r o n t  and back 

o f  t h e  fu rnace  so t h a t  o n l y  t h e  back h a l f  was used. Each coa l  was ashed 

i n  d u p l i c a t e ,  and re-ashed i f  r e p l i c a t e  runs  d i d  n o t  agree w i t h i n  0.01 

percent .  

The method i n v o l v e d  d r y i n g  approx imate ly  29. o f  -40 mesh coa l  under 

vacuum a t  110°C ove rn igh t .  Two l g .  p o r t i o n s  o f  t h e  d r i e d  coa l  were 

t r a n s f e r r e d  i n t o  t a r e d  p o r c e l a i n  c r u c i b l e s  and weighed. The c r u c i b l e s  

c o n t a i n i n g  t h e  c o a l s  were p laced i n  a c o l d  m u f f l e  furnace,  and g r a d u a l l y  

heated t o  redness. Care was taken  t o  avo id  l o s s  o f  any m a t e r i a l  as t h e  

v o l a t i l e  m a t t e r  was re leased.  The c r u c i b l e s  were he ld  a t  725" u n t i l  

they  were a t  cons tan t  weight ,  coo led t o  room temperature i n  a des i cca to r  

and reweighed. 

The Low Temperature ashings (LTA) were performed f o l l o w i n g  t h e  pro- 

cedure descr ibed  by M i l l e r  (1977) .  The LTA was a double chamber u n i t .  

Each sample was again ashed i n  dupl  i c a t e ,  and re-done i f  t h e  dupl  i c a t e s  

d i d  n o t  agree w i t h i n  0.1 percent .  

Approximate? y 1.59. of -80 mesh coa l  was spread o u t  even ly  i n  a pre- 

weighed Pyrex P e t r i  d i sh .  The chamber was ma in ta ined  a t  about 2 t o r r ,  

t h e  RF power s e t  a t  50w. and t h e  oxygen f low r a t e  t o  100ml/min. The 

samples were s t i r r e d  t h r e e  t imes (every  2 and 112 hours)  and t h e  o x i -  

d a t i o n  a l lowed t o  proceed f o r  an a d d i t i o n a l  16 112 hours. A t  t h e  end 

o f  t h e  24 hour p e r i o d  t h e  samples were aga in  removed, weighed, s t i r r e d  

and rep laced  i n  t h e  asher f o r  two hours. A t  t h e  end of t h i s  p e r i o d  t h e  

samples were aga in  removed and weighed. I f  the  l o s s  i n  weight  was no t  



l e s s  than 2mg. t h e  sample was again s t i r r e d  and replaced i n  t h e  asher. 

T h i s  process was repeated u n t i l  t h e  sample had l o s t  l e s s  than 2mg. du r i ng  

a  two-hour o x i d a t i o n  per iod .  Extreme ca re  was taken t o  prevent  t h e  l o s s  

o f  any o f  t he  ash du r i ng  t h e  s t i r r i n g  process. 

b. T r i f luoroperox .yacet ic  Acid Ox ida t ions  

Three d i f f e r e n t  methods were used i n  per forming t h e  t r i f l u o r o p e r o x y -  

a c e t i c  a c i d  ox ida t i ons .  Only t he  ac tua l  o x i d a t i o n  procedure d i f f e r e d  

i n  each case, t h a t  i s ,  t h e  separat ions,  e s t e r i f i c a t i o n s ,  and analyses 

remained unchanged. The f i r s t  method was developed i n i t i a l l y  by Deno 

e t  a l .  (1977), t h e  o t h e r  two were m o d i f i c a t i o n s  o f  t h i s  method made i n  

an a t tempt  t o  p reserve  long-chained a l i p h a t i c  m a t e r i a l s  w i t h i n  t h e  coa l s  

b u t  thought  t o  be n o t  s t a b l e  under t h e  c o n d i t i o n s  o r i g i n a l l y  used. 

The th ree  o x i d a t i o n  procedures w i l l  be descr ibed i n i t i a l l y  f o l l owed  

by a  d e s c r i p t i o n  o f  t h e  separat ion,  e s t e r i f i c a t i o n  and a n a l y s i s  procedures. 

The f i r s t  and t h i r d  o x i d a t i o n  procedures were t e s t e d  on a  sample o f  

PSOC-666 t o  g e t  some idea o f  t h e  way t h e  coa l s  reac ted  under these con- 

d i t i o n s .  The second procedure, which was judged t o  be super io r  i n  pre-  

s e r v i n g  any long a l i p h a t i c  chains, was app l i ed  i n  d u p l i c a t e  t o  each o f  

t h e  26 coal samples. 

The f i r s t  procedure invo lved  t h e  produc t ion  o f  t h e  o x i d i z i n g  reaqent  

by m i x i n g  8 m l .  o f  t r i f l u o r o a c e t i c  ac id ,  10 m l .  o f  30% H202 and 5  51. o f  

HpS04 i n  a 50 m l .  round bottomed f l a s k .  The m i x t u r e  was thcn  cooled i n  

an i c e  bath.and approx imate ly  0.5 g. o f  coal  added. I f  t h e  r e a c t i o n  ap- 

peared t o  be occur ing  t o o  r a p i d l y  du r i ng  t-he add i t i on ,  t h e  f l a s k  was 

aga in  cooled i n  i c e  water.  The r e a c t i o n  m i x t u r e  was then heated f o r  

t h r e e  hours be fo re  c o o l i n g  i n  i c e  water,  adding 0.259. o f  5% P t  on 



asbestos t o  decompose any peroxides, and checking w i t h  K I  paper t o  be sure 

t h a t  a1 1 o f  t h e  perox ides had been broken down. I f  a p o s i t i v e  K I  t e s t  was 

observed, a  second 0.1259. p o r t i o n  o f  t h e  5% P t  on asbestos was added 

and t h e  K I  t e s t  re-done. Th i s  process was repeated u n t i l  a  nega t i ve  K I  

t e s t  was obta ined.  

The second procedure used an o x i d i z i n g  reagent  produced by m i x i n g  

8ml. o f  t r i f l u o r o a c e t i c  ac i d ,  10ml. o f  hydrogen perox ide,  5ml. o f  

s u l f u r i c  ac i d ,  and 20ml. o f  ch loroform.  The two-phase m i x t u r e  was 

aga in  cooled i n  i c e  water,  0.59. o f  coa l  added, and t h e  m i x t u r e  r e f l u x e d  

f o r  four  hours. A t  t h e  end o f  t h i s  r e f l u x  p e r i o d  t h e  P t  was added and 

t h e  K I  t e s t  performed. The process was again repeated u n t i l  a  nega t i ve  

K I  t e s t  was encountered. 

The t h i r d  procedure used t h e  same amount of coa l ,  hydrogen perox ide,  

s u l f u r i c  ac id ,  and t r i f l u o r o a c e t i c  a c i d  as t h e  f i r s t  two, except  t h a t  

t h e  hydrogen perox ide  was added dropwise through an a d d i t i o n  funnel  t o  

t h e  t r i f l u o r o a c e t i c  a c i d - s u l f u r i c  a c i d  coa l  m i x tu re .  Th i s  was accomplished 

by adding a drop o f  hydrogen perox ide  and a l t e r n a t e l y  p l a c i n g  t h e  r e a c t i o n  

vessel  i n  e i t h e r  an o i l  ba th  (60°C) o r  an i c e  ba th  i n  o rde r  t o  keep t h e  

tenlper5atur.e as c l o s e  t o  60°C as poss ib l e .  Th i s  a d d i t i o n  t ook  approx i  

ma te l y  45 minutes t o  complete. A f t e r  a l l  o f  t h e  hydrogen perox ide  

had been added t h e  r e a c t i o n  m i x t u r e  was heated i n  t h e  o i l  ba th  f o r  f o u r  

hours. A t  t h e  end o f  t h e  r e a c t i o n  per iod ,  t h e  vessel  was coo led  and 

t h e  remain ing perox ides quenched i n  t h e  same manner as descr ibed  i n  

t h e  p rev ious  'two sec t ions .  

Once t h e  o x i d a t i o n s  were completed, 0.259. o f  t r i m e t h y l a c e t i c  a c i d  

( A l d r i c h  Chemical Co., Milwaukee, Wis.) was added, and t h e  remain ing 



s o l i d s  removed by vacuum f i l t r a t i o n .  Once removed, t h e  s o l i d s  were a i r  

d r i e d  a t  room temperature be fo re  weighing. The f i l t r a t e  was r o t a r y  

evaporated a t  90°C under vacuum t o  remove t h e  water  and t r i f l u r o a c e t i c  

ac i d ,  and a  sample of  t h e  d i s t i l l a t e ,  d r i e d  over  CaS04, was analyzed 

f o r  a c e t i c  a c i d  u s i n g  H nuc lear  magnet ic resonance spectroscopy (nmr).  

I f  ch lo ro fo rm  had been added t o  t h e  r e a c t i o n  m i x t u r e  (procedure 2) ,  i t  

was removed by vacuum r o t a r y  evapora t ion  a t  30°C. be fo re  a sarnpl F! was 

taken  f o r  nmr a n a l y s i s .  Once t h e  sample had been taken, t h e ' m a t e r i a l  

was vacuum r o t a r y  evaporated a t  90°C t o  remove t h e  t r i f l u o r o a c e t i c  a c i d  

and wate r  . 
From t h i s  p o i n t  on, t h e  c a r b o x y l i c  a c i d  m ix tu res  produced by t h e  

t h r e e  o x i d a t i o n  procedures were t r e a t e d  i d e n t i c a l l y .  The a c i d  m i x t u r e  

t h a t  remained a f t e r  t h e  wate r  and t r i f l u o r a c e t i c  a c i d  had been removed 

were e s t e r i f i e d  by adding 5ml. of BF3 i n  nethanol  ( A l d r i c h  Chemical Co. ) 

and r e f l u x i n g  f o r  3 hours.  The methyl  e s t e r s  were then e x t r a c t e d  w i t h  

t h r e e  p o r t i o n s  ( two o f  30ml. one o f  40 m l . )  o f  methylene c h l o r i d e  

( A l d r i c h  Chemical Co. ) .  The methy l  e s t e r s  i n  methylene c h l o r i d e  s o l u t i o n  

were washed w i t h  a  100ml. p o r t i o n  o f  10% NaHC03and two 100ml. p o r t i o n s  

of  s a t u r a t e d  NaCl s o l u t i o n .  The methy l  ene c h l o r i d e  s o l u t i o n  was, t r ans -  

fe red  t o  a  250ml. b o i l i n g  f l a s k  c o n t a i n i n g  approx imate ly  49. o f  anhydrous 

CaS04, sealed and a l lowed t o  s tand f o r  24 hours.  The CaS04 was removed by 

vacuum f i l t r a t i o n  th rough a f r i t t e d  g l a s s  f i l t e r ,  and t h e  methyl en^ 

c h l o r i d e  removed by vacuum r o t a r y  evapora t ion  a t  60°C. The methyl  e s t e r s  

were re -d . i sso lved  i n  10ml. o f  methylene c h l o r i d e  and s to red  u n t i l  needed. 

Ana l ys i s  o f  t h e  methy l  e s t e r s  was by GC/MS (F inn igan  Model 3000), 

u t i l i z i n g  t h e  Grob i n j e c t i 0 . n  technique. The purpose of  t h i s  i n j e c t i o n  
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method i s  t o  separate t h e  v o l a t i l e  so l ven t  f rom t h e  sample. The t e c h n i -  

que i nvo l ves  v o l a t i l i z i n g  t h e  sample i n  t h e  i n j e c t o r ,  and a l l o w i n g  a  30 

second p e r i o d  f o r  t h e  v o l a t i l  i z e d  m a t e r i a l  t o  reach t h e  column. The sp l  i t  

v a l v e  i s  then  opened, so t h a t  t h e  v o l a t i l i z e d  s o l v e n t  i s  purged t o  t h e  

atmosphere. The chromatographic separa t ion  u t i l i z e d  a  50 m. J&W DB-5 

column i n  an oven programmed t o  ho ld  f o r  5  minutes a t  50°C and then  t o  

heat  a t  6"C/min t o  280°C. 

c. F o u r i e r  Transform I n f r a r e d  Spectroscopy 

The FTIR spectrum was taken  f o r  each LTA sample, a c e t y l a t e d  coa l  

and whole coa l .  The o v e r a l l  procedure i nvo l ved  t h e  same steps f o r  each 

sample type,  so t h a t  o n l y  one d i scuss ion  i s  needed. However, s l i g h t  d i f -  

ferences i n  t h e  techn ique  as i t  was a ~ p l i e d  t o  t h e  va r i ous  sample types  

w i l l  be noted i n  t h e  t e x t .  A d e t a i l e d  d i scuss ion  o f  t h e  a c e t y l a t i o n  

method i s  a l s o  p rov ided  a t  t h e  end o f  t h i s  sec t i on .  

1. De te rmina t ion  o f  Spectra 

E x a c t l y  1.3 mq. o f  t h e  d r y  sample was mixed w i t h  300 mg. o f  d r y  KBr. 

I n  t h e  case o f  t h e  LTA t h e  sample was used as produced, w h i l e  t h e  coa l  

and a c e t y l a t e d  coa l  samples (-100 mesh) were d r i e d  under vacuum f o r  24 h r .  

be fo re  m ix i ng  w i t h  t h e  KBr. The KBr was d r i e d  i n  a  l a b o r a t o r y  oven a t  

150°C f o r  48 hours and cooled i n  a d e s i c c a t o r  be fo re  mix ing .  The sample 

+ KBr m i x t u r e  was ground f u r t h e r  w i t h  an agate mor te r  and p e s t l e  t o  

ensure proper  m ix ing .  The m i x t u r e  was t r a n s f e r r e d  t o  a  Perkin-Elmer 

Wig-L-Bug, and g rn~rnd  f o r  e x a c t l y  30 secbnds. The sample was t r a n s f e r r e d  

t o  a p e l l e t  press w i t h  an evacuable d i e  and pressed a t  14,000 ps ig .  

P e l l e t s  were s to red  i n  a  vacuum d e s i c c a t o r  u n t i l  t h e  spec t ra  cou ld  be 

recorded. 

The spec t ra  were recorded u t i l  i z i n g  a  D i l  i l a b  15B FTS FTIR 



spect rometer .  Each spectrum was formed by co-adding 400 scans ( i n t e r -  

ferograms)  a t  2 cm-' r e s o l u t i o n .  Since t h e  spect rometer  was a s i n g l e  beam 

ins t rumen t  and t h e  samples were n o t  r u n  under vacuum, a p r e v i o u s l y  c o l -  

l e c t e d  r e f e r e n c e  spectrum was sub t rac ted  from each sample spectrum. 

I ns t rumen ta l  schedu l ing  cons ide ra t i ons  no rma l l y  l i m i t e d  t h e  number o f  

samples pe r  r e f e r e n c e  t o  f i v e .  Each ' co r rec ted  spectrum was s to red  on 

magnet ic  t a p e  f o r  f u r t h e r  ana l ys i s .  

The s p e c t r a l  a n a l y s i s  techniques used have been d iscussed i n  g r e a t  

d e t a i l  by P a i n t e r  e t  a1 . (1982) and so o n l y  a  b r i e f  d i scuss ion  i s  needed 

here. The i n i t i a l  s tage  of t h i s  procedure i n v o l v e d  sub t rac t i on ,  o f  t he  LTA 

spectrum f rom t h a t  o f  t h e  sample i n  t h e  r e g i o n  o f  i n t e r e s t .  Al though i t  

would have been p r e f e r a b l e  t o  have been a b l e . t o  c o r r e c t  t h e  e n t i r e  spectrum, 

i t  was found t h a t  d i f f e r e n c e s  i n  t h e  s lope  o f  t h e  base l i ne  induced by 

s c a t t e r i n g  made t h i s  imposs ib le .  The second s tep  was t o  t ake  t h e  second 

d e r i v a t i v e  o f  t h e  spectrum t o  determine t h e  l o c a t i o n  o f  t h e  peak maxima i n  

t h e  r e g i o n  o f  i n t e r e s t  (Kuehn, 1983.)'. T h i s  i n f o r m a t i o n  was needed t o  

ensure t h a t  a r t e f a c t  .peaks n o t  a c t u a l l y  p resen t  i n  t h e  spectrum were 

n o t  i nc l uded  i n  t h e  reso l ved  spectrum. 

Curve r e s o l v i n g  i s  s imp ly  t h e  exper imenta l  d e r i v a t i o n  o f  c a l c u l a t e d  

curves t o  match those  p resen t  i n  an ac tua l  sper:tr~irn. The prnc~rll.rre 1.1sed 

i n v o l v e s  an i t e r a t i v e  l e a s t  squares f i t t i n g  o f  a s p e c i f i e d  number o f  

t h e o r e t i c a l  curves t o  match t h e  exper imenta l  ones (Kuehn, 1983). I n  

p r a c t i c e  t h e  mathematics o f  t h e  procedure i s  t r anspa ren t  t o  t h e  user,  

r e q u i r i n g  o n l y  t h e  accura te  d e f i n i t i o n  o f  t h e  number o f  peaks i n  t h e  

r e g i o n  and an approx imat ion  o f  t h e  w i d t h  a t  h a l f  height., t.he area and 

t h e  r e l a t i v e  importance o f  Gaussian and Lo ren t z i an  shapes. 



2. Coal Acetylations 

In order t o  determine the amount of OH functional i t y ,  each coal was 

acetylated using a procedure developed by Szl adow ( 1979) and used more 

recently by Youtcheff (1 983). The coal was ground t o  -80 mesh in a 

cryogrinder a t  90' K i n  a nitrogen atmosphere before and stored under 

nitrogen before use. The acetylat ion procedure was r e l a t i ve ly  rapid i n  

t ha t  13 samples and 4 standards could be r u n  simultaneously. A1 1 .of 

the  reagents were used a s  supplied except f o r  the  pyridine, which was d i s -  

t i l l e d  and stored over KOH. '  

Exactly 5.09. of t he  coal t o  be analysed was added t o  exactly 6 ml. 

of the  reaction reagent, a 1:8 mixture of a ce t i c  anhydride (Fisher 

Sc i en t i f i c  Co.) and pyridine (Baker Chemical Co.), and any coal remaining 

on the  weighing paper was washed off  with 6 ml. of pyridine. The sealed 

reaction f l asks  were placed in an o i l  bath a t  90°C f o r  24 hours. Each 

f lask  was shaken twice during the  24 hour reaction period. 

After the  reaction was complete' the  f l a sks  were allowed t o  cool t o  

room temperature, and the  acetyl ated coal was removed by gravi ty  f i l  t r a -  

t ion.  The residue was washed with one l i t e r  of d i s t i l l e d  water, dried 

a t  110°C it) i~ vacuum oven, and removed from the  f i l t e r  paper. The 

acetylated coal was then stored in a desiccator un t i l  the  KBr pe l l e t  

could be made f o r  infrared examination. Acetic acid i n  the  f i l t r a t e  

was t i t r a t e d ,  t o  determine the  amount of acetyl  consumed. 

(I, $~ss-:~olymei i2a.t i o n  Mag ic-Angl e-Spinning 4~ Mass Spectrometry 

The CP/Mass spectra of each of the  whole coal samples were kindly 

provided .by. Dr, Gary Maci'el a t  the  Colorado Regional NMR Facil i t y .  The 

spectra were recorded on an nmr  spectrometer with a contact time of 1 ms 



and a  r e p e t i t i o n  t i m e  of 0.5 seconds. The number o f  scans v a r i e d  f rom 

18000 t o  56,000. 

G. STATISTICS 

Two computer packages were used i n  t h e  s t a t i s t i c a l  a n a l y s i s  o f  t h e  

data.  The SAS package (SAS I n s t i t u t e  Inc . ,  Cory, N.C.) was used f o r  t h e  

i n i t i a l  f a c t o r  a n a l y s i s .  A d d i t i o n a l l y  t h e  ARTHUR81 package ( I n f o m e t r i x ,  

Inc .  , S e a t t l e ,  WA) was u t i l  i z e d  i n  t h e  grouping a n a l y s i s  and 1  a t e r  f a c t o r  

ana l ys i s .  
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CHAPTER I V  

RESULTS AND PRELIMINARY DISCUSSION 

A. INTRODUCTION 

I n  t h e  p rev ious  chapter ,  t h e  exper imental  procedures u t i l i z e d  i n  

t h i s  work were descr ibed. However, v e r y  l i t t l e  was s t a t e d  concern ing 

t h e  l o g i c  behind t h e i r  a p p l i c a t i o n  o r  t h e  r e s u l t s  t hey  prov ided.  T h i s  

chap te r  w i l l  p resen t  t h e  r a t i o n a l e  behind t h e  exper imenta l  techniques,  

and a general  d i scuss ion  o f  t h e  r e s u l t s .  Emphasis w i l l  be p laced  on 

t h e  development o f  each method, t h e  c h a r a c t e r i s t i c s  o f  t h e  da ta  and any 

1 i m i t a t i o n s  such a s  r e p r o d u c i b i l  i t y  and accuracy. A1 though a good deal  . 

o f  i n f o r m a t i o n  w i l l  be presented i n  regard  t o  t h e  s t r u c t u r e  and compos- 

i t i o n  o f  t h e  coa l s  and t h e i r  l i q u e f a c t i o n  products ,  t h e  o v e r a l l  i n t e r -  

p r e t a t i o n  o f  t h e  da ta  w i l l  be f o r  t h e  most p a r t  l e f t  f o r  t h e  f o l l o w i n g  

Chapter where va r i ous  s t a t i s t i c a l  procedures w i l l  be app l i ed .  Th i s  ap- 

proach was deemed necessary due t o  t h e  comp lex i t y  o f  t h e  s t a t i s t i c a l  

a n a l y s i s  and t h e  need t o  use da ta  from severa l  techniques a t  once. 

The f i r s t  two sec t i ons  of  t h i s  Chapter w i l l  address t h e  ques t i on  o f  

.how w e l l  t h e  a n a l y s i s  i n  t h e  da ta  hasp  represen t  t h e  sample s e t  as a 

whole. Of spec ia l  concern w i l l  be t h e  d i scuss ion  o f  t h e  p o s s i b i l i t y  o f  

o x i d a t i o n  hav ing occur red  s i nce  t h e  samples were l a s t  t es ted .  Th i s  i s  

of  i n t e r e s t  n o t  o n l y  because o f  t h e  e f f e c t  on t h e  p r o p e r t i e s  o f  t h e  coa l s  

themselves b u t  a l s o  on how they  r e a c t  under l i q u e f a c t i o n  c o n d i t i o n s .  The 

second s e c t i o n  w i l l  cover t h e  analyses o f  t h e  va r i ous  p roduc t  f r a c t i o n s ,  

i n c l u d i n g  o i l s ,  asphaltenes, gases and t h e  s u b f r a c t i o n s  o f  these  c lasses  

o f  products .  F i n a l l y  t h e  l a s t  s e c t i o n  w i l l  cover  t h e  analyses o f  t h e  



s t r u c t u r a l  f e a t u r e s  o f  t h e  o r i g i n a l  coa l s ,  by such techniques a s  Four ie r *  

Transform I n f r a r e d  Spectroscopy (FTIR) , Cross-Pol ar izat ion-Magic-Angl  e- 

Sp inn ing  Nuclear  Magnet ic Resonance Spectroscopy (CP/MAS) and t r i f l u o r o -  

pe roxyace t i c  a c i d  o x i d a t i o n s  (TFPA) 

B. ASH YIELDS AND MINERAL MATTER CONTENTS 

H igh  temperature ash y i e l d s  f o r  a l l  samples a r e  recorded i n  t h e  Penn 

S t a t e  Data Base. They have been re-determined i n  d u p l i c a t e  nn t h e  s p l i t s  

a c t u a l l y  used i n  t h i s  s tudy.  The two s e t s  o f  da ta  a r e  compared i n  Table 

5. The mean va lue  o f  t h e  d i f f e r e n c e s  between corresponding p a i r s  o f  da ta  

i s  0.048 ( o m i t t i n g  t h e  da ta  f o r  PSOC 664 and 768), and t h e  s tandard 

d e v i a t i o n  around t h i s  mean i s  0.97. That  i s ,  viewed as a s e t  t h e  agree- 

ment i s  ve ry  c lose ,  b u t  t h e r e  a r e  a number o f  q u i t e  l a r g e  i n d i v i d u a l  

d i f f e r e n c e s  ( i n  10 cases I A l > l % ,  where i s  t h e  numerical  va lue  o f  t h e  

d i f f e r e n c e ) .  Thus i n  about  50-652 of t h e  cases, t h e  a n a l y t i c a l  da ta  i n  

t h e  Data Base appear t o  be w e l l  r e p r e s e n t a t i v e  o f  t h e  samples used i n  

t h i s  study, and i n  t h e  remainder modera te ly  so, w i t h  t h e  excep t ion  o f  

PSOC 664 and 768 where t h e r e  i s  a  wide d ivergence.  Our exper imenta l  values 

o f .  ash f o r  t hese  c o a l s a r e  e v i d e n t l y  no t  s e r i o u s l y  i n  e r r o r  f o r  our  samples, 

s i n c e  t h e  m ine ra l  m a t t e r  con ten t  c a l c u l a t e d  from t h i s  ash agrees w e l l  

w i t h  t h e  d i r e c t l y  determined va lues .  

The rnlneral  m a t t e r  con ten ts ,  needed f o r  conve r t i ng  o t h e r  data t o  

t h e  d r y ,  m i n e r a l - m a t t e r - f r e e  bas is ,  were determined i n  d u p l i c a t e  by 

low temperature ashing,  f o l l o w i n g  t h e  procedure o f  M i l l e r  e t  a l .  (1979).  

A lso,  t h e  h i g h  temperature ash y i e l d s  were combined w i t h  p y r i t i c  

s u l f u r  con ten t s  taken  f rom the  Data Base t o  c a l c u l a t e  minera l  m a t t e r  



Table 5. High Temperature Ash Y ie lds  and Minera l  Ma t te r  Contents 

% o f  dry coal  

Sampl e 
PSOC 

l l i gh  temp. ash 
Data t h i s  

No. Base Study 

34 9 10.08 i1.21 
401 10.46 9.37 
581 10.24 9.82 
582 13.25 13.35 
593 10.29 11.58 
594 12.13. 11.41 
596 10.74 12.03 
599 15.86 16.10 
664 12.89 18.28 
666 16.70 18.99 
669 12.56 12.. 37 
676 16.00 14.59 
680 12.01 11.38 
741 14.56 15.08 
742 16.85 1 5.76 
760 12.10 12.38 
767 6.36 5.26 
7 68 20.49 14.62 
773 7.50 6.84 
7 98 12.03 11.32 
808 4.60 4.75 
883 16.28 16.27 

1018 12.16 11 .OO 
1082 18.21 14.. 4 
1083 7.53 7.24 
1098 13.67 14.76 

Minera l  m a t t e r  con ten t  
ca lcd,  mod i f i ed  D i r e c t ,  



con ten t s  u s i n g  t h e  m o d i f i e d  Pa r r  fo rmu la  (Given and Yarzab, 1978).  Mean 

va lues  of t h e  d i r e c t  and c a l c u l a t e d  m ine ra l  m a t t e r  con ten ts  a re  inc luded  

i n  t h e  Table.  The s tandard d e v i a t i o n  o f  t h e  d u p l i c a t e  d i r e c t  determin-  

a t i o n s  about  t h e  means i s  0.41%, and t h e  c a l c u l a t e d  va lues 0.51%. These 
I 

va lues  a r e  n o t  q u i t e  as good as those  M i l l e r  e t  a l .  (1979) ob ta ined  

(0.20 and 0.24% r e s p e c t i v e l y ) .  The amounts o f  unburnt  carbon l e f t  a f t e r  

LTA'were s i m i l a r  t o  those  found by M i l l e r  and co-workers.  

The da ta  a l s o  p e r m i t  a  t e s t  o f  t h e  m o d i f i e d  Pa r r  formula.  T h i s  

fo rmu la  assumes t h a t  t h e r e  i s  a  s i n g l e  cons tan t  va lue  f o r  t h e  water  o f  

decomposi t ion o f  cla.ys, t h a t  carbonates represen t  a  cons tan t  19% o f  

t o t a l  l i i i ne ra l  ma t te r ,  i gnores  s u l f a t e  f i x a t i o n  i n  ash, and assumes no 

q u a r t z  i s  p resen t  (Given and Yarzab, '1 978). Yet t h e  agreement here  

between c a l c u l a t e d  and d i r e c t l y  determined m ine ra l  m a t t e r  con ten ts  i s  

remarkably  good. The mean va lue  o f  t h e  d i f f e r e n c e s  between corresponding 

p a i r s  i s  -0.26420.418. 

M ine ra l  m a t t e r  con ten t s  c a l c u l a t e d  by means o f  t h e  mod i f i ed  Pa r r  

formula,  u s i n g  t h e  o r i g i n a l  ash y i e l d s ,  a r e  i nc l uded  i n  t h e  Data Base 

p r i n t o u t s .  The t h r e e  se t s  o f  m ine ra l  m a t t e r  con ten t s  (one d i r e c t  and 

two c a l c u l a t e d )  a r e  compared i n  h is togram form i n  F igu re  7. I n  a l l  

cases t h e  d l r e c t  de te rm ina t i on  y i e l d e d  a  va lue  equal t o  o r  s l i g h t l y  

g r e a t e r  t h a n  t h a t  c a l c u l a t e d  f rom h i g h  temperature ash. On t h e  o t h e r  

hand t h e  new c a l c u l a t e d  minera l  m a t t e r  con ten ts  were somewhat l e s s  than  

those  r e p o r t e d  i n  t h e  Data Base. 

The m ine ra l  m a t t e r  con ten ts  used i n  t h e  remainder o f  t h e  work w i l l  

in a l l  cases he t h e  d i r e c t l y  determined va lues.  



PSOC Number 

u 

666 669 676 680 741 742 760 767 768 
PSOC Number 

PSOC Number 

Calculated kin:.Data Base , 
3 7. 

Calculated from new hidh temperature bsh 

0 Directly determihed .by .CTA 

F.igure 7. COMPARISON 0F.CA.LCULATED AND DIRECTLY DETERMIN.ED 
MINERAL MATTERCONTENTS 



C.  FTIR SPECTRA OF MINERAL MATTER 

The infrared spectra of a l l  of the low temperature ash samples were 

recorded, and an example i s  shown in Figure 8. Visual examination of 

the spectra shows tha t  there are differences in the dis t r ibut ion of 

clay minerals and in the clay/quartz ra t ios .  However, without applying 

the computerized spectral subtraction procedures of Painter e t  a l .  

(1981a.), l i t t l e  more can be said. The spectra a re  available to  interested 

persons from the .Fuel Science Program in this .  Coll ege. 

D.  CHARACTERISTICS OF COAl IJSFn 

The, general character is t ics  of the samples used in t h i s  study are  

given in Table 6. The coals represented two provinces. Four of the 

coals are  from the Appalachian region of the Eastern province while the 

remaining 22 represented e i ther  the Eastern (14) or Western (8)  regions 

of the Inter ior  province. The carbon contents on a dry mineral-matter- 

f r ee  basis (DMMF) range from 76.8 to  87.1 percent, the hydrogen contents 

( D M M F )  from 5.17 t o  b.52 percent and the oxygen as determined b y  d i f -  

ference ( D M M F )  from 7.21 t o  14.35 percent. The ASTM rank classes ranged 

from HVC to HVA.  Nine of the samples were in the higher HVA range, 

s ix  represented the intermediate H V B  range, and eleven were of the HVC 

c lass .  Thus i t  can be said that  the samples were f a i r l y  evenly dis-  

tr ibuted over the rank range studied. There was no segregatinn hy 

rank on the basis of province or region, except tha t  none of the coals 

from the Eastern province could be c0ns idered .a~  being HVC.  

The total  sulfur  contents of the samples ranqed from a high o f  4.26 

percent to a low of 1.03 percent. There was no correlation between any 

of the various sulfur forms. Three of the coals (PSOC 664, 666 and, 1082) 
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PSOC 
NUMBER 

.34 9 
401 
58'1 ' 

532 
593 
594 
596 
599 
664 
666 
669 
676 
680 
741 
742 
760 
767 
768 
773 
7 98 
808 
883 
101 8 
1082 
1083 
i 098 

SEAM 
ti  AM E 

Lower C la r i on  
N ine ra l  
I l l i n o i s  #5 
I l l i n o i s  #5 
I l l i n o i s  #5 
I l l i n o i s  #5 
Ind iana #7 
Ind iana #6 
(Unnamed) 
(Unnamed) 
I l l i n o i s  #5 
Ind iana #6 
Ind iana #6 
Kentucky #12 
Kentucky # I 1  
Lower K i t t a n s i n g  
(Unnamed) 
Minera l  
Ohio #6 
S t i g l e r  
Croweburn 
Drywood 
Lower K i t t a n o i n q  
Kentucky # I 1  
Kentucky HI1 
I l l i n o i s  #6 

Table 6. Selected C h a r a c t e r i s t i c s  o f  Coals Used i n  Thi's Study 
( a )  SampSing ' i t e s  and Chemical Analyses 

STATE 

Pmna . 
Okl a. 
Ill. 
Ill. 
Ill. 
11'1 . 
Id. 
I r d .  
I w a  
I m a  
111. 
Id. 
I rd. 
K m t y .  
K w  t y  . 
Pwna .  
I l k l a .  
Okla. 
Ohio 
Okla. 
f l k la .  
Miissouri 
Pmna. 
Ksnty.  

DRY COAL 
ASTM RANK Dl4HF %S %S l40TT-SPOONER CV 

PPOVINCEREC.IOJI CLASS %C %H %Pi 2s '%c PYRITIC SULFATIC DIFFERENCE DMMF 
East. 4pp. 
I n t .  W .  
I n t .  E. 
I n t ,  E. 
I n t :  E .  
I n t :  E. 
I n t ,  E. 
I n t .  E. 
I n t .  W .  
I n t .  H. 
I n t .  E. 
I n t .  E. 
I n t .  E. 
I n t .  E. 
I n t .  E. 
East.  APF. 
I n t .  C1. 
I n t .  W .  
East.  A ~ F .  
Int.. W .  
I n t .  W .  
I n t ;  I<. 

East. APF. 
I n t .  E. 
I n t .  E. 
I n t .  E. 

HVA 
HV A 
HVB 
HYB 
HVC 
HVC 
HVC 
HVC 
HVC 
HVC 
HVC 
HV C 
HVC 
HVB 
HVR 
HVB 
3VA 
ilVA 
HlIB 
H'IA 
#/A 
H'lA 
H'IA 
H'IC 
H'IC 
H'/A 



.Table 6 (con t inued)  Selected C h a r a c t e r i s t i c s  o f  Coals Used i n  Th i s  Study 
( b )  Pet rographic  Analyses 

% o f  Dry Coal by Volume 
V i t r i n i t e  Pseudov i t r i n i t e  F u s i n i t e  Seln i fus in i te  Macr in i te  l l i c r i n i t e -  Sporonite Resonits C u t i n i t e  

80.6 4.0 1.4 4.3 0.9 3.7 5.0 0.5 0.0 
82.7 4.8 2.0 3.9 0.2 2.0 4.5 0.0 0.0 
82.4 4.9 3.4 5.2 0.5 1 . G  2.0 0.0 0.0 
87.3 4.7 5.5 1.4 0.2 0.4 0.5 0.0 0.0 
89.1 0.0 2.6 7.0 0.'4 0.3 0.6 0.0 0.0 
91.6 0.0 4.8 2.1 0.1 0.5 0.8 0.1 0.0 
91.8 4.5 0.7 1.8 0.0 0.2 1 .O 0.0 0.0 
90.6 1.2 3.6 3.0 0.4 0 .3  0 .9  0.0 0.0 
86.7 1.2 4.5 5.7 0.2 0.6 1.1 0.0 0.0 
89.8 0.1 4.0 3.5 0.1 1 .0  1.5 0.0 0.0 1 

89.8 0.0 4.3 2.9 0.0 2,2 0.7 0.1 0.0 w 
90.2 1.7 1.4 4.1 0.6 0.9 1.1 0.0 0.0 o 
88.4 0.8 3.5 4.9 0.3 0.7 1.2 0 .2  0.0 I 

94.6 0.4 2.8 1.4 0.2 0.0 0.6 0.0 0.0 
90.3 2.0 3.4 1.9 0 .2  0.6 1 .'5 0.1 0.0 
85.1 , 0.0 1.7 2.5 0.1 5.7 3.7 1.1 0.2 
89.1 2.4 0.9 2.1 0.1 3.3 1.9 0.2 0.0 
82.7 1.9 1.9 3.7 0.1 2.2 6.9 0.0 0.4 
89.4 1.6 1.2 2.7 0.0 1 .8  3.3 0.0 0.0 
83.6 5.0 1.9 8.0 0.2 1.2 0.1 0 .0  0.0 
84.2 5.7 1.0 2.1 0.2 3.2 3.6 0 .0  0.0 
83.0 3.2 2.4 4.0 0.G 2.5 4.0 0.3 0.0 
82.2 3.2 3.3 5.6 0.6 1.3 3.7 0.1 . 0.0 
89.6 0.0 2.9 3.6 0.0 1 .8  . 2.1 0.0 0.0 
93.3 0.3 1 .9  1.7 0.1 1.3 1.3 0.1 0.0 
88.6 1.7 2.5 3.5 0.3 1.7 1.4 0.3 0.0 

N.B. No s c l e r o t i n i t e  o r  a l g i n i t e  
detected i n  any sample. 



possessed u n c h a r a c t e r i s t i c a l l y  h i g h  s u l f a t i c  s u l f u r  con ten t s  i n d i c a t i n g  

t h a t  o x i d a t i o n  o f  t h e  p y r i t e  had occur red  be fo re  t h e  coa l  samples were 

c o l l e c t e d .  It i s  d i f f i c u l t  t o  specu la te  what t h e  r e l a t i o n s h i p  i s  between 

p y r i t e  o x i d a t i o n  and o x i d a t i o n  o f  t h e  o rgan ic  p o r t i o n  o f  t h e  coa l .  How- 

ever ,  one would assume t h a t  i f  a  s i g n i f i c a n t  amount o f  p y r i t e  weather ing 

has occur red  some o x i d a t i o n  o f  t h e  o rgan i c  m a t e r i a l  has a l s o  taken  p lace .  

It seems t o  be t r u e  t h a t  unweathered c o a l s  i n  t h e  upper p a r t  o f  t h e  

h i g h  v o l a t i l e  b i tuminous  rank  c lasses  do n o t  show abso rp t i on  i n  t h e  

carbony l  r e g i o n  (1700-1750 cmel) o f  t h e i r  i n f r a r e d  spec t ra  (Given, 1984). 

The m a t t e r  has never  been c l e a r l y  demonstrated on an adequate s e t  o f  coa l s ,  

b u t  i t  I s  poss' ible t h a t  unweathered c o a l s  o f  t h e  HVC c l a s s  f rom t h e  

I n t e r i o r  and Rocky Mounta in  p rov inces  do show some carbonyl  absorp t ion .  

I n  t h e  spec t ra  of  t h e  c o a l s  s tud ied  here ( t o  be presented l a t e r ) ,  most o f  

t h e  HVC coa l s  and t hose  o f  carbon con ten t  l e s s  than. about 80.5%C (dmmf) do 

show a  r a t h e r  weak shou lder  a t  about  1720 cm-', whereas those  o f  h i ghe r  

r ank  do n o t  (excep t  f o r  PSOC 349).  Hence t h e  carbonyl  abso rp t i on  shown 

by t h e  l ow  rank  samples does n o t  necessar i ' l y  by i t s e l f  imp l y  weather ing.  

The c o a l s  noted above as c o n t a i n i n g  r e l a t i v e l y  h i g h  con ten ts  o f  s u l f a t e  

a r e  a l l  of  t h e  l ow  rank  group, and here  p a r t  o f  t h e  carbonyl  abso rp t i on  

ma.y be due t o  weather ing o f  t h e  o rgan i c  ma t te r .  Of t h e  h i ghe r  rank  coa l  s, 

on1 y PSOC 349 (Lower C l a r i o n  Seam, Pa. ) d i s p l a y s  evidence o f  s l  i g h t  

wca thcr inq .  

Each of t h e  coa l s  can be cons idered as be ing  v i t r i n i t e - r i c h ,  w i t h  

none c o n t a i n i n g  l e s s  than  80 volume percen t  on a  m ine ra l -ma t te r - f r ee -  

bas i s .  The second most abundant maceral t y p e  was t h e  i n e r t i n i t e  group 

which tended t o  comprise l e s s  than  10  volume percen t  o f  t h e  o rgan i c  



p o r t i o n  o f  t h e  coa l .  The dominant member o f  t h e  l i p t i n i t e s  was s p o r i n i t e  

which i n  PSOC 349 accounted f o r  5% o f  t h e  coa l .  One word o f  c a u t i o n  must 

be expressed about  t h e  maceral ana lyses which i s  t h a t  t h e y  were per-  

formed under w h i t e  l i g h t .  T h i s  i s  p robab ly  adequate f o r  t h i s  se t  o f  

samples, b u t  i t  tends t o  underes t imate  l i p t i n i t e s  when t h e i r  con ten t  i s  

f a i r l y  h igh .  

E.  STRUCTURAL CHARACTERIZATION OF COALS 

a. I n t r o d u c t i o n  

The r e s u l t s  o f  t h e  v a r i o u s  l i n e s  o f  i n v e s t i g a t i o n  descr ibed  here  

th row some l i g h t  on t h e  s t r u c t u r a l  f e a t u r e s  o f  t h e  a romat i c  and a l i p h a t i c  

p a r t s  o f  coa l  s t r u c t u r e  and on t h e  d i s t r i b u t i o n  o f  oxygen-conta in ing 

f u n c t i o n a l  groups. U n f o r t u n a t e l y  t h e y  p r o v i d e  no i n f o r m a t i o n  on t h e  

d i s t r i b u t i o n  o f  s u l f u r - c o n t a i n i n g  f u n c t i o n a l  groups, which would be i m -  

p o r t a n t  f o r  t h i s  s e t  o f  coa ls .  The o n l y  comprehensive way o f  o b t a i n i n g  

such da ta  t h a t  has' been descr ibed  was no ted  on p. 15 and i s  t h a t  due t o  

A t t a r  ( A t t a r ,  1978; A t t a r  and Hendrickson, 1982). It was found i n  a  s tudy  

of 14 c o a l s  t h a t  10 con ta i ned  t h i o p h e n i c  s t r u c t u r e s  as t h e i r  ma jo r  fo rm 

o f  o rgan i c  s u l  f u r  (55-SO%), w h i l  e  t h i o l  s  and su l  f i d e s  predominated i n  

t h e  o t h e r s  ( A t t a r  and Hendrickson, 1982).  

It i s  g e n e r a l l y  accepted t h a t  a  s u b s t a n t i a l  p a r t  o f  t h e  v i t r i n i t e  

i n  any coa l  c o n s i s t s  o f  a  c r o s s - l i n k e d  macromolecular network.  It has 

been argued ( J u r k i e w i c z  e t  a l . ,  1982) t h a t  t h i s  network c o n t a i n s  t rapped  

w i t h i n  i t s e l f  a  s u b s t a n t i a l  f r a c t i o n  o f  r e l a t i v e l y  smal l  molecules,  n o t  

a l l  o f  which a r e  e x t r a c t a b l e  by so l ven t s .  The evidence f o r  t h i s  p o s i t i o n  

has been reviewed, and i t s  s i g n i f i c a n c e  assessed, by Given (1984),  who 

a l s o  p o i n t s  o u t  t h a t  t h e  t rapped  phase c o n s i s t s  of a  ve r y  complex m i x t u r e  



o f  s t r u c t u r a l  types.  One consequence of t h i s  two-component model i s  

t h a t  any s t r u c t u r a l  i n f o rma t i on  ob ta ined  f o r  a  v i t r i n i t e  may represen t  

da ta  averaged f o r  two q u i t e  d i f f e r e n t  k i nds  of  m a t e r i a l ,  mixed i n  p o o r l y  

known p r o p o r t i o n s .  T h i s  should be borne i n  mind i n  assess ing t h e  i n f o r -  

ma t i on  p rov ided  below. 

I t  w i l l  be r e c a l l e d  t h a t  Shadle (1954), i n  t h e  companion study, 

has a p p l i e d  t h e  same techniques t o  t h e  asphaltenes ob ta i ned  by l i q u e -  

f a c t i o n  of t h e  same s e t  o f  coals .  Some o f  h i s  r e s u l t s  w i l l  be quoted 

l a t e r .  

b. O x i d a t i o n  w i t h  T r i f l u o r o p e r o x y a c e t i c  Ac id  

T r i f l u o r o p e r o x y a c e t i c  a c i d  o x i d a t i o n s  were performed on each o f  

t h e  c o a l s  i n  an a t tempt  t o  i n v e s t i g a t e  t h e  a l i p h a t i c  s t r u c t u r e s  

p resen t .  The r e s u l t s  . f rom these  reac t i ons ,  a l though n o t  as r e p r o d u c i b l e  

as t hose  o f  t h e  o t h e r  techniques u t i l i z e d  i n  t h i s  stu.dy, do c o n s t i t u , t e  

t h e  f i r s t  a t t emp t  t o  use TPFA r e s u l t s  i n  a  q u a n t i t a t i v e  manner and 

rep resen t  a  cons ide rab le  amount o f  work i n  method development, p roduc t  

a n a l y s i s  and da ta  reduc t i on .  Th i s  s e c t i o n  con ta ins  an i n i t i a l  d i scuss ion  

o f  t h e  development o f  t h e  o x i d a t i o n  method used on t h e  t o t a l  sample se t ,  

and a  d i s c u s s i o n  o f  t h e  da ta  obta ined.  T h i s  d i scuss ion  i nc l udes  t h e  f i r s t  

u t i l i z a t i o n  o f  s t a t i s t i c s  i n  t h i s  wnrk. 

As d iscussed i n  Section F, b o f  Chapter 111, t h e  o x i d a t i o n  technique 

developed by Deno e t  a l .  (1978a, 1978b) was m o d i f i e d  s i g n i f i c a n t l y  i n  t h i s  

work. A1 though p r o v i d i n g  a  g r e a t  deal  o f  i n f o r m a t i o n  concern ing t h e  a1 i- 

p h a t i c  s t r u c t u r e s  p resen t  i n  coa ls ,  a  number o f p r o b l e m s  were faund. The 

most  g l a r i n g  of these  was t h @  l a c k  o f  r e p r o d u c i b i l i t y  o f  prwducl  y i e l d s .  

A l though g e n e r a l i t i e s  c o u l d  be i n f e r r e d  f rom t h e  y i e l d s  o f  t h e  va r i ous  

products ,  q u a n i t a t i v e  da ta  o f  t h e  t y p e  needed f o r  a  s t a t i s t i c a l  s tudy 



were n o t  ob ta inab le .  Secondly, long-chained a l i p h a t i c  m a t e r i a l ,  which 

i s  known t o  be p resen t  i n  coals ,  d i d  n o t  appear i n  t h e  o x i d a t i o n  p roduc ts .  

Hessley e t  a l .  (1982) have i n v e s t i g a t e d  t h i s  problem and found t h a t  t h e  

long-chained a l i p h a t i c  m a t e r i a l  was i n s o l u b l e  i n  t h e  r e a c t i o n  m i x t u r e  o r  

adsorbed on t h e  Pt /charcoal  used t o  decompose perox ides a f t e r  r e a c t i o n ,  

and much o f  i t  cou ld  be recovered by e x t r a c t i o n  w i t h  h o t  ch lo ro fo rm.  

Hence t h e  au thor  be l i eves  t h a t  two processes c o n t r i b u t e  t o  t h e  i n a b i l i t y  

t o  observe long-chained a l i p h a t i c  m a t e r i a l  under t h e  o r i g i n a l  c o n d i t i o n s .  

I n  a d d i t i o n  t o  t h e  s o l u b i l i t y  problem t h a t  Hessley e t  a l .  (1982) observed 

t h e r e  i s  t h e  problem t h a t  t h e  long-chained m a t e r i a l s  a r e  n o t  s t a b l e  under 

v igorous  c o n d i t i o n s  o f  o x i d a t i o n .  

The i n i t i a l  r a t i o n a l e  behind t h e  m o d i f i e d  procedure o f  Shadle (1984) 

was t o  c o n t r o l  t h e  r e a c t i o n  temperature d u r i n g  t h e  i n i t i a l  h i g h l y  

exothermic p o r t i o n  o f  t h e  reac t i on ,  thus  i n c r e a s i n g  bo th  r e p r o d u c i b i l i t y  

and s e l e c t i v i t y .  When t h e  r e a c t i o n  was r u n  under t h e  new cond i t i ons ,  

t h e  p roduc t  m i x t u r e  was found t o  be much more complex, i n d i c a t i n g  t h a t  t h e  

s e l e c t i v i t y  o f  t h e  r e a c t i o n  had been increased. The r e p r o d u c i b i l i t y  

was somewhat b e t t e r  under t h e  new cond i t i ons .  

Al though t h e  r e s u l t s  o f  t h e  exper iment were favorab le ,  i t  was f e l t  

t h a t  r e d u c t i o n  i n  t h e  r e a c t i o n  temperature was n o t  t h e  o n l y  f a c t o r  t h a t  

needed t o  be considered. -PSOC 666 was o x i d i z e d  under t h r e e  s e t s  of  

c o n d i t i o n s :  those  u t i l i z e d  by Deno, those  devloped by Shadle, and a 

r e a c t i o n  r u n  w i t h o u t  CHCll b u t  w i t h  t h e  temperature he ld  a t  t h e  b o i l i n g  

p o i n t  o f  CHC13 (61 O C )  by  means o f  a  thermos ta t ted  waterbath.  The r e s u l t s  

f rom t h e  o x i d a t i o n  under a  L h i r d  s e t  o f  c o n d i t i o n s  p a r a l l e l e d  most c l o s e l y  

those ob ta ined  by means o f  t h e  o r i g i n a l  Deno method. Th i s  leaves  two 

p o s s i b i l i t i e s :  e i t h e r  the temperature i n s i d e  t h e  r e a c t i o n  f l a s k  was i n  



f a c t  n o t  c o n t r o l l e d  a t  61°C o r  t h e  CHC13 phase, when present ,  was ex- 

t r a c t i n g  t h e  p r ima ry  r e a c t i o n  p roduc ts  f rom t h e  aqueous phase, e f f e c -  

t i v e l y  i s o l a t i n g  them f rom f u r t h e r  o x i d a t i o n .  

A l though i t  cannot  be a b s o l u t e l y  proved, t h e  au thor  be l i eves  t h a t  

t h e  i s o l a t i n g  a c t i o n  proposed i n  t h e  preceding paragraph, and t h e  pre-  

v e n t i o n  of  l osses  by adsorp t ion ,  a r e  t h e  most impo r tan t  f a c t o r s  i n  im- 

p r o v i n g  c o n t r o l  o f  t h e  process. The two main reasons f o r  t h i s  b e l i e f  

i n c l u d e  t h e  s i g n i f i c a n t  decrease i n  a c e t i c  a c i d  y i e l d  w i t h  a cor res -  

ponding i nc rease  i n  methy l  ma le ic  a c i d  ( a  known i n te rmed ia te  i n  t h e  

o x i d a t i o n  o f  a r y l  methy l  groups),  and t h e  appearance o f  lung-chained 

ac ids ,  i n  t h e  p roduc ts  ob ta ined  when t h e  ch lo ro fo rm  was present .  

I d e n t i f i c a t i o n  o f  components i n  t h e  methy la ted o x i d a t i o n  p roduc ts  

was mos t l y  by comparison o f  r e t e n t i o n  t imes  and mass spec t ra  w i t h  those 

of s tandards.  However, s tandards and/or re fe rence  spec t ra  were n o t  

a v a i l a b l e  f o r  a l l  products ,  and some chromatographic peaks were n o t  

i d e n t i f i e d .  A l l  o f  t h e  i d e n t i f i e d  products,  and t h e  u n i d e n t i f i e d  ones 

w i t h  t h e i r  r e t e n t i o n  t imes,  f o r  each coa l ,  a r e  l i s t e d  i n  t h e  Tab le  i n  

Appendix A, t o g e t h e r  w i t h  t he  chromatographic peak area o f  each, expressed 

as a percentage o f  t o t a l  peak area. The l a r g e r  peaks mos t l y  r ose  from 

f l a t  base l ines ,  and so i n t e g r a t i o n  presented no problem. To deal  w i t h  

t h e  cases where peaks were i ncomp le te l y  reso lved,  a computer program was 

w r i t t e n  t o  i n t e g r a t e  t h e  chromatograms. I t  u t i l  i z e d  a two-pass i n t e g r a t i o n  

method. I n  t h e  f i r s t  pass t h e  peaks were detected,  by c a l c u l a t i n g  t h e  

f i r s t  d e r i v a t i v e  o f  t h e  chromatogram and comparing i t  t o  a use r - se lec tab le  

parameter. The beg inn ing  and end o f  t h e  peak were then  determined by 

descending t h e  peak on each s i d e  u n t i l  t h e  abso lu te  va lue  o f  t h e  d e r i v a t i v e  



was aga in  below a  se lec ted  value. I n  t h e  second pass t h e  peak was 

i n t e g r a t e d  by summing a l l  of  t h e  scans between t h e  beginn ing and end o f  

t h e  peak, as def ined by t h e  d e r i v a t i v e ,  and s u b t r a c t i n g  t h e  base1 i ne .  

The b a s e l i n e  was c a l c u l a t e d  as a  s t r a i g h t  l i n e  between t h e . s t a r t  and 

end o f  t h e  peak. 

The areas f o r  a l l  o f  t h e  peaks f rom t h e  TPFA o x i d a t i o n s  a r e  tab-  

u l a t e d  i n  Appendix A. Because o f  t h e  l a r g e  s i z e  o f  t h i s  da ta  m a t r i x  

and t h e  f a c t  t h a t  con ten ts  o f  i n d i v i d u a l  a c i d s  were n o t  used i n  any o f  

t h e  s t a t i s t i c a l  analyses i t  was f e l t  t h a t  t h e  summations o f  p roduc t  

c lasses  presented i n  Table 7 were cons ide rab l y  more u s e f u l .  

The l a r g e s t  peak i n  each chromatogram was ox i r ane  t r i c a r b o x y l i c  

ac id .  The second most prominent was p h t h a l i c  ac i d .  Both p roduc ts  a r e  

thought  t o  be de r i ved  f rom aromat ic  s t r u c t u r e s ,  Some hydroaromat ic  

s t r u c t u r e s ,  such as 11 ,12-d ihydr~naphthacene~af fo rd  a  c e r t a i n  amount of 

t h e  o x i r a n e  ac ids  on o x i d a t i o n ,  but ,  o f  known compounds, c e r t a i n  

,hydroxy-benzoic ac ids  and dihydroxynaphthalenes,give t h e  h i ghes t  

y i e l d s  (Soboczensk i, 1983). The most abundant a c y c l i c  a1 i p h a t i c  

ac ids  were ma lon ic  and g l u t a r i c ,  which were accompanied by l e s s e r  

amounts o f  s u c c i n i c  and a d i p i c  a c i d s  (see F igure  9, i n  which t h e  mean 

y i e l d s  f rom t h e  26 coa l s  a r e  p l o t t e d ) .  Other ma jo r  p roduc ts  i nc l uded  

o x i r a n e  t e t r a c a r b o x y l i c  ma le ic  and methy lmale ic  ac ids .  

The s t r u c t u r a l  p recursors  of  t h e  acyc l  i c  d i ca rboxyc l  i c  ac i ds  

a re  d icussed be1 ow. 

Examples o f  t h e  a c y c l i c  t r i c a r b o x y l i c  ac i ds  a r e  propane-1,2,3- 

t r i c a r b o x y l i c  and b u t a n e - t r i c a r b o x y l i c  ac ids .  They p robab ly  o r i g i n a t e  

i n  va r i ous  a r y l - i ndane  s t r u c t u r e s  (Shadle and Given, 1982).  A1 1  



Tab le  7. R e l a t i v e  Concen t ra t ions  of Classes o f  Products  f rom TPFA O x i d a t i o n  o f  Sample Set  

PSOC 
No. --- 

34 9 
401 
58 1 
582 
593 
594 
596 
599 
664 
666 
669 
676 
680 
741 
742 
7 60 
767 
7 68 
773 
7 98 
808 
883 

1018 
1082 
1083 
1098 

Acyc- i c 
d i a c i d s  - 

43.4 
41.9 
32.3 
24.3 
32.3 
34.; 
37.1 
38.5 
27. 'r 
27.5 
33.4 
30.4 
42.2 
28. E 
26.2 
32.-: 
27.7 
27.- 
45.5 
42.3 
20.8 
37.5 
43.6 
23.8. 
27.6 
41.3 

Acycl  i c  
t r i a c i d s  

4.6 
6.7 
6.4 
7.4 
8.1 
7.5 
7.6 
7.8 
8.2 

10.2 
9.6 
5.0 

10.0 
10.6 

6.7 
6.3 
3.9 
5.1 

10.9 
8.8 
4.9 
4.8 

10.0 
8.6 
4.2 
4.9 

% o f  to-a1 chromatographic peak area 
_ _ _ L _  ---- 

Benzene- Oxi rane  T o t a l  T o t a l  T o t a l  
Carbox a c i d s  methyl  a t e d  e t h y l  a t e d  p r o p y l  a t e d  -- -- 

10.8 12.5 14.9 6.0 2.3 
14.0 8.6 17.3 4.7 1.60 
17.5 22.4 14.2 2.5 1.59 
18.5 24.6 7.8 4.6 2.26 
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Figure 9. PRODUCTION OF ALIPHATIC DlAClDS IN TFPA OXIDATION 



p o l y c y c l i c  a romat ic  s t r u c t u r e s  g i v e  app rec iab le  amounts o f  p h t h a l i c  ac id ,  

and t h e  benzene p o l y c a r b o x y l i c  ac i ds  p robab ly  a r i s e  f rom p a r t l y  hydro- 

genated p o l y c y c l i c  s t r u c t u r e s .  

The a c e t i c  a c i d  c o n c e n t r a t i o n  was below t h e  d e t e c t i o n  l i m i t s  o f  

t h e  nmr procedure. However, more methyl  ma le i c  was observed i n  t h e  pro-  

duc t s  when ch lo ro fo rm  was added t o  t h e  r e a c t i o n  m ix tu re .  Methyl  ma le i c  

i s  a  known i n t e r m e d i a t e  i n  t h e  convers ion  o f  a r y l  methyl  groups t o  a c e t i c  

ac i d .  Thus, i t  appears t h a t  t h e  a d d i t i o n  o f  ch lo ro fo rm  has e f f e c t i v e l y  

s h i e l d e d  t hese  r e a c t i v e  products .  Several  c h l o r i n a t e d  p roduc ts  were 

observed i n  t r a c e  amounts i n  t h e  r e a c t i o n  m i x t t r r ~ .  However they  wcrc 

p resen t  i n  such low q u a n t i t i e s  t h a t  t h e  con ten ts  were no rma l l y  n o t  

measured. The appearance o f  these p roduc ts  i s  n o t  s u r p r i s i n g  s i nce  

t h e  c o n d i t i o n s  under which t h e  r e a c t i o n  was r u n  a r e  conducive t o  t h e  

f o rma t i on  o f  phosgene. 

Only two of  t h e  prominent  a c i d s  appear t o  show any c o r r e l a t i o n  

w i t h  each o the r .  A p l o t  o f  t h e  r e l a t i v e  peak areas o f  malon ic  and 

s u c c i n i c  a c i d s  i s  presented i n  F igu re  lfl .  The c o r r e l a t i o n  i s  n o t  good, 

b u t  even a  poor  c o r r e l a t i o n  i s  s u r p r i s i n g .  Succ in i c  a c i d  i s  a  major  

p roduc t  i n  t h e  o x i d a t i o n  o f  1,2-diphenylethane and 9,lO-dihydrophen- 

anthrene.  It was once thought  t h a t  ma lon ic  a c i d  o r i g i n a t e d  i n  t h e  

o x i d a t i o n  o f  diphenylmcthane and 9,10-dihydroanthracene s t r u c t u r e s .  

Wh i le  these s t r u c t u r e s  do y i e l d  some malonic  ac id ,  t h i s  i s  n o t  a  l l ia jur 

prsuduct, and t h e  source o f  t h e  malon ic  a c i d  produced f rom coa l s  i s  s t i l l  

n o t  known (Jones, 1984). 

There a r e  a  number of p roduc ts  i n  which a methy l ,  c t h y l  o r  p ropy l  

group i s  s u b s t i t u t e d  i n  an a l i p h a t i c  d i -  o r  tri- c a r b o x y l i c  ac id .  O f  
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these, methyl  ma le i c  and methyl  malon ic  ac ids  a r e  much t h e  most abundant. 

A t  an e a r l y  s tage  of  t h i s  work i t  was speculated t h a t  these substances 

were t h e  p r i n c i p a l  source of t h e  hydrocarbon gases formed i n  l i q u e -  

f a c t i o n ,  and. so r e l a t i v e  peak areas were computed f o r  t h e  methyl ,  e t h y l  

and p ropy l  d e r i v a t i v e s  cons idered as separate c lasses  (a l though these 

c l asses  o v e r l a p  w i t h  t h e  a c y c l i c  d i a c i d  and t r i a c i d  c lasses  and p robab ly  

do n o t  have a  common s t r u c t u r a l  source) .  The r e l a t i v e  peak areas due 

t o  t hese  c lasses  decrease i n  t h e  o r d e r  methyl  >>ethyl  >propy l  (F i gu re  11 ) .  

No c o r r e l a t i o n s  were i n  f a c t  found between t h e  y i e l d s  o f  hydracarbon 

gases and t h e  r e l a t i v e  peak areas f o r  t h e  a l k y l - s u b s t i t u t e d  ac ids .  

Small q u a n t i t i e s  o f  long-cha in  ac ids  were found. F igu re  12 shuws 

t h e  t o t a l  i n  c u r r e n t  chromatogram f o r  t h e  p roduc ts  f rom PSOC 760 (Lower 

K i t t a n n i n g  Seam, Pa.), and under i t  t h e  regenerated s i n g l e  i o n  chromato- 

gram f o r  m/z = 98, which i s  base and c h a r a c t e r i s t i c  i o n  f o r  t h e  methyl  

e s t e r s  o f  n. d i c a r b o x y l i c  ac ids.  It i s  a l s o  a  marker ion,  b u t  n o t  t h e  

base peak, f o r  methyl  n. ca rboxy la tes  ( f o r  which t h e  base peak i s  m/z = 

74, F i gu re  12c) .  Presu~rlably these  ac ids  were formed from a1 kanes. 

The p r e s e n t a t i o n  o f  t h e  da ta  i n  Table 7 and t h e  Appendix as percen- 

tages o f  t he  t o a l  chromatographic peak area c o n s t i t u t e s  a  t ype  o f  

i n t e r n a l  s t a n d a r d i z a t i o n  o f  t h e  data.  Th i s  was necessary s i nce  t h e  

abso lu te  peak areas were p o o r l y  r e p r o d u c i b l e  even when sca led w i t h  r espec t  

t o  an i n t e r n a l  s tandard.  Th i s  i n d i c a t e s  t h a t  t h e  e r r o r s  assoc ia ted  w i t h  

t h e  method came i n  between t h e  o x i d a t i o n  r e a c t i o n  i t s e l f  and t h e  a n a l y s i s  

s teps.  I f  e i t h e r  t h e  chromatographic sepa ra t i on  o r  t h e  o x i d a t i o n  were 

i r r e p r o d u c i b l e  one would n o t  expect  t h e  i n t e r n a l  s t a n d a r d i z a t i o n  t o  he1 p. 

The f o u r  c lasses  of  p roduc t  d iscussed i nc l ude  e s s e n t i a l l y  a l l  
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Figure 11. FRACTION OF T O T A L  PEAK AREA ACCOUNTED FOR B Y  ACIDS CONTAINING METHYL, E T H Y L  AND 
PROPYL GROUPS 
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Figure 12. T O T A L  I O N  CURRENT .AND REGENERATED SINGLE ION CHROMATOGRAMS 
F0.R PRODUCTS FROM TFP.A OXIDATION OF PSOC-760 
(A)-total ion.current, (B).m/z 74, (C) m l z  98 



produc ts  found, and they  most p robab ly  o r i g i n a t e  i n  d i f f e r e n t  s t r u c t u r a l  

f ea tu res  o f  a  coa l .  They migh t  be expected t o  va ry  s y s t e m a t i c a l l y  w i t h  

rank, and t o  be a f fec ted  by t h e  d i s t r i b u t i o n  o f  o rgan i c  s u l f u r .  Accord- 

i n g l y ,  a  f a c t o r ,  a n a l y s i s  was performed on t h e  summed r e l a t i v e  peak areas 

of t h e  four  c lasses,  t oge the r  w i t h  t h r e e  bas ic  compos i t iona l  charac te r -  

i s t i c s  o f  t h e  coals .  The r e s u l t s  a r e  s u r p r i s i n g  and a r e  shown i n  Table 

8. The most obv ious l y  s t r i k i n g  f ea tu res  a r e  t h e  low var iance  expla ined,  

and t h e  low communal i t ies.  The communality i s  t h e  sum o f  t h e  squares 

of t h e  l oad ings  o f  any v a r i a b l e  on t h e  va r i ous  f a c t o r s ;  i t  measures t h e  

c o n t r i b u t i o n  o f  t h a t  v a r i a b l e  t o  t h e  o v e r a l l  va r iance  expla ined.  Thus 

we have n o t  found t h e  v a r i a b l e s  t h a t  e x p l a i n  t h e  var iance  i n  t h e  y i e l d s  

o f  t h e  p roduc t  c lasses :  rank and o rgan i c  s u l f u r  have a lmost  no th i ng  t o  do 

w i t h  t h e  var iance.  The amounts o f  t h r e e  o f  t h e  p roduc t  c lasses  l oad  

moderate ly  ( b u t  n o t  imp ress i ve l y )  on t h e  same f a c t o r .  The f o u r t h  c l ass ,  

a c y c l i c  d i ac i ds ,  seems t o  va ry  independent ly  t o  a  l a r g e  ex ten t .  

The reason behind a l l  these nega t i ve  f i n d i n g s  m igh t  be t h a t  t h e  

ac ids  analyzed correspond t o  f a i r l y  small f r a c t i o n s  o f  t h e  carbon and .' 

hydrogen i n  t h e  coa l ,  and a r e  n o t  r e p r e s e n t a t i v e  o f  t h e  major  s t r u c t u r a l  

f c a t u r e s  i n  t h e  coals .  Aga ins t  t h i s  view i s  t h e  f a c t  t h a t  t h e  products  

f rom coa l s  d i f f e r  s y s t e m a t i c a l l y  and r e p r o d u c i b l y  f rom t h e  products  o f  

o x i d i z i n g  asphaltenes from t h e  same coals ;  t h i s  i s  u n l i k e l y  t o  be so i f  

t h e  products  - i n  each case a r e  a  sma l l ,  non-representat ive,  f r a c t i o n  o f  

t h e  s t r u c t u r e s  p resen t  i n  t h e  s t a r t i n g  m a t e r i a l .  A l t e r n a t i v e l y ,  we may 

have encountered another  i n d i c a t i o n  t h a t  t h e  sample s e t  i s  much much 

heterogeneous than had been supposed (see below, p. 9 4 ,  and f u r t h e r  

d i scgss ion  of  t h e  p o i n t  i n  Chapter V ) .  



Tab le  8. Rotated Fac to r  Ana l ys i s  o f  t h e  Summed Product  
Classes f rom TPFA Ox ida t i on  

V a r i a b l e  

acyc l  i c  d i a c i d s  

acyc l  i c  t r i a c i d s  

benz. carbox. a c i d s  

o x i r a n e  a c i d s  

%C, dmmf 

R,, % 

s ( o r %  

Var iance exp la i ned  

Fac to r  Communal i t y  
1  2 3 

0 =O. 21 0.85 0.77 



c. Cross-pol a r i z a t i o n  magic-angl e -sp inn ing  I 3~ N m r  

Over t h e  l a s t '  few years  c r o s s - p o l a r i z a t i o n  magic-angle-sp inn ing 

nmr has developed as t h e  eas ies t ,  and p robab ly  most accura te  method o f  

de te rmin ing  t h e  f r a c t i o n  o f  aromat ic  carbon i n  i n s o l u b l e  m a t e r i a l s  such 

as coa l .  CP-MAS spec t ra  were ob ta ined  f rom Colorado S t a t e  U n i v e r s i t y  

Regional N m r  F a c i l i t y ,  which i s  under t h e  d i r e c t i o n  o f  Dr. Gary Macie l ,  

f o r  each o f  t h e  c o a l s  u t i l  i zed  i n  t h i s  study. The r e s u l t s  ob ta ined  a r e  i.n 

a  s i m i l a r  range t o  those  pub l i shed  f o r  o t h e r  coa l s  (e.g. Havens e t  a l . ,  

1982; Wi lson e t  a l . ,  1984). 

The chemical s h i f t s  f o r  t h e  a l i p h a t i c  and aromat ic  peaks and t h e  

f r a c t i o n  o f  aromat ic  carbon ( f a )  f o r  each o f  t h e  spec t ra  a re  r e p o r t e d  

i n  Table 9. It was f e l t  t h a t  d u p l i c a t e  spec t ra  cou ld  n o t  reasonably  

be requested, and so no i n d i c a t i o n  o f  r e p r o d u c i b i l i t y  can be o f f e r e d .  

No doubt t h e r e  a r e  d i f f e rences  i n  t h e  recorded spec t ra  i f  t h e  i n s t r u -  

ment i s  asked t o  r un  t h e  same sample tw ice ,  b u t  i t  i s  f e l t  t h a t  such 

d i f f e r e n c e s  a r e  l i k e l y  t o  be smal l  compared w i t h  t h e  d i f f e r e n c e s  i n  

r e p l i c a t e  read ing  o f  t h e  aromat ic  peak areas o f  any one spectrum. It 

appears t h a t  c u t t i . n g  o u t  and weigh ing paper records  o f  t h e  peaks i s  

l i k e l y  t o  be more accura te  than measuring t h e  ins t rumenta l  i n t e g r a t i o n  

p r i n t e d  on t h e  reco rde r  cha r t ,  and t h i s  was done. The s tandard dev i -  

a t i o n  about  t h e  means f o r  dupl i c a t e  cu t t ing -and-we igh ing  was 3%. 

I n  general  t h e  separa t ion  between t h e  aromat ic  and a l i p h a t i c  

reg ions  was ve ry  good w i t h  no over lap ,  as can be seen i n  t h e  example 

i n  F igu re  13. More impo r tan t l y ,  t h e  sp inn ing  s i d e  bands of t h e  aro-  

ma t i c  peak do n o t  over1 ap t h e  a1.i pha t i c . ' absorp t ' i on  ,. .and so no : c o r r e c t i o n  

t o  t h e  areas i s  needed i n  d e r i v i n g  a r o m a t i c i t y .  I n  us ing  t h e  r e l a t i o n  

- fa  - Aar/(Aar + Aal ) .  



Tab le  9. Data f rom CP-MAS c NMR Spectrometry 

Areas Aroma t - 
Sampl e, Chemical S h i f t  a t  Maxima arom.. s i d e  i c i t y  , 
PSOC No. - ppm, a romat ic  a1 i p h a t i c  a1 iph .  arom. bands fa 



I I I I I 

300 2 00 100 0 -100 ppm 

Figure 13. CP-MAS ~ ~ C N M R  SPECTRUM OF PSOC-1098 COAL 
(Illinois No. 6) 



where Aar  and A a l  a r e  the areas under the  two peaks; the  area under the  

aromatic spinning s i de  bands i s  included in Aar  ( t h e  a l i pha t i c  peak has 

no s ide  bands). 

A1 1  of the  f a  values reported in Table 9  appear t o  be reasonable 

except f o r  t h a t  f o r  PSOC 1098. This i s  a  sample from the  I l l i n o i s  No. 6  

seam and i s  o f  HVA rank c lass .  I t  gave a  value f o r  f a  of 0.61, which i s  

much too low f o r  a  coal of t h i s  rank c l a s s .  I t  i s  not c l e a r  what.caused 

this anomaly, There appear5  t n  have been a problem with thc  sample, 

s ince  64,000 acqu is i t ion  scans were required t o  obtain a  reasonable 

spectrum, whereas the  nornia l spectrum required only about hat f  t h i s  number. 

The value of f a  f o r t h i s  sample i s  excluded from fu r t he r  discussions of 

t h e d a t a .  A p lo t  of f a  against  the  carbon content i s  shown in Figure 14. 

I f  one considers the points as belonging t o  a  s ingle  population, the re  . 
2 i s  a  great  deal of s c a t t e r ,  and the  variance explained ( r  ) by. a l i nea r  

regression i s  only 3%. This i s  surpr is ing s ince  s imi lar  p lo t s  f o r  

s e t s  of re la ted  coals ,  using the  data of Havens e t  a l .  (1 983) and Wilson 

e t  a1 . (1 984) give 1  inear  regressions explaining 50-88% of the  variance 

(Given, 1954). Visual inspection of Figure 14 shows t h a t  f i ve  nearly 

para l le l  1  ines of d i f fe r ing  in tercept  can be p u t  through the  points. The 

slopes and in te rcep t s  of the l i n e s ,  together with the  f rac t ional  variance 

explained by each, a r e  shown in 'Table' 10. I t  i s  seen t h a t  each l i n e  pro- 

vides an excel lent  corre la t ion f o r  i t s  s e t  of points .  I t  wil l  be noted 

from Table 10 t h a t  t he  aromaticity f o r  PSOC 1098 ( I l l i n o i s  No. 6 )  i s  

anomalous and must be in e r ro r .  I t  was f e l t  t h a t  there  was no choice 

b u t  t o  r e j e c t  i t  as  an o u t l i e r  from the  regressions and from Figure 14. 

The s ignif icance of the grouping of t he  coals  in to  f i ve  s e t s  was 
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Figure 14. RELATION OF AROMATICITY T O  CARBON CONTENT FOR 26 COALS 



Table 10. Grouping o f  Coals i n t o  Subsets According t o  
Levels  o f  A romat i c i t y  

Subset 

I 

PSOC No. %Carbon fa 

664 77.3 0.75 
1082 78.6 0.76 

680 79.8 0.78 
1083 80.4 0.79 

*m = slope, c = i n t e r c e p t  



t e s t e d  by per fo rming  a  d i s c r i m i n a n t  ana l ys i s .  Th i s  i n d i c a t e s  t h a t  t h e r e  

i s  s t a t i s t i c a l l y  an 85% p r o b a b i l i t y  t h a t  t h e  coa l  samples a r e  de r i ved  

f rom separate popu la t ions .  The p r o b a b i l i t y  t h a t  Groups: 1  and ' 2  a r e  

d i s t i n c t  i s  87.5%, groups 2 and 3  i s  60%, 3  and 4  i s  90%, and 4  and 5  

i s  90%, when t h e  a n a l y s i s  i s  p rov ided  w i t h  t h e  a r o m a t i c i t i e s ,  elemental  

analyses and convers ions t o  t h e  va r i ous  c lasses  o f  products .  U t i l T z i n g  

o n l y  t h e  fa and elemental  a n a l y s i s  t h e  o v e r a l l  p r o b a b i l  i t y  o f  t h e  d i s -  

c r e t e  be ing  s i g n i f i c a n t  f a l l s  t o  80%. However, t h e  proba- 

b i l i t y t h a t  groups 2 and 3 a r e  d i s t i n c t  r i s e s  t o  70%. The d i s c r i m i n a n t  

f u n c t i o n s  developed a n d ' t e s t e d  i n  t h e  above d i scuss ion  a r e  as f o l l o w s :  

Group 1  -2.27 fa - 0.40C - 0.545 - 0.41 O + 4.00 

G r o u p 2  0.99fa+0.15C+0.12S+0.140+14.68 

Group 3 6.20 fa  + 0.43C + 0.46s + 0.38 0 + 35.24 
! 

G r o u p 4  1 . 9 8 f a + 0 . 1 4 C + 0 . 3 0 S + 0 . 1 4 0 + 1 4 . 4 0  

Group 5  5.49 fa + 0.33C - 0.235 - 0.24 0  + 25.31 

These d i s c r i m i n a n t  f u n c t i o n s  i n d i c a t e  t h a t  when o n l y  fa  and t h e  

elemental  a n a l y s i s  a r e  considered fa, percen t  carbon, s u l f u r  and oxygen 

a r e  impor tan t  parameters i n  d i s t i n g u i s h i n g  t h e  groups. 

There a r e  two p o s s i b l e  exp lana t ions  f o r  these  p e c u l i a r  f i nd ings .  

The f i r s t  o f  these i s  t h a t  t h e  samples were n o t  a f t e r  a l l  se l ec ted  from 

a  s i n g l e  s t a t i s t i c a l  popu la t ion .  Th i s  area w i l l  be d iscussed i n  d e t a i l  

i n  t h e  nex t  chapter .  The second p o s s i b i l i t y  i s  t h a t  s u l f u r  and oxygen 

a r e  r e p l a c i n g  carbon i n  t h e ' c o a l  as thiophenes and fu rans  thus  a f f e c t i n g  

t h e  f r a c t i o n  o f  carbon i n  aromat ic  systems. 

A m u l t i v a r i a t e  leas t -squares  reg ress ion  f o r  fa versus t h e  con ten ts  

o f  carbon, s u l f u r  and oxygen g i ves  t h e  equat ion  below. 



fa = 0.0507.C + 0.0803.5 + 0.0023.0 

However, t h e  va r i ance  exp la ined  i s  ve ry  low (46  %), showing t h a t  w i t h  

r ega rd  t o  t h i s  s e t  of v a r i a b l e s ,  t h e  sample s e t  i s  f a r  f rom homogeneous. 

Thus t h e  conc lus ion  f rom t h i s  d i scuss ion  i s  t h a t  what was be l i eved  

t o  be a  q u i t e  homogeneous sample s e t  t u r n s  ou t  t o  be ext remely  hetero-  

geneous, and may c o n t a i n  a  number o f  subsets. 

d. F o u r i e r  Transform I n f r a r e d  Spectrometry 

The spectrum of each coa l  i n  t h e  s tudy  was recorded, a long  w i t h  

spec t ra  o f  t h e  1  ow temperature ash and t h e  a c e t y l  a ted  cual  . The spec t ra  

o f  t h e  LTA's were used i n  c o r r e c t i n g  t h e  coa l  and a c e t y l a t e d  coa l  spect ra  

f o r  abso rp t i on  due t o  m inera l  m a t t e r  i n  r eg ions  o f  spec ia l  i n t e r e s t .  No 

a t t emp t  was wade t o  determine m ine ra l  m a t t e r  con ten t  f rom t h e  LTA spect ra .  

P a r t i c u l a r  a t t e n t i o n  has been p a i d  t o  t h e  a l i p h a t i c  C-H s t r e t c h i n g  

r e g i o n  (2750-3000' cm-l') , t h e  aromat ic  C-H bending r e g i o n  (700-1 000 cm-' ) , 

and t h e  carbony1 r e g i o n  (1  650-1800 cm-' ) of t h e  a c e t y l a t e d  coals .  F i r s t  

t h e  m ine ra l  m a t t e r  spectrum was sub t rac ted ,  and d r i f t i n g  base l i ne  r e -  

moved. Then second d e r i v a t i v e  s p e c t r a  o f  t h e  reg ions  o f  i n t e r e s t  were ub- 

t a l  ned, cu rve  r e s o l  u t i o n  performed, t h e  peak f requenc ies  o f  t h e  reso l  ved 

bands were noted, and t h e i r  r e l a t i v e  areas ob ta ined  by  i n t e g r a t i o n  i n  t h e  

ded ica ted  computer. A t  t h e  same t ime, t h e  computer normal ized t h e  peak 

areas t o  t h e  b a s i s  o f  1  mg (dmmf) coal  i n  t h e  sample beam. The i n t e g r a -  

t i o n s  i:de;r.e performed.. i n .  dupl i c a t e ,  and t h e  r e s u l  t i n g  areas agreed t o  2% o r  

b e t t e r .  

A s i m i l a r  s tudy  has been made o f  t h e  FT IR  spec t ra  o f  a  s e t  o f  coa l s  

from t h e  Lower K i t t a n n i n g  seam i n  Pennsylvania and Ohio by Kuehn (1983; 

see a1 so Kuehn e t  a1 . , 1983), who d iscusses i n  some depth t h e  procedures 

of  cu rve - reso l v i ng  and g i ves  many examples. The t e s t  o f  t h e  v a l i d i t y  



o f  t he  curve r e s o l u t i o n  i s  t o  recons t ruc t  t h e  whole spectrum f o r  a  

reg ion  from t h e  deconvoluted peaks, and compare i t  w i t h  t h e  o r i g i n a l  

spectrum. Kuehn shows t h a t  t he  ove r l ap  o f  t h e  two spectra i s  remarkably 

close. As an example, t h e  FTIR spectrum o f  t h e  coal  PSOC-1098 ( I l l i n o i s  

No. 6)  i s  presented i n  F igures 15-17. The smoothed second d e r i v a t i v e  

spectrum f o r  t h e  reg ion  between 3000 and 2700 cm-' and t h e  curve-resol  ved 

component bands a re  shown i n  F igure  16, w h i l e  t h e  regenerated spectrum i s  

compared w i t h  t h e  o r i g i n a l  unresolved spectrum i n  F igure  17. Apply ing t h e  

curve r e s o l u t i o n  technique t o  t h e  aromatic C-H bending region,  750- 

1000 cm-' , o n l y  t h ree  bands were resolved,  a t  750, 800 and 820 cm-l . 
I n  her  s tudy o f  v i t r i n i t e  concentrates from t h e  Lower K i t t a n n i n g  seam, 

Kuehn (1983) was ab le  t o  reso l ve  s i x  bands. 

The accuracy o f  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  t he  spectra was 

somewhat impaired by t h e  d i f f i c u l t y  i n  handl ing m i l l i g r a m  q u a n t i t i e s  of 

coals .  Two problems a r e  i nhe ren t  i n  t he  procedure u t i l i z e d  and can be 

t raced d i r e c t l y  t o  t h e  3  mg coal  sample requ i red  t o  make up t h e  KBr p e l l e t .  

The f i r s t  o f  these i s  t h e  d i f f i c u l t y  i n  o b t a i n i n g  a  s i n g l e  rep resen ta t i ve  

3 mg sample. The bes t  one can do i s  t o  ensure t h a t  t h e  sample i s  as w e l l  

mixed as poss ib le ,  be fore  t h e  3  mg s p l i t  i s  taken. The second problem 

can be t raced t o  losses. Even t h e  s l i g h t e s t  wind, o r  d d h  i u ~ i  t o  t h e  

weighing paper, brush o r  mor ta r  and pes t l e ,  cou ld  cause a  s i g n i f i c a n t  

percentage o f  t h e  sample t o  be l o s t .  The e f f e c t  o f  these problems ~ 8 s  

we l l  i l l u s t r a t e d  i n  a  de termina t ion  o f  t h e  s c a l i n g  f a c t o r  needed i n  t h e  

s u b t r a c t i o n  o f  t h e  LTA spectrum from t h a t  o f  t h e  coal .  As a  general  

r u l e ,  t h e  d u p l i c a t i o n  o f  t he  f a c t o r  was found t o  be approx imate ly  2 20% 

o f  t h e  mean. Since one can assume a  s i m i l a r  l e v e l  o f  r e p l i c a b i l i t y  i n  

determin ing spec t ra l  i n t e n s i t i e s  f o r  t h e  coal and t h e  LTA, i t  appears 



WAVENUMBERS, cm-1 

Figure.15. FTIRSPECTRUM OF PSOC-1098 f l l l in~ir-No. 6) 
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Figure 16. CURVE RESOLUTION FOR ALIPHATIC C-H. STRETCHINGREGION OF FTlR SPECTRUM 
(A) second derivative spectrum, (B) curve-resolred bands 
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Figure 17. SUPERMPOSCPION OF RECONSTRUCTED SPECTRUM AND ORIGINAL 
SPECTRUM OF PSOC-1098, ALIPHATIC C-H REGION 



t h a t  t he  i n t e n s i t i e s  i n  any one spectrum are  reproduced t o  t 10% o r  

somewhat greater .  

The r e l a t i v e  peak areas f o r  each o f  the  resolved bands i n  t h ree  

regions of i n t e r e s t  a re  shown i n  Table 11. The complete spectra are  

shown sin Appendix C. 

The r a t i o  ' o f  t he  sum o f  t h e  areas o f  t h e  resolved a l i p h a t i c  C-H. 

bands (exc luding t h a t  a t  2923 cm-' ) t o  t h e  sum o f  t h e  areas o f  t he  

aromatic C-H bending v i b r a t i o n s  was ca lcu la ted ,  and might  be expected 

t o  decrease sys temat i ca l l y  w i t h  increas ing  rank. 

F igure 18 presents a p l o t  o f  t he  absorpt ion area assigned t o  phenol ic  

OH aga ins t  the  oxygen content .  There i s  a considerable.amount o f  s c a t t e r  

present i n  t h e  data, and t h e  var iance expla ined by the  regression i s  o n l y  

0.41%. Two f a c t o r s  probably c o n t r i b u t e  t o  the  increased s c a t t e r  i n  r e -  

l a t i o n  t o  the  a l i pha t i c /a romat i c  C-H absorp t ion  data. The most important  

f a c t o r  i s  t h a t  t he  phenol ic  data are  no t  i n t e r n a l l y  standardized, so t h a t  

they a re  extremely s e n s i t i v e  t o  sampling e r ro rs .  Also, t h e  accuracy of 

t h e  oxygen content  i s  somewhat lower than t h a t  f o r  carbon, s ince i t  i s  

determined by d i f f e r e n c e  and conta ins a l l  o f  t h e  e r r o r s  i n  t he  d i r e c t  

dcterrninat ions; these e r r o r s  i nc lude  terms due t o  approximations i n  t h e  

co r rec t i ons  t o  ash, carbon and hydrogen f o r  i n te r fe rences  by mineral 

mat te r  composit ion. 

A p l o t  of t h e  sum of t h e  1770 and 1745 cm-' absorp t ion  bands sl~owed 

considerably more s c a t t e r  than the  1770 cm" band alone. T h i s  i s  opposi te 

t o  what one would expect and r a i s e s  quest ions as t o  i t s  assignment t o  

a1 k y l  OH. However, Kuehn e t  a l .  (1  983) found considerably more s c a t t e r  

when the  area o f  t he  1740 cm-' band was p l o t t e d  aga ins t  v i t r i n i t e  
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Figure 18. PHENOLIC OXYGEN CONTENT AS RELATED TO TOTAL OXYGEN IN COAL, FROM FTlR DATA 



PSOC 
Number -- 
349 
401 
58 1 
582 
593 
594 
596 
599 
664 
666 
669 
676 
680 
741 
742 
760 
767 
7 68 
773 
7 98 
808 
383 
101 8 
1082 
1083 
1098 

Table 11. R e l a t i v e  Peak Areas f o r  Resolved Components o f  C e r t a i n  
Reaions o f  t h e  FTIR S ~ e c t r a  

- Aliphatic C - W  Stretching Region 
2956 2923 2891 2849 2864 

Arol~lat i c  C-H 
Bending Region 

820 800 7 50 

C=O Region for Acetylated 
Samples . 

I77 0 1740 1670 



r e f l e c t a n c e  t h a n  when t he  1770 cm-' band was s i m i l a r l y  p l o t t e d ,  which 

i s  perhaps t o  be expected s i n c e  i t  i s  much l e s s  in tense .  

It was dec ided t o  i n c l u d e  t h e  peak areas f o r  a l l  o f  t h e  11 bands 

d iscussed i n  a  s i n g l e  f a c t o r  a n a l y s i s  (Table 12) .  Seven f a c t o r s  were 

found, account ing  f o r  98% of t h e  var iance  i n  t h e  data,  bu t  o n l y  one o r  

two v a r i a b l e s  loaded on most o f  them and so they  can h a r d l y  be regarded 

as s i g n i f i c a n t .  Most o f  t h e  values f o r  t h e  a l i p h a t i c  C-H v i b r a t i o n s  

loaded on one o r  b o t h  o f  t h e  f i r s t - t w o  f a c t o r s .  The area f o r  t h e  2923 

- 1 cm band asyme t r i ca l  CH2 p l u s  CH3 v i b r a t i o n s  p rov ided  t h e  s o l e  l o a d i n g  

on f a c t o r  V I ,  wh ich i s  perhaps some s l i g h t  reason f o r  r ega rd ing  i t  as 

d i f f e r e n t  i n  i t s  t r ends  from t h e  o the rs .  Kuehn (1983) performed her  

f a c t o r  analyses f o r  t h e  Lower K i t t a n n i n g  samples sepa ra te l y  f o r  t h r e e  

reg ions  o f  t h e  spectrum, and t h e  l oad ings  on f a c t o r s  I and I 1  f o r  t h e  

C-'H bands a r e  i n  most respec ts  s i m i l a r  t o  what she found f o r  her  two 

f a c t o r s .  

The p r i n c i p a l  conc lus ion  i s  t h a t  t h e r e  a r e  two sources o f  t h e  

va r i ance  i n  t h e  i n t e n s i t y  o f  t h e  a l i p h a t i c  C-H v i b r a t i o n s ;  as a  specu- 

l a t i o n  we c o u l d  suggest t h a t  t h e  importance o f  hydro.aromatic r i n g s  

v a r i e s  independent l y  o f  t h e  a l i p h a t i c  s i d e  chains.  It i s  perhaps 

w o r t h  n o t i n g  t h a t  t h e  symmetr ical  and 11nsymmet.rica1 CH - v i b r a t i o n s  
2 

(2850 and 2956 an- ' )  l o a d  most h i g h l y  on f a c t o r  I ,  whereas t h e  CH3 

and C-H v i b r a t i o n s  l o a d  on f a c t o r  11. The t h r e e  ac 'e ty l  abso rp t i on  

bands l o a d  independent l y  o f  each o t h e r  and o f  t h e  a1 i p h a t i c  and aromat ic  

absorp t ions .  The band cen t red  a t  1770 crn-l, which i s  no rma l l y  assigned 

t o  pheno l i c  ace ta tes ,  appears t o  l o a d  on t h e  samc f a c t o r  as t h e  aromat ic  

abso rp t i on  around 800 crn-' . 



Table 12.  Rotated Factor Analysis of Relative Peak Areas of 
Resolved Bands in FTIR Spectra of Coal Ser ies  

Frequency, 

cm- 
Factors 

' I  I I I11 I v v v I V I  I 
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F. DISTRIBUTION OF LIQUEFACTION PRODUCTS 

a. Product  Classes 

The p roduc ts  f rom t h e  l i q u e f a c t i o n  were i n i t i a l l y  separated i n t o  f o u r  

ma jo r  c lasses  based on e i t h e r  t h e i r  b o i l i n g  p o i n t  o r  s o l u b i l i t y .  Tab le  13 

shows t h e  d i s t r i b u t i o n  o f  t h e  va r i ous  c lasses  of p roduc ts  f o r  t h e  26 

c o a l s  used i n  t h i s  study. The t o t a l  convers ions ( o r i g i n a l  coa l - r es i due )  

ranged f rom a h i g h  o f  78.8 percent  f o r  PSOC-582 t o  a  low o f  41.4 percen t  

f o r  PSOC-798, whi 1  e  t h e  convers ion t o  asphal tenes ( e t h y l  -ace ta te -so l  u b l  e, 

hexane- inso lub le )  ranged f rom a h i g h  o f  40.9 percen t  t o  a  low o f  19.4 

pe rcen t  f o r  t h e  same two coa l s .  F i v e  o f  t h e  1 i q u e f a c t i o n s  had t o  be 

repea ted  (PSOC 666, 669, 676, 742, a'nd 808) be fo re  r e p l i c a t i o n  w i t h i n  

1% f o r  t h e  t o t a l  convers ion  de te rm ina t i on  cou ld  be ob, ta i r~ed.  

A l l  measurements were made i n  d u p l i c a t e  runs, and t h e  mean va lues 

a r e  g i v e n  i n  t h e  Table.  The o v e r a l l  s tandard d e v i a t i o n  about t h e  mean 

i s  shown f o r  each c l a s s  o f  products  except f o r  t h e  l o s t  v o l a t i l e s ,  

which were determined by d i f f e r e n c e ,  as d iscussed below. It w i l l  be 

no ted  t h a t  t h e  y i e l d  o f  asphaltenes i s  g r e a t e r  than t h a t  o f  hexane- 

s o l u b l e  o i l s  i n  a l l  cases, t h e  r a t i o  be ing  about 3:2. The o i l  y i e l d s  

have 1 ess abso lu te  accuracy, s i nce  complete sepa ra t i on  o f  naphthalene 

and excess t e t r a l i n ,  w i t h  no l o s s  o f  coa l -de r i ved  product ,  i s  presumably 

imposs ib l e  by vacuum d i s t i l l a t i o n .  The r e l a t i v e  e r r o r  i n  t h e  gas y i e l d s  

i s  ve ry  la rge ,  p robab ly  due t o  t h e  d i f f i c u l t y  o f  measuring t h e  volume 

o f  gas. 

Ths y i e l d  o f  gases i s  q u i t e  low, and much l owe r  than  t h e  y i e l d s  

c a l  c u l  a t e d  by d i f f e r e n c e  by p rev ious  workers (e. g. Mudamburi , 1983). 

It has always been c l e a r  t h a t  any p roduc ts  from t h e  coa l  t h a t  condensed 

w i t h  o r  d i sso l ved  i n  t h e  1 i q u i d  p roduc ts  and had a normal b o i l  i n g  p o i n t  



Coal 
PSOC 
No. 

349 
401 
581 
502 
593 
594 
596 
599 
664 
666 
669 
67 6 
680 
741 
742 
760 
7 67 
768 
773 
7 98 
808 
883 

1018 
1 082 
1 083 
1098 
0 

Table 13. Conversion of Coal s t o  Product Classes 

(pe rcen t  d.m.m.f) 

Conversions, X of dmmf coal 
t o t a l  l i q s .  asphal- v o l a t i l e  l i q s .  
+ gases t enes  gases o i l s  1 o s t  



below about 80°C would be l o s t  when t h e  e t h y l  ace ta te  was evaporated. 

Also, m a t e r i a l  w i t h  a  b o i l i n g  p o i n t  above t h a t  o f  e t h y l  ace ta te  b u t  

l e s s  t han  about  220°C would be l o s t  when t h e  t e t r a l i n  and naphthalene 

were removed. The y i e l d s  o f  l o s t  v o l a t i l e s  shown i n  Table 13 were 

c a l c u i a t e d  by  d i f f e rence ,  and so accumlate t h e  e r r o r s  i n  a l l  t h e  d i r e c t  

de te rmina t ions .  They a r e  mos t l y  i n  t h e  range 5- lo%, though t h e r e  a re  a  

few va lues above and below t h i s  range, which i n  any case seems s u r p r i s -  

i n y l y  h igh .  I f  t h e  y i e l d s  o f  o i l s  and l o s t  v o l a t i l e  m a t e r i a l  a r e  added 

loge ther ,  t h e  sum approaches t h e  y i e l d s  n f  asphaltenes, as shown i n  

F i g u r e  19, where y i e l d s  o f  p roduc ts  i n  each c l a s s  a re  shnwn i n  h is togram 

form. The combinat ion o f  t h e  v o l a t i l e  p roduc ts  and t h e  o i l  f r a c t i o n  seems 

reasonable,  s i n c e  t h e  v o l a t i l e  f r a c t i o n  i s  almost c e r t a i n l y  composed o f  

m a t e r i a l s  r e l a t e d  t o  t h e  o i l  f r a c t i o n .  

The ques t i on  t h a t  o f  course a r i s e s  i n  r e l a t i o n  t o  t h e  v o l a t i l e  f r a c -  

t i o n  i s  where i t  i s  l o s t .  Gas chromatography o f  d i s t i l l a t e s  f rom t h e  

s p i n n i n g  band column showed o n l y  s l i g h t  t r a c e s  o f  two isomers o f  methy l -  

inddne, which can most p robab ly  be c o n s i d e r ~ d  rearrangement products  f rom 

t e t r a l i n  and should n o t  be cons idered as p a r t  o f  t h e  coal  products .  It 

must t h e r e f o r e  be concluded t h a t  t h e  m a t e r i a l  has been l o s t  p r i o r  t o  t h i s  

s tep ,  t h a t  i s ,  d u r i n g  t h e  evapora t ion  nf  t h e  eth.yl ace ta te  a t  r c d ~ ~ c e d  

pressure.  Indeed, t h e  smel l  o f  t h e  so l ven t  recovered by evapora t ion  had a  

d i s t i n c t  hydrocarbon charac te r .  M a t e r i a l  evaporated w i t h  t h e  e t h y l  dce- 

t a t e  i o u l d  I n c l u d e  some wate r  ( though t h i s  does n o t  form an azeotrope w i t h  

e t h y l  ace ta te ) .  The idea  t h a t  t h i s  f r a c t i o n  i s  r e l a t e d  t o  t h e  o i l  f r a c t i o n  

i s  supported by  F iqu re  20 i n  which cnnverq ion t o  t h e  s p e c i f i c  c l asscs  a r e  

p l o t t e d  aga ins t  t o t a l  convers ion.  As can e a s i l y  be seen t h e  y i e l d s  of  

each f r a c t i o n  except  f o r  t h e  gases tends t o  inc rease  w i t h  conversion, w h i l e  



PSOC Number 

PSOC Number. 

PSOC Number 

Asphaltenes 

m o i l s  

I Gases 

F.igure 19. YIELDS OF PRINGIPAL%CLASSES OF PRODUCTS 
'FROM LIQUEFACTION 
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Figlre 20. DEPENDENCE OF YIELDS OF PRODUCT CLASSES ON TOTAL CONVERSION 



convers ion  t o  gas i s  cons tan t  w i t h i n  exper imenta l  e r r o r .  The l i n e  f o r  t h e  

v o l a t i l e  f r a c t i o n  p a r a l l e l s  t h a t  o f  t h e  o i l s  ve ry  c l o s e l y .  Th i s  suppor ts  

t h e  idea  t h a t  t h e  unaccounted f o r  m a t e r i a l  i s  more c l o s e l y  r e l a t e d  t o  t h e  

o i l  f r a c t i o n  than  t o  t h e  gases. Time d i d  n o t  pe rm i t  a  more complete 

a n a l y s i s  o f  thzse  two d i s t i l l e d  f r a c t i o n s .  An a n a l y s i s  o f  t h i s  t ype  would 

be ex t reme ly  d i f f i c u l t  i f  one cons iders  t h a t ,  i n  t h e  bes t  case, t h e  con- 

c e n t r a t i o n  of what i s  most p robab ly  a  ve ry  complex m i x t u r e  o f  compounds 

would be approx imate ly  125 mg i n  a  1  i t e r  o f  so lven t .  . The f a c t  t h a t  these  

m a t e r i a l s  most p robab ly  possess a r e l a t i v e l y  low b o i l i n g  p o i n t  o n l y  com- 

p l i c a t e s  t h e  ana l ys i s .  The non-polar  components o f  t h e  e t h y l  ace ta te  

r o t a r y  evaporate cou ld  p o s s i b l y  be separated by deso rp t i on  f rom a s i l i c a -  

alumina column w i t h  a  s l i g h t l y  p o l a r  e l u a n t  such as e ther ;  however t h i s  

process would be d i f f i c u l t  and m igh t  n o t  account f o r  any p o l a r  m a t e r i a l s .  

In a s p e c i a l l y  designed experiment, w i t h  r e s u l t s  shown i n  Table 14, 

i t  was shown t h a t  t h e  mass ba lance can be e s s e n t i a l l y  c losed  and v o l a t i l e  

m a t e r i a l  recovered. Two coa l s  were each l i q u e f i e d  i n  d u p l i c a t e  and t h e  

products  worked up as usual ,  g i v i n g  t h e  y i e l d s  shown i n  t h e  Table.  Two 

f u r t h e r  d u p l i c a t e  runs were performed w i t h  each coa l ,  and t h e  p roduc ts  

were then  r i n s e d  o u t  w i t h  a  heavy minera l  o i l  i n s tead  o f  e t h y l  ace ta te .  

Very c a r e f u l  d i s t i l l a t i o n s  i n  t h e  sp inn ing  band column, beg inn ing  a t  

atmospheric pressure and s l ow l y  reduc ing  t h e  pressure w h i l e  i n c r e a s i n g  t h e  

p o t  temperature,  were made. The y i e l d  . o f  d i s t i l l a t e  recovered up t o  an 

equ i va len t  b o i l i n g  p o i n t  o f  220" accounted almnst. complete ly  f o r  t h e  

miss ing  mass, as shown i n  t h e  Tahle.  

b. Gas Ana lys is  

Both t h e  t o t a l  volume and t h e  composi t ion o f  t h e  gases were determined. 

Examples n f  t h e  chromatographic analyses o f  t h e  permanent and hydrocarbon 



Table 14. Comparison of Product Y ie lds  i n  Normal Runs and. 
Runs w i t h  Heavy Minera l  O i l  R ins ing  o f  Reactors 

. ( a )  Normal Runs 

% O i l s  

% Asphal tenes 

% To ta l  gases 

% Los t  v o l a t i l e s  

(b)  Minera l  O i l  R ins ing  

% B o i l i n g  up t o  220°/1 atm. 



gases a r e  shown i n  F igures 21 and 22. Hydrogen, u n l i k e  t h e  o the r  gases, 

had t o  be analyzed w i t h  argon as a c a r r i e r  gas, because o f  t h e  small 

d i f f e r e n c e  between i t s  thermal c o n d u c t i v i t y  and t h a t  o f  he l ium which was 

used as a c a r r i e r  f o r  a l l  o the r  gases. Sometimes a small peak due t o  

oxygen accompanied t h e  ni , t rogen peak, respresent ing  incomple te ly  purged 

connect ing tub ing .  N i t rogen was present  s ince  i t  was used t o  purge the  

gas sampling bag. Al though each bag was evacuated before re-use, some 

gas remained trapped. Because o f  i t s  mode o f  e n t r y  i n t o  t h e  gas mix-  

t u r e  t h e  amount o f  n i t r o g e n  tended t o  be va r i ab le ,  and so a l so ,  there-  

f o re ,  was the  r e s o l u t i o n  between O2 and N2. 

The peaks f o r  t h e  hydrocarbon gases were i n d e n t i f i e d  e i t h e r  by co- 

i n j e c t i o n  o f  standards (ethane, ethylene, propane, propene, isobutane, 

butane, 2, 2-dimethyl propane, 2-methyl butane and c y c l  opentane) o r  GC/MS 

( a l l ' o f  t h e  prev ious p lus  butene). Two isomers o f  butene e x i s t ,  b u t  

they cou ld  no t  be resolved.  Resolut ion,  except between ethane and 

ethylene, was gene ra l l y  ve ry  good, though i t  d i d  tend t o  decrease f o r  

t h e  gases w i t h  h igher  b o i l i n g  b o i n t s .  As shown, severa l  changes i n  

a t t e n u a t i o n  were requ i red  i n  o rder  t h a t  t h e  h igher  b o i l i n g  gases should 

be v i s i b l e  on t h e  recorder  c h a r t .  Absolute y i e l d s  o f  t h e  gases a re  

g iven  below, which take  account o f  t h e  var ious  a t t e n u a t i o n  f a c t o r s .  

H2S was determined i n  separate chromatograms on the  Carbosieve 

column mainat ined a t  140°C, when i t  gave a we1 1 - resolved peak b u t  t h e  

permanent gases d i d  no t .  The f i r s t  major  peak t h a t  was reso lved was iden-  

t i f i e d  as due t o  hydrogen s u l f i d e  by sp i k i ng  w i t h  t h e  pure gas. The second 

reso lved peak was t e n t a t i v e l y  i d e n t i f i e d  as COS through t h e  use o f  pub1 ished 

r e t e n t i o n  t imes (Zweis and Sherma, 1972); no standard cou ld  be found t o  con- 

f i r m  t h i s  , . i d e n t i f i c a t i o n  by sp ik ing .  The y i e l d s  o f  t h e  va r i ous  gases a r e  
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F:igure.21. ANALYSIS OF PERMANENT GASES FROM LIQUEFACTION OF 
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Hydrocarbon Gases PSOC- 808 

Porapak Column 

Detector FID (250°C) 
Injector (2S0°C) 
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Figure 22. ANALYSIS OF HYDROCARBON GASES FROM LIQUEFACTION 
O F  PSOC-8B 
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presented i n  Table 15 as f r a c t i o n s  by weights o f  t h e  organic  substance 

i n  t h e  o r i g i n a l  coal .  Th is  t a b l e  a l s o  inc ludes t h e  hydrogen content  o f  

t h e  gases on t h e  same basis,  a l though i t  i s  no t  a product.  F igu re  23 

shows the  y i e l d s  o f  c lasses o f  gaseous products f o r  each o f  t h e  coals.  

These c lasses a r e  t h e  s u l f u r - c o n t a i n i n g  (hydrogen s u l f i d e ) ,  oxygenated 

(carbon monoxide and carbon d i o x i d e )  and hydrocarbon gases (methane, 

ethane, ethy lene,  propane, propene, isobutane, butane, butene, 2,2- 

dimet,hyl propane, 1 -methyl butane, pentane and cyc l  opentane). 

The convers ion  t o  s u l f u r - c o n t a i n i n g  gases was dlways l e s s  than 

convers ion t o  hydrocarbon o r  oxygenated gases, Th i s  i s  i n  cnn t ras t  t o  

t h e  r e s u l t s  ob ta ined by Longbranch e t  a l .  (1978), who found a h igher  

r a t i o  of H2S t o  oxygenated species f o r  cont inuous f l o w  l i q u e f a c t i o n s  

a t  very  s h o r t  con tac t  t imes ( 2  min) .  These workers a1 so found h igher  

hydrocarbons (>C2) by d i f f e r e n c e  t o  be s i g n i f i c a n t l y  g r e a t e r  than i n  

t h i s  study. However, Whi tehurst  and coworkers (1976) have found very  

s i m i l a r  y i e l d s  of a l l  gases a t  longer  con tac t  t imes. 

I t  i s  s u r p r i s i n g  t h a t  t h e  y i e l d s  of C02 are  c o n s i s t e n t l y  much 

g r e a t e r  than  t h a t  of CO. O f  9 coa l s  o f  ~ d f ' b u l l  c u r ~ l e r ~ l  80 .5" / ,  6 

had C02 y i e l d s  1 w h i l e  o f  coa l s  o f  >80.5%C, o n l y  2 ou t  o f  17 showed 

C02 '1%. Thus t h e  h igh  values of C02 y i e l d  may be associated w i t h  l o s s  

of carboxyl  groups, b u t  t h i s  i s  f a r  from being the  whole s t n r y .  Amnng 

t h e  hydrocarbons, t he  amounts of n.butane and 2-methyl butane a re  

s in i i lar . ,  bu l ,  d p d r t  from t h i s ,  t he  n.a lkat~es aree ~ u r ~ s i d e r a b l y  more abun- 

dant  thanbranched chain, c y c l i c  o r  alkanes. As migh t  be predic ted,  t h e  

y i e l d s  of hydrocarbons decrease w i t h  inc reas ing  carbon number. I f  one 

sums a l l  t h e  components of t h e  same carbon number, t h e  mean y i e l d s  f o r  

a random s e l e c t i o n  o f  10 coa l s  are:  

C1 , 0.628; C2, 0.138; C3, 0.129; C4, 0.019; C5, 0.0052 



Tab le  15. Y i e l d s  o f  Gases as Products  f rom L i q u e f a c t i o n  o f  c o a l s  

Percent  by w e i g h t  o f  dmmf c o a l  
i s o -  1+2- 2-Me- neo- cycle- 

C 2 H 4  C3H6 C4H10 C4Hio C4Hs C5H12 b u t .  pent .  ~ e n t .  
PSOC H2 H2S CO C02 CHb +C2H6 C3H8 ~ 1 0 - 2  ~ 1 0 - 2  
IJo . - - 

349 1.37 0.215 0.063 0.656 0.677 0.178 0.135 1.72 2.37 
401 1 .'47 0.193 0.057 0.392 0.522 0.146 0.107 1.19 2.22 
581 1.47 0.342 0.172 0.975 0.552 0.154 0.099 1.21 1.79 
582 1.21 0.313 0.120 0.875 0.527 0.141 0.104 1.08 2.11 
593 1.28 0.264 0.072 0.542 0.258 0.113 0.070 0.83 1.27 
594 1.48 0.175 0.098 0.742 0.207 0.117 0.081 0.69 2.03 
596 1.65 0.242 0.068 0.689 0.628 0.146 0.086 3.07 1.65 
599 2.21 0.350 0.178 0.799 0.515 0.190 0.274 0.83 1.78 
664 1.88 0.413 0.072 1.89 0.232 0.243 0.066 1.70 1.36 
666 1.69 0.403 0.178 1.20 0.454 0.231 0.108 0.83 1.66 
669 1.77 0.230 0.195 1.41 0.587 0.221 0.096 0..69 1.43 
676 1.55 0.314 0.114 1..80 0.812 0.174 0.082 0.45 1.00 
680 1.41 0.263 0.207 1.80 0.702 0.079 0.035 0.17 0.59 
741 1.74 0.309 0.079 0.591 0.524 0.176 0.102 0.64 1.38 
742 1.71 0.325 0.146 1.13 0.657 0.293 0.186 2.74 0 
760 2.29 0.316 0.116 0.928 0.694 0.099 0.096 0.43 0.72 
767 1.66 0.207 0.053 0.285 0.521 0.171 0.111 1.04 2.32 
768 1.79 0.251 0.036 0.220 0.268 0.091 0.092 0.46 7.31 
773 1.39 0.132 0.076 0.950 0.380 0.146 0.150 0.90 1.35 
798 1.46 0.309 0 0.572 0.963 0.030 0.169 0.047 0.51 
808 1.26 0.208 0.065 0.533 0.650 0.079 0.020 0.45 0.92 
883. 1.38 0.306 0.081 0.227 0.363 0.140 0.067 0.67 0.90 

1018 2.08 0.293 0.110 0.240 0.340 0.117 0.070 0.60 1.71 
1082 1.65 0.274 0.090 0.741 0.436 0.169 0.056 0.55 1.22 
1083 1.48 0.247 0.129 1.30 0.934 0.239 0.016' 0.46 1.39 
1098 1.09 0.193 0.296 1.12 0.851 0.097 0.056 0.21 0.54 
Note: 2-Me-but = 2-methyl butane; neopent. = neopentane; cyc lopen t .  

11.8 19.3  4.52 6.57 10.6 
12.9 16.5 5.13 8.85 8.51 

9.52 17.6 2.76 4.63 7.05 
7.44 6.45 3.58 5.74 4.84 
8.07 10.7 2.41 3.70 5.39 
5.96 15.5 3.12 5.36 10.1 
7.08 8.34 2.83 3.74 7.98 
6.35 8.39 0.66 2.86 2.05 
6.18 8.46 2.80 2.35 12.3 
3.82 8.95 2.22 1.94 8.67 
4.75 7.14 2.38 2.37 6.36 
2.49 0 0.71 0.56 13.7 
2.36 0 0.30 0.27 0 
5.03 7.04 2.39 2.15 7.27 
11.3 7.16 3.26 2.82 8.37 
1.20 11.0 0.40 0.58 2.17 
5.52 11.4 4.58 7.73 4.25 
5.04 9.41 2.46 3.63 6.25 
4.51 3.23 1.21 3.42 5.78 
0.68 1.05 0.81 0.35 1.03 
3.24 4.51 1.24 0.33 8.24 
2.04 3.88 1.29 0.44 3.53 
5.55 20.1 1.91 3.10 4.63 
3.02 4.12 1.62 1.45 5.69 
2.52 3.84 1.63 1.56 4.89 
2.16 8.83 0.64 1.07 3.54 

= c y c l  opentane 



2.00 

1.50 

1 .oo 

0.50 

0 
349 401 581 582 593 594 594 599 664 

PSOC Number 

PSOC Number 
...* *-..-..- .-,,.,-.-.-- 

2.00 

PSOC..Mumber 

Sulfur Gas 

Oxygenated Gas 

Hyd.rocarbpri 'Gas 

Figure 23.:,YI.ELDS. OF VARIOUS CLASSES 0F'GASE.OUS PRODUCTS 
FROM LIQUEFACTI'ON 



The nea r -equa l i t y  o f  C2 and Cg i s  unexpected. Presumably hydrocarbons 

r e s u l t  f rom thermal c rack ing  o f  long-chain al.kanes o r  a1 k y l  aromatics. 

111 yenet-al , thermal c rack ing  of a 1 i nea r  a1 kane, CnHZn + *, y i e l d s  

methane, a l i t t l e  ethane, and t h e  f i r s t  (n-1)  alkenes. Under l i q u e -  

f a c t i o n  cond i t i ons  alkenes are  l i k e l y  t o  g i v e  alkanes. There a r e  no 

obvious t rends  i n  hydrocarbon d i s t r i b u . t i o n  w i t h  rank.  

c. Te t ra l in lNaphtha lene Rat ios  

The r a t i o  o f  t e t r a l i n  t o  naphthalene was determined -by GC t o  pro- 

v i de  i n fo rma t i on  on hydrogen t r a n s f e r  from t h e  so l ven t  t o  t h e  coal 

du r i ng  l i q u e f a c t i o n .  The vacuum d i s t i l l a t e  from the  sp inn ing  band column 

f o r  each o i l  f r a c t i o n  was analyzed i n  dup l i ca te .  

The r e s u l t s  from t h e  GC separa t ion  o f  t h e  t e t r a l i n  naphthalen 

m ix tu re  a re  presented i n  Table 16, f o r  each sample except PSOC-594, f o r  

which 'no r e s u l t s  a re  ava i l ab le .  R e p r o d u c i b i l i t y  o f  t h e  method was gen- 

e r a l l y  very  good w i t h  a standard d e v i a t i o n  between dup l i ca tes  o f  1.07%. 

Since t h e  values are repo r ted  as r a t i o s  t h e  main source o f  e r r o r  i n  t h e  

measurements can be t raced t o  i ncons i s tenc ies  i n  t h e  vacuum d i s t i l l a t i o n .  

There were a number of problems associated w i t h  t h i s  procedure: i t  was 

d i f f i c u l t .  t o  determine when t o  s top  t h e  d i s t i l l a t i o n ,  and s o l i d i f i c a t i o n  

o f  t h e  naphthalene i n  t he  t a k e - o f f  sec t i on  o f  t h e ' s t i l l  tended t o  cause 

blockages and s top  d i s t i l l a t i o n  prematurely.  

Table 16 a l s o  shows t h e  amount o f  hydrogen l o s t  by t e t r a l i n ,  ca lcu-  

l a t e d  from t h e  y i e l d  o f  naphthalene and assuming t h a t  a l l  o f  i t  i s  

added t o  t h e  coal ( t h e  author  i s  indebted t o  P. Stansberry f o r  a d i r e c t  

de termina t ion  o f  t h e  r a t i o  o f  molar response f a c t o r s ;  1.04 mole t e t r a l i n  

g ives  t h e  same peak area a$ 1 mole naphthalene).  O f  course, some o f  t h e  

t e t r a l i n  i s  converted t o  such a r t i f a c t s  as methyl indanes and hydrogenated 



Table 16. Ra t i o  o f  Peak Areas i n  t he  GC Separat ion o f  T e t r a l i n  
and Naphtha1 ene 

PSOC 
No. 

34 9 
4 01 
581 
582 
593 
594 
596 
599 
6 64 
666 
669 
676 
680 
741 
742 
7 60 
767 
7 68 
773 
7 98 
8 08 
883 

1018 
1082 
1083 
1098 

Tetra1 i n /  
naphtha1 ene 

5.9 
7.2 
5.0 
4.5 
4.8 
- 

5.9 
8.8 
4.8 
7.3 
5.1 
5'3 
5.6 
5.9 
4.9 
6.4 
6.7 
7.8 
4.8 
9.7 
8.9 

10.2 
7.2 
5.5 
5.7 
6.0 

H l o s t  by 
t e t r a 1  i n *  

0.87 
0.71 
1 .n3 
1.17 
1.05 

- 
0.86 
0; 62 
1.10 
0.74 
0.98 
1 . 01 
0.74 
0.98 
1.18 
0.81 
0.71 
0.71 

*as gm H per  100 gm. dnini-F coal 



binaphthy ls .  The e f f e c t  o f  t h i s  i s  t o  reduce t h e  f i g u r e s  f o r  hydrogen 

t rans fe r red .  On t h e  o t h e r  hand some o f  t h e  hydrogen l o s t  may have 

been used i n  reducing p y r i t e .  There i s  a tendency f o r  hydroqen con- 

sumption t o  increase w i t h  decreasing rank.' 

The f i g u r e s  i n  Table 15 inc luded t h e  contents o f  hydrogen i n  t h e  

gaseous products,  and from these t h e  amount o f  Hz consumed can be 

estimated. Unpublished work by J. Z o e l l e r  (personal communication) 

i n d i c a t e s  t h a t  under cond i t i ons  used i n  t h i s  work, l i t t l e  naphthalene 

i s  rehydrogenated, so t h a t  hydrogen gas probably  e f f e c t s  l i t t l e  r e -  

duc t i on  o f  t he  organic  mat te r  o f  t h e  coa l .  However, a c o r r e l a t i o n  

was found between hydrogen gas consumed and H2S generated, so per-  

haps reduc t i on  o f  pyr i , te  was t h e  main f u n c t i o n  o f  t h e  hydrogen. There 
- 

was a l so  some c o r r e l a t i o n  between H2S generated and t h e  p y r i t i c  s u l f u r  

content  ( t h e  c o r r e l a t i o n  w i t h  organic  s u l f u r  was l e s s  good; see Table 22, 

be1 ow). 

Thus t h e  data f o r  t he  two k inds  o f  hydrogen consumpt.ion a re  

o f f e r e d  w i t h  some u n c e r t a i n t y  about t h e i r  s i g n i f i c a n c e .  

d. HPLC Separat ions 

Subsequent t o  t h e  i n i t i a l  separa t ion  o f  t h e  products o f  l i q u e f a c t i o n  

i n t o  f o u r  general c lasses (gases, o i l s ,  asphal tenes and so l  i d  res idue) ,  

'the o i l s  were f u r t h e r  separated u t i l  i z i n g  a semi-preparat ive sca le  HPLC 

separat ion.  

Two d i f f e r e n t  separat ion techniques were t r i e d  and dismissed be fore  

t h e  technique descr ibed i n  Chapter 111, Sect ion E(d) was s e t t l e d  upon. 

A se r i es  o f  standard compounds was assembled and u t i l i z e d  i n  eva lua t i ng  

each o f  t h e  separa t ion  techniques. The r e s u l t s  from t h e  separa t ion  o f  

a six-component m ix tu re  are shown i n  Table 17 f o r  each o f  t h e  t h r e e  



Table 17. Capaci ty  and Separat ion Factors f o r  Compounds i n  
Six-Component M ix tu re  Used f o r  TestJng Separat ions 

Compound Pseudo-capacity f a c t o r ,  Separat ion f a c t o r ,  
k a -. -- . . 

Cycl ohexane 0.05 
64.6 

Naphtha1 ene 3.23 
1.41 

3,'l-Bcnro(a)pyrcnc 4.54 
1.25 

P i p e r i d i n e  5.67 
1.18 

3-4-Benzoqui no1 i ne 6.71 
1 .ll 

3,4-Dimethyl phenol 7.43 

The pseudo-capacity f a c t o r ,  k, i s  de f ined  as V,/Vv, where Vr i s  

t he  r e t e n t i o n  volume o f  one component o f  a m i x t u r e  and V v  i s  t he  

r e t e n t i o n  volume o f  another component t h a t  i s  no t  adsorbed ( t h a t ,  

V y  i s  t h e  v o i d  volume i n  t h e  column). The separa t ion  f a c t o r  f o r  

a p a i r  n f  mrnpnnent.q i s  de f i ned  a s  a=K /L.r whore K,, and k2 I L' 
are  t h e  pseudo-capacity f a c t o r s  f o r  t h e  two components as de f i ned  

above. 



methods. As can e a s i l y  be seen method 3 gave the  best  o v e r a l l  r e s u l t s .  

With method 1, t h e  reverse phase procedure, t h e  separat ion tended t o  be 

determined by t h e  numbers of a l k y l  group subs t i t uen ts  r a t h e r  than the  

b o i l i n g  po in t .  Th is  overshadowed the  advantage o f  having the  lowest  

amount of unaccounted f o r  ma te r i a l ;  s ince  l i q u e f a c t i o n  products con ta in  

a  great  deal of a1 ky la ted  ma te r ia l ,  t h i s  f e a t u r e  seemed undesi rable.  

The two normal phase separat ions were more o r  l e s s  equ iva len t  i n  t he  

type o f  separat ion t h a t  they achieved. However t h e  amino column (which 

i s  capable o f  hydrogen bonding) appeared t o  perform s l  i g h t l  y b e t t e r  

i n  separat ing the  p o l a r  and aromatic classes, and was ab le  t o  reso l ve  

n i t rogen  heterocycles from phenols i n  t h i s  standard mixture.  Thus, 

i t  was decided t h a t  t h e  grad iz - ,L -o luc t ion  normal-phase separat ion gave 

the  best o v e r a l l  r e s u l t s .  

The data presented i n  Table 17 show t h a t  t h e  separat ion o f  hetero- 

c y c l i c  n i t rogen  compounds and phenols i s  poss ib le  on an amino column. 

However, t h i s  was n o t  found t o  be the  case w i t h  the  o i l  samples. Most 

o f  t h e  chromatograms d i d  show some degree o f  separat ion o f  t h e  n i t rogen-  

con ta in ing  compounds being present,  bu t  t h e  r e s o l u t i o n  between them 

and the  phenol ic  f r a c t i o n s  was so poor t h a t  t r y i n g  t o  c o l l e c t  separate 

f r a c t i o n s  was deerlled useless. The degree o f  separat ion o f  these two 

classes i s  shown i n  F igure  24. Th is  chromatogram represents what would 

be considered t h e  bes t  case, having been run  j u s t  a f t e r  t h e  column had 

been regenerated. Also shnwn on t h e  F igure  a re  the  t imes a t  which the  

rece ivers  f o r  d i f f e r e n t  f r a c t i o n s  were changed, and the  approximate 

t imes a t  which the  var ious  classes o f  p o l a r  compounds began t o  dominate 

the  e lua te .  I t  i s  obvious t h a t  a l though t h e  two c lasses were d i s t i n g u i s h -  

able, t h e  over lap  was too  great  t o  a f f o r d  any meaningful f r a c t i o n s .  Thus, 
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i n  t h e  r e s u l t s  r epo r ted  i n  Tab le  18, t h e  " p o l a r "  f r a c t i o n  con ta ins  bo th  

t h e  n i t r ogen -  and oxygen-conta in ing compounds. 

One o t h e r  problem t h a t  should be addressed i s  t h e  e l u t i o n  o f  s u l f u r -  

c o n t a i n i n g  compounds. Model compounds, such as dibenzothiophene co- 

e l u t e d  w i t h  t h e  aromat ic  hydrocarbon f r a c t i o n .  It appears t h a t  t h e  

s u l f u r - c o n t a i n i n g  compounds a re  n o t  p o l a r  enough t o  separate on any 

bonded phase HPLC column, and t h i s  has a l s o  been r e p o r t e d  by Uden and 

co-workers (1  981 ) and o the rs .  ' No doubt e thers ,  t h i o e t h e r s ,  and 0- 

he te rocyc les  a l s o  e l u t e d  w i t h  t h e  aromat ic  hydrocarbons. 

Mean va lues o f  y i e l d s  o f  t h e  compound c lasses  f rom each coa l  a r e  

repo r ted  i n  Table 18. The m a t e r i a l  unaccounted f o r  was fo.und t o  be l e s s  

than  2% in '  each case. ' Reproduc ib i l  i t y  was r e l a t i v e l y  good, w i t h  a  s tan-  

dard d e v i a t i o n  of 1.07% f o r  a l l  f r a c t i o n s  ( m a t e r i a l  unaccounted f o r  be ing 

exc luded) .  It. should be remembered t h a t  t h e  f r a c t i o n  unaccounted f o r  

represen ts  t h a t  m a t e r i a l  which remained on t h e  column a f t e r  t h e  sepa ra t i on  

was complete and a l s o  any e r r o r s  i n  weighing, d i l u t i o n  o r  i n j e c t i o n  o f  t h e  

sample. Thus, t h i s  f r a c t i o n  can be thought  o f  as having two terms: t h a t  

which had a1ways.a p o s i t i v e  va lue  due t o  i r r e v e r s i b l e  adso rp t i on  on t h e  

column; and t h a t  which was inde te rmina te  and c o u l d  be e i t h e r  p o s i t i v e  o r  

negat ive;  "Unaccounted" represented 4 . 5 %  o f  dmmf coa l .  

The i r r e v e r s i b l y  adsorbed m a t e r i a l  d i d  p resen t  a  problem d u r i n g  t h e  

s e r i e s  of  separat ions.  As more and more m a t e r i a l  c o l l e c t e d  on t h e  column, 

r e s o l u t i o n  d e t e r i o r a t e d .  Normal ly  o n l y  5-6 separa t ions  cou ld  be performed 

before column regene ra t i on  was requ i red .  Even a f t e r  regenerat i ,on, reso-  

l u t i o n  was s t i l l  somewhat d im in ished  f rom t h a t  ob ta ined  when t h e  column 

was new. 

For t h e  most p a r t ,  resn11.rt inn hetween alkanes, aromat ic  hydrocarbons 



Table  18.  Yie lds  o f  F r a c t i o n s  from HPLI: S e p a r a t i o n s  

PSOC 
No : 

34 9 
401 
58 1 
58 2 
593 
594 
596 
599 
664 
666 
669 
676 
68 0 
741 
742 
760 
7 67 
7 68 
773 
7 98 
8 08 
88 3 

1018 
1082 
1 083 
1098 

Percen t  o f  3 i -  
S a t u r a t e s  Aromatics 

-- 
Pol a r s  Pol /P,ro . 

2.15 
2.49 
2.38 
2.32 
2.57 
2.59 
2.49 
2.52 
2.66 
2.44 
2.51 
2.66 
2.59 
2 .45  
2.39 
2.37 
2.28 
1 .83 
2.04 
1 .64 
2.66 
1 .92 
2.16 
2.91 
2.42 
2.33 

P e r c e n t  o f  Coal (drnmf) 
S a t ~ r a t e s  Aromatics P o l a r s  



and combined p o l a r s  appeared t o  be good. The t i m e  between t h e  e l u t i o n  

o f  t h e  a l i p h a t i c  and aromat ic  compounds was l ong  enough t h a t  no ove r l ap  

would be expected. Th i s  i s  conf i rmed by t h e  FTIR spectrum o f  an a lkane 

f r a c t i o n  shown i n  F igu re  25. Th i s  and t h e  spec t ra  shown below were ob- 

t a i n e d  f rom smears on KBr windows. The f r a c t i o n s  were d i sso l ved  i n  a  

hexane-methylene c h l o r i d e  mix tu re ,  and a p p l i e d  dropwise t o  t h e  window. 

The window p l u s  smear was l e f t  o v e r n i g h t  under a  g e n t l e  stream of 

n i t r ogen ,  and i t  was then  l e f t  i n  a  vacuum d e s i c c a t o r  f o r  some days. 

Absorp t ion  i n  F igu re  25 i s  con f i ned  t o  t h e  2800-2950, 1375-1450 

and 720 cm-' reg ions,  which i s  c h a r a c t e r i s t i c  o f  a lkanes.  The smal l  

doub le t  band near 720 cm-' i s  a  s k e l e t a l  v i b r a t i o n  o f  a1 k y l  cha ins  

having a t  l e a s t  f o u r  carbon atoms. The f a c t  t h a t  i t  i s  a  doub le t  im- 

p l i e s .  t h a t  some degree o f  c r y s t a l 1  i z a t i o n  has taken  p lace  i n  t h e  smear. 

S ince abso rp t i on  due t o  CH3 isweak,  t h e  f r a c t i o n  e v i d e n t l y  c o n s i s t s  

l a r g e l y  o f  s t r a i g h t  c h a i n  a1 kanes. 

I n ' t h e  spectrum o f  t h e  "aromat ic  f r a c t i o n " ,  absorpt i ,on due t o  methyl  

i s  q u i t e  l a rge ,  no sharp a lkane s k e l e t a l  v i b r a t i o n  near 720 cm-' i s  seen, 

and t h e  p a t t e r n  o f  a l i p h a t i c  C-H s t r e t c h i n g  v i b r a t i o n s  i n  t h e  r e g i o n  

2800-3000 cm-' i s  d i f f e r e n t  f rom t h a t  seen i n  t h e  a1 kane f r a c t i o n  

(F' igure 26) .  Hence i t  i s  u n l i k e l y  t h a t  t h e  rece iver .  wdb clraiiged t o o  

soon and some a lkane c o l l e c t e d  w i t h  t h e  aromat ic  f r a c t i o n .  Aromatic 

absorpt ions a r e  weak (3030, 1600, 1500, 750-950 cm- ' ), and aromat ic  

s t r u c t u r e s  a r e  p r i m a r i l y  s i n g l e - r i n g .  The sharp band a t  1725 cm-' i s  

s t r i k i n g ;  i t  i s  due t o  t h e  presence o f  an a l i p h a t i c  ketone ( o r  p o s s i b l y  

an a l i p h a t i c  e s t e r ) .  Other v i b r a t i o n s  due t o  C-0 and C=O groups a r e  

seen between 1050 and 1270 cm- I .  

It i s  r e a l l y  n o t  p o s s i b l e  t o  determine f rom t h e  spectrum o f  t h e  



r 1 I I I I I I 

I 

1 I I I I I 1 I 

3600 3200 2800 2400 2003 1500 1200 800 450 
bvavenumbers 

Figure 25. F T l R  SPECTRUM O F  ALKANES FROM H P L C  SEPARATION O F  O I L  FROM PSOC-666 
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Figure 26. F T l R  SPECTRUM O F  NON-POLAR AROMATIC FRACTION FROMHPLCSEPARATION OF O I L  FROM PSOC-666 



po l  a r  f r a c t i o n  ( F i g u r e  27) whether some p o l y c y l  i c  aromat ic  hydrocarbons 

has a  pronounced a l i p h a t i c  charac te r ,  and methyl  abso rp t i ons  a r e  spec- 

i a l l y  s t r o n g  (2956, 1375 cm"). However, aromat ic  cha rac te r  i s  more 

marked t han  i n  F i g u r e  26 (1625, 1580, 750-910 cm- ' ) .  The r e g i o n  1550- 

1800 cm-' i s  p a r t i c u l a r l y  complex. The shoulder  a t  1760 cm-' must be 

due t o  t h e  presence o f  a  pheno l i c  ca rboxy la te  e s t e r  i n  smal l  amount, 

w h i l e  t h e  band peaking a t  1715 cm" most p robab ly  i n d i c a t e s  a l i p h a t i c  

ketones. The marked ove r l app ing  o f  bands i n  t h i s  r e g i o n  ensures t h a t  

t h e  bonds c e n t r e d  a t  1675, 1615 and 1575 a r e  n o t  peaking a t  t h e i r  

normal group f requenc ies .  Aromatic ketones o r  quinones and o l e f i n i c  

double bands may be present ,  and t h e  aromat ic  b rea th i ng  v i b r a t i o n  i s  

c e r t a i n l y  p resen t  i n  t h e  complex envelope. The f a c t  t h a t  t h e  spectrum 

was r u n  on  a  smear and n o t  on a  KBr p e l l e t  a l l ows  us t o  assume t h a t  

t h e  OH band cen t red  a t  3450 cm-' represen ts  hydrogen-bonded hydroxy l  

and n o t  wa te r  (and t h a t  t h e  1615 cm-' band i s  n o t  due t o  wa te r ) .  

Thus t h e  i n f o r m a t i o n  i n  t h e  spec t ra  i s  i n t e r e s t i n g  and con ta ins  a  

number o f  unexpected f ea tu res .  U n f o r t u n a t e l y  FTIR spec t ra  were n o t  r u n  

I on t h e  HPLC f r a c t i o n s  f rom o t h e r  coa ls ,  and no r  were H  nmr spec t ra  

obta ined.  

Judging f rom t h e  shape o f  t h e  chromatogram i n  t h e  r e g i o n  between 

t h e  non-po la r  a r o l ~ i a t i c  and p u l a r  f r a c t i o n s  a small degree o f  o v e r l a p  

occurred. T h i s  degree o f  r eso lu t i on .be tween  t h e  two f r a c t i o n s  was 

somewhat d i f f e r e n t  f o r  each sepa ra t i on  and depended on t h e  c o n d i t i o n  o f  

t h e  column, t h e  i n d i v i d u a l  sample and how w e l l  t h e  c u t  between t h e  f r a c -  

t i o n s  was made. However, i t  i s  impo r tan t  t o  p o i n t  ou t  t h a t  i n  a l l  cases 

t h e  degree o v e r l a p  was smal l .  I n  F igu re  28, t h e  y i e l d s  o f  t h e  HPLC 
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Figure 21. FTIR SPECTAUM O F  POLAR FRACTION F R O M H P L C  SEPARATION O F  OIL FROM PSOC-666 



Figure 28. YIELDS OF HPLC FRACTIONS IN RELATION TO RANK 
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f r a c t i o n  i s  p l o t t e d  aga ins t  t h e  carbon content  o f  t h e  coa l .  The most 

s t r i k i n g  fea tu re  o f  t h i s  f i g u r e  i s  t he  small degree o f  change w i t h  rank. 

Althougha f a i r  amount o f  s c a t t e r  i s  present i n  t he  data the re  may be 

a r e a l  t r end  o f  decreasing y i e l d  o f  po la rs  w i t h  increas ing  rank. Since 

i n  t he  rank range covered the  0' con'tent o f  t he  coal s decreases markedly, 

one would have expected a b igger  e f f e c t .  

I t  should be po in ted  ou t  t h a t  t he  s c a t t e r  i s  somewhat g reater  f o r  

t he  p o l a r  f r a c t i o n  than f o r  t h e  others.  Th i s  i s  probably due t o  a 

greater  degree o f  i r r e v e r s i b l e  adsorpt ion on the  column. It i s  

i n t u i t i v e l y  obvious t h a t  t h i s  f r a c t i o n  should be a f f e c t e d  by t h i s  

process t o  the  g rea tes t  extent ,  and one would a l so  expect the  magnitude 

o f  adsorpt ion t o  vary  w i t h  t h e  s t a t e  o f  the  column. Thus, one would 

expect t o  see an increase i n  i r r e v e r s i b l e  adsorp t ion  o f  t he  p o l a r  

f r a c t i o n  i n  a separat ion made immediately a f t e r  t he  column i s  regen- 

erated. I n  t h i s  way some apparent ly  random no ise  w i l l  be introduced. 



CHAPTER V 

STATISTICAL ANALYSES OF DATA 

A. INTRODUCTION 

In the previous chapter the resul ts  of applying a variety of 

analytical methods to  the original coa .1~ and the i r  liquefaction products 

were presented with a minimum of discussion. In th i s  chapter various 

s t a t i s t i c a l  methods will be used in a search for  interrelationships 

within the very large data.matrix.  In making th i s  search a number of 

problems have to  be addressed. One important issue to  be investigated 

i s  . the possibi l i ty  of more than one s t a t i s t i c a l  population being present 

i n  the sample s e t  or data se t .  We must obviously t ry  to  solve the problem 

posed in Chapter I ,  how are aspects of liquefaction behavior related to  

features of the s t ructural  chemistry of coals? In a l l  s t a t i s t i c a l  

s tudies ,  one i s  l ike ly  t o  be confronted with the problem of ou t l i e r s ,  

tha t  i s ,  individual d a t a  points that  seem not t o  f i t  the general pattern 

of data points of the same kind. 

The to ta l  matrix of data points for  coal properties and liquefac- 

t ion behavior i s  envisaged as being clustered in n-dimensional space; 

are  some data points so remote from the i r  c lusters  as to  be highly 

anamalous and 1 i  kel y t o  skew d i s t r i  butinns s e r i o ~ ~ s l y ?  

A general overview of the s t a t i s t i ca l  analysis scheme i s  provided 

in Figure 29. The i n i t i a l  phase involves a preliminary examination of 

the variables and samples to determine i f  the variables seem coherent 
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o r  whether more than one population i s  present. Also, the  scheme i s  

intended t o  ascer ta in  i f  any of the  samples d i f f e r  so great ly  as  t o  be 

considered. i n t r ac t ab l e  from a s t a t i s t i c a l  point of view ( t h a t  i s ,  t o  

be out1 i e r s ) .  The methods u t i l i z ed  in  these procedures include dis-  

t r i bu t i on  p lo t s  (frequency histograms), univar ia te  s t a t i s t i c s  such as 

calcula t ion of means, standard deviations,  minimum and maximum values of 

a range, and coef f ic ien t s  of skewness and kur tos is ,  variable-variable 

p lo t s ,  and cor re la t ion  analysis .  The second s t ep  involves the use of 

hierarchical  and t ree-c lus ter ing techniques, and factor-factor  !lots 

t o  pa r t i t i on  t h ~  s a m p l ~  o r  data s e t  in to  morc homogeneous populations. 

i f  this proves necessary. The data f o r  the  subsets a re  then s p l i t  u p  

and the  i n i t i a l  analys is  i s  repeated. If a sample i s  found to  be 

t o t a l l y  in t rac tab le  i t '  would normal l y  be removed before the groupi na 

techniques a r e  applied ; however, no t o t a l l y  in t rac tab le  variables 

were found i n  the present study. If i t  i s  found necessary, to  pa r t i t i on  

the  sample s e t  in to  more homogeneous subsets,  fu r ther  s t a t i s t i c a l  analy- 

s i s  i s  performed independently on the various subsets.  After an i n i t i a l  

exdinination o f  data s t ruc ture ,  f ac to r  analysis  wil l  be extensively used 

as  an inves t iga t ive  tool in  searching fo r  mu1 t i - va r i a t e  re la t ionships .  

One fu r the r  point t h a t  should be emphasized i s  the problem asso- 

c ia ted  w i t h  t he  presence of a non-infini t e  sample s e t .  Care niust be 

taken t o  ensure t h a t  incorrect  in te rpre ta t ions  a r e  not made because of 

the  nsrr.111d1 scatter  of data when a l imi ted number of samples i s  avail able. 

B .  DEFINITION OF THE DATA SET 

If  one includes a l l  of the FTIR band i n t e n s i t i e s ,  the y ie lds  of a l l  

important products of TFPA oxidation, the basic compositional data fo r  
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t h e  coa ls ,  and a l l  o f  t h e  i n f o r m a t i o n  about p roduc t  d i s t r i b u t i o n s ,  

i n c l u d i n g  gas analyses, t h e  da ta  m a t r i x  becomes o f  q u i t e  unmanageable 

s i z e .  Obvious ly  a  process o f  s e l e c t i o n  i s  necessary, and any s e l e c t i o n  

w i l l  t o  some e x t e n t  be a r b i t r a r y .  It i s  d e s i r a b l e  t h a t  t h e  s e l e c t i o n  

should g i v e  some we igh t  t o  each o f  ( a )  rank  and environments o f  deposi-  

t i o n  o f  samples, ( b )  s t r u c t u r a l  f e a t u r e s  o f  t he  coa l s ,  and ( c )  y i e l d s  

and p roduc t  d i s t r i b u t i o n s  i n  l i q u e f a c t i o n .  The parameters se lec ted  

and used i n  most o f  t h e  s t a t i s t i c a l  s t u d i e s  a r e  l i s t e d  i n  Table 19; 

thus  t h e  p r a c t i c a l  da ta  m a t r i x  cons i s ted  o f  26 coa l  samples by 19 

p r o p e r t i e s .  For f a c t o r  analyses severa l  sma l l e r  se t s  had t o  be chosen. 

For  t h e  p r e l i m i n a r y  examinat ion (da ta  s t r u c t u r e ) ,  some supplementary 

parameters were added, as wi 1  1  be shown be1 ow (Tabl e  20, p. 142) . 
For t h e  most p a r t  t h e  bas i s  of '  s e l e c t i o n  i n  Tabl e  1.3 i s  obv ious,  

b u t  a  few comments a r e  c a l l e d  f o r .  To ta l  gas y i e l d s  were excluded 

because t h e  v a r i a b i  1  i ty  i s  smal l  and t he  rep roduc i  b i  1  i ty  poor.  Never- 

t he less  H2S i s  i nc l uded  because o f  t h e  importance o f  e s t a b l i s h i n g  

r e l a t i o n s h i p s  w i t h  hydrogen consumption and forms o f  s u l f u r  i n  t h e  coa l s .  

Ra t ios  o f  gases should be more r e p r o d u c i b l e  and t h e  r a t i o  o f  lower  t o  

h i g h e r  hydrocarbons m igh t  be r .e la ted  t o  s t r u c t u r a l  f e a t u r e s  i n  t h e  coa l  

dnd t o  y i e l d s  i n  TFPA o x i d a t i o n .  .The r a t i o n a  l e  f o r  sumin4ng y i e l d s  uf 

va r i ous  groups o f  p roduc ts  f rom TFPA o x i d a t i o n  has been g i ven  e a r l i e r ;  

here  a  f u r t h e r  s i m p l i c a t i o n  i s  made; "aromat ic"  acids.  r e f e r s  t o  t he  sum 

nf t h e  peak areas o f  benzene carboxy l  i c  and ox i r ane  carboxy l  i c  ac ids .  

C. AN EXAMINATION OF DATA STRUCTURE 

The i n i t i a l  problem t h a t  must be addressed i n  a  s t a t i s t i c a l  a n a l y s i s  

o f  a  l a r g e  da ta  s e t  i s  t h a t  o f  i n i t i a l l y  e v a l u a t i n g  the  v a r i a b l e s  t h a t  
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have been chosen. The purpose of the i n i t i a l  evaluation i s  to  determine 

whether these distributions are amenable to  further analysis by tech- 

niques such as factor analysis. Three separate dis t r ibut ion patterns 

are possible for  a se t  of variables. Gaussian dis t r ibut ion about a 

central value, which i s  the optimum case; a skewed dis t r ibut ion,  where 

more of the samples l i e  to  one side of the maximum value than the other; 

and a bi- or multi-modal type of dis t r ibut ion,  where two or more f re -  

quency maxima are  encountered. 

Examples of each of these dis t r ibut ions are  presented in Figure 30. 

Part a of the figure.presents the distribution of fractions of the coal 

converted to  hydrocarbon gases on liquefaction and represents.what i s  

most probably a reasonable approximation to  Gaussian dis t r ibut ion around 

the maximum. The possibi l i ty  that  th i s  real ly  represents a bi-modal 

distribution cannot be excluded, because of the limited s ize  of the 

sample se t .  Truly Gaussian patterns are rarely obtained with experi- 

mental data, especially when a rather limited number of data points i s  

available. Figure 30b represents what must be considered a skewed 

distribution. For certain purposes, variables that  exhibit d i s t r i  bu- 

tions of th i s  type need to  b.e transformed by means of some sui table  

function before other s t a t i s t i c a l  techniques are applied. The final 

type of dis t r ibut ion,  i l lus t ra ted  i n  Figure 30c, represents a bi-modal 

dis t r ibut ion,  for  the yields of  the non-polar aromatic fraction from 

HPLC separation of o i l s  from liquefaction: This type of dis t r ibut ion 

could possibly be indicative of more than one s t a t i s t i c a l  population 

being present in the data. This possibi l i ty  must be checked before the 
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resul ts  from the use of subsequent s t a t i s t i c a l  techniques can be fu l ly  

trusted . 
a.  Tests of the Data Set 

For the reasons se t  out in the previous section i t  i s  necessary 

to  examine the types of dis t r ibut ion present in the various kinds of 

data. The summary s t a t i s t i c s  in Table 20 present the basis for  doing 

th i s .  Included in the table  are  the means, standard deviation, normal- 

ized standard deviation (s.  D./X), minimum and maximum of ranges, 

coefficient of skewness [ ( o ~ , ~  = m3 i / ( m 2 , i  ) 3/2 where 

- E 3 II 
m 3 , i  - k i = i  ( x  , k  - l i )  / n ,  m 2 , i  = 2 - ii ) / n ,  n = the number of 

k = l  
samples and k i s  any integer from 1 to n ] , .  and the coefficient of 

n 
kurtosis = 

4 m 4 , i / ( m 2 , i ) 2  where m 4 , i  = L - i i )  / n l .  
k=l 

A1 though a l l  of the summary s t a t i s t i c s  in the table are important 

in describing the data the coefficients of skewness and kurtosis are  

of special in te res t .  These two values along with the frequency histo- 

grams of the type shown in Figure 30 indicate that  there i s  a good 

possibi 1 i  ty of more than one s t a t i s t i c a l  population being represented 

in the data s e t .  Most of the variables show- a t  l eas t  some degree of 

skewness or kurtosis, w i t h  organic sulfur content, tetralin/naphthalene 

r a t io ,  and convei*slur~ to  los t  volat i le$,  exhibiting the greatest '  degree 

of skewing. The yield of the aromatic HPLC fract ion,  conversion to 

asphaltenes, yield of polar HPLC fract ion,  and total  conversion, show 

the larqest coefficients of kurtosis, indicating a bi- or mu1 ti-modal 

dis t r ibut ion.  

I t  may be inferred that i f  some of the parameters show b i -  or 

multi-modal dis t r ibut ions,  then the s e t  of coal samples might be 



Table 20. Summary S t a t i s t i c s  o f  the Var-ables Studied, Including 
Skewness and Kurtosis 
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!a!_% 
0. (iB 

76.0 
5.17. 
1.25 
1 .Oa 

41.4 
19.4 

0.23 
0.10 
8.43 
256 
2.00, 
6.33 
0.49 
2.85 
9.49 
0.29 
4.79 
0.01 

24.0 
35.0 
42.0 

6.42 
1.07 

13.8 
0.83 
4 :53 
'1 .09 

30.6 
0.04 

Ilax. 
v r  1 ue -- Kur tos i s  -- 

2.20 
2.77 
6.28 
4.49 
3.80 

5.47 
6.41 
2.43 
7.24 
6.45 
3.46 
2.70 
2.47 
2.74 
2.26 
2.82 
4.01 
2.41 
2.22 
2.75 
1.97 
5.72 
2.65 
2.42 
5.50 
2.30 
3.01 
3.09 
1.95 
2.18 

I iotes:  ( a )  the gas j i e . d s  (i1e111s 11-17 i n c l u s i v e )  are expressed as nll(t41P) pe r  yln. d~~unf coa l  { b )  t l ~ e  F T l R  band i n t e n s i t i e s  ( i t e ~ n s  19-21) 
a re  expressed as r reas  i n  a r b i t r a r y  un i t s .  ( c )  itell 28 i s  same as itel11 I1 bu t  i s  e x p r ~ s s e d  as g111 H z  per 100 g111 dl1111f coa l .  
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heterogeneous and need to  be partitioned into subsets. In th i s  case, 

the next step i s  t o  determine the number o f . s t a t i s t i c a l l y  s ignif icant  

groups, and which coals belong in each group. Additionally, one would 

l ike  to  evaluate the confidence that  can be placed on the grouping. 

b.  Is  the Sample Set Heterogeneous? 

Possibi l i t ies  of partitioning the data s e t  into clusters were 

examined f i r s t  using both hierarchical and t ree  clustering methods. 

Hierarchical clustering i s  a technique based on the s imilar i ty  of a 

se t  of samples in n-dimensional space. The technique as described by 

Kowalski (1974) involves an i n i t i a l  assumption that  there i s  a single 

c lus te r .  The distance matrix i s  then constructed, the data se t  scanned 

and the most similar samples clustered. The process i s  repeated a t  the 

next greatest  s imilar i ty  level,  until  each sample forms an individual 

c luster .  In t r ee  clustering each sample i s  taken to  be the center of 

a c luster .  The distances between i t  and a l l  other samples are  then 

calculated. The groups are then determined by maximizing the distance 

over the en t i re  data s e t .  Each of' these techniques indicated tha t  

the data should perhaps be represented by three clusters ,  b u t  i s  not 

capable of determining which sample should be assigned to which c lus te r ,  

:because i t  cannot handle the s i tuat ion where S U I I I ~  o r  t h e  variables are 

correlated with each other. I t  i s  therefore necessary to  perform a 

factor analysis on the total  s e t  of data, and rotate  the resu l t  for  the 

purpose nf determi ni nq  the number of .independent factors present. The 

variance explained by each factor i s  shown in Figure 31. I t  appears 

tha t  a f t e r  16 factors have been extracted, further extraction accounts 
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Figure 31. VARIANCE E X P L A I N E D  I N  FACTOR ANALYSIS OF T O T A L  :DATA SET 
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fo r  a t r i v i a l  addit ional  amount of t he  t o t a l  variance. These operations 

led t o  what is known as  the reduced, orthogonalized, data matrix; the 

data have been "decorrelated." 

Plots  of the eigenvalues corresponding t o  the  second and th i rd  

fac to rs  versus the  f i r s t  and the second versus the t h i rd  a r e  presented 

i n  par ts  a  and b of Figure 32. As can ea s i l y  be seen there  appears 

general l y  good separation between the  r e l a t i ve ly  compact coals  groups. 

The coal samples thus assigned t o  the  three  fac to rs  a r e  as follows: 

Group 1 PSOC 349, 401, 594, 599, 798, and 883 

Group 2 PSOC 581 , 582, 593, 596, and 1098 

Group 3 PSOC 664, 666, 669, 676, 680, 741, 742, 760, 

767, 768, 773, 808, 1018, 1082, and 1083 

I t  i s  now possible t o  perform c l u s t e r  analyses using the data from the  

f ac to r  analys is .  In f a c t ,  ne i ther  non-linear map~ing (Figure 33) nor 

hierarchical  c lus ter ing (Figure 34) confirmed t h i s  sample s t ruc tu re .  

Additionally, t r e e  c lus ter ing was not able t o  de tec t  any sample sub- 

sets a t  a1 1.  Further analysis  of the f a c to r  p lots  (Karhunen-Loeve 

projection) indicated t h a t  Factor 1 had s ign i f i can t  loading f o r  only 

two var iables ,  contents of oxygen and of phenolic groups. Examination 

of the  Karhunen-Loeve projections f o r  fac to r  pai rs  excluding Factor 1 

.- indicated t h a t  the proposed grouping was due mainly t o  the d i s t r i bu t i on  

of oxygen. Removal of the two oxygen-related' variables from the data 

s e t  produced the Karhun~n-l.nevc! projections f o r  the  f i r s t  two fac to rs  

shown i n  Figure 35,which do not  indicate  any par t i cu la r  par t i t ioning 

in to  subsets .  
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Figure 33. NON-LINEAR MAPPING OF STRUCTURAL PROPERTIES OF COALS 
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Figure 34. HIERARCHICAL CLUSTERING O F  STRUCTURAL PROPERTIES O F  COALS 
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Figure 35. KARHUINEN-LOEVE PROJECTIONS FOR FIRST TWO FACTORS FROM FACTOR ANALYSIS O F  COAL PROPERTIES 



150 

It appears t h a t  al though c e r t a i n  va r iab1 .e~  have skewed and poly-  

modal d i s t r i b u t i o n s ,  t h i s  i s  apparent ly  no t  due t o  the  presence o f  

d i s t i n g u i s h a b l e  subsets o f  coals . Moreover, where mu1 t i  -modal d i s -  

t r i b u t i o n s  o c c u r . f o r  any proper t ies ,  P and 0, t he  modes a re  d i f f e r e n t ,  

and i n v o l v e  ' d i . f f e r e n t  se ts  o f  coals., f o r  the  two proper t ies .  

c. The Special  Case o f  Aromat ic i ty  

A p a r t i c u l a r l y  s t r i  k i gg  example o f  t he  mu1 t i -modal d i s t r i b u t i o n  

o f  a s t r u c t u r a l  c h a r a c t e r i s t i c  was discussed e a r l i e r :  the a romat i c i t y  

de r i ved  from 13c NMR data. This i s  s u r p r i s i n g  s ince the coal samples 

were se lec ted as represent ing  what was bel ieved t o  be a very homogenenus 

sample set, and reasonable c o r r e l a t i o n s  between carbon content  and 

a r o m a t i c i t y  can be seen i n  data i n  the  l i t e r a t u r e  (Wilson e t  a1 . , 1984, 

Havens e t  a l . ,  1983, Boudou, 1982). Yet the  f i v e  l i n e a r  regressions 

i n  F igure 14 appeared h i g h l y  s i g n i f i c a n t .  

The types . o f  c l u s t e r  ana lys is  a l ready performed are  o f  no value 

when the  data p o i n t s  segregate i n t o  a number o f  1 i nea r  re la t i onsh ips .  

I n  a t tempt ing  t o  f i n d  o u t  why the  data f e l l  o u t  as they do, the  i n i t i a l  

s tep  i s  t.n examino t h e  p l o t &  f o r  those variable's selected ds t~av.irig 

t h e  h ighest  F isher weights f o r  t he  so lu t i ons  o f  the mul t i -d imensional ,  

m u l t i - v a r i a n t  regressions (Table 21 ) .  An example o f  t h i s  type o f  p l o t  

i s  presented i n  F igure  36. As w i l l  be seen from Table 21, the  Fisher 

weights show a marked drop between the  oxygen content  and the  y i e l d  o f  

p ropy l - subs t i t u ted  acids i n  TFPA ox idat ion ,  and t h i s  was taken as the  

c u t - o f f  p o i n t  below which segregation i n t o  f i v e  l i n e a r  r e l a t i o n s h i p s  

i s  n o t  s i g n i f i c a n t .  The seven p roper t i es  t h a t  do, according t o  t h i s  

t e s t ,  p a r t i t i o n  i n t o  l i n e a r  r e l a t i o n s h i p s  are, i n  descending order  o f  



Tab1 e  21. Variance and Fisher  'Weights o f  Var iables f o r  So lu t i on  o f  Mu1 t i - 1  i nea r  
Regression D iscr iminant  Analys is  
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%S, 
t o t a l  convn. 

asph. y i e l d  

a1 kanes 

aroms, HP-C 

polars, H?LC 

Hz recov. 

CH4 

C2 gas 

a l c .  OH 

e thy la ted  ac ids 

propylated ac ids 

%So 

% v i t r .  

C2 gas 

l o s t  vo ls .  
n 

phen. OH 

fa 

e thy l  ated ac ids  

co + cop 

% c 

01 c 

a l c .  OH 

%O 

propyl ated ac ids 

% v i t r .  

%So 

C2 gas 

phen. OH 

l o s t  vo ls .  

m.m. 



'Var iab les i n  
O r i g i  na l  Sequence 

CO + cop 

hydrocarbon ,gas 

C3 gas 

%OI 

a l . / a r .  OH 

a l c .  OH 

phen. OH 

PI H 

m.m. 

t o t a l  gas 

o i l  y i e l d  

l o s t  vo l s .  

t e t .  /naph. 

Var iab les  Resecuenced 
by Variance Nt.  

23. m.m. 

24. t o t a l  gas 

12. H2S 

36. imethyl ac i ds  

40. aromat ic  ac ids  

9. aroms. HPLC 

8. a1 kanes. 

27. t e t  ./n@ph.ti. 

39. t o t a l  d i a c i d s  

Continued 

Variance 
Weight 

1.31 

1.30 

1.25 

1.25 

1.24 

1.22 

1.21 

1.21 

1.20 

1 . l S  

1.13 

1 .17 

1.16 

Yar iab l  es Resequenced 
by F i she r  Wts. 

li. C 3  gas 

24. t o t a l  gas 

12. H25 

36. methyl  ac i ds  

5. aroms. HPLC 

4Cl. a rcmat ic  ac i ds  

27. t ~ t r . j n a p h t h .  

.8. a1 kanes 

3. to t .a l  d i a c i d s  

F i she r  
Weight 

0.283 

0.262 

0.220 

0.215 

0.207 

0.207 

0.188 

0.179 

0.172 

0.166 

0.152 

0.151 

0.144 



Tab1 e  21 . c o n t i  nued' 

Var iab les  i n  Var iab l  es Resequenced Variance 
O r i  g i  n a l  Sequence by 'dariance V t .  Weight 

28. t o t a l  r e a c t i v e  macs.32. %S ( t o t . )  1.16 

29. % v i t r .  28. t o t a l  r e a c t i v e  macs. 1.14 

30. %S 
P  

10. po la rs ,  HPLC 1.14 

31. H/C 34. a c y c l i c  d i + t r i a c i d s  ; 1'.14 

32. %S, ( t 13 t . )  16. hydrocarb. gas 1.12 

33. O /C  3. %H 1.12 

34. a c y c l i c  d . i + t r i a c i d s  6. t o t a l  convn. 1  .ll 

35. e t h y l 2 t e d  ac ids  11. H2 recov. 

36. methy la ted ac ids  38. ox i rane  ac ids  1.10 

Va r i ab l  es Resequenced F i she r  
by F isher  Wts. Weight 

%S ( . t a t . )  

t o t a l  r e a c t i v e  macs . 
po la rs ,  HPLC 

acyc l  i c  d i + t r i a c i d s  

% H 

hydrocarb. gas 

H2 recov. 

t o t a l  convn. 

ox i r ane  ac ids  

37. p ropy la ted  ac ids  25. o i l  y i e l d  1.10 25. o i l  y i e l d  0.083 

38. ox i r ane  ac ids  7. asph. y i e l d  1.07 7. asph. y i e l d  0.057 

39. t o t a l  d i a c i d s  31. H/C 1.03 31. H/C 0.028 

40. aromat ic  ac ids  22. NH 1.03 22. NH 0.025 
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F isher  weights,  fa ,  y i e l d  o f  C02 + CO, I C Y  O/C, pheno l i c  OH con ten t  

from FTIR, y i e l d  of e t h y l a t e d  ac ids  f rom TFPA.oxidat ion and %O. It 

w i l l  be noted t h a t  severa l  o f  these parameters a r e  r e l a t e d  t o  the  con- 

t e n t  o f  oxygen. 

Secondly, a  non- l inear  map was cons t ruc ted  f o r  t h e  above seven 

p r o p e r t i e s  from the  d i s tance  m a t r i x  as descr ibed by Duda and Ha r t  

(1  973).  Th is  technique preserves i n t e r p o i  n t  d is tances whi 1  e  p r o j e c t i n g  

the  da ta  on' t o  two-dimensional space. A technique such as t h i s .  i s  

es 'pec ia l l y  useful .  when t he  va r i ab les  i n  quest ion a re  p r a c t i c a l l y  co r -  

r e l a t e d  and t he  groups i n  ques t ion  l i e  on s p e c i f i c  l i n e s .  The non- l inear  

map presented i n  F igure  37 was cons t ruc ted  us ing  o n l y  fa. It c l e a r l y  

shows the  s t r u c t u r e  ' t ha t  was i n i t i a l l y  observed i n  t he  fa r e s u l t s  

(F i gu re  14) .  Progress ive i n t r o d u c t i o n  o f  the  va r i ab les  of lower  

F isher  weights c l e a r l y  reduces. the  f i t  o f  t he  f i v e  1 ines ,  as i n d i c a t e d  

by the  sharp drops i n  the  F isher  weight .  

The next  s tep  i n  the  ana l ys i s  was t o  generate t he  m u l t i - l i n e a r  

d i sc r im inan t  funct ions f o r  each group. ;iot o n l y  does t h i s  g i v e  an 

i n d i c a t i o n  o f  t h e  importance o f  each o f  t he  seven p r o p e r t i e s  o r  

va r i ab les  i n  t he  o v e r a l l  separa t ion  problem b u t  a l s o  prov ides a method 

by which t he  o v e r a l l  accuracy o f  the grouping can be evaluated. By 

removing 20 percent  o f  t he  members o f  t he  sample s e t  i n t o  a  separate 

t e s t  set,  re-per forming t he  ana l ys i s  and then u t i l i z i n g  t he  der i ved  

d i s c r i m i n a t e  functi.ons, one can ge t  a  very  good idea  o f  how d i s c r e t e  

t he  groups a c t u a l l y  are.  

Th is  procedure leads t o  a s e t  o f  f i v e  d i s c r i m i n a n t  f unc t i on5  

which a re  o f  t he  type:  
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Figure 37. NON-LIMERA MAP SHOWING GROUPING OF COAL PROPERTIES 



where xi i s  the value of a coal property and a i  is i t s  coef f i c ien t ,  

and b y  q ,  etc.. a r e  constants.  Seven coal propert ies a r e  included. One 

subs t i tu tes  values f o r  the  propert ies of a coal in to  these equations 

and determines which equation gives a s  algebraic sum the l a rge s t  

posi t ive  value t o  the  function G .  I f  this were G3, the sample would 

be assigned to  t h e  t h i r d  group of coals  defined by the  aromaticity p lo t  

(Figure 14) .  One then removes 20% of the samples and re-conducts 

the whole t e s t  on this subset .  I f  the assignment t o  groups is  the 

same as before, a s  was i n  f a c t  the case here, then i t  can be assumed 

t h a t  the  groups of coals  a r e  qu i te  c l e a r l y  separated.  , 

d .  Concluding Comments on Data St ructure  

I t  wi l l  be recal led  t ha t  the  coal samples studied i n  t h i s  project  

were selected from the Penn S ta te  Sample and Data Base by means of the 

discriminant analys is  of Yarzab e t  a1 . (1 980). This analys is  purported 

t o  assign a coal cor rec t ly ,  i n  98 cases out of 100, t o  the  high-sulfur,  

medium-rank, high-conversion group of coals  iden t i f i ed  by Yarzab e t  a l .  

on the  basis  of c l u s t e r  analys is  of the cha r ac t e r i s t i c s  of 104 coals 

from the Eastern, I n t e r i o r  and Rocky Mountain coal provinces. T h i s  was 

the  basis f o r  believing t ha t  a homogeneous s e t  had been selected.  'It i s  

t r ue  t ha t  the or ig inal  c l u s t e r  analys is  had no information on s t ruc tu ra l  

charac te r i s t i c s  of the coals . 
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The s u r p r i s i n g  n a t u r e  o f  t h e  r e l a t i o n s h i p  between a r o m a t i c i t y  and 

carbon con ten t  o b v i o u s l y  r a i s e d  t h e  quest ions,  do any o t h e r  p r o p e r t i e s  

r e l a t e  i n  t h i s  fash ion ,  and does i t  imp l y  t h a t  t h e  sample s e t  i s  a f t e r  

a l l  heterogeneous and needs f u r t h e r  p a r t i t i o n i n g ?  The second ques t i on  

was a l s o  r a i s e d  by  t h e  observed va lues o f  k u r t o s i s  f o r  severa l  o f  the  

v a r i a b l e s .  An answer has been sought by a  v a r i e t y  o f  approaches; i t  i s  

c l e a r l y  nega t i ve :  f u r t h e r  p a r t i t i - o n i n g  o f  t h e  sample s e t  i s  n o t  c a l l e d  

f o r .  I t  i s  t r u e ,  however, t h a t  u n i v a r i a t e  d i s t r i b u t i o n s  o f  severa l  o f  

t h e  v a r i a b l e s  a r e  e i t h e r  skewed o r  mu1 t i -modal  , as 1  i s t e d  above on p. 142. 

The remain ing  p a r t  o f  t h i s  chap te r  w i l l  be mos t l y  concerned w i t h  

t h e  use o f  f a c t o r  a n a l y s i  s  i n  searches f o r  i n t e r r e l a t i o n s h i p s  between 

t h e  va r i ous  k i nds  o f  da ta .  For t h i s  purpose t r ans fo rma t i ons  o f  v a r i a b l e s  

t o  ach ieve approx imate ly  Gaussian d i s t r i b u t i o n s  a r e  n o t  e s s e n t i a l  un less 

one wishes t o  t e s t  such hypotheses as t h a t  load ings  below a  c e r t a i n  

v a l u e  a r e  i n d i s t i n g u i s h a b l e  f rom zero. It appears t h a t  f o r  a  sample 

s i z e  o f  t h e  magnitude o f  t h a t  used here t h i s  c u t - o f f  i s  p robab ly  i n  

t h e  range 0.3-0,4 )D. G l i c k ,  personal.  communication, 1984); more 

p r e c i s e  i n f o r m a t i o n  than  t h i s  i s  n o t  needed f o r  p resen t  purFoses. 

Accord ing ly  i t  was dec ided n o t  t o  t r ans fo rm  any o f  t he  v a r i a b l e s .  Because 

o f  i t s  complex r e l a t i o n s h i p s ,  t h e  a r o m a t i c i t y  has. been s p a r i n g l y  used i n  

what f o l l o w s .  

D. BIVARIATE TRENDS 

Having i n v e s t i g a t e d  the  da ta  s t r u c t u r e  i n  general  terms, we can 

now proceed t o  use t h e  da ta  i n  searches f o r  i n t e r e s t i n g  i n t e r r e l a t i o n -  

sh ips .  Be fo re  e n t e r i n g  mu1 t i v a r i a t e  ana l ys i s ,  i t  i s  necessary t o  l ook  



a t  b ivar ia te  t rends ,  a1 though with coals  these a r e  not pa r t i cu la r ly  

informative by themselves (Abdel-Baset, e t  a1 . , 1978). We shal l  be 

seeking here indications of the fac to rs  t h a t  a r e  especia l ly  important 

in  determining the behavior of coals .  

A corre la t ion matrix i s  shown i n  Table 22, based on the 19 Faram- 

e t e r s  1 i s t ed  i n  Table 19 (a f u l l  corre la t ion matrix covering a l l  of 

the data i s  presented in  Appendix 0 ) .  

As will  be seen the majority of cor re la t ion  coef f i c ien t s  a r e  low. 

There a r e  two variables t ha t  show no values of r greater  than about 

0.4, and these a r e  unlikely t o  explain any useful f rac t ion  of variance: 

r a t i o  of (C1 + C 2 ) / ( C 3  + C4 + C 5 )  gases,  and the  r a t i o  of peak areas 

of CH2 and CH3 bands in the C-H s t re tching region. A number of the  

high o r  r e l a t i ve ly  high values of corre la t ion might be expected, such 

as those between the variabl es used i n  def i  ni ng rank ( X C  , O / C ,  R o )  , 

between. H2S and forms of sul f u r ,  and the moderate i nverse cor re la t ion  

between aromatici ty  and r a t i o  of band areas ,  (a1 iphat ic  C-H)/(aromatic 

C - H ) .  H / C  i s  normally considered a rank parameter, b u t  here the  only 

moderate cor re la t ion  i t  shows i s  with the r a t i o ,  acycl ic  diacids/  

acycl ic  t r i a c i d s ,  from TFPA oxidation,  implying t h a t  the l a t t e r  does 

have some s ignif icance in  characterizing s t r uc tu r e ,  

A f a i r l y  large  number of var iables  showed moderate t o  high corre la-  

t ions  with a l l  three  of carbon content ,  O / C  and ref lec tance,  i n  f a c t  

v e r y  nearly the sane variables in  each case: O/C, So ,  % O H ,  y ie ld  

of polar HPLC f r a c t i on ,  sum of o i l  + l o s t  vo l a t i l e s  + gases,  and hydro- 

gen consumption from t e t r a l i n .  I t  i s  not obvious why the l a s t  



VARIABLE 

I. fa 
2. :c 
3. HIC 
4.  OIC 

Table  22. C o r r e l a t i o n  Matr ix  Between S e l 2 c t e d  V a r i a b l e s  

fa :C HIC Oi: so sp .w a l i l a m  drum. o i l  c i i  + wid- a i l  + (c,+c,) 3,s x0 H-tons- d C Y C ~ i C  .:H,I 
C-H acids y i e i d  : . f i l s . )  HPLC ~ 0 1 s .  + ic,-;,; 

TF? A dspn. f rdc .  gases gases 
umon. a i a c i a s l  CH, 
e r  1 -  banas 

acids ~ I R  

. . 
8. d l i . l a m .  C-H -.5SO 
9. a m .  acids TFPA .Om 

10. o i l  y i e i d  -. 430 
11. Coi l  + v ~ l d t i l e ~ ) l a ~ ~ h .  -. 001 
12. p o l a r  HPLC f rac t .  -.HE 
13. o i l  + vois .  + gases - .35E 
14. (Ct  + Czi/:Cs - Cs; gd;eS .19i 
15. H9S .17E . - 
16. % .UE 
17. H consumo. ( t e t r .  j .I47 
18. acyc i i c  a i a c i o s l t r i a c i d s  - . i 68  
19. Ut11C4, banas nIR -.GI 
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three  should be rank-dependent, but i t  i s  in te res t ing  t h a t  they a re .  

Lastly, three  of the variables seem t o  be specia l ly  in te res t ing  because 

they each show moderate t o  high values of corre la t ion coef f i c ien t  with 

several o ther  var iables ;  they a r e :  yieqd of po'l.ar HPLC f rac t ion  (-%c, 

O / C ,  So, o i l  y i e l d ) ,  y ie ld  of o i l  + l o s t  vo l a t i l e s  + gases ( - I C Y  O / C ,  

So, o i l  y i e ld s , ,  r a t i o  of o i l  + l o s t  vo l a t i l e s  t o  asphaltenes,  polar 

HPLC f rac t ion) ,  and hydrogen consumption from te t ra1  i n  ( - % C ,  O / C ,  So, 

oi 1 + 1 o s t  vol a t i  1 es + gases, and - R o )  . There i s  of course some in te r -  

corre la t ion amongst these ,  but the observations a r e  in te res t ing  and 

wil l  help i n  guiding searches f o r  mu1 t i v a r i a t e  corre la t ions .  

In order t o  reduce the data matrix t o  manageable proportions the 

se lec t ion  of variables (Table 19) had t o  be severely 1 imited. The 

r e su l t s  of TFPA oxidations suffered badly i n  t h i s  process, and so 

a ~ b i v a r i a t e  corre la t ion r e l a t i ng  t o  these reactions i s  shown i n  graph- 

i ca l  form i n  Figure? 38, i n  which the y ie lds  of acyclic d iacids  + 

t r i a c i d s  a r e  plotted agains t  the  sum of the acids derived from 

aromatic s t ruc tu res  (benzene carboxyl i c  + oxirane ac ids ) .  I t  i s  of 

i n t e r e s t  t h a t  they tend t o  be inversely re la ted .  The variance 

explained by the l e a s t  squares regression i s  cx %. 

E .  MULTIVARIATE ANALYSES 

As a'.foundation f o r  the discussion of mu1 t i v a r i a t e  re1 at ionshi  ps  , 

i t  has been thought useful t o  recap i tu la te  in  summary form the kinds 

of information avai lable  on features  of the s t ruc tu re  of the coals  

(Table 23) and on prodcct d i s t r ibu t ions  (Table 24) .  The conteri.1; uF 

these tables  should be .borne in mind during the  fol.lowing discussion.  
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Table 23. ~ e c a p i  t u l a t i o n  of Kinds of  S t ruc tura l  Information Available 

Parameter Information content  Form Used i n  s t a t i s t i c s  

f r a c t i o n  of aromatic carbon 
f a  

C-H (arom.) r e l a t i v e  amounts of aromatic C-H v ib ra t ions  I ( a )  a1 i ./arom. C-H 
i n  var ious ly  subs t i tu t ed  benzene r ings  area  ( IR)  

C-H ( a l i  . )  r e l ac ive  amounts of C-H v ib ra t ions  in CH2 and CH3 ( b )  C H 2 / ~ ~ 3  r a t i o  
1 

TFPA oxid. 
products 

r e l a t i v e  amounts of phenolic and a lcohol ic  OH t o t a l  OH 
and x e t y l a t a b l  e N H  

I 
( i )  r ep resen ta t ive  ( ? )  fragments of a l i p h a t i c  ( a )  concn. of arom. ac ids ,  
s t r u c t u r e s  i n  coa l s ,  (i i )  r e l a t i v e  importance ( b )  r a t i o  of a c e t i c  d iac ids /  
i n  parent coal of a l i p h a t i c  chains and l i n k i n g  t r i a c i d s .  
groups versus c e r t a i n  phenol i c  and pol ycycl i c  
aromatic s t r u c t u r e s .  

d i s t r i b u t i o n  of e the r  and organic S groups 

degrees of r ing  fusion and s u b s t i t u t i o n  of 
aromatic systems. 

not 

not  



Table 24. R e c a ~ i t u l a t i o n  o f  I n f o r m a t i o n  A v a i l a b l e  on p roduc t  

Product F r a c t i m s  Commen.ts on S i g n i f i c a n c e  Form Used i n  S t a t i s t i c s  

o i  1  hexane-sol ulbl e co. idens ib le  products;  i nc l udes  
a l l  mob i le  iphase o f  coal  

asphal tene hexane-insoluble;  inc ludes  ( i )  l a r g e r  f r ag -  ( b )  o i l  + vols. /asph. 
ments o f  coa l ,  ( i  i) products  o f  r e t r o ~ s s i v e  , 

gases 
I 

var ious  sources: forms o f  S, forms o f  0, above, a l s o  H2S and (Cl+C2)/ 
s i de  chains.  Small i n  t o t a l  amount and i n  (C3-C5) r a t i o  ~n P 

var iance. C02 smal l  b u t  cons iderab le  variancl? I 

HPLC f r a c t i o n s  ( i )  a1 ka.rles v e r y  smal l  and no doubt a l l  p o l a r  f r a c t i o n  
p a r t  o f  mob i le  phase, ( i i )  "aromat ic"  f r a c t i o n  
i nc l udes  e thers ,  ketones, 0  and S h e t e r x y c l e s  
as w e l l  as aromat ic  hydrocarbons, ( i i i )  p o l a r  
f r a c t i o n ,  g u ' a n t i t a t i v e l y  t h e  l a r g e s t ,  i nc l udes  
phenol s, N bases, benzol ogs o f  p y r r o l  e., qu in-  
ones ( ? )  



Because o f  the l a r g e  number o f  chemical p rope r t i es  and product  

f r a c t i o n s  t h a t  were ava i l ab le ,  and the  l i m i t e d  s i z e  o f  t he  sample se t ,  

a  l a r g e  number o f  f a c t o r  ana lys is  were c a r r i e d  o u t  t o  f u l l y  i n v e s t i g a t e  

t he  i n t e r r e l a t i o n s h i p s  w i t h i n  the  data s e t .  General ly,  over 35 percent  

o f  t he  t o t a l  var iance was accounted f o r  i n  each f a c t o r  pa t te rn .  How- 

ever, t h e  var iance expla ined by any one vroduct  c lass  o r  p roper ty  

( t h e  communal i t y )  tended t o  be s i g n i f i c a n t l y  1  ess. The va r i ab les  

were chosen so t h a t  each represents a  d i s t i n c t  source o f  in fo rmat ion ;  

hence the re  tended t o  be on l y  a  s i n g l e  v a r i a b l e  load ing  h i g h l y  on any 

one f a c t o r .  The d i s c r e t e  sources o f  i n fo rma t i on  inc luded va r i ab les  

r e l a t e d  t o  rank, t he  s t r u c t u r e  o f  the  organ ic  mat ter ,  product  d i s t r i b u -  

t i o n  and t h e  f a t e  o f  s u l f u r .  It may be t h a t  each o f  these sources i s  

a t  l e a s t  i n d i r e c t l y  r e l a t e d  t o  rank; however, t he re  i s  enouch v a r i a t i o n  

t h a t  d i s c r e t e  f a c t o r s  were normal ly  obtained. 

The s t r a t e g y  used i n  s e t t i n g  up t h e  l a r g e  number o f  f a c t o r  

ana lys is  performed was t o  s e l e c t  one o f  t h e  eleven va r i ab les  t h a t  

r e l a t e  t o  some aspect o f  conversion i n  l i q u e f a c t i o n ,  and combine t h i s  

w i t h  s i x  o r  so coal c h a r a c t e r i s t i c s  i n  t h e  f a c t o r  pa t te rn .  For each 

product  va r i ab le ,  the  bes t  f a c t o r  p a t t e r n  was se lec ted  on t h e  bas is  of 

t he  var iance expla ined and t h e  magnitude o f  the load ings .  The summary 

i n  Table 25 r e l a t e s  t o  the  s e t  o f  bes t  pa t te rns  devised and evaluated 

i n  t h i s  manner. Thus column 2 ' i n d i c a t e s  t h a t  the  bes t  p a t t e r n  when 

H2S y i e l d  was t h e  product  parameter se lec ted  contained f o u r  f a c t o r s ,  

H2S had a  load ing  o f  0.76 on the  second o f  these f a c t o r s ,  and p y r i t e  

s u l f u r  a l s o  1oa.ded on the  same f a c t o r  w i t h  a  l oad ing  o f  0.72. Among ' 



Table 25. Summary of Information Provided ty Factor P a k e r n s  f o r  t he  
Individua? Product Frac t ions  

No. of  f a c t o r s  
i n  bes t  p a t t e r n  
f o r  each prcduct 
(var iance  e>-plained) 

I d e n t i f i c a t i o n  of  
f a c t o r ( s )  and loading 
f o r  s t a t e d  product 

Coal c h a r a c t e r i s t i c s  
loading on same f a c t o r  
and loading va lue  Product 

co + co* 

hydrocarbogases 

t o t a l  gas y i e l d  

a1 i ./arom. C-H (-0.82) -1 

m 
% v i t r i n i t e  (0.75) ~n 

%C (0 .58) ,  O / C  ( -0 .56) ,  
%S (-0.51) 
al?./arom. C-H (-0.69) 

po la r  HPLC f r a c t .  O/C (-0.69),  phen. OH (-0.49) 
% v i t r .  ( -0 .66) ,  phen OH 

(-0.55) 

arom. HPLC f r a c t .  

a1 kane HPLC 

% Sp (0.78) 
% v i t r .  (0.81) 

ali . /arom..C-H (0.62)  
% v i t r .  (-0.81) 



Table 25. Continued 

Product 

No. of f a c t o r s  
i n  bes t  pa t t e rn  I d e n t i f i c a t i o n  of 
f o r  each product f a c t o r ( s )  and loading 
(var iance  explained)  f o r  s t a t e d  product 

o i l  y i e l d  4 (84.8) 

asphal t ene  y i e l d  4 (81 .O) 

l o s t  v o l a t i l e s  4 (85.7) 

t o t a l  conv., 1  i q s  + gas 4 (87.4) 

Coal c h a r a c t & r i s t i c s  
loading on same f a c t o r  
and loading value 

%C (-0.53) ,  O / C  (0 .53) ,  
%So (0 .43) ,  % vitr. (0.47) 
%C (-0.31) ,  O / C  (0 .32) ,  
%So (0 .35) ,  % v i t r .  (-0.37) 

%S (0 .51) ,  a c y c l i c  ac ids  
TFPA (-0.64) 
arom. ac ids .  TFPA (0.82) ; 

%C (-0.50) ,  O / C  (-0.45) 
%So (0.") 

%C (0 .45) ,  %SO (-0.59) 
%C (0 .51) ,  % v i t r .  (-0.41) 
%O (-0.70) 
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the  sub-classes of gases, hydrogen su l f ide  appeared t o  be most closely 

re la ted  to  p y r i t i c  su l fu r ,  as might be expected. Oxygenated gases 

showed s ign i f i c an t  loadings on two fac tors ;  one of these re la ted to  rank 

and the  other as t o  the al iphatic/aromatic character  of the  coal s t ruc-  

tu re .  Hydrocarbon gases a l so  showed s ign i f ican t  loadings on two fac tors ,  

the  same a1 iphatic/aromatic character and, surpr is ingly ,  the v i  t r i n i  t e  

content .  Thus i t  can be eas i ly  seen t ha t  among the individual sub- 

c lasses  of gases each loads on a  f ac to r  t ha t  i s  generally independent 

of rank, except f o r  the  oxygenated gases. 

The rota ted f ac to r  pattern f o r  conversion t o  gases i s  examined in  

more de ta i l  i n  Table 26. This pattern i s  d i f fe ren t  i n  t ha t  there  i s  

an increased importance of rank (Factor l ) ,  although there i s  a  s ig-  

n i f i c an t  amount of variance explained by other  fac tors .  I t  should be 

noted t ha t  the  s i gn i f i c an t  loading on the rank fac tor  was only seen 

f o r  the to ta l  oxygenated gases, not f o r  the  sub-classes of gases. 

This i s  the f i r s t  indication t h a t  although individual f ract ions  o r ,  

in  t h i s  case, individual groups of gases,appear to  load on chemical 

propert ies t h a t  a r e  only pa r t i a l l y  corre la ted w i t h  rank, the sum of 

the  individual products i s  much more closely re la ted t o  rank. 

Returning to  Table 25, we see t ha t  the polar f rac t ion  from the 

HPLC separation loadcd highly on only onc of thc four factors  dctcrmincd 

t o  be s ign i f ican t  (see  Figure 27 fo r  more d e t a i l ) .  The f a c t  t ha t  t h i s  

f rac t ion  loaded on the same fac tor  as the phenol i c  OH content and the 

O / C  r a t i o  i s  perhaps not surpr is ing,  s ince  phenols a r e  more abundant 

than amines. I t  wil l  he recalled t h a t  t h i s  f rac t ion  a l so  showed a  



Table 26. Rotated Factor Pa t te rn  f o r  Conversion t o  Gases and 
Selected Chemical P rope r t i es  

Factor 

Proper ty  

Gas y i e l d  

% Carbon 

O/C  Rat io  

I I I I I I I V Communal i t y  

% So -0.51 0.26 

% V i t r i n i t e  -0.84 0.71 

% Sp -0.67 0.45 

Aromatic Acids f rom TFPA -0.71 0.50 

A l ipha t ic /Aromat ic  C-H Rat io  -0.67 0.45 

Variance per Factor  38.8 21.4 17.0 7.8 

Cumulative Variance 38.8 60.2 77.2 85.0 



Table 27. Rotated Factor Pa t t e rn  f o r  Yield of Polar  HPLC 
Frac t ion  and Selected Chemical Proper t ies  

Property 

Factor 

I I I I I I I V Communal i t y  

Polar  HPLC Frac t ion  0.24 -0.35 -0.81 0.54 

% Carbon -0.54 0.32 0.28 0.47 

% ~ i t r i n i t e  0.24 -0.66 0.49 

Phenol i c  O H  -[J.55 -l:1.49 0.22 8.59 

% So 
0.58 0.34 

% Sp 
0.88 0.77 

O / C  Ratio 0.49 -0.38 -0.69 0.86 

Variance by Factor 54.7 17.0 10.7 7 .9  

Sum of Variance 54.7 71.8 82.5 90.4 



bivar ia te  corre la t ion w i t h  o i l  y ie ld .  The aromatic f rac t ion  loaded on 

two of the four factors  in  i t s  rotated fac tor  pattern.  Of these, 

pyr i te  content a l so  loaded on the same fac tor .  Yarzab e t  a l .  (1980) 

found pyr i te  content t o  be one of the factors  tending t o  increase to ta l  

conversion; perhaps i t s  e f f ec t  i s  to  increase the neutral aromatic 

products. The second fac tor  on which the aromatic HPLC loaded was 

dominated by the vi t r i n i t e  content. The yie ld  of a1 kanes again had 

s ign i f ican t  loadings on two factors  : fac tor  11, which in  t h i s  case 

was defined by i t s  r e l a t i ve ly  high loading f o r  the  al iphatic/aromatic 

C-H rat io,and fac tor  IV which a l so  exhibited a large loading fo r  

v i t r i n i t e  content. I t  i s  not easy t o  know what t o  make of these 

loadings, sitice the a1 kanes a r e  mostly physically trapped in  coals 

as par t  of the  mobile phase (Youtcheff e t  a1 . , 1983). 

The rotated fac tor  pattern fo r  o i l  y ie ld  i s  strange in tha t  the  

main loading fo r  t h i s  c lass  of products takes place only on a 

fac tor  t h a t  has no other s ign i f ican t  loadings i f  one takes 0.40 a s  

the cutoff f o r  significance.  However, as  Table 28 shows, o i l  y ie ld  

a l so  loads ( r a the r  weakly) on another f ac to r ,  which contains s i gn i f i -  

cant loadings by several coal charac te r i s t i cs  mostly re la ted t o  rank. 

I t  i s  a l so  strange t ha t  the a1 iphatic/aromatic C-H r a t i o  laads very 

strongly on a fac tor  of i t s  own ( IV) .  These a r e  in teres t ing observa- 

t ions and may indicate  t ha t  a l l  of the chemical propert ies when taken as  

a wholrl con t r i b l~ t e  t o  the formation of t h i s  f rac t ion .  

Conversion to  asphaltenes exhibited a s ign i f ican t  loading on two 

of the four factors  deemed s ign i f ican t  in  i t s  fac to r  pattern.  The f i r s t  



Table 28. Rotated Factor Pa t te rn  f o r  Conversion t o  O i l s  and 
Selected Chemical Proper t ies  

Proper ty  

O i l  y i e l d  

% Carbon 

o/c 

X So 

% V i t r i n i t e  

% Sp 

Aromatic Acids, TFPA 

A1 i pha t i c /A romat i c  C-H 

Factor  

I I I I11 I V  Communal i ty 

Variance pe r  Fac tor  41.7 19.5 13.3 9.7 

Cumulative Variance 
Exp'l.ained . 41.7 61.2 75.0 84.8 
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fac tor  a l so  had s ign i f ican t  loadings fo r  py r i t i c  su l fu r  (again a  cata-  

l y t i c  e f fec t? )  and a l ipha t ic  TFPA products, while the second fac tor  

could be designated as t h a t  fac tor  defined by the high loading due 

t o  aromatic TFPA products. Thus the poss ib i l i ty  i s  present t ha t  t h i s  

f rac t ion  i s  much more dependent on the nature of the  aromatic c lu s t e r s  

in  the  coal than any of the others examined thus f a r ,  perhaps because 

of i t s  r e l a t i ve ly  high molecular weight. Only one fac tor  exhibited 

a  s ign i f ican t  loading f o r  'the l o s t  vola t i  1  es and various 'parameters 

re la ted t o  rank load i n  the same fac tor  ( i n  t h i s  sample s e t ,  %SO 

appears to  be rank-related).  This f rac t ion  i s  probably a  mixture of 

materials  from d i f f e r en t  sources, and contains compounds t ha t  a re  

closely akin t o  those found in  the other  f rac t ions .  For exam~le  i t  

contains water, l i gh t e r  hydrocarbons f a l l i n g  between those found i n  

the gas f rac t ion  and those in the sa tu ra te  f rac t ion ,  dissolved gases, 

and most probably l i g h t  aromatic l iqu ids .  There i s  no obvious reason 

why i t s  y ie ld  should decrease systematically w i t h  increasing rank. 

The rotated fac tor  pattern fo r  t o t a l  conversion i s  presented i n  

de ta i l  i n  Table 29. Four factors  were required in  accounting fo r  j u s t  

over 87 percent of the to ta l  variance. Signif icant  loadings fo r  the . 
overail conversion yie ld  were on two of the fac tors ,  in both of which 

conversion i s  inversely re la ted t o  carbon content ,  and i n  one of which 

(11) a d i r e c t  re la t ion  with oxygen content i s  seen. Thus we see a  

marked rank dependence. With t h i s  sample s e t ,  H/C seems t o  show l i t t l e  

systematic var ia t ion i n  para1 le l  with the other rank parameters. Here 

i t  loads on the same fac tor  as v i t r i n i t e  content. Once again, the 



Table 29. Rotated Factor Pa t t e rn  f o r  Total Conversion and 
Selec ted  - .- Chemical P rope r t i e s  

Factor 

Property I I I I11 I V Communal i t y  

Conversion t o  gases + I i q s .  -0.55 -0.41 

A1 iphat ic/Aromatic  C-H 

% Carbon 0.45 0.51 

H / C  R a t i o  0.83 

% So -0.59 

% Vitrinite -0.30 -0.41 0.52 

% Oxygen -0.70 

Variance per Factor 49.3 17.1 13.6 7.3 

Cumulative Variance 
Explained 49.3 66.4 80.1 57.4 
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a l i p h a t i c l a r o m a t i c  C-H r a t i o  loads h i g h l y  on Factor I V  unaccompanied 

by any o the r  va r i ab le .  I t  seems t h a t  t h i s  q u a n t i t y  charac ter izes  

s t r u c t u r e  i n  a  unique manner t h a t  does no t  a f f e c t  l i q u e f a c t i o n  behavior.  

The r o t a t e d  f a c t o r  p a t t e r n  f o r  the whole s e t  o f  the  se lec ted  19 

va r iab les  described p rev ious l y  i s  presented i n  Table 30. The s i g n i f i -  

cance of t h i s  p a t t e r n  i s  somewhat suspect due t o  the h igh  v a r i a b l e  

t o  sample r a t i o ,  b u t  t h e  r e s u l t s  a r e  i n t e r e s t i n g  nonetheless. S i x  

fac.tors were found t o  be s i g n i f i c a n t  i n  accounting f o r  j u s t  under 80 

percent  of the  t o t a l  var iance. As expected each o f  the  f a c t o r s  exhib- 

i t e d  load ing  f o r  more than one va r iab le ,  though both  the loadings and 

the comrnunalities tended t o  be r e l a t i v e l y  low compared w i t h  those found 

i n  pa t te rns  der ived w i t h  l esse r  numbers o f  var iab les .  Also, the  ana lys i s  . .... 

permi ts  i n v e s t i g a t i o n  o f  i n t e r r e l a t i o n s h i p s  no t  revealed by the  prev ious 

f a c t o r  analyses. 

The f i r s t  facsor  cou ld  be bes t  charac ter ized as a  rank f a c t o r  w i t h  

s i g n i f i c a n t  loadings f o r  O/C r a t i o ,  carbon content,  re f l ec tance ,  and 

organic s u l f u r  content  ( b u t  n o t  H/C) . The second conta ins  the  va r iab les  

r e l a t e d  t o  s u l f u r ,  .but a l so  the  r a t i o  o f  l i q u i d s  t o  asphaltenes. - Th is  

i s  q u i t e  i n t e r e s t i n g  i n  t h a t  i t  may p o i n t  t o  the idea t h a t  hydrogen 

s u l f i d e  has some .ililpor.tance as a  hydrogen donor du r ing  1 i que fac t i on .  

That i s ,  the  r a t i o  o f  l i g h t e r  products t o  s o l i d s  increases w i t h  increas-  

i n g  hydrogen s u l f i d e  i n  the  r e a c t i o n  vessel and the  p o s s i b i l i t y  e x i s t s  

t h a t  t he re  i s  a  chemical causal i t y .  

The va r iab les  cha rac te r i z i ng  coal  s t r u c t u r e  load most ly  on Factors 

111, I V ,  and V .  Organic s u l f u r  content  has 1  i t t l e  o r  no para1 l e l  ism 



Tab1 e 3G. Roteted F a c t o r  P a t t e r n  ' f o r  'N ine teen  Se lec ted  V a r i a b l e s  

Prope-ty F a c t o r s  Communal i t y  
I I - I I - I I 1  - I v - V - V I 

r a n k  

s t r u c t u r e  

% C 
H;C 
0; c 
R,, % 

f, 

So 
phenol i c  OH 
a1 . / a r .  C-H 
CH2/CH3 r a t i o  
a romat i c  ac ids ,  TPFA 
a c y c ? i c  c i l t r i a c i d s  

s u l f u r  

o i l  y i e l d  I 

% Var iance Exp la ined  p e r  F a c t o r  I 35.7 12.7 10.7 8.4 6.7 5.7 
% Var iance Explained, Cuniul a t i v e  35.7 48.4 59.1 67.5 74.2 79.9 

( o i l  + l o s t  v o l s .  ) /asph. 
y i ? l d ,  o i l  + v o l  s. + gas 
pc la t .  f re .c tn ,  HBLC 
t e t r .  I naph th .  r a t i o  
(C,  + C2J/(C3 - C5) gaseli 

-0.56 
0.41 

0..32 0.35 
-0.52 

0.37 



w i t h  the s t ruc tura l  features .  Factor IV i s  probably re la ted t o  character-  

i s t i c s  of the a l i p h a t i c  parts  of coal ,  though the increase re la t ion  

between the  aliphatic/aromatic C-H and the CH2/CH3 r a t i o s  on the one 

hand, and H / C  cn the other ,  i s  surpr is ing.  So a l so  i s  the appearance 

of aromatic acids from TFPA oxidation i n  t h i s  f ac to r ,  though there  may 
. , 

be a s t ructural  re la t ion .  These acids a r e  inversely related t o  the 

r a t i o  of d i l t r i  acycl ic  acids: the  t r i -ac ids  probably derive from 

f a i r l y  highly aromatic precursors, such as  arylindanes. 

Factors I11 and V seem more concerned w i t h  aspects of the aromatic 

character  of the coal ; the yie lds  of oi 1 , of oi  1 + vol a t i  1 es  + gases 

and of the polar HPLC f rac t ion  a l l .  load a l so  on Factor 111, while none 

of the  product c lasses  load on Factors IV o r  V .  

The r a t i o  of C l - C 2  t o  C3-C5 gases loads highly on Factor VI, 

accompanied by a ra ther  weak inverse loading of the yie ld  of o i l  + 

vo la t i l e s  + gases. Presumably t h i s  implies some degree of dependence 

of the  conversion variable on a1 iphat ic  s t ructural  cha rac t e r i s t i c s ,  

though i t  i s  d i f f i c u l t  t o  specify i t s  nature or  significance.  

In order t o  investigate the re la t ionship  between conversion and 

hydrogen consumption from the donor solvent,  a number of separ,ate 

fac tor  patterns were formed. The r e su l t s  fro111 these patterns showed 

tha t  general l y ,  conversion of t e t ra1  i n  t o  naphtha1 ene appeared to  

follow to ta l  conversion, conversion t o  l o s t  vo l a t i l e s ,  and t o  hydrogen 

su l f ide ,  and py r i t i c  su l fu r ,  most c losely .  The corre la t ion with l o s t  

vo l a t i l e s  i s  not surprising since t h i s  f rac t ion  probably contains most :> 

of the  water produced during the l iquefact ion,  and one would expect a 
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cons iderab le  amount o f  t he  donatable hydrogen t o  be u t i l i z e d  i n  generat- 

i n g  i t .  However, t h e  r e l a t i o n s h i p  w i t h  p y r i t i c  s u l f u r  and hydrogen 

s u l f i d e  gas i n d i c a t e s  t h a t  hydrogen i s  n o t  on ly  being removed from 

t h e  gas phase by t h e  p y r i t e  b u t  a1 so f rom the t e t r a 1  i n .  A1 though the 

hydrogen s u l f i d e  gas produced by t h i s  r e a c t i o n  appears as i f  i t  may 

be impor tan t  i n  i nc reas ing  conversion t o  l i q u i d  products r e l a t i v e  t o  

asphaltenes, one would t h i n k  t h a t  t h i s  process wauld increase the  

hydrogen consumption from the donor solvent ,  b u t  t h i s  i s  n o t  supported 

by the r e s u l t s  o f  t he  f a c t o r  analyses. 

I n  t h i s  sect ion,  a  few examples have been selected t o  i l l u s t r a t e  

what seems t o  be a  q u i t e  general phenomenon. The var iance i n  t o t a l  

conversion and the  more i n c l u s i v e  prrrd~rct, rlssses i s  expla ined f a i r l y  

f u l l y  by v a r i a t i o n s  i n  rank. The var iance i n  t h e  narrower product  

c l  asses tends t o  r e q u i  r e  var ious  s t r u c t u r a l  cha rac te r i  s  ti cs f o r  

adequate explanat ion.  This  seems t o  be a general conclus ion o f  some 

importance. 

Twp aspects o f  cud1 composStion have received inadequate a t t c n t i u r ~  

i n  t h i s  repo r t :  d i s t r i b u t i o n s  of macerals and minera ls .  I t  was shown 

i n  Table 20 t h a t  t h e  mean y i t r i n i t e  content  o f  t h e  coa ls  used was 87.6 

87.6+3.85%, which seems very  s a t i s f a c t o r y .  The minor macerals a re  u n l i k e l y  

t o  have much d i r e c t  i n f l uence  on l i que fac t i on ,  except t h a t  q u i t e  minor 

amounts o f  1  i p t i n i t e s  m igh t  e f f i c i e n t l y  i n i t i a t e  cha in  reac t ions .  Also 

t h e i r  r e l a t i v e  dmounts might  u s e f u l l y  cha rac te r i ze  o r  c l a s s i f y  envi ron-  

ments of deposi t ion,  which are  l i k e l y  t o  i n f l uence  t h e  behavior o f  coa ls  

formed a f t e r  b u r i a l  o f  t h e  peat. 
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I t  i s  standard practice in current  petrographic s tudies  to  d i s -  

t i  nguish several d i f fe ren t  kinds of v i  trini t e .  (Teichmiill e r ,  1982). 

Given (1984) questions whether there  may not be, i n  chemical terms ,, 

several d i s t i n c t  v i t r i n i t i c  materials  or a f a i r l y  wide continuum of 

vi t r i n i  t e  charac te r i s t i cs  in  any one coal . 
Thus analyses showing a mean v i t r i n i t i c  content of 87.6% a re  not 

so impressive a f t e r  a l l .  To have recognized t h i s  in  the present study 

would have required the performance of some special analyses and 

introduction of several more var iables ;  even then the d i s t r ibu t ion  of 

vi t r i n i  t i c  maceral s may have been unsuitable f o r  s t a t i s t i c a l  analys is .  

As has been seen, to ta l  v i t r i n i t e  was included in  a number of the 

fac tor  analyses and has some significance.  

To have paid more a t t en t ion  t o  the d i s t r ibu t ion  of inorganics 

would have required quant i ta t ive  analysis  of the FTIR spectra of the 

low temperature ash samples. I t  would have been impractical t o  have 

entered the f u l l  mineral analysis  i n to  the s t a t i s t i c a l  analyses, b u t  

the r a t i o  of quartz t o  clay minerals might be a useful datum character- 

izing enviroments of deposition. 
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CHAPTER VI 

CONCLUDING REMARKS 

In the  study of the l iquefact ion behavior of 104 coals from 3 coal 

provinces of the U.S., Yarzab e t  a1 . (1980) could only def ine  the  

cha r ac t e r i s t i c s  of coals  by means of t h e i r  basic compositional fea-  

t u r e s ,  and had only t o t a l  conversion t o  l iqu ids  plus gascs with which t o  

iden t i fy  l iquefact ion behavior. Within these l im i t s ,  they faund t ha t  

of the  three groups of coals  segregated by a form of c l u s t e r  analys is ,  

one group, characterized by high su l fu r  contents,  showed the best  

performance i n  1 iquefaction ( see  a1 so Given and Sood, 1982). f~loreover, 

principal  components analys is  showed t h a t ,  f o r  t h i s  group, both organic 

and py r i t i c  su l fu r  independently appeared t o  promote l iquefact ion.  Some 

understanding of the  r o l e  of pyr i t e  has been reached (Lambert, 1932; 

Thomas e t  a1 . , 1982; Stenberg e t  a1 . , 1952; Baldwin and Vinciguerra, 

1983), b u t  the  r o l e  of organic su l fu r ,  o r  the  nature of i t s  pa r t i c i -  

pation i n  the  process,  has been l i t t l e  studied.  

The broad object ives  of t h i s  project  were s ta ted  in Chapter I .  

More spec i f i c a l l y ,  i t  would be des i rab le  t o  f ind answers t o  the follow- 

i ng questions : 

1 .  In mechanistic terms, what is  the role of organic su l fu r  in  

the l iquefact ion of coals?  

2 .  Is  there  some fundamental s t ruc tu ra l  reason fo r  the good per- 

formance of high su l fu r  coals in  l iquefact ion? 
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3 .  Can t o t a l  conversion t o  1 i q u i d s  p lus  gases be p red i c ted  more 

success fu l l y  when p rope r t i es  r e l a t e d  t o  s t r u c t u r e  a re  a v a i l a b l e ?  

4. Can conversion t o  i n d i v i d u a l  product c lasses be p red i c ted  from 

a knowledge o f  bas ic  composit ional and chemical s t r u c t u r a l  cha rac te r i s -  

t i c s  o f  the  coa ls?  

It would be too op t im is t i ' c  t o  expect f u l l  answers t o  the  f i r s t  two 

quest ions t o  have' emerged from the  .present study, s ince  few parameters 

r e l a t e d  t o  s u l f u r  were a v a i l a b l e  (and i t  i s  d i f f i c u l t  t o  see what addi -  

t i o n a l  parameters cou ld  f e a s i b l y  have been obta ined) .  Some very  ingen- 

ious  experiments based on new techniques o r  ins t rumenta t ion  a re  c a l l e d  

f o r  here. 

As a bas is  f o r  answering the  t h i r d  and f o u r t h  quest ions, more than 

50 p rope r t i es  o f  each coal  have been measured, i f  one inc ludes a l l  the 

components o f  t he  gas analyses and a l l  t he  p r i n c i p a l  products o f  TFPA 

ox ida t i on .  The range o f  techniques used should prov ide  a reasonably 

comprehensive overview o f  important  s t r u c t u r a l  fea tures  of the  coals.  

Di r e c t l y  determined hydroxyl contents and m i  nera l  og i ca l  analyses ( f rom 

FTIR)  would no doubt have been des i rab le .  Computer-analyzed Cur ie -po in t  

pyrolysts/mass spectra (Meuzelaar e t  a1 ., 1982) perhaps might  have added 

an in lpor tant  e x t r a  dimension t o  the s t r u c t u r a l  c h a c t e r i z a t i o n  if i t  had 

been ava i l ab le .  Even so, what i s  presented here c o n s t i t u t e s  the most 

extensive cha rac te r i za t i on  o f  a s e t  of  coals  y e t  t o  be pub1 ished, and 

t h i s  by i t s e l f  c o n s t i t u t e s  a no tab le  accomplishment. I t  was obv ious ly  

necessary t o  reduce t o  manageable propor t ions  the mass o f  data t h a t  i s  

ava i l ab le ,  s ince  the  s i z e  o f  t h e  sample base a l s o  had t o  be severely  

l i m i t e d .  Nevertheless, we should be i n  a b e t t e r  p o s i t i o n  a t  t h i s  

p o i n t  than any prev ious worker t o  r e l a t e  behavior t o  p rope r t i es ,  and i n  

at tempt ing t o  do t h i s  have used a v a r i e t y  o f  s t a t i s t i c a l  procedures. 
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Some contribution t o  solution of the problems under discussion has 

been made by a s t a t i s t i c a l  study (by Diane Weldon) of r e su l t s  obtained 

by A .  Sood of Gulf Research and Development Co. (reported by Given e t  a l . ,  

1982). The Gulf workers had carr ied out continuous flow 1 iquefaction 

runs on 38 of the  coals from tlie Appalach.ian and In te r io r  provinces t h a t  

had been in  the  sample s e t  used by Yarzab e t  a1 . (1980). Gas analyses 

and some degree of product f ract ionat ion were performed. One of the 

parameters measured was the " d i s t i l  l ab i l  i t y  ," which represented the 

y ie ld  of material d i s t i l l a b l e  a t  3 t o r r  pressure t o  a pot temperature 

of 400°C. A stepwise multiple regression analysis  was performed using 

the  program UPREG. This program determines f i r s t  which s ing le  coal 

property i s  the best  predictor of d i s t i l l a t e  y i e ld ,  and computes the 

variance explained. Other variables a r e  added t o  the equation one by 

one. An analys is  of variance i s  performed a t  each s tep ;  any non- 

s i gn i f i c an t  var iable  i s  passed over and the next one considered. For 

the  data  obtained i n  l iquefact ion runs a t  455°C the  r e s u l t  was: 

d i s t i l l a t e  ( %  of d m f  coa l )  = 270 - 47.1% - 0.76 VN - 1.70 - 5.6H 

in  which ref lectance alone accounted fo r  77% of the variance explained 

2 ( r  ),  and a l l  of the terms accounted together f o r  83%. For the data 

from 440°C runs the  regression was: 

d i s t i l l a t e ,  % = 66.3 - 47.6 Ro - 1.55 St 

( 1 3 % )  ( 1 8 % )  

where the values f o r  variance explained appear i n  parentheses. Thus 

some degree of predictabil  i ty  was achieved f o r  the d i s t i l  l ab i l  i ty  of 

products from the  s e t  of 39 coals of Carboniferous age. 



Other product parameters obtained i n  the Gulf study were y i e ld s  

of hexane-sol ubl e o i l  s , asphal tenes , C1 - C4 hydrocarbons, higher 

a1 kanes, and acid gases' ( C O P ,  C O Y  H?S). Factor analyses were performed 

on these variables excluding a1 kane yie ld  b u t  including t o t a l  conversion 

and d i s t i l l a t e  y i e ld .  Most of the variables loaded on the f i r s t  f a c t o r ,  

indicating t h a t  the y ie lds  of most of the product c lasses  vary i n  a 

manner pa ra l l e l  t o  the var ia t ion in. t o t a l  conversion. The exceptions 

were y ie lds  of asphaltenes and C1 - C4 gases, each of which loaded 

heavily on i t s  own separate f a c to r .  The r e su l t s  were in terpre ted as 

not encouraging a search f o r  cor re la t ions  between individual y ie ld  

parameters and coal cha r ac t e r i s t i c s .  

An answer t o  the t h i r d  question above has been sought by perform- 

ing a stepwise mult iple regression of to ta l  conversion observed in 

the  present study on a number of basic compositional propert ies and 

the s t ruc tu ra l  parameters, using a program i n  the SAS s t a t i s t i c a l  

package. The r e s u l t  was: 

t o t a l  convn. % = - 10.7 + 102 O/C - 80.2fa- 5.5N + 0.47 acycl ic  

(47) (55) (60) 

acids TFPA + 70.2 H/C + 0.67 vitr .  + 0.25St 

(67) (70 (71 (73 

The numbers, i n  parentheses show the cumulative variance expl a i  ned a f t e r  

each var iable  has been inser ted .  The regression c a l l s  out  7 ' o f  the 18 

var iables  provided; these include some rank parameters and some re la ted 

t o  s t ruc tu re .  b u t  the obvious rank parameters ( X C .  Ro. VM) a r e  not 

ca l led .  I t  i s  in te res t ing  to  recal l  t ha t  the equation developed by 

Yarzab e t  a1 . (1980), no s t ruc tu ra l  parameters being ava i lab le ,  was: 



convn. = 39.0 + 0.86 VM - 22.8 Ro + 1.39 St ( r 2  = 79%) 

A simil a r  mu1 t i  ple regression was performed f o r  the conversion t o  

hexane-sol ubl e o i  1 s. The resul t was : 

convn. t o  o i l s ,  % = 39.4 - 48.5 f a  - 0.74 So + 0.12St - 1.6.N 

(1 8 )  ( 3 2  (45) 

+ 0.17 acycl ic  ac ids  TFPA + 0.008 a l i ph .  OH - 0.058 arom. acids TFPA 

(50) (54) (54) 

+ 0.01 ace ty la tab le  N H  - 0.008 arom. OH + 0.31 MM + 16.4 H / C  

(59)  (63) (67) (69) 

Here 12 var iables  a r e  ca l led  out from a to ta l  of 18. This time 

the  v o l a t i l e  ma.tter y i e ld  does appear, though expl a i  ni ng 1 i  t t l  e  addi- 

t ional  variance. 

These equations a r e  too cumbersome t o  be of much pract ica l  value 

f o r  purposes of predic t ion.  Nevertheless, they appear t o  show tha t  t o  

explain the variance in  the  conversion da ta ,  many cha rac t e r i s t i c s  of 

each coal a r e  needed, and these include s t ruc tu ra l  proper t ies  as  well 

a s  those re la ted  t o  rank. T h u s  the e a r l i e r  conclusion i s  reinforced:  

we have s t i l l  not iden t i f i ed  the  crucial  var iables  t h a t  explain much 

of the  variance in  coal behavior--if we had iden t i f i ed  them, much 

simpler and more e f f ec t i ve  mult iple regression equations could no doubt 

be generated. 

Performance of mu1 t i p l e  regressions f o r  individual product c lasses  

was considered, b u t  i t  was decided not t o  perform them. The sample s e t  

was r a t he r  small f o r  t h i s  kind of operation,  and the r e su l t s  of the 
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fac tor  analyses (low 1 oadi ngs and communal i t i e s )  were not encouraging 

in t h i s  connection. Thus no answer t o  the  fourth question can be 

offered a t  the  present time. However, a s  s ta ted a t  the end of the 

previous chapter, the  fac tor  analyses do indicate  t h a t  explanation 

of the variance i n  the yie lds  of the  product c lasses  require the 

introduction of s t ruc tura l  parameters not d i r ec t l y  dependent on rank. 

The s e t  of findings jus t  discussed seems t o  a r i s e  from a t o t a l l y  

unexpected degree of heterogeneity of the sample s e t .  The principal 

conclusion from the  many fac tor  analyses performed r ea l l y  i s  t ha t  impor- 

t an t  sources of variance i n  the data matrix have s t i l l  not been 

iden t i f i ed .  Yarzab e t  a1 . (1980) argued t h a t  there a r e  several path- 

ways or bands of the metamorphic evolution of coals ,  not j u s t  one. 

Given (1984) emphasizes the point t ha t  rank i s  not the only source of 

variance in coal propert ies,  and the r e su l t s  reported here document 

t h i s .  The finding t h a t  the plot  of aromaticity and some other  proper- 

t i e s  against  carbon content par t i t ions  in to  f i v e  parallel  l i ne s  adds 

spec i f ic  de ta i l  on the consequences of there  being several sources of 

variance, b u t  these have s t i l l  t o  be ident i f ied  i n  geochemical terms. 

Why a r e  there f i v e  bands of evolution of aromaticity f o r  these coals 

( b u t  not f o r  o thers)?  I t  i s  probably permissible t o  in fe r  t h a t  the 

se lect ion of a s e t  of high sulfur  coals ,  though wise on some grounds, 

was on balance unfortunate, i n  t ha t  the high content of forms of su l fu r  

tends to  promote heterogeneity . Probably a greater  de9ree of predictive 

a b i l i t y  could be achieved with medium su l fur  Appalachian coals o r  low 

su l fur  coals of Cretaceous age from the Western provinces of the U.S. 

lgnasiak e t  a l .  (1978) have drawn a t ten t ion  t o  the extraordinary 
\r 

Rasa coal of Yugoslavia. This has the carbon content of a l i g n i t e  b u t  



much l e s s  oxygen, and 10-12% organic  s u l f u r .  It becomes f l u i d  on 

heat ing  and forms a  s t rong  coke. Ignas iak  e t  a l .  suggested t h a t  much 

o f  t h e  s u l f u r  rep laces  oxygen i n  e the r  l i n k s ,  t h a t  t h e  t h i o - e t h e r s  a re  

more l a b i l e  t h e r m a l l y  than  ethers, and, t h a t  t h e  whole balance o f  com- 

p e t i n g  thermal r e a c t i o n s  i s  thereby upset.  Th i s  i s  an i n t e r e s t i n g  

idea, and cou ld  have some re levance t o  t h e  s t r u c t u r e  o f  t h e  coa l s  

s tud ied  here. Some o f  t h e  s u l f u r  i s  no doubt present  i n  benzologs 

o f  thiophene. These tend t o  be more r e a c t i v e  than homocyclic aromatic 

compounds, and a r e  l e s s  a b l e  t o  form polynuclear  condensed systems 

d u r i n g  metamorphism on heat ing  i n  t h e  l abo ra to ry .  I n  f a c t ,  vary ing  

d i s t r i b u t i o n s  o f  o rgan ic  s t r u c t u r a l '  types may we1 1  be an important  

source o f  var iance i n  t h e  data. 

Thus h igh  s u l f u r  coal  s  may we1 1  have important  s t r u c t u r a l  f ea tu res  

t h a t  a r e  no t  y e t  understood and cannot be accounted f o r  by t h e  parame- 

t e r s  measured here. The f i n d i n g  here o f  a  f u r t h e r  degree o f  hetero-  

g e n e i t y  of coals ,  perhaps associated w i t h  su l f u r ,  i s  o f  cons iderab le  

i n t e r e s t ,  and a  ma jor  p a r t  o f  t h e  c o n t r i b u t i o n  made by t h e  research 

d e s c r i  bed. 
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APPEFIDIX A 

Analyses o f  Products o f  Ox ida t i on  o f  Coals w i t h  
T r i  f 1 uoroperoxyacet ic  Ac id  

-, 

Analyzed by GC/MS as Methyl Es te rs .  Data rep resen t  percen t  

o f  t o t a l  GC area. 



Coal, 
PSOC 
No. 

349 
401 
58 1 
582 
593 
5 94 
596 
599 
664 
666 
669 
676 
68 0 
741 
742 
760 
7 67 
7 68 
773 
7 98 
8 08 
88 3 

1018 
1082 
1083 
1098 

B u t y r i c  branched 
pentan- 
o i c ?  

1 .oo 
0.42 
0.00 
0.00 
1.59 
1.06 
1.21 
1.67 
2.98 
2.83 
0.36 
0.00 
0.23 
0.29 
0.50 
0.00 
0.00 
0.00 
1.38 
0.01 
0.00 
0.06 
0.00 
0.00 
0.00 
2.19 

ma lon ic  methy l  - 
ma1 - 
o n i c  

0.75 
0.96 
0.61 
0.21 
0.49 
O.G2 
0.46 
0.66 
0.34 
0.40 
0.97 
1.02 
0.37 
0.14 
0.06 
0.20 
0.13 
0.15 
0.80 
0.00 
0.32 
0.44 
0.57 
1.03 
1.05 
0.75 

methy l  - 
hexan- 
o i c  

0.00 
0.22 
0.04 
0.00 
0.07 
0.07 
0.63 
0.57 
0.31 
0.31 
1 .27 
0.45 
0.24 
0.29 
0.14 
0.06 
0.23 
0.28 
0.27 
0.00 
0.56 
0.00 
0.00 
0.48 
0.49 
0.07 

s u c c i n i c  methy l  - 
SUCC- 
i n i c  

3.0 
1.1 
2.9 
2.3 
1.7 
3.5 
2.0 
2.1 
1 .8  
1.8 
0.9 
1 .o 
3.8 
1 .o 
1 .3  
5.0 
5.4 
4.4 
1 .5  
1.4 
1.3 
3.2 
1 .5  
5.4 
5.1 
3.6 



Coal , 
PSOC 
No. 

349 
401 
581 
582 
593 
594 
596 
599 
664 
666 
669 
676 
680 
741 
742 
7 60 
767 
7 68 
773 
7 98 
808 
883 

1018 
1082 
1083 
1098 

hydroxy l  
s u c c i n i c  

methy l  
maleic. 

benzoic (Md 174) (MW 178) g l  u t a r i c  me thy l -  (MW 172) e t h y l  
a d i p i c  ma le i c  

(Scan No. 
156) 



Coal , 
PSOC 
No. 

349 
401 
581 
582 
593 
594 
596 
599 
664 
666 
669 
676 
680 
741 
742 
760 
767 
7 68 
773 
7 98 
808 
883 

1018 
1082 
1083 
1098 

a d i p i c  

0.33 
0.34 
0.26 
0.72 
0.20 
0.53 
0.82 
0.82 
0.37 
0.50 
0.65 
.o . 00 
0.32 
0.04 
0.31 
0.29 
0.53 
0.50 
0.65 
0.31 
0.72 
0.21 
0.80 
0.38 
0.79 
0.22 

2-phenyl - 
a c e t i c  

P ~ O P Y ~  - 
male ic  

1.69 ' 

0.98 
0.18 
1.93 
1.32 
1.47 
0.69 
0.00 
0.79 
0.63 
1.44 
0.26 
0.22 
1.31 
1.52 
1.36 
1.29 
1.07 
1.72 
1.07 
1.10 
1.46 
1.54 
1.46 
1.60 
0.76 

propyl  - (Scan 
SUC- No. 
c i n i c  190) 

0.69 0.44 
0.62 0.57 
1.41 0;62 
0.33 0.87 
0,52 0'. 60 
0.24 0.43 
0.57 0.21 
0.44 0.38 
0.48 0.91 
0.39 0.88 
0.52 0.00 
0.40 0.90 
0.51 0.57 
0.00 0.37 
0.65 0.93 
0.42 0.56 
0.50 0.16 
0.47 0.29 
0.36 0.00 
0.00 0.20 
0.49 0.22 
0.58 0.54 
0.00 0.29 
0.48 0.56 
0.52 0.95 
0.67 0.61 

dimethyl  - 
a d i p i c  

0.91 
0.00 
0.00 
0.31 
0.35 
0.45 
0.24 
0.00 
1.43 
1.45 
0.00 
0.09 
0.00 
0.39 
0.38 
0.59 
0.87 
0.79 
0.65 
0.61 
0.24 
0.56 
0.00 
0.10 
0.00 
0.20 

(Scan 
No. 
195) 

1.58 
2.06 
1.62 
2.11 
1.29 
1 .ll 
1.71 
1.68 
1 .C4 
2.53 
2.38. 
0.90 
1.25 
1.58 
1.72 
1.39 
1.40 
1.39 
1.05 
1.36 
2.21 
1.16 
0.88 
1.90 
2.90 
1.64 

e t h y l  - 
g l u t a r i c  

(Scan 
No. 
203) 

0.75 
0.72 
0.39 
0.00 
0.32 
0.09 
0.00 
0.00 
0.53 
0.19 
0.15 
0.52 
0.16 
0.43 
0.32 
0.71 
0.33 
0.40 
0.10 
0.37 
0.03 
0.47 
0.00 
0.60 
0.17 
0.35 

(Scan 
No. 
21 0)  

0.73 
0.81 
0.81 
2.34 
1 .oo 
0.82 
0. do 
0.00 

I 

1.53 N 
0 

0.53 a 

0.44 I 

0.07 
0.64 
1.31 
1.02 
0.63 
0.27 
0.26 
0.00 
0.31 
0.28 
0.80 
0.00 
0.05 
0.06' 
0.65 



Coal !. 
PSOC 
No. 

349 
401 
581 
582 
593 
594 
596 
599 
664 
666 
669 
676 
680 
741 
742 
760 
767 
7 68 
773 
7 98 
808 
883 
1018 
1082 
1083 
1098 

ethane- 
tricarb- 
oxyl ic 

2.5 
3.0 
2.4 
3.0 
3.7 
2.8 
3.3 
3.3 
3.4 
3.4 
3.6 
0.8 
1 .o 
2.9 
2.7 
1.7 
0.5 
0.5 
5.1 
2.6 
0.8 
2.1 
3.3 
1. . 3 
1.1 
1.8 

(Scan No. (Sc3n No. 
22'1') 230) 

(Scan No. 
244) 

(Scan No. 
2 54 

(MW 
158) 

2.0 
1.2 
1.3 
1 .o 
1.2 
0.2 
1.4 
1.6 
2.0 
2.3 
2.1 
2.1 
1.8 
1.4 
1.3 
1.6 
0.0 
0.7 
0.9 
2.0 
0.0 
1.2 
2.5 
2.1 
3.0 
0.8 

oxirane- 
tricarb- 
oxyl i c 
11.5 
7.7 
13.1 
17.9 
18.4 
19.7 
6.9 
6.2 
12.1 
13.3 
7.7 
8.0 
12.9 
12.5 
18.5 
14.0 
12.1 
12.6 
4.9 
17.3 
13.5 
13.1 
11.5 
8.9 
8.9 
13.2 

propane- 
1,2939- 
trioic 
0.27 
1.17 
0.57 
0.87 
0.53 
0.82 
0.86 
0.86 I 



Coal , 
FSOC 
ho. 

(scan 
No. 
283 

butane- 
t r i o i c  

p h t h a l  ic  methy l  - 
p h t h a l  i c  

(scan 
no. 
332) 

1.5 
1 .5  
1 .9  
2.8 
2.0 
2.4 
1.2 
1.1 
1 .9  
1 .9  
1 .o 
1 .7  
1 .5  
2.8 
2.6 
1 .5  
3.9 
3.9 
1 .o 
4.3 
2.0 
2.5 
1.6 
1.9 
2.0 
1 .9  

t e r e -  
p h t h a l  i c  

i so- 
p h t h a l  i c  

homo- 
p h t h a l  i c  C1 0- 

d i a c i d  

0.38 
0.72 
0.19 
0.00 
0.08 
0.18 
0.00 I 

0.00 2 
0.00 

A 

0.00 I 

0.09 
0.04 
0.00 
0.14 
0.24 
0.64 
0.32 
0.40 
0.00 
0.50 
0.47 
0.21 
0.00 
0.38 
0.47 
0.00 



Coal , 
PSOC 
No. 

349 
401 
58 1 
582 
593 
594 
596 
599 
664 
666 
669 
676 
680 
741 
742 
760 
767 
7 68 
773 
7 98 
8 08 
883 
1018 
1082 
1083 
1098 

(scan no. 
332) 

(scan no. 
330) 

oxirane- 
tetra- 
carbox. 

0.95 
0.89 
3.93 
4.94 
2.65 
4.63 
4.98 
2.45 
2.33 
2.04 
4.30 
3.53 
3.53 
2.75 
2.75 
4.64 
6.61 
6.40 
3 .'57 
4.41 
5.37 
1.78 
2.69 
0.80 
6.08 
3.12 

methyl 
phthal i c  

hydroxy- 
phthal i c  

benzene benzene 
1,3,5-tri- 1,2,4-tri- 
carbox. carbox. 

0.61 0.57 
0.73 1.09 
4.76 1.75 
4.18 1.93 
2.32 0.60 
3.51 1 .18 
3.79 1.32 
3.62 1.41 
2.35 1.20 I 

2.34 1.01 
5.47 2.00 2 

N 

2.60 0.44 I 

4.50 1.64 
3.58 0.57 
3.55 0.58 
3.02 0.96 
6.39 2.30 
6.79 2.25 
3.21 1.60 
6.62 0.84 
6.78 0.70 
1.86 0.46 
3.86 0.65 
6.32 2.35 
5.99 2.81 
2.73 1 .OO 



APPENDIX B 

Correlation Matrix f o r  Full Set of Forty Variables 

Note: The variables a r e  numbered, and the  numbers a r e  used 

fo r  iden t i f i ca t ion .  In order t o  save space, several cor re la t ion  

coef f i c ien t s  a r e  collected in each ver t ica l  column. Thus the 

f i r s t  entry under 18 a t  the  bottom of page 214 indicates  t ha t  

the corre la t ion coef f i c ien t  between 0 and item 1 ,  f a ,  i s  -0.10, 

between 0 and item 8 ( s a tu r a t e  f rac t ion, .  HPLC)  i s  0.13, and between 

O.and item 15 (oxygen-containing gases) i s  0.50. 



5 Uryanic Su:fur 

6 Total Canverslon 

1 Convers4on t o  
Asphallene? 

9 Aromati.: F ~ a c t l o n  
HPLC 

11 I(ydruye1 ties 

12 Hydroyrn Sb l f lde  

15 Oxygen Contalnlng 
Gases 

16 Hydrocarbon 
Gases 

(1 )  -0.44 (2 )  -0.14 (3 )  -0.32 
(8 )  1.00 

(1 )  -0.26 ( 2 )  -0.18 (3) -0.54 
(8 )  0 . 3  ( 3 )  l.ou 

(1 )  -0.35 ( 2 )  -0.56 -0.11 
( U )  U.45 (1) 0.46 lib, 1.00 

(1 )  0.01 ( 2 )  - 0 . 5  (3)  -0.21 
(0) 0.55 (3 )  0.17 (LO) 0.15 

(1 )  0 . 1  ( 2 )  -0.30 (3)  4 - 3 3  
(8)' 0.19 (3)  0.32 (10) 0.25 

( 1 )  0.35 ( 2 )  0.25 (3 )  0.08 
(8 )  -0.28 ( 3 )  -0.24 (10)  -0.36 

(1 )  0.09 (!) -0.52 (3 )  -0.27 
(0 )  0.20 (3 )  0.01 (10) 0.41 

( 1 )  0.13 ( 3 )  -0.67 (3)  -0.04 
(8 )  -0.16 (3 )  0.13 (10) 0.29 
(15)  1.00 

( a )  0 . 3  ( 2 )  0.18 (3 )  0.02 
( e l  - 1 ~ 2 3  ( a )  -0.25 (10) -0.31 
(15) 0.34 (16)  1.00 

(1) 0.22 ( )  0.11 (3)  -0.34 
(8 )  0.1 ('I) -0.08 ( l o )  -0.22 
(LS) -0.09 ( 6 )  3 ( I ? )  1.00 

(1) - 0 . 0  (') -0.82 (3 )  -0.14 
(a )  U.13 ( r )  0.15 (101 0.41 
(15) 0.50 ( 6 )  0 9  (11) -0.22 

(5) U.?4 (6)  0.24 ( I )  0.17 

(5) -0.Z3 ( 6 )  -0.19 ( 1 )  -0.16 
( I )  0 (13) 0.98 (14) 0.13 



19 A l ipha t ic  
Aroll~atic na t i o  
(FTiW) 

20 Acety ldted 
Arolnat i c  UH 
(FTLW) 

21 k e t y l a t e d  
Alphat ic  OH 
(FllW) 

22 Acety lated 
Amino ( f l i H )  

23 Mineral Matter 

24 Conversion t o  
Gases 

(1) 5 (2) -0.U8 
(U) 0.42 (9) 0.38 
( 1 5 )  -0.21 (16) -0.49 

(1) 0.04 (2) -0.51 
(8) -0.02 (9)  0.49 
(15) 0.36 (16)-0.25 

(1) 0.06 (2)  -0.48 
(8) -0.13 (9) 0.44 
(15) 0.43 (16) -0.02 

( I )  0.31 (2)  -0.32 
(8)  - 0 4  (9) 0.22 
(15) 0.16 (16) -0.38 
(22) 1.00 

( I )  0.04 (2)  -0.23 
(8 )  0.02 (9) 0.18 
(15) 0.20 (16) -0.30 
(22)-0.43 (23) 1.00 

26 Conversion t o  I )  -0.18 (2) -0.60 
Lost Vo la t i les  i2) :::; 

22) 0.46 

27 Tetra l ine ( I )  0.31 (2) 0.64 
Naphthalene Hdt io (8) -0.14 (9)  -0.08 

( IS)  -0.53 (16) 0.03 
(22) -0.30 (23) 0.02 

28 Total Reactive ( I )  -0.07 
Hacerals (8) 0.09 -::? 

(15) -0.12 (16) 0.32 
(22)-0.17 (23)-0.90 

29 V l t r 4n i t e  
Content 

( I )  0.01 ( 2 )  -0.53 
(8) 0.16 (9)  0.29 

(3) -0.31 (4) -0.09 (5) 0.43 ( I )  0.04 
(ID) 0.42 (11) 0.11 (12) 0.32 
(17) -0.18 (18) 0.64 (19) 0.04 

13 -!!& (14) 0.0d 

(3) -0.U9 ( I )  0.14 
(LO) 0.11 
(11) -0.30 iI!;-itI; 1::; 
(3) -0.22 
(I01 0.18 1:i) -:::; (6) 0.24 ( I )  0.11 

(17) 0.04 (111) 0.11 

(3)  0.11 (4) 0.06 (7) -0.03 
(LO) -0.10 (11) -0.08 If!) -:::! (14) 0.03 
(17) 0.067 (18) -0.09 11:1 $::! (2") -0.13 (21) 0.00 
(24) U.08 (25) -0.11 26) -0.23 (27) -0.10 (28) 1.00 



30 P y r i t i c  S , ~ l f u r  (1) 0.01 (2) -0.07 (3) 0.30 (4) -0.10 
(8) 0.03 ( 9 )  0.48 (10) 0.07 (11) 0.11 
(15) 0.05 (16) -0.14 (17) -0.05 (18) 0.02 
(22) 0.47 (23) 0.61 (24) 0.01 (25) 0.11 
(29) -0.11 (30) 1-00 

3! H/C Hat i o  (1) -0.21 (2) -0.33 (3) 0.31 (4) -0.15 
(8) -0.07 (9) -0.33 (10) -0.16' (11) -0.10 
(15) 0.05 (16) -0.25 (17) -0.24 (18) -0a.21 
(22)-0.09 (23) 0.27 (24)-0.16 (25)-0.20 
(29) -0.19 (30) 0.02 (31) 1.00 

32 Total S u l f u r  

3E T P R  ? r o d a c t s  
Aronati c 

37 TPFI  Products  
C o n r a i n i n s  
E t t ~ j l  t i ru~ps  

(I) -0.21~ (2) -0.98 (3) -0.17 (4). -0.12 ( 1  0.68 (6) 0.68 (7) 0.51 
( 8 )  0.19 (9) 0.25 (lo) 0.56 (11) 0.14 (12) .0.22 (13) -0.23 (14) 0.48 
(15) 0.67 (16) -0.17 (17) -0.13 (18) 0.83 (19) 0.22 (20) 0.57 (21) 0.46 
(22) 0.29 (23) 0.15 (24) 0.05 (25) 0.42 (26) 0.53 (27) -0.68 (28) -0.02 
(29) 0.59 (30) 0.03 (31) -0.18 (32) 0.25 (J3) 1.00 

(1) -0.04 ( % )  -0.tI2 (3) -0.27 (4) 0.23 
(8) 0.38 . (9) -0.08 (10) 0.18 (11) 0.22 
(15) 0.02 (1) 0.10 (7) 0.46 (18) -0.04 
(22) 0.15 (23) -0.10 (24) 0-04 (25) 0.21 
(29) 0.02 (30) -0.17 (31) -0.34 (32) -0.06 

(1) 0.27 (2) -0.07 (3) -0.20 (4) -0.13 
(8) -0.29 (9) 0.29 (10)-0.12 ('11) 0.16 
(15) 0.31 (16) 0.02 (17) 0.12 (18) 0.07 
(22) 0.17 (23) 0.41 (24) 0.21 (25) -0.15 
(29) 0.07 (30) 0.48 (31) -0.21 (32) 0.36 

(1) 0.46 (2) 0.35 (3) -0.46 (4) 0.22 
(8) -C.15 (9) -0.31 (10) -0.29 (11) -0.19 
(15) -0.39 116) 0.09 (17) 0.28 (12) -0.32 
(22) 0.13 ,(23) 0.09 (24) -0.06 (25) -0.22 
(29) -0.27 (30) -0.14 (31) 0.02 (32) 0.14 
(36) 1.00 

(I) 0.37 (2) 0.33 (3) 0.14 (4) -0.02 
(8) -0.43 (9) -0.28 (10) -0.30 (11) -0.08 
'(15) -0.16 (16) -0.04 '(17) 0.21 (10) -0.11 
(22) 0.13 (23) 0.29 (24) -0.05 (25) -0.29 
(29) -0.32 (30) -0.06 (31) 0.03 (32) 0.06 
(36) 0.3G (37) 1.00 

(9 )  -0.23 (ti) -0.20 (7) -0.02 
(12) -0.07 (13) -0.35 (14) -0.09 
(19) 4.46 (20) -0.05 (21) -0.38 
(26) -0.08 (27) 0.23 (28) -0.41 
3 )  - 0 3  (34) -0.07 (35) 0.23 



38 TPFA Products 
Conta in ing 
Methy 1 Groups 

39 TPFA Products ( 1 )  0.46 
Conta in ing (0 )  -0.15 
Propy l Groups (15)  -0.39 

(22) -0.13 
(29)  -0.27 
(36)  0.86 




