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INTRODUCTION 
D i f f u s e  re f l ec tance  i n f r a r e d  Four ie r  t rans form (DRIFT) spectroscopy 
has become a very i n fo rma t i ve  method o f  eva lua t ing  t h e  chemistry and 
s t r u c t u r e  o f  coals, chars, and r e l a t e d  ma te r ia l s  C1,2,31. I n f r a r e d  
spectroscopy has long been recognized a5 an i n f o r m a t i v e  means o f  
studying the  chemistry and physics o f  Coal5 C4,53. Recent advances 
i n  instrumentat ion,  computer assistance, and techniques have apprecia- 
b l y  enhanced the  amount and c a l i b e r  o f  t h e  spectra and the  s c i e n t i f i c  

' importance o f  t h e  conclusionsC6,7>. The enhanced s e n s i t i v i t y  o f  these 
new instruments has pe rm i t ted  renewed i n t e r e s t  i n  nondest ruc t ive  spec- 
t roscop ic  s tud ies  by d i f f u s e  r e f l e c t a n c e  i n f r a r e d  spectroscopyC8,9). 

EXPERIMENTAL 
The spectrometer, c e l l ,  and techniques f o r  measuring t h e  d i f f u s e  r e -  
f l ec tance  spectra o f  s o l i d  samples over a wide range o f  temperatures 
-and pressures have been descr ibed p rev ious l y  C 1 , 2 , 1 0 , 1 1 > .  A p o r t i o n  o f  
t h i s  study i s  devoted t o  extending our c a p a b i l i t i e s  t o  be able t o  
study unperturbed s o l i d  surfaces o f  r a t h e r  l a r g e  p ieces  o f  coal  and 
t o  d i r e c t l y  monitor changes wrought i n  s imulated chemical and phys ica l  
processing. Grinding of coa ls  i s  known t o  a l t e r  t h e  chemical and 
phys ica l  s t r u c t u r e  o f  Coal5 and al though DRIFT s tud ies  r e q u i r e  much 
l e s s  s t r i n g e n t  t reatment€9> the re  i s  most assuredly some m o d i f i c a t i o n  
due t o  the  energy d i s s i p a t i o n  accompanying percuss ive  grindingC123. 
The coal sample f o r  t h i s  study was a " run  o f  the  mine" a l i q u o t  taken 
from the  -3/+4 mesh se ive  f rac t i on ,  sealed i n  a g lass  b o t t l e  and 
s to red  f o r  approximately two months, f r e e  from thermal e f f e c t s  
(d ry ing)  and ex tens ive  ox ida t i on  (weathering) which a re  known t o  
markedly a l t e r  t he  morpholgy and chemistry o f  bo th  t h e  organic and the  
inorgan ic  (minera l )  cons t i t uen ts  i n  coalsC13>. Th is  sample was 
provided by the  Tennessee Va l l ey  A u t h o r i t y  from t h e  Paradise 
(Kentucky) Mine and i s  genera l l y  ranked as High V o l a t i l e  C-Bituminous 
a5 representa t ive  o f  t he  feed stock f o r  t he  f l u i d i z e d  bed combustion 
f a c i  1 i ty .  

RESULTS AND DISSCUSION 
T y p i c a l l y  t he  cleaved surfaces ( p a r a l l e l  t o  the  bedding plane) vary i n  
appearance due t o  t h e  heterogeneous d i s t r i b u t i o n  o f  t h e  macerals i n  
the  s t ruc tu re .  The v a r i a t i o n  i n  r e f l e c t i o n  o f  v i s i b l e  l i g h t  al lowed LIS 

t o  focus on g lossy  or d u l l  areas o f  t he  sur face  o f  t h e  p iece  o f  coal  
and t o  note the  v a r i a t i o n  i n  DRIFT response over d is tances  grea ter  
than our beam s i z e  (ca. 2mm w i t h  our 6X condensing o p t i c s ) .  F igure  1 
show5 the  v a r i a t i o n  i n  DRIFT s igna l .  Spectrum A was taken w i th  the  
i n c i d e n t  beam f l o o d i n g  a v i s i b l y  homogenous reg ion  o f  h igh  r e f l e c t i v -  
i t y  and we no te  t h a t  t he re  i s  appreciable specular r e f l e c t i o n  i n  the  
i n f r a r e d  w i t h  l i t t l e  or no spec t ra l  f ea tu res  i n d i c a t i v e  o f  d i f f u s e  
r e f l e c t i o n .  The negat.ive fea tures  (500 and 1100 cm-1) a re  undoubtedly 
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due t o  anomolous despersion o r  r e s t s t r a h l e n  effectsC14,15) which are 
regarded a5 de t r imenta l  t o  DRIFT analyses and a l low us t o  deduce some 
in fo rma t ion  concerning t h e  phys ica l  s t a t e  ( conso l i da t i on )  o f  the  coal 
s t r u c t u r e  i n  t h i s  reg ion .  I n  marked con t ras t  we no te  appreciable 
d i f f e rence  when sampling and d u l l  area o f  t he  same p iece  of coal .  The 
DRIFT spectrum, spectrum E, i s  s t i l l  of very poor q u a l i t y  due t o  the 
consol idated na ture  o f  t h e  substrate.  Very good DRIFT spec t ra  can be 
obtained a f t e r  gen t le  abrasion o f  t he  sur face  w i t h  f i n e  g r i t  "Emory 
Paper" and removal o f  t h e  dis lodged mate r ia l  as  shown i n  Spectrum C of 
F igure  1. Th is  m i l d  abrasion forms a sur face  which i s  rough enough t o  
r e f l e c t  and absorb electromagnet ic r a d i a t i o n  much as a f i n e  powder. 
This spec t ra l  response i s  v i r t u a l l y  i d e n t i c a l  t o  t h a t  o f  powders o f  
s i m i l a r  rank, given t h a t  t h e  q u a n t i t a t i v e  na ture  v a r i e s  due t o  
chemistry and s t r u c t u r e  o f  i n d i v i d u a l  a l i quo ts .  These spec t ra  i n  tu rn  
c o r r e l a t e  q u i t e  w e l l  w i t h  t h e i r  counterpar ts  obtained i n  the  t rans-  
mission made a f t e r  encapsulsat ion i n  K B r  or some other  support medium. 

Figure 2 serves t o  show t h a t  one can use t h e  DRIFT technique t o  
monitor chemical and phys i ca l  changes o f  a g iven sample o f  coal  very 
wel l .  Spectrum D shows t h e  DRIFT response of t h e  same area o f  t he  same 
sample i n  vacuum a t  400 C a f t e r  exposure t o  oxygen gas a t  400 C long 
enough t o  a t t a i n  t h e  steady s t a t e  cond i t i ons  deduced by sensing no 
f u r t h e r  change i n  spec t ra l  f ea tu res  ( i n t e n s i t i e s ,  band shapes and 
i n t e n s t i e s )  w i t h  t ime. V i sua l  observat ion a l l ows  one t o  semiquanti ta- 
t i v e l y  deduce some o f  t h e  re levan t  steps associated w i t h  ox ida t ion .  
Within the  depth o f  DRIFT response the  aromatic ( e )  and a l i p h a t i c  
(f ,g,h) hydrogen content i s  e s s e n t i a l l y  depleted and t h e r e  i s  a marked 
increase i n  carbonyl  con ten t  ranging from aldehydes/ketones ( k )  t o  the 
more oxygen r i c h  ac id  anhydr ides (i, j ) .  These oxygen i n s e r t i o n  pre- 
c u r ~ o r s  t o  gaseous carbon d i o x i d e  g i v e  r i s e  t o  spec t ra l  i n t e n s i t i e s  
which a c t u a l l y  exceed t h a t  o f  t he  omnipresent polynuclear aromatic (1) 
and methylenelether (m,n,o) c ross l i nks .  A l l  o f  t h i s  i s  noted t o  have 
l i t t l e  e f f e c t  on the  oxy-hydrogen phenol ic,  a l c o h o l i c  and ac id  e n t i t i e s  
t h a t  a re  present i n  va r ious  s t a t e s  o f  hydrogen bonding and g ives  r i s e  
t o  the broad absorp t ion  f e a t u r e  (3600 t o  2000 cm-1). A very r i c h  and 
e n t i c i n g  po tpour r i  o f  p o t e n t i a l l y  va luab le  i n fo rma t ion  t o  say t h e  
1 east. 
One can no te  t h e  l i m i t e d  pene t ra t i on  i nvo l ved  i n  DRIFT s tud ies  and 
a l s o  note t h a t  t h e  oxygen a t tack  i nvo l ves  a l aye r  o f  mate r ia l  near 
t h e  surface. Reabrasion o f  t h e  same area o f  t he  same sample g ives  
r i s e  t o  DRIFT spectrum E of  F igu re  2 where we no te  t h e  reve rs ion  t o  
t h e  spec t ra l  s t a t e  so c l a s s i c a l l y  c h a r a c t e r i s t i c  o f  t h e  o r i g i n a l  coal. 
The hydrocarbon bands (e,f,g,h) a re  again prominent and the  carbonyl 
bands ( i , j , k )  a re  g r e a t l y  diminished i n d i c a t i n g  t h a t  t he re  probably 
ex is ted  a g rad ien t  o f  oxygen dens i t y  which " t a i l e d "  beyond the  approx- 
imately 50 micrometers removed i n  the  second abrasion. A l l  o f  t he  
spec t ra l  fea tures  of E a r e  somewhat enhanced w i t h  respect t o  C due t o  
an increase i n  DRIFT e f f i c i e n c y  brought about by a more enhanced 
roughness and/or a mod i f ied  r e f r a c t i v e  index due t o  l o s s  of i n f r a r e d  
i n a c t i v e  g r a p h i t i c  carbon du r ing  t h e  combustion phase o f  t h i s  study. 
Fu ture  s tud ies  w i t h  t h i n n e r  sec t i on ing  w i l l  a l l ow  us t o  ob ta in  f u r t h e r  
d e t a i l s  from a d e t a i l e d  and q u a n t i t i t i v e  ana lys i s  o f  t he  chemical and 
s t u c t u r a l  p r o f i l e  o f  t h e  steady s t a t e  oxygen i n s e r t i o n / d i f f u s i o n  
process. 
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To t h i s  end we have ins t , iga ted  a program t o  q u a n t i t a t i v e l y  analyze our 
DRIFT spectra. The problem i s  complex s ince  v i r t u a l l y  every band over- 
l aps  one or more adjacent bands. There i s  c u r r e n t l y  a s t rong  i n t e r -  
na t i ona l  move t o  q u a n t i t a t i v e l y  analyze i n f r a r e d  spec t ra  i n  general 
.:16.17,18,19> and coal  spec t ra  i n  par t i cu la rC6,7> us ing  soph is t i ca ted  
and r e a d i l y  a v a i l a b l e  computersC203. F igu re  3 i s  our ana lys i s  o f  t h e  
data o f  DRIFT spectrum E, using t h e  second d e r i v a t i v e  t o  ra t t l e r  ac- 
c u r a t e l y  assess t h e  frequencies o f  t he  i n d i v i d u a l  c o n t r i b u t i n g  absorp- 
t i o n  bands i n  terms of t he  r e s u l t a n t  i n f l e c t i o n  p o i n t s  i n  the  sum-  
mation composite. The r e s u l t s  compare favorab ly  w i th  those o f  Fa in te r  
e t .  a l .  C7>. There has been a renewed i n t e r e s t  i n  "resol i . i t ion enhance- 
ment" of spectra by deconvolutionC21> techniques now t h a t  f a s t  Four ie r  
t ransforms are a v a i l a b l e  and t h e  requ i red  a lgor i thms have been 
developed. G r i f f i t h s  et.al.C9> have been ab le  t o  accura te ly  p o s i t i o n  

O u r  r e s u l t s  are g i v e  i n  F igure  4 f o r  t h e  hydrocarbon reg ion  o f  DRIFT 
spectrum E shown wit,h the  Four ie r  sel f -deconvolut ion.  Comparison o f  
F igures  3 and 4 merely p o i n t  ou t  t h e  c lose  r e l a t i o n s h i p  between decon- 
v o l u t i o n  and d e r i v a t , i i a t i o n  i n  terms o f  t he  m u l t i p l i c a t i v e  opera t ion  
t h a t  corresponds t o  each i n  t h e  t ime domainC22,23>. Both opera t ions  
are  mathematical ly classed as f i l t e r  f unc t i ons  ( a l b e i t  negat ive  or  
"~ir~smoothiny" f i l t e r s  i n  t h i s  ins tance)  C24l. The prime u t i l i t y  o f  
both techni  ques i s  t o  accura te ly  measure c h a r a c t e r i s t i c  band 
frequenci.es wi thout t h e  human e r r a r  associated w i t h  l o c a t i n g  i n f l e c t -  
i o n  p o i n t s  and "shoulders" r e l i a b l y  and reproduc ib ly .  That goal i s  
achieved admirably i n  bo th  cases. It i s  now euch a simple task t h a t  
we can t u r n  i t  aver t o  the  s imple "mind" o f  t he  computer where the  
maxima i n  both curves a re  evaluated w i thout  human i n t e r v e n t i o n  or  b ias .  
Table 1 tabu la tes  the  band p o s i t i o n  f o r  our analyses compared t o  the  
r e s u l t s  o f  othersC25,26:.. These carbon-hydrogen s t r e t c h i n g  frequencies 
are  i d e a l l y  su i ted  t o  t e s t  our program s ince  they are r e l a t i v e l y  i m -  
mune t o  subs t i tuent  and environmental effectsC251. 

Quan t i t a t i ve  analyses requ i res  accurate eva lua t i on  o f  t he  i n t e n s i t y  
(he igh t ) ,  i n teg ra ted  area and/or band w id th  o f  t h e  bands associated 
w i t h  the  v i b r a t i o n  o f  each e n t i t y .  Th is  can be done most r e l i a b l y  by 
i t e r a t i v e  minimum l e a s t  squaresCl6,17> or  some r e l a t e d  technique i n  
which the  summation of t he  composite peaks most c l o s e l y  matches t h e  
experimental spectrum. The band p o s i t i o n s  from t h e  second d e r i v a t i v e  
and/or Four ie r  se l f -deconvo lu t ion  are  used as f i r s t  approximations and 
i n t e n s i t i e s  are est imated r a t i o m e t r i c a l l y  ( u t i l i z i n g  the  area conserva- 
t i o n  inherent  i n  deconvolut ion).  I n i t i a l  band widths are  tak:en t o  be 
the  optimum value (average) used i n  t h e  Four ie r  sel f -deconvolut ion.  
General ly the  i t e r a t i o n s  converge i n  6 t o  10 steps w i thout  divergence, 
which can oc:cur i f  i n i t i a l  est imates are  g ross l y  d i spa ra te  from t h e  
optimum value. Our r e s u l t s  are given i n  F igu re  5 where we no te  t h a t  
the  dev ia t i on  (upper l i n e )  i s  a t  o r  near- t he  s ig r ia l /no ise  r a t i o  of the  
e:.:perimental spectrum. When t h i s  casf? p r e v a i l s  (standard dev ia t i on  
approximately equals the  s igna l /no i se  r a t i o )  for- t he  converged i n t e r -  
a t i ons  the re  i s  no j u s t i f i c a t i o n  o f  f u r t h e r  deconvolut ion and/or 
i nco rpo ra t i on  of a d d i t i o n a l  bands i n  the  envelope. Conversely, mare 
s t r i n g e n t  deconvolut ion i s  no t  warranted i f  t h e  standard dev ia t i on  i s  
not appreciably diminished toward the  s igna l / r io ise  r a t i o .  These 

7 coal  s t r u c t u r e  bands w i t h  Four ie r  s e l f  deconvolut ion o f  t h e i r  spectra.  
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. techniques are r e a d i l y  implemented w i t h  t h e  a i d  o f  today’s computers 
and we must be caut ious  t h a t  we do no t  abuse them by ta1::ing them 
beyond t h e i r  1 i m i  ts .  

The br-oad band due t o  t h e  oxygen-hydrogen streCching v i b r a t i o n s  i s  
seen t o  be composed o f  5 bands whose i n t e n s i t i e s  and widths are  given 
i n  F igu re  6. The p o s i t i o n s  and widths of these bands c l o s e l y  match 
those of Solomon e t .  a l .  Cb:.. Our spectrum i s  taken i n  vacuum (.00002 
t o r r )  and i s  a t r u e  vacuum spectrum as compared t o  t h e  purge s t a t e  
t h a t  i s  approached when a l k a l i  h a l i d e  p e l l e t s  a re  al lowed t o  e q u i l i -  
brate.  I t  i s  r e a d i l y  noted t h a t  t he  f i v e  f requencies a re  associat.ed 
w i t h  successively s t ronger  hydrogen bonding C27,28,29>. The r e l a t i v e  
s t rengths  are due t o  h igher  degrees o f  coo rd ina t i on  between t h a t  o f  a 
l i n e a r  bond t o  t h a t  o f  t h e  5 f o l d  i n t e r a c t i o n  o f  cubic Close packing 
of the  acceptor l i gands  o r ien ted  somewhat symmetr ical ly around the  
donor hydrogeri of t he  covalent phenol, a lcoho l ,  o r  a c i d i c  e n t i t i e s .  
In te rmed ia te  s t a t e s  correspond t o  lesser  i n t e r a c t i o n s  w i t h  hydrogen. 
Each band corresponds t o  increased 0-H 1 ength, decreased 0-H. . .O 
separat ion,  increased bandwidth, and enhanced e x t i n c t i o n  c o e f f i c i e n t  
i n  accordance w i t h  known behavior- of s i m i l a r  hydrogen bondinyC27-29). 
The importance i n  a good understanding o f  thes;e hydrogen bonds i s  
essen t ia l  t o  understanding the  s t r u c t u r e  and chemistry and s t r u c t u r e  
o f  coa ls  and r e l a t e d  ma te r ia l s .  More d e t a i l  w i l l  be g iven i n  t h e  o r a l  
present a t  i on. 

The u t i l i t y  of t h i s  computer aided ana lys i s  i s  q u i t e  ev ident  when 
app l ied  t o  the  lower frequency range (F igu re  8 )  where c l a s s i c a l  methods 
based on v i s ~ i a l  observa t ion  and operator judgement a re  f a r  from 
quan t i t a t i ve .  For example, t h e  carbonyl  bands a t  1843, 1760 and 1720 
cm-1 are  r e a d i l y  reso lved even i n  the  presence o f  the  very l a r g e  
aromatic peal:: a t  1608 cm-lC9l. More d e t a i l s  w i l l  be given i n  t h e  o r a l  
p resenta t ion  t o  no te  the  q u a n t i t a t i v e  aspects o f  ana lyz ing  successive 
spec t ra  t o  e luc ida te  t h e  mechanism of owi.dation o f  coa ls  and chars. 

CONCLUSIONS 
Modern spectrometers w i  t.h computer aided data aqiri s i  t . ion and proces- 
s ing  are very we l l  s u i t e d  t o  ob ta in  d i f f u s e  re f l ec tance  i n f r a r e d  
spec t ra  o f  coa ls  w i t h  a minimum t ime and e f f o r t  f o r  sample preparat ion.  
The spec t ra  a re  o f  h igh  c a l i b e r  and are  very comparable t o  the  best 
t ransmission spectra.  0uan t i t . a t i ve  data i s  obtained f o r  t he  reg ion  
penetrated by the  i n c i d e n t  beam. Depth p r o f i l i n g  i s  poss ib le  u t i l i z -  
i n g  t h i s  sur face  s e n s i t i v i t y  o f  the  DRIFT technique. L a t e r a l  scanning 
i s  a l s o  poss ib le  t o  a l l ow  m e  t o  eva lua te  the  he terogene i ty  and specie 
d i s t r i b u t i o n  i n  the  p lane o f  t he  surface. The u t i 1 i t . y  of DRIFT 
techniques, so we l l  recognized f o r  powdered coals,  cain be used on 
conso l ida ted  coa ls  and thus  measure and map chemistry and s t r u c t u r e  o f  
of t h e  o r i g i n a l  c o a l i , f i e d  mat.r ix. These s tud ies  are e a s i l y  e f f e c t e d  
under c o n t r o l l e d  environments t o  ma in ta in  coal  bed ccir id i t ions (h igh  
r e l a t i v e  humid i ty )  , generate i n e r t  atmospheres (n i t rogen  or  argon 
gas) induce and moriti o r  r e a c t  i o n s  (hydra t  ion/dehydr-at i  on , ox ida t i on  , 
hydrogenation, carbonat ion ,etc.  ) ,  o r  v i r t u a l l y  any combi,nation over a 
wide range of temperatures (77 k: t o  H 0 O  H )  and pressures (.OCiOCQ t o r r  
t o  2000 t o r r )  w i t h  o w  pr-eselit c e l l .  611 of t h e  s t ~ ~ d i e s  a re  e a s i l y  
made f r e e  of mat r i x  and supports normal ly used f o r  IF; s t ~ d i e s  of 
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so l i ds .  The h igh  q u a l i t y  of t he  spec t ra  a re  we l l  suit .ed t o  
quanti  ta t i . ve  analyses us iny  modern computer aided deconvolut ion and 
r e l a t e d  composite band eva lua t ion  techniques. We now can s t a r t  t o  
evaluate the  complex chemistry arid s t r u c t u r e  of coa ls  and r e l a t e d  
ma te r ia l s  and t o  f o l l o w  t h e  f a t e  of each and every specie as we ob ta in  
spectra under r e a l i s t i c  cond i t i ons  o f  c o a l i f i c a t i o n  and subsequent 
combustion or procesa;ing f o r  f u e l s  and feedstocks. 

REFERENCES 
1. N. R. Smyrl and E. L. F ~ i l l e r ,  J r . ,  "Chemistry and Structur-& o f  
Coals: D i f f u s e  Ref lectance In f ra red  Transform (DRIFT) Spectroscopy of 
A i r  0,:idation." i n  "Coal and Coal Products: A n a l y t i c a l  Character- 
i z a t i o n  Techniques" ed i ted  by E. L. Ful ler- ,  Jr-. , Amer-ican Chemical 
Society, 1982. 
2. E. L.. F ~ i l l e r ,  Jr . ,  N. R. Smyrl, R. W. Smithwick, and C. S .  Daw, 
"Chemistry and S t ruc tu re  of Coals: A i r  Ox ida t ion  Related t o  F l u i d i z e d  
Red Combustion", P rep r in t s ,  Div. Fuel Chem. A.C.S., 28, 44(1983). 
3. M. P. F u l l e r  and P. R. G r i f f i t h s ,  Anal. Chem. 50,1906 (1978). 
4. D. W. van Krevelen, "Coal", E l sev ie r  Publ., 1961. 
5. Robert S. McDonald "Review: I n f r a r e d  Spectrometr-y", Anal. Chem. 
54, 1250, (1982). 

7 6. P. R. Solomon, D. G. klamblen and R. M. Carangelo, "App l i ca t i ons  o f  
Four ie r  Transform Spectroscopy I n f r a r e d  Spectroscopy i n  Fuel Science", 
i n  "Coal and Coal Products: Ana ly t i ca l  Charac ter iza t ion  Techniques", 
ed i ted  by E. L. F u l l e r ,  Jr.,  American Chemical Society,  1982. 
7. Paul C. Pa in te r ,  Randy M. Snyder, Michael S t a r s i n i c ,  Michael Coleman, 
Deborah W. Kuehn, and Alan Davis, "Four ie r  Transform I n f r a r e d  
Spectroscopy: App l i ca t i on  t o  t h e  Q u a n t i t a t i v e  Determinat ion o f  Funct ional  
Groups i n  Coal", ib id . ,  1982. 
8. Peter R. G r i f f i t h s  and Michael F'. F u l l e r ,  "Mid- in f ra red  Spectrometry 
of Powdered Samples" i n  "Advances i n  I n f r a r e d  and Raman Spectroscopy" 
Val. 9, p. 63, ed i ted  by R. J. H. Clark and R. E. Hester, Heyden and 
Sons, 1982. 
9. Peter R. G r i f f i t h s ,  Shih-Hsien Wang, Issam M. Hamadeh, Paul W. Yang 
and David E. Henry, "D i rec t  I n v e s t i g a t i o n  o f  Reacting Coal5 by D i f f u s e  
Ref lectance I n f r a r e d  Spectroscopy", P rep r in t s ,  D i v i s i o n  o f  F ~ i e l  
Chemistry, A.C.S. 28, 27 (1983). 
10. N. R. Smyrl, E. L. F u l l e r ,  Jr . ,  and 0. L. Powell ,  Appl ied 
Spectroscopy 37, 38 (1983). 
11. E. L. F u l l e r ,  Jr .  , N. R. Smyrl, J. H. Condon and M. Eager, 
J. Nuclear Mater ia ls ,  IN  PRESS(1983). 
12. E. L. F u l l e r ,  Jr.,  J. C o l l o i d  and I n t e r f a c e  Science 75, 577 (1980) 
13. E. L. F u l l e r ,  Jr.,  J. C o l l o i d  and I n t e r f a c e  Science 89, 309 (19817) 
14. W. W. Wendtlandt and H. G. Hecht, "Ref lectance Spectroscopy", 
I n te rsc ience  Publ., 1966 
15. F. A. Jenkens and H. E. White, "Fundamentals o f  Opt ics",  McGraw- 
H i l l ,  1957. 
16. R. D. F. Fraser and E. Suzuki, Anal. Chem.,3B, 1770 (1966) 
17. R. D. 5. Fraser and E. Suzuki, Anal. Chem.,39,37 (1969) 
18. R. N. Jones and K. Shimokoshi, Appl ied Spectroscopy, 37, 59 (1983) 
19. P. H. Von C i t t e r t ,  2 .  Phys., 69, 298 (1931). 
20. R. Peter Young, "Computer Systems", i n  " I n f r a r e d  and Raman 
Spectroscopy" e d i t e d  by E. G. Rrame, Jr., and J. G. Grasse l l i ,  
Marcel Dekker, 1977. 

5 



21. W. E. Blass and G. W. Halsey, "Deconvolut ion o f  Absorption 
Spectra", Academic Press, 1981. 
22. J. K. Kaupinen, D. J. Mof fa t ,  H. H. Mantsch and D. G. Cameron, 
Anal. Chem. 53, 1454 (1981) 
23. R. E. Ziemer and W. H. Tranter,  " P r i n c i p l e s  o f  Communications", 
Houghton M i f f l i n ,  1976. 
24. J. K. Kaupinen, D. J. Moffat ,  D/ G/ Cameron and H. H. Mantech, 
Applied Op t i cs  20, 1866 (1981). 
2s. Norman 5. Colthup, Lawrence H. Daly, and Stephen E. Wiberley, 
" I n t roduc t i on  t o  I n f r a r e d  and Raman Spectroscopy", FIcademic Press, 1964 
26. Herman A. Szymanski, " I R :  Theory and P r a c t i c e  o f  I n f r a r e d  
Spectroscopy", Plenum Press, 1964. 
27. George C. McClel len and A. McClel lan, "The Hydrogen Bond", W. H. 
Freeman, 1960. 
28. Serge N. Vinogradov and Robert H. L i n n e l l ,  "Hydrogen Bonding", 
Vand Nostrand Reinhold, 1971. 
29. Walter C. Hamil ton and James A. Ibers ,  "Hydrogen Bonding i n  
So l ids" ,  W. A. Benjamin, 1968. 

C*) This  study was funded b y  the  Tennessee Va l l ey  FIuthor i ty 
through The Engineer ing Technology D i v i s i o n  o f  The Oak Ridge 
Nat ional  Laboratory.  
C*+> C. S. Daw i s  a member o f  The Engineer ing Technology 
D iv i s ion ,  Oak Ridge Nat iona l  Laboratory, Oak Ridge, TN 37830 
C*+*> Operated f o r  The Un i ted  States Department o f  Energy by Union 
Carbide Nuclear D i v i s i o n  under U. S .  Government Contract  Number 
W-7405-eng-36. 

TABLE 1. VIBRATIONAL FREQUENCIES EVALUATED FOR KENTUCKY # 9 ( 5 8 )  COAL 
( f reqenc ies  tabu la ted  as wavenumbers, cm-1) 

Thi!a work Ref. 7 Ref 25---------- FIssi gnment 

305 1 

3017 

2958 2956 29t.2+/-1 a RCH3 

2925 2923 2925+/- 5 FIrCHJ k R2CH2 

2894 289 1 2900+/- 7 R3CH 

2870 2864 2872+/- 10 RCH3 & ArCH3 

2854 2849 2855+/-10 R2CH2 

2752 ----- 

SOS0+/-50 Ar-H 

3025+/-25 R2C=CHR k RCH-CHR 

----- 
----- 

2732+/- 12 RCHO 
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DRIFT SPECTRA: MODIFIED KENTUCKY NUMBER NINE 

WIVENUMBERS ISm*'l 

Figure  2. E f f e c t s  of Chemical and Physica l  Treatment of Kentucky 09 
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REFLECTANCE SPECTRA: SOLID KENTUCKY NUMBER NINE 

Figure  1. DRIFT Spectra l  V a r i a t i o n  f o r  Kentucky W9 
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iigure 5. Least Squares Composite Sum f o r  
Hydrocarbon (K958) 

Figure 4. Fourier Self-deconvolution of 
Hydrocarbon Spectrum (K958) 

f 

Figure 3. Second Derivative Analysis of Hydrocarbon 
Spectra (K958) 
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F i g u r e  7.  Hydrogen Bonded Hydroxyl Sequence V a r i a t i o n  (K958) 

F i g u r e  6.  Least  Squares Composite Sum for  Hydroxyl Bands (K958) 
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RELATION BETWEEN HYDROCARBON STRUCTURE AND FRAGMENTS PRODUCED IN PYROLYSIS 

Peter R. Solomon, Kevin R. Squire and Robert M. Carangelo 

Advanced Fuel Research, Inc.. 87 Church Street, East Hartford, CT 06108 

Analysis of the heavy molecules which form tar in hydrocarbon pyrolysis can 
provide clues to the mechanisms of their release and to the structure of the parent 
molecule. This paper considers the relationship between the original hydrocarbon 
structure and the product tar. Pyrolysis experiments have been performed in a 
heated grid apparatus on several coals and lignins and on a polymer specifically 
synthesized to model features of natural hydrocarbons. Tars were collected and 
analyzed by Fourier Transfrom Infrared (FT-IR) Spectroscopy. The functional group 
composition of tars for a bituminous coal, a lignin and a polymer are all remarkably 
similar to the functional group composition of the parent material. It is believed 
that for these samples, the tar consists of minimally disturbed fragments of the 
original organic matrix. Molecular weights of tars were determined by Field 
Ionization Mass Spectrometry (FIMS) for tars collected from the heated grid 
apparatus and for samples pyrolyzed directly in the FIMS apparatus. The mass 
spectra all exhibit features reflecting structural aspects of the parent molecule 
and for the softening bituminous coals, the lignin and the polymer, the upper limit 
of molecular weight appears limited by vaporization. The process appears to be 
controlled by the combined effects of pyrolysis and vaporization, where bond 
breaking is required to produce fragments which are small enough to volatilize. The 
fragments are, therefore, similar in composition to the parent solid but lower in 
molecular weight. 

has been used to interpret the results. The theory combines random cleavage of weak 
bonds in the polymer (to produce "metaplast") with transport of depolymerization 
fragments by vaporization and diffusion. The theory predicts product yields and 
molecular weight distributions in agreement with the observed results. An attempt 
has also been made to fit the regular structure in the FIMS spectra with an assumed 
distribution of likely homologous series. Although the assignments are highly 
speculative, it is possible to obtain a reasonable facimile of the FIMS spectra with 
chemically reasonable choices. 

A computer model for the coupled pyrolysis and vaporization of macromolecules 

EXPERIMENTAL 

The pyrolysis experiments were performed in an apparatus which employs an 
electrically heated grid within an infrared cell to provide on-line, in-situ 
analysis of evolved products by Fourier Transform Infrared (FT-IR) Spectrometry. In 
the flash pyrolysis experiments, the cell was closed and the grid was heated to a 
final temperature at between 600 and 2000°C/sec. Char yield was obtained 
gravimetrically from the residue in the grid. Tar samples were obtained from the 
cold glass wall of the cell or from in-line filters and yields were obtained 
gravimetrically. Details of the experiment have been described previously (1,Z). 

International. The FIMS technique ionizes molecules with minimal fragmentation and 
so gives a direct molecular weight distribution ( 3 ) .  

rings linked by ethylene bridges, is described elsewhere (6). 

The field ionization mass spectrometry (FIMS) experiments were performex at SRI 

The preparation of the polymer, poly(l,4-dimethylenenaphthalene), napthalene 

RESULTS 

In relating pyrolysis products to the parent hydrocarbon, one of the most 
striking observations is the similarity often seen for the functional group 
composition of the two materials. Figure 1 shows FT-IR spectra for the tars, parent 
hydrocarbons and their differences for the model polymer, a lignin, a lignite, and a 
bituminous coal. Except for the lignite, the pairs of spectra are quite similar. 
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An important difference in the bituminous coal spectrum is a higher methyl group 
concentration in the tar which appears to result from rupture of 
C(aliphatic)-C(aliphatic) bonds followed by radical stabilization. 
loss Of C(aliphatic)-o bonds in lignin tar is probably due to rupture of ether bonds 
and evolution of water. 

samples Plus two additional coals are presented in Figs. 2 and 3. 
except for the lignin (which was pyrolyzed in the heated grid apparatus) were 
directly pyrolyzed in the FIMS apparatus. 

distribution is for the sum of products obtained during pyrolysis. 
spectra in Figa3 2b and 3 are the odd numbere$ masses for molecules which include 
nitrogens or C . The simplest spectrum is that of the polymer. It consists of 
oligomers from monomers to heptamers. A l l  the oligomers are released over a narrow 
temperature range between 400" and 425'C. This contrasts with the results obtained 
when the polymer tar is used as the sample in the FIMS. In this case, the sample 
distills with monomers and dimers coming off below 150"C, trimers and tetramers 
below 275°C and pentamers and hexamers near 400°C (4). 
the distribution of oligomers in Fig. 2a does not result from evaporation alone, but 
must be controlled by pyrolysis. The next simplest spectrum is that for lignin 
which appears to result from monomers, dimers and trimers. 
of dimers in this spectrum is thought to be due to dilignols linked by thermally 
stable bonds. 

The mass spectra of the coal pyrolysis products (Fig. 3) are the most difficult 
to interpret. The spectra consist of regularly spaced clusters of peaks on  top of a 
smooth background. The height and width of the background increases with rank. 
Extensive studies of coal pyrolysis products have been performed by Meuzelaar and 
co-workers (E). 
produces fragmentation, while the FIMS spectra presented here have negligible 
fragmentation. 
many of the FIMS peaks. For  example, the following homologous series have been 
identified in Py-MS spectra: m/z- 110, 124, 138 (dihydroxy-benzenes); m/z-94, 108, 
122, 136, 150 (phenols); m/z-142, 156, 170, 184 (napthalenes); and m/z-92, 106, 120 
(benzenes). 

organized into peak clusters which have a long range periodicity of 12 1/2 mass 
units. For subbituminous and higher rank coals, the peaks clusters appear to be 
arranged in groups of 4 with the peak clusters at 160, 210, 260, 310, etc. being 
larger than the previous peak cluster. The interpretation is that each set of 4 
peaks is a similar series differing by an addttional fused aromatic ring. After the 
addition of a new ring, the next peak cluster is larger by 14, representing the 
addition of saturated carbons, but the spacing is gradually reduced as the number of 
extra carbons grow, reaching 12 1/2 mass units per cluster with the addition of the 
next ring. The change in spacing is thought to result from increasing unsaturations 
as the side chains grow and form rings. 2) There are relatively low intensities at 
mass numbers for unsubstituted aromatics such as napthalene and anthracene; methyl 
or hydroxyl substituted aromatics have higher values but bi-substituted compounds 
appear to achieve a maximum. The interpretation is that fragments require the 
breaking of at least one and, more likely, two bonds, and therfore, are left with 
one or more substitutions. 
separated by saturated carbons. The relationship of these peaks can be seen by 
plotting their intensity as a function of the time (or temperature) at which they 
were evolved. Fig. 4 shows a series of peaks for a Pittsburgh Seam bituminous coal 
at 108, 122, and 136 compared to a series at 110, 124 and 138. The latter series 
evolves at a shorter time (lower temperature) than the former. The interpretation 
is that the 110 series is dihydroxy-benzene, while the former is a methyl 
hydroxy-benzene. The latter will likely require the breaking of 
C(a1iphatic)-C(a1iphatic) bonds which requires more energy and have higher 
temperatures than the breaking of C(a1iphatic) bonds. 4) The relationship between 
the compound class and the temperature of evolution is further examined in Fig .  4b 

7 
Similarly the 

Molecuar weight distributions f o r  the heavy products obtained for these 4 
A l l  samples 

These samples were heated at 
\ approximately 2-3"C/min to temperatures up to 46OOC. The molecular weight 

The darker 

This contrast suggests that 

The large contribution 

Their results are obtained for electron impact Ionization which 

Meuzelaar's results can, however, be used to g u i d e  our assignment of 

A number of observations can be made about the spectra: 1) The peaks are 

3) There are a number of homologous series which are 
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which presents the time-dependent intensities of 5 masses associated with one 
cluster for a lignite. A s  can be seen, the temperature of evolution goes down with 
increasing molecular weight. 
the bituminous coal. A s  can be seen, the highest molecular weight corresponds to 
oxygen substituted species, while the lowest corresponds to methyl. This reduction 
in pyrolysis temperature of oxygenated species is consistent with the rank 
dependence in pyrolysis products discussed in (8) presented at this symposium. The 
highest and broadest profile corresponds to a molecular weight having the widest 
variety of contributing compounds. 

The lignite peaks are more widely separated than for 

DISCUSSION OF TAR FORMATION IN COAL AND OTHER HYDROCARBONS 

The mechanisms of tar evolution have been considered by a number of 
investigations (9-16). 
following steps: 1) Formation of tar molecules, 2 )  transport and evaporation, and 
3) possible repolymerization to form coke or char. The questions are: what is the 
source f o r  tar, how are tar molecules formed, what are the transport bottlenecks and 
what is the relationship between the formation, transport and repolymerization of 
tar molecules? The following conclusions were reached in a recent review (17). 

It is generally agreed that the process includes the 

1. For bituminous coals, lignins, and some polymers, tar molecules appear to 
be minimally disturbed fragments of the coal's organic structure. The evidence for 
this is the striking similarity between the tar and parent material which has been 
observed in elemental composition, IR spectra (see Fig. 1) and NMR spectra. 

2 .  The production of tar molecules involves bond breaking. The possibility 
that tar molecules exist in the parent material and are released through evaporation 
without any bond breaking can be ruled out on the basis of two observations. The 
first is that extractable molecules generally have a higher average molecular weight 
than tar molecules (e). 
previously formed tar has a much different temperature dependence than evolution of 
tar from coal, as discussed above. 

3 .  The variation of yield and molecular weight distribution of tar with 
pressure suggest that the transport is controlled by gas phase diffusion. An 
example of the influence of pressure on the molecular weight distribution is 
illustrated in Fig. 5 which presents FIMS data for a Pittsburgh Seam coal tar 
produced at 4 atm., and a polymer tar produced at 5 atm. The reduction of the 
average molecular weight with increasing pressure is striking (see Figs. 2a and 7c). 
Unger and Suuberg have presented similar data (E) and have argued (E) that for 
softening coals this effect and the variation of yield with pressure can be 
explained by assuming that the limitation is the diffusion away from the liquid 
surface during the evaporation process. High pressures hinder the evolution of 
heavier molecules leading to cracking or repolymerization. 

Considering the available evidence, tar formation in softening hydrocarbons may 
be viewed as a combined depolymerization and evaporation process in which the 
pyrolytic depolymerization continually reduces the weight of the molecular fragments 
through bond breaking and free radical stabilization until the fragments are small 
enough to be evaporated. 

does not appear to be the transport bottleneck. 
molecular weight of the tars from non-softening lignite and subbituminous coal 
compared to that from the softening polymer, lignin and bituminous coal, suggests 
that some other mechanism for limiting the evolution of high molecular weight 
components must exist, possibly activated diffusion in the solid as suggested by 
Gavalas et a1 (E). 

The second observation is that the evaporation of 

For non-softening coals, vaporization at the ambient pressure of the experiment 
In Figs. 2 and 3 ,  the very low 

MODELING 

A theory for the combined effects of bond breaking and vaporization has been 
developed. The theory combines random cleavage of weak bonds (similar to the 
concept used by Gavalas et a1 (15)) with transport of depolymerization fragments by 
vaporization and diffusion (1ikeUnger and Suuberg (16)) to predict product yield 
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and composition. The assumptions in this theory include: (1) the bonds between the 
monomer units in the polymer molecules are the only weak bonds and are equally 
likely to be cleaved; and ( 2 )  repolymerization to form a different chemical 
Structure is not included. 

loss due to bond breaking to form smaller oligome:s, the rate of increase due to 
formation of new oligomers from the breaking of higher molecular weight oligomers 
and the rate of loss due to evaporization. The process continues as long as 
hydrogen is available to stabilize the free radicals. 
equations over time yields the amount and molecular weight distribution of the 
vaporized products which constitutes the tar. The computations for the polymer 
(which has only one monomer) are the numbers in parenthesis on Figs. 2 and 5. 
predictions compare favorably with the second set of numbers which are the observed 
integrated intensities. The theory applied to lignin assuming 7 monomers was 
described in a recent publication (2). The theory gives reasonable results. 

Coal is more difficult to model because of the variety of monomer types and 
bond energies. 
clusters of peaks which show up consistently in the FIMS spectra. The scheme is 
outlined in Fig. 6 .  
probability for occurrence listed in column A ,  side chains (or 5 membered rings) are 
added with the probabilities in column B. Additional fused aromatic rings are added 

are added in column D. The probabilities shown are f o r  the Pittsburgh Seam coal 
FIMS in Fig. 7c. The distribution of all possible combinations (the monomer 
distribution) is illustrated in Fig. 7 a  which compares reasonably well with the peak 
clusters in Fig. 7c. The dimer distribution is obtained by adding this distribution 
(minus 2 to account for the loss of hydrogen in the dimer bridge) to a second 
monomer distribution which includes molecular weights below 100 (introduced 
artificially by taking off one fused ring). The dimers were added to the monomers 
in a ratio of 3.1. This is a departure from the above theory which predicts that 
initially all oligomers are equally likely, but this compensates for the lack of 
trimers and tetramers. The resulting distribution is then convoluted with a 
vaporization probability to produce Fig. 7b which now has the peak clusters as well 
as the smooth background. The exercise shows that the assumed simple distribution 
is a possible choice. Other possibilities may also fit, but the choice must have 
sufficient regularities to produce the observed FIMS peaks. 

The lignite molecular weight distribution is clearly controlled by processes 
other than vaporization as indicated by the lack of appreciable molecules above 200. 
Lignite is a non-softening solid. The rigid cross-linked nature of the molecular 
structure provides several possible explanations: (1) the cross-link density is so 
high and the available hydrogen for stabilization so low that there are very few 
dimers and trimers which can be released; ( 2 )  the rigid structure sterically hinders 
the escape of large molecules; ( 3 )  the rigid structure creates high pressures in the 
pores which hinders the escape of large molecules. These possibilities are 
currently under investigation. 

\ 

For any oligomer (i) with molecular weight M .  the theory computes the rate of 

Integrating the rate 

The 

We have attempted to get a monomer distribution by fitting the 

7 Starting with three basic single ring compounds with the 

with the probabilities in column C and additional hydrogens to saturate the rings 1 ,  

J 

CONCLUSIONS 

1. Pyrolysis tars for a number of different hydrocarbons including softening coal, 
lignin and model polymers appear to be minimally disturbed fragments from the parent 
hydrocarbons. 2 .  FIMS spectra are useful in providing unfragmentated molecular 
weight distributions for tar. The spectra for coals are remarkably regular. All 
spectra have the same series of peak clusters. Rank variations show up as 
variations in the intensity of the peak clusters and in the amount and width of a 
smooth background. 3 .  The spectra of the simplest compounds (lignin and a model 
polymer) can be modeled by a theory which combines random cleavage of weak bonds to 
form oligomers which are small enough to vaporize. The theory predicts the correct 
trends for softening coals but not for lignite and low rank coals. 4 .  A 
speculative scheme for matching FIMS spectra of coals with an assumed monomer 
distribution appears to give reasonable results. 

I 
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Figure 5 .  FIMS Spectra of two Hydrocarbon Tars Produced a t  Elevated Pressure.  
Spectra f o r  Tars from the same Hydrocarbon produced in Vacuum are presented i n  
Figs .  2a and 7c.  
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I n t r o d u c t i o n  

The s t r u c t u r a l  c h a r a c t e r i s t i c s  of low-rank c o a l s  and s e p a r a t e d  l i t h o t y p e s  were 
examined by s e v e r a l  t e c h n i q u e s .  The b u l k  of t h e  work was accomplished w i t h  p re s su re  
d i f f e r e n t i a l  scanning c a l o r i m e t r y  (PDSC). Supplemental  i n fo rma t ion  r ega rd ing  func- 
t i o n a l  groups was gene ra t ed  by e l e c t r o n  spec t roscopy  f o r  chemical  a n a l y s i s  (ESCA) 
and i n f r a r e d  s p e c t r o s c o p y  ( I R ) .  A r o m a t i c i t i e s  were c a l c u l a t e d  from t h e  PDSC thermo- 
gram by a peak h e i g h t  r a t i o  method which has  been used i n  t h e  p a s t  on whole c o a l s ,  
o rgan ic  compounds, and polymers  (1, 2 ) .  A r o m a t i c i t i e s  were determined f o r  whole 
coa ls  and s e p a r a t e d  l i t h o t y p e s  ( f u s a i n ,  d u r a i n ,  and v i t r a i n ) .  The f u s a i n  i s  t h e  
most a romat i c  of t h e  l i t h o t y p e s ,  w i t h  a r o m a t i c i t i e s  ranging from 0.67 t o  0.80. 
C a l c u l a t i o n s  made us ing  t h e  p r o p o r t i o n s  o f  each  l i t h o t y p e  p r e s e n t  i n  t h e  c o a l  d e t e r -  
mined a weighted a r o m a t i c i t y  which co r re sponds  ve ry  c l o s e l y  t o  a r o m a t i c i t y  on t h e  
whole c o a l .  ESCA was used t o  examine t h e  ca rbon  Is peak f o r  whole c o a l  and Litho- 
types .  C o r r e l a t i o n s  were made between t h e  r e l a t i v e  abundances of C-C,  C=O, and C-0 
bond t y p e s  and c o a l  l i t h o t y p e .  In n e a r l y  a l l  c a s e s ,  f u s a i n  had t h e  l a r g e s t  r a t i o  of 
C-C bonds. The s p e c t r a l  modes i n  t h e  i n f r a r e d  which showed s i g n i f i c a n t  d i f f e r e n c e s  
w i t h  l i t h o t y p e  i n c l u d e  C=O and C-H s t r e t c h i n g .  

Methods and Procedures  

F i v e  low-rank c o a l s  and a s s o c i a t e d  l i t h o t y p e s  l i s t e d  i n  Table  1 were ob ta ined  from 
mines i n  t h e  F o r t  Union and Powder R ive r  r e g i o n s .  The whole c o a l s  o r i g i n a t e d  from 
channel  samples r e p r e s e n t i n g  one v e r t i c a l  s e c t i o n  o f  t h e  mine. L i tho types  were 
s e p a r a t e d  from samples t aken  n e a r  t h e  l o c a t i o n  o f  t h e  channe l .  The l i t h o t y p e s  were 
s e p a r a t e d  i n t o  t h r e e  b a s i c  t y p e s  based on megascopic d i f f e r e n c e s .  The v i t r a i n  i s  a 
v e r y  h a r d ,  v i t r e o u s  l i t h o t y p e .  Durain h a s  a d u l l ,  woody appearance and i s  s o f t  
compared t o  v i t r a i n .  The f u s a i n  i s  c h a r c o a l - l i k e  and v e r y  f r agmen ta l .  

TABLE 1. COAL M I N E  LOCATION DESCRIPTION 

Seam - - Mine Rank County S t a t e  Region 

Beulah L i g n i t e  Mercer North Dakota F o r t  Union Beulah-Zap 
Ind ian  Head L i g n i t e  Mercer North Dakota F o r t  Union Beulah-Zap 
Velva L i g n i t e  McHenry North Dakota F o r t  Union Coteau 
Glenharold L i g n i t e  Mercer North Dakota F o r t  Union Scranton 
Gascoyne L i g n i t e  Bowman North Dakota F o r t  Union Harmon 
Spr ing  Creek Subbituminous Big Horn Montana Powder Creek Die t z  

A DuPont 1090 Thermal Analyzer  system w i t h  a p r e s s u r e  DSC c e l l  was used ,  t o  d e t e r -  
mine a r o m a t i c i t y .  D e t a i l s  of t h i s  p rocedure  have been pub l i shed  e l sewhere  ( 1 ,  2). 
B r i e f l y ,  t h e  p rocedure  t o  de t e rmine  t h e  a r o m a t i c i t y  invo lves  h e r m e t i c a l l y  s e a l i n g  
between 0.5 t o  1.5 mg sample i n  an  aluminum pan wi th  a sma l l  h o l e  punched i n  t h e  
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lid; the sample is then heated linearly from 150° to 6OOOC at 20°C/min under 500 psi 
oxygen to obtain the thermogram. The aromaticity is calculated from the thermogram 
as explained in the following section. 

Samples were analyzed by transmission infrared spectrophotometry in an attempt to 
determine qualitative differences in functional groups among lithotypes. The dry 
coal spectra were obtained using KBr pellets. Appropriate amounts of coal and KBr 
were used to give a 0.4% or less coal to KBr mixture. 

ESCA was used to determine the relative amounts of carbon as C-C, carbon bonded only 
to carbon o r  hydrogen; C-0, carbon in ether o r  phenol groups; and C=O, carbon in 
carboxyl o r  carbonyl groups. Samples used for ESCA analysis consisted both of 
ground samples and whole pieces of coal. The ground samples were pulverized to pass 
a 200 mesh sieve and pressed into 12.5 nun pellets using a standard laboratory press. 
The whole pieces of coal were attached to the sample holder with double stick tape 
and metal clips. Analysis was done using a Physical Electronics model 548 ESCA 
system. The sample bell jar was maintained at 10-100 nPa. Analysis time was ap- 
proximately 30 minutes, using an analyzer pass energy of 25 eV. The x-ray beam was 
5 mm in diameter to insure a large spectral area. The spectra were corrected for 
charging by assigning the hydrocarbon C-C peak to -284.6 eV. The spectra were 
resolved into components using a curve fitting routine employing a Gaussian-Lorentz- 
ian function to separate the carbon 1s peaks ( 3 ) .  

Results and Discussion 

Aromaticities and temperatures of the peak maxima were determined for whole coals 
and lithotypes by the PDSC thermograms. The thermograms produced by the PDSC ex- 
periment of lithotypes from the Velva mine of North Dakota are shown in Figure 1. 
The apparent aromaticity, f', of these samples was found by dividing the height of 
the high-temperature peak o f  the thermogram by the sum of the heights of both peaks. 
The corrected aromaticity, fa,, was then calculated by the empirical equation f = 
0.263 + 0.868 fi (1). (Preliminary work (1) suggests that different equations for 
calculating f from f ' may be needed for different lithotypes; however, until 
further data ? s  The results 
show that fusain is the most aromatic while durain and vitrain have lesser but 
similar aromaticities. The peak temperatures of the aromatic region of the PDSC 
thermogram were measured to determine the amount of ring condensation ( 1 ) .  

Five lignites and one subbituminous coal were examined by the PDSC method. The 
results indicate that the fusain was consistently the most aromatic of the litho- 
types. The durain and vitrain of each coal were always lower, but similar to each 
other, in aromaticity. The peak temperatures and corrected aromaticities of all six 
coals and their lithotypes are summarized in Table 2. 

The temperature of the aromatic peak (high-temperature peak) is important when 
determining the number or average number of aromatic clusters in coal. Figure 2 is a 
plot of the temperature of the aromatic peak versus the number of fused rings. This 
plot was prepared from thermograms of model compounds and polymers of known struc- 
ture containing one to five fused rings. In general, most of the compounds lie 
within the band bounded by straight line rising at an angle of approximately 15 
degrees. The temperature of the aromatic peak has been plotted for a series of 
run-of-the-mine coals as a function of rank, where P is peat, L is lignite, etc. 
Most of the coals fall within the band depicted by the dashed lines with a slow 
curve upward. 

forthcaoming, the equation given above will be used.) 
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TABLE 2 .  PEAK TEMPERATURE AND AROMATICITIES OF COALS 

Sample 
D e s c r i p t i o n  

Beulah (whole) 
B-12 F u s a i n  
B-12 Durain  
B-12 V i t r a i n  

Indian  Head (whole) 
IH-I F u s a i n  
IH-4 Dura in  
IH-4 V i t r a i n  

Velva (whole) 
V-5 F u s a i n  
V-5 Durain 
V-5 V i t r a i n  

Glenharold (whole) 
GH Fusa in  
GH Durain 
GH V i t r a i n  

Gascoyne Blue (whole) 
GB Fusa in  
G B  Durain 
GB V i t r a i n  

Spr ing  Creek 
SP Fusa in  
SP Durain 
SP V i t r a i n  

Peak Tempera tures ,  O C  

275 
290 
280 
295 

275 
280 
275 
280 

285 
300 

280 

280 
270 
275 
275 

280 

380 
290 
290 
285 

297 
285 
285 

375 
390 
365 
375 

360 
390 
360 
380 

350 
375 
355 
360 

350 
350 
345 
345 

380 
395 
390 
390 

400 
400 
400 

Correc ted  
Aromat ic i ty ,  f 

t 

0.66 
0.88 
0.66 
0.65 

0.68 
0.77 
0 .71  
0 .71  

0.70 
0.86 
0.65 
0.66 

0.63 
0.67 
0.62 
0.63 

0.57 

0.71 
0 .54  

0.78 

0.77 
0 .69  
0.74 

The amount of  r i n g  condensa t ion  observed  by t h e  p o s i t i o n  of  t h e  a r o m a t i c  peak i n  t h e  
thermograms can h e  de te rmined  by comparison t o  F i g u r e  2 .  The e x t e n t  of  r i n g  con- 
d e n s a t i o n  was determined f o r  l i t h o t y p e s .  The r e s u l t s  s u g g e s t  t h a t  f u s a i n  ranges  
from 21 t o  3% r i n g  c l u s t e r s ,  d u r a i n  ranges  from 1 t o  3% r i n g  c l u s t e r s ,  and v i t r a i n  
ranges  from 1 t o  3%. The a v e r a g e  r i n g  condensati .on f o r  t h e  composite samples ranges  
from 1% t o  2%. I f  v i t r a i n  and d u r a i n  a r e  c o n s i d e r e d  t o  be der ived  from p l a n t  mater- 
i a l s  w i t h  l i t t l e  chemica l  a l t e r a t i o n  r e l a t i v e  t o  f u s a i n ,  it i s  reasonable  t o  e x p e c t  
low v a l u e s  of  r i n g  c o n d e n s a t i o n .  L i g n i n  would have a r i n g  condensa t ion  number of  1 ,  
s i n c e  t h e  l i g n i n  s t r u c t u r e  i s  b a s e d  on phenylpropane m o i e t i e s .  The more extreme 
thermal  c o n d i t i o n s  which may have l e d  t o  t h e  format ion  of f u s a i n  would r e s u l t  i n  a 
g r e a t e r  a romat iza t i .on ,  c r o s s - l i n k i n g ,  and condensa t ion  of  r i n g s .  

The approximate amounts of l i t h o t y p e s  i n  t h e  c o a l s  s t u d i e d  averaged 5% f u s a i n ,  40% 
d u r a i n ,  and 45% v i t r a i n .  The e x p e r i m e n t a l  a r o m a t i c i t i e s  of  t h e  composite c o a l s  
a g r e e  w i t h  v a l u e s  c a l c u l a t e d  from weighed a r o m a t i c i t i e s  a s  shown i n  Table  3 .  

An example of  an ESCA spec t rum,  f o r  t h e  carbon 1s r e g i o n ,  i s  shown i n  F i g u r e  3 .  The 
spectrum i s  r e s o l v e d  i.nto s e p a r a t e  p e a k s  a s s i g n e d  t o  t h e  C-0, C=O,  and C-C bond 
t y p e s .  The peak ass ignments  a r e  b a s e d  on ana1.ogy t o  model polymers,  p a r t i c u l a r l y  
p o l y e t h y l e n e  t e r e p h t h a l a t e  ( 3 ) .  The C-C peak was c o r r e c t e d  t o  -284.6 eV t o  account  
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TABLE 3 .  CALCULATED VERSUS EXPERIMENTAL AROMATICITIES 

Corrected Aromaticity 
of Lithotype 

Coal Fusain Durain Vitrain 

Beulah 0.80  0 . 6 6  0.65 
Indian Head 0.77 0 .71  0 .71  
Velva 0.86 0.65 0 .66  
Glenharold 0.67 0.62 0 .63  
Gascoyne Blue 0.78  0 .71  0 .54  

Calculated 
Aromaticity 
For Whole Coal 

0 . 6 6  
0 .71  
0.66 
0 .63  
0 .64  

Calculated 
Aromaticity 

For Whole Coal 

0 .66  
0 .68  
0 .70  
0 .63  
0 .57  

for the effects of sample charging. The ratios of individual peak intensities to 
the total intensity in the carbon is region are summarized in Table 4 for Beulah and 
Gascoyne lignites and their lithotypes. (The ratios of peak intensities to total 
intensities are shown because, for a series of experiments, the total intensity will 
vary from sample to sample depending on such factors as duration of the experiment 
and whether the sample is a chip o r  powder.) The relatively high concentration of 
C-C bonds in fusain as determined by ESCA is in agreement with the relatively high 
aromaticities of this lithotype determined by PDSC. The high aromaticity, reduced 
levels of oxygen functional groups, and the high proportion of oxidized (ie, C=O) 
functional groups among those remaining in fusain are all consistent with the con- 
cept that fusain has been exposed to severe thermal conditions at some point in the 
coalification process. The ratios of bond types for the composite sample of Beulah 
lignite are 0.37 for C=O/C-0 and 0.09 for C=O/C-C; these agree fairly well with 
previously published values of 0 .44  and 0.12  from ESCA examination of a different 
sample of Beulah lignite ( 3 ) .  However, as we have discussed elsewhere (3 )  it is 
desirable to incorporate data from several techniques or instruments before attempt- 
ing to draw structural inferences. 

TABLE 4 .  C=O, C-0, and C-C RATIOS DETERMINED FOR ESCA CARBON 1s SPECTRUM 

- Coal c=o c-0 c-c - __ 

Gascoyne (whole) 
Fusain 
Durain 
Vitrain 

Beulah (whole) 
Fusain 
Durain 
Vi t ra in 

0.03  
0.07 
0 .04  
0 . 0 4  

0.07 
0 .09  
0.05 
0 . 0  

0.19 
0 .03  
0.15 
0 .10  

0 .19  
0 .05  
0 . 1 6  
0.21 

0 . 7 8  
0 .90  
0 .81  
0 .86  

0 .74  
0.86 
0.79 
0 .88  

The infrared spectra for the Beulah coal and lithotypes are shown in part in Figure 
4 .  The intensity of the aliphatic C-H stretches for jurain is much greater than 
that of fusain and the whole coal. The peak at 1700 cm is most pronounced in the 
fusain spectra and appears as shoulders in the others. This peak may be assigned to 
carbonyl (C=O) stretching. The ESCA data indicates a higher concentration of C=O 
for fusain, providing qualitative agreement between the ESCA and IR data. 
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Conclusions 

PDSC a n a l y s i s  of l i t h o t y p e  samples  has  shown t h a t  f u s a i n  i s  i n v a r i a b l y  t h e  most 
a romat ic  of  t h e  l i t h o t y p e s  of  t h e s e  low-rank c o a l s .  Dura in  and v i t r a i n  have usua l ly  
shown a r o m a t i c i t i e s  s i m i l a r  t o  each  o t h e r  and s i g n i f i c a n t l y  lower t h a n  f u s a i n .  I t  
has been shown t h a t  e x p e r i m e n t a l  v a l u e s  o b t a i n e d  f o r  t h e  l i t h o t y p e s  could  be weight- 
e d  a c c o r d i n g  t o  t h e  approximate  p e r c e n t a g e  o f  each  l i t h o t y p e  i n  t h e  c o a l ,  and a 
va lue  f o r  t h e  whole c o a l  c o u l d  be c a l c u l a t e d  which compared q u i t e  w e l l  w i t h  the  
a c t u a l ,  e x p e r i m e n t a l  v a l u e .  T h i s  c o r r e l a t i o n  was e s p e c i a l l y  s i g n i f i c a n t  when aro- 
m a t i c i t y  v a l u e s  were used .  

The c o r r e l a t i o n s  noted  between t h e  PDSC, ESCA, and I R  i n c l u d e  a r o m a t i c i t i e s  and 
f u n c t i o n a l  group a n a l y s i s .  The a r o m a t i c i t i e s  determined by PDSC a r e  supported by 
t h e  ESCA C-C r a t i o ,  where i n  most c a s e s  f u s a i n  i s  t h e  most a r o m a t i c .  The unique 
f e a t u r e s  of t h e  PDSC thermograms f o r  v i t r a i n  a r e  s u p p o r t e d  by ESCA d a t a .  For 
example,  t h e  s h o u l d e r  peak a t  4OOOC i s  an  i n d i c a t i o n  of ' i n c r e a s e d  a romat iza t ion .  
The C-C r a t i o  from t h e  ESCA s p e c t r a  of  v i t r a i n  i s  n e a r l y  a s  h i g h  a s  t h a t  of fusa in  
b u t  i n  t h e  Beulah t h e  v i t r a i n  C-C r a t i o  was g r e a t e r .  The a l i p h a t i c  n a t u r e  of dura in  
i s  shown by t h e  a l i p h a t i c  C-H s t r e t c h i n g  i n  t h e  i n f r a r e d  s p e c t r a  b e i n g  r e l a t i v e l y  
g r e a t e r  t h a n  i n  t h e  s p e c t r a  o f  t h e  o t h e r  l i t h o t y p e s .  High amounts of  carboxyl 
c o n t e n t  (C=O), suppor ted  by b o t h  ESCA and I R  e v i d e n c e ,  was c h a r a c t e r i s t i c  of  f u s a i n .  

The s t r u c t u r a l  r e l a t i o n s h i p s  of  low-rank c o a l s  and a s s o c i a t e d  l i t h o t y p e s  determined 
by  ESCA, PDSC, and I R  p r o v i d e s  a means of  examining c o a l  a r o m a t i c i t i e s  and func- 
t i o n a l  groups .  The t e c h n i q u e s  a r e  r e l a t i v e l y  f a s t  and h e l p  p r o v i d e  i n s i g h t  i n t o  the  
molecular  " s t r u c t u r e "  o f  low-rank c o a l s .  
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FIGURE 1. PDSC thermograms of lithotypes from the Velva, North Dakota mine 

S RlffiS 
P L 5 B A M N U  

FIGURE 2. Temperature of aromatic peak as a function of number of fused rings for 
pure compounds (circular points; trend shown by band outlined with solid 
straight lines) or as a function of rank (square points; trend shown by 
band outlined with dashed curving lines) (1). 
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I '  

FIGURE 3 .  ESCA carbon 1s s p e c t r a  o f  Gascoyne v i t r a i n .  

I 

FIGURE 4 .  I R  s p e c t r a  of Beulah c o a l  and l i t h o t y p e s .  
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Because o f  t h e  he t e rogeneous ,  multicomponent n a t u r e  o f  c o a l ,  much s t r u c t u r a l  
a n a l y s i s  work h a s  been channe l l ed  towards t h e  d e t e r m i n a t i o n  of pa rame te r s  t h a t  
can be used to d e s c r i b e  "average" s t r u c t u r e s .  I n  p r i n c i p l e ,  FT-ir  measurements 
can be used t o  q u a n t i t a t i v e l y  de t e rmine  t a l i p h a t i c  CH,  a r o m a t i c  CH and OH 
c o n t e n t  of c o a l  (1-5),  wh i l e  s o l i d  s t a t e  "C nmr spec t roscopy  can  be used t o  
de t e rmine  t h e  r e l a t i v e  p r o p o r t i o n s  of a r o m a t i c  t o  a l i p h a t i c  carbon (6-9).  The re  
i s  much a c t i v e  r e s e a r c h  aimed a t  ex tend ing  t h e  scope  of t h e s e  t e c h n i q u e s  t o  

measurements a l o n e  a number o f  fundamental  s t r u c t u r a l  pa rame te r s  (H 
H / C  , Ha / H a l  e t c . )  can  be c a l c u l a t e d .  Furthermore,  w i t h  t h e  mezgurement o f  
0% a i i i t i o k a l  pa rame te r ,  t h e  number of methyl  groups ( a s  measured by t h e  f r a c t i o n  
of a l i p h a t i c  carbon O K  hydrogen invo lved  i n  such  g roups ) ,  i t  shou ld  be p o s s i b l e  
t o  determine t h e  d i s t r i b u t i o n  o f  a l i p h a t i c  ca rbon  ( i e .  t h e  r e l a t i v e  p r o p o r t i o n s  
of CH, CH and CH g roups )  and then  d e s c r i b e  a ' h e a n  s t r u c t u r a l  u n i t "  i n  terms of 
average a romat i c  ? i n g  s i z e  and t h e  t y p e  and d i s t r i b u t i o n  of b r i d g i n g  u n i t s  and 
s u b s t i t u e n t s .  Th i s  can  be accomplished by u s i n g  t h e  e q u a t i o n s  o r i g i n a l l y  
desc r ibed  by van Krevelen and Schyuer (10) and u t i l i z e d  by Dryden (11.12) for  
s t a t i s t i c a l  s t r u c t u r a l  a n a l y s i s .  S i m i l a r  e q u a t i o n s  were a l s o  d e r i v e d  by Brown 
and Ladner (13) i n  o r d e r  t o  u t i l i z e  t h e  d a t a  t h a t  w a s  t hen  becoming a v a i l a b l e  
from proton n.m.r .  measurements.  However, t h e r e  were a number of u n c e r t a i n t i e s  
i n  app ly ing  t h e s e  e q u a t i o n s .  Dry,&n used d a t a  from e l e m e n t a l  a n a l y s i s  t o g e t h e r  
w i th  e s t i m a t e s  of a r o m a t i c i t y  and o t h e r  pa rame te r s  ( e s .  a l i c y c l i c  hydrogen) 
t h a t  were t o  some degree  u n c e r t d i n .  An i t e r a t i v e  p rocedure  was used t o  s o l v e  
t h e  e q u a t i o n s .  The a p p l i c a t i o n  of t h e  Brown-Ladner e q u a t i o n  r e q u i r e d  a s sumpt ions  
concerning t h e  a l i p h a t i c  hydrogen-to-carbon atomic r a t i o l 3  Q u a n t i t i e s  such as 
t h i s  can  now be determined d i r e c t l y  from combined FT-ir/  C nmr measurements.  \le 
t h e r e f o r e  cons ide red  t h a t  i t  might be a r e l a t i v e l y  s t r a i g h t f o r w a r d  t a s k  t o  c a l -  
c u l a t e  mean s t r u c t u r a l  u n i t s  f o r  t h e  c o a l  samples  f o r  which we have accumulated 
s p e c t r o s c o p i c  d a t a  ( 4 , 9 ) .  And i t  is. U n f o r t u n a t e l y ,  a major  problem a r i s e s  
once we c o n s i d e r  whether  o r  no t  t h e  numbers s o  d e r i v e d  mean a n y t h i n g .  We w i l l  
show t h a t  f o r  a n  i n d i v i d u a l  c o a l  they do n o t .  The form o f  t h e  e q u a t i o n s  are 
such t h a t  e r r o r s  accumulate  d r a m a t i c a l l y  and O U T  s p e c t r o s c o p i c  measurements a r e  
i n s u f f i c i e n t l y  p r e c i s e  t o  o b t a i n  any th ing  b u t  a broad d e s c r i p t i o n  o f  t r e n d s  a s  
a f u n c t i o n  o f  rank. We w i l l  f i r s t  c o n s i d e r  t h e  d a t a  o b t a i n e d  f o r  a set of v i t r i -  
n i t e  c o n c e n t r a t e s  and s p e c i f i c a l l y  t h e  problems w i t h  t h e  FT-ir d a t a .  We w i l l  t hen  
demonstrate  how even sma l l  e r r o r s  i n  t h i s  d a t a  d r a m a t i c a l l y  a f f e c t  t h e  c a l c u l a t i o n  
of s t r u c t u r a l  pa rame te r s .  

t o  be r easonab le  p r e c i s i o n  by l5t nmr u s i n g  c r o s s - p o l a r i z a t i o n  and magic a n g l e  
sp inn ing .  I t  i s  p robab ly  more a c c u r a t e  t o  say  t h a t  most f u e l  s c i e n t i s t s  are 
comfor t ab le  w i t h  t h e  v a l u e s  of f so d e r i v e d ,  because  t h e r e  are a number o f  s o u r c e s  

' a l l o w  t h e  measurement o f  a d d i t i o n a l  f u n c t i o n a l i t i e s .  N e v e r t h e l e s s ,  w i t h  t h e s e  

"ar' 

2 

The f r a c t i o n  a r o m a t i c i t y ,  , can now b e  determined w i t h  what is cons ide red  
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of p o s s i b l e  e r r o r  and t h e s e  a r e  not  e a s i l y  q u a n t i f i e d .  For t h e  s a k e  of t h e  
arguments  w e  wish $0 make h e r e  we w i l l  assume ( o p t i m i s t i c a l l y )  that t h e  v a l u e s  
o f  f a r e  good t o  - 5%. 
( 9 )  i r e  combined wi th  more r e c e n t  measurements of a d d i t i o n a l  samples  by Mar t ze l  
and Koenig (14) and Pugmire and  Grant  (15) i n  f i g u r e  1. There is some s c a t t e r ,  

Va lues  of f a  f o r  a s e t  o f  v i t r i n i t e s  r e p o r t e d  p rev ious ly  

but  a r e a s o n a b l y  narrow band of v a l u e s  i s  a p p a r e n t .  I 

Un l ike  nmr measurements,  where t h e  r a t i o  of peak a r e a s  is e q u a l  t o  t h e  r a t i o  
of a r o m a t i c  t o  a l i p h a t i c  ca rbon ,  bands i n  t h e  i n f r a r e d  spectrum r e q u i r e  c a l i -  
b r a t i o n .  They a r e  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  of t h e  a p p r o p r i a t e  f u n c t i o n a l  
group th rough  a n  a b s o r p t i o n  c o e f f i c i e n t  which i s  d i f f e r e n t  f o r  each  band. Th i s  
has l e d  t o  a l l  s o r t s  of t r o u b l e  and a v a r i e t y  of  v a l u e s  o f  a romat i c  t o  a l i p h a t i c  
hydrogen r a t i o ' s  can  b e  found s c a t t e r e d  throughout  t h e  l i t e r a t u r e .  We w i l l  n o t  
d i s c u s s  t h e  v a r i o u s  methods t h a t  can  (and have )  been used to  c a l i b r a t e  i n f r a r e d  r 

bands,  t h i s  ground is covered e l sewhere  (5) .  In terms of t h e  p o i n t s  we wish t o  
make h e r e ,  t h e  a c t u a l  v a l u e s  of tial and H a r e  t o  some degree  i r r e l e v a n t ,  as  
we w i l l  be more concerned w i t h  t h e  e f f e c t z r o f  e r r o r s  i n  t h e s e  v a l u e s  on sub- 
sequen t  c a l c u l a t i o n s  of s t r u c t u r a l  pa rame te r s .  N e v e r t h e l e s s ,  i t  is impor t an t  
and i l l u m i n a t i n g  t o  c o n s i d e r  o n e  f aCtQr  t h a t  is p robab ly  c e n t r a l  t o  many of t h e  I 

d i s c r e p a n c i e s  found i n  t h e  l i t e r a t u r e .  I f  w e  t a k e  a bi tuminous c o a l  o f ,  s ay  82% 
carbon c o n t e n t ,  we t y p i c a l l y  de t e rmine  an  a l i p h a t i c  hydrogen c o n t e n t  c l o s e  t o  4% 
and a n  a r o m a t i c  hydrogen c o n t e n t  of abou t  1%. There  are numerous e r r o r s  t h a t  
can a f f e c t  t h e s e  measurements,  b u t  t h e s e  are n o t  s imply cumulat ive.  
i f  e r r o r s  i n  sample p r e p a r a t i o n ,  band a r e a s  e fc .  were of t h e  o r d e r  of -lo%, we 
might be a b l e  t o  quo te  v a l u e s  o f  4-0.4% and 1-0.1% f o r  a l i p h a t i c  and a romat i c  CH 
c o n t e n t ,  r e s p e c t i v e l y .  However, t h e  a b s o r p t i o n  c o e f f i c i e n t s  f o r  a l i p h a t i c  and 
a romat i c  CH bands a r e  p r e s e n t l y  be ing  de te rmined  by e q u a t i n g  band a r e a s  t o  
hydrogen c o n t e n t  determined from e lemen ta l  a n a l y s i s  (1,5). If a sample has  
n e g l i g i b l e  COOH c o n t e n t  w e  can  write 

I 

Fvr example, 

H = H  OH + Har + Hal (1) , 
OH' 

where H is t h e  hydrogen c o n t e n t  determined by e l e m e n t a l  a n a l y s i s ,  and H 
H and H i s  t h e  hydrogen found a s  OH, a r o m a t i c  CH and a l i p h a t i c  CH, r e s p e c t -  
i%ly .  Tfiis  can  be r e w r i t t e n  a s ;  

( H - H  ) = I  E ( 2 )  O H  a r  a r  + 'a1 'a1 
where I is t h e  i n t e n s i t y  of t h e  a p p r o p r i a t e  i n f r a r e d  band and E is a conve r s ion  

f a c t o r  ( e q u i v a l e n t  t o  t h e  r e c i p r o c a l  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t  i n  a p p r o p r i a t e  
u n i t s )  r e l a t i n g  band a r e a  t o  co r re spond ing  hydrogen c o n t e n t .  T h e o r e t i c a l l y ,  
d a t a  from a s e t  of c o a l s  can be used and E and E determined g r a p h i c a l l y  (1 )  
o r  by o b t a i n i n g  numer i ca l  s o l u t i o n s  t o  t h e a $ e s u l t i $  s imul t aneous  e q u a t i o n s  ( 3 . 5 ) .  
We have r e c e n t l y  shown, hnwever, t h a t  t h e s e  e q u a t i o n s  are c l a s i c a l l y  i l l - c o n d i t i o n -  
ed  (5). I n  o t h e r  words,  a r ange  of s o l u t i o n s  g i v e s  a lmos t  e q u a l l y  a c c e p t a b l e  
answers.  
and the  v a l u e s  w e  have r e c e n t l y  come up w i t h  (5) a r e  somewhat d i f f e r e n t  t o  t h o s e  
o r i g i n a l l y  r e p o r t e d  ( 3 ) .  The key p o i n t  h e r e ,  however,  is t h a t  t h e  i l l - c o n -  
d i t i o n e d  n a t u r e  o f  t h e  e q u a t i o n s  means t h a t  t h e  v a l u e s  o f  H and H determined 
i n  t h i s  f a s h i o n  a r e  somewhat dependant .  
mining E and hence H t r a n s l a t e s  i n t o  a much l a r g e r  e r r o r  i n  H . T h i s  is 
because &e v a l u e s  of $ o b t a i n e d  from s o l u t i o n s  t o  e q u a t i o n  2 w?fl be a d j u s t e d  
t o  account  f o r  8 s  much gf  t h e  hydrogen a s  p o s s i b l e .  +Accordingly,  i f  Hal i s  c a l -  
c u l a t e d  t o  be 4-0.4%. H w i l l  be c a l c u l a t e d  to  be l-0.4%. A 10% e r r o r  i n  E 
(hence Aal) t r a n s l a t e s  % t o  a 40% e r r o r  i n  E 

We have spen t  a l o t  o f  t ime  t r y i n g  t o  p i n  down t h e  " c o r r e c t "  answer,  

In o t h e r  words,  a 86% e r r o f l i n  d e t e r -  

(and Har). As a r e s u l t ,  even  a r  - 
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though t h e  v a l u e s  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t s  we have r e c e n t l y  determined f o r  
t h e  a l i p h a t i c  CH s t r e t c h i n g  modes (5 )  a r e  n o t  f a r  o f f  t h e  more r e c e n t  v a l u e s  
r epor t ed  by Solomon (2 ) .  we s t i l l  c a l c u l a t e  v a s t l y  d i f f e r e n t  v a l u e s  o f  H 

Undaunted by t h e s e  d i f f i c u l t i e s ,  we have reproduced o u r  v a l u e s  of  H 

a r lHa l .  

/ H  f o r  
a wide range o f  c o a l s  and v i t r i n i t e  c o n c e n t r a t e s  i n  f i g u r e  2. The knowlz8ge&e 
r e a d e r  w i l l  immediately r ecogn ize  t h a t  f o r  c o a l s  w i t h  a carbon c o n t e n t  o f  85% o r  
h i g h e r  t h e s e  r e s u l t s  a r e  ve ry  s i m i l a r  t o  t h o s e  r e p o r t e d  by Brown (16) more than  
twenty f i v e  y e a r s  ago. 
bottom o f  o u r  band o f  va lues .  The s c a t t e r  i n  t h e  d a t a  i s  no t  more than  we  would 
have i n t u i t i v e l y  e s t i m a t e d  o n  t h e  b a s i s  o f  c o a l  h e t e r o g e n e i t y .  
t h e s e  r e s u l t s  a r e  o b t a i n e d  by r a t i o i n g  i n f r a r e d  bands and t h u s  c a n c e l l i n g  e r r o r s  
from a number of s o u r c e s  (eg.  weighing,  i n s u f f i c i e n t  g r i n d i n g ,  improper  c o r r e c t i o n s  
f o r  moi s tu re  and mine ra l  c o n t e n t s  of t h e  c o a l ) .  When we c o n s i d e r  v a l u e s  o f  
Hal and H 
i n  t h e  p l z i s  shown i n  f i g u r e  3 f o r  t h e  v i t r i n i t e  c o n c e n t r a t e s .  
has  d i r e  consequences f o r  t h e  c a l c u l a t i o n  of s t r u c t u r a l  p a r a g e t e r s .  

For  lower rank c o a l s  Brown's r e s u l t s  f a l l  n e a r  t h e  

T h i s  is because 

s e p a r a t e l y ,  however, t h e s e  e r r o r s  r e t u r n  w i t h  a bang,  as can  be seen  
T h i s ,  u n f o r t u n a t e l y ,  

Before t u r n i n g  our a t t e n t i o n  t o  t h e  c a l c u l a t i o n  o f  t h e s e  pa rame te r s ,  w e  w i l l  
b r i e f l y  mention measurements o f  methyl gsoups by FT-ir .  
recognized gfoup f r e q u e n c i e s  f o r  methyl  groups a r e  t h e  s t r f t c h i n g  modes n e a r  2960 
and 2870 cm 
bands wi th  o t h e r  modes is s e v e r e  and even s o p h i s t i c a t e d  cu rve  r e s o l v i n g  pro- 
cedures  cannot  e n t i r e l y  s e p a r a t e  o u t  t h e  c o n t r i b u t i o n s  o f  o t h e r  f u n c t i o n a l  
groups.  When methyl  g roups  a r e  a t t a c h e d  to a romat i c  r i n g s ,  however, a weak ove r -  
t one  band appea r s  nea r  2730 cm-l (17).  
modes and t h e  p r e c i s i o n  of FT-ir  measurements i s  such t h a t  i t s  band a r e a  shou ld  
be measurable  w i t h  r e a s o n a b l e  accu racy .  
forward due t o  problems wi th  e s t a b l i s h i n g  a b a s e l i n e  i n  t h i s  r e g i o n  of a t y p i c a l  
c o a l  spectrum ( t h e  p o s i t i o n  o f  t h e  b a s e l i n e  can  d r a m a t i c a l l y  a f f e c t  t h e  
measured a r e a  of an i n f r a r e d  band).  T h i s  problem and i t s  s o l u t i o n  is d i s c u s s e d  
e l sewhere  ( 1 8 ) .  An a b s o r p t i o n  c o e f f i c i e n t  f o r  t h i s  band was determined from 
model compounds. U n s u r p r i s i n g l y ,  t h i s  c o e f f i c i e n t  d i d  not  v a r y  s i g n i f i c a n t l y  
amongst a v a r i e t y  o f  methyl  s u b s t i t u t e d  a r o m a t i c  m a t e r i a l s .  T h i s  is because  
many of t h e  methyl v i b r a t i o n a l  modes a r e  no t  s e n s i t i v e  to  t h e  s i z e  and n a t u r e  o f  
t h e  a romat i c  e n t i t y  t o  which i t  is a t t a c h e d .  W e  determined t h a t  f o r  v i t r i n i t e  
c o n c e n t r a t e s  ob ta ined  from bi tuminous c o a l s  t h e  %C found as methyl  groups a t t a c h e d  
t o  a romat i c  u n i t s  v a r i e d  between 3 and 5% (wi th  one or two o u t s i d e  t h i s  r ange ) .  

numbers a g r e e  v e r y  wel l  w i t h  t h e  t o t a l  methyl  c o n t e n t  r e c e n t l y  determined 
E:eygC nmr for some o f  t h e  same v i t r i n i t e s  by Pugmire and Gran t  (15) .  Pre- 
sumably, i n  v i t r i n i t e s  t h e r e  a r e  ve ry  few methyl  groups p r e s e n t  i n  e t h y l ,  
propyl  o r  similar u n i t s .  
a l i p h a t i c .  
a t t a c h e d  t o  a r o m a t i c  r i n g s ,  b u t  nmr a n a l y s i s  i n d i c a t e s  a t o t a l  methyl  c o n t e n t  of 
approximately 7%). 

The most e a s i l y  

and t h e  symmetric bending mode n e a r  1380 cm . The o v e r l a p  of t h e s e  

T h i s  band is  w e l l  s e p a r a t e d  from o t h e r  

The p r o c e s s  is no t  e n t i r e l y  s t r a i g h t -  

(Th i s  i s  n o t  t h e  c a s e  f o r  e x i n i t e s ,  which a r e  much more 
We aga in  de t e rmine  t h a t  approx ima te ly  4%C is t i e d  up i n  methyl  groups 

Given t h a t  w e  can  de te rmine  r easonab ly  a c c u r a t j  v a l u e s  f o r  t h e  r e l a t i v e  
p r o p o r t i o n s  o f  a l i p h a t i c  and a romat i c  carbon from C nmr, a l i p h a t i c  and a romat i c  
hydrogen from FT-ir  and methyl  group c o n c e n t r a t i o n  from e i t h e r  o r  b o t h  t echn iques ,  
what can we c a l c u l a t e  and t o  what e x t e n t  does  i t  mean a n y t h i n g ?  
permit  u s  t o  c o n s i d e r  a l l  t h e  e q u a t i o n s  u t i l i z e d  by Dryden (11,12)  and Brown and 
Ladner (13) ,  bu t  a r e l a t i v e l y  s imple  example i n d i c a t e s  t h e  problem. 
two e q u a t i o n s  can be used t o  d e s c r i b e  t h e  d i s t r i b u t i o n  o f  a l i p h a t i c  groups;  

Space does  no t  

The fo l lowing  

31 



CH3 Hal = HCH + HCH2 .I .  H 

'a1 = 'CH + 'CH2 -+ 'CH3 

The c o n c e n t r a t i o n  of hydrogen and ca rbon  y 5 e s e n t  i n  a l i p h a t i c  g roups ,  
H and C , can be de t e rmined  from FT-ir  and C nmr, r e s p e c t i v e l y .  The % 
h$rogen 2fid carbon p r e s e n t  i n  methyl  g roups ,  HGH3 and CfH3, c an  a l s o  be de- 
t e m i n e d  as d i s c u s s e d  above. T h i s  l e a v e s  two e u a t i o n s  n two unknowns. Con- 
s e q u e n t l y ,  w e  shou ld  be a b l e  t o  de t e rmine  t h e  d i s t r i b u t i o n  of a l i p h a t i c  s p e c i e s  
in  any p a r t i c u l a r  c o a l .  Cons ide r ,  however, a t y p i c a l  example. A v i t r i n i t e  
c o n c e n t r a t e  (PSMC 71, 85.2%C) wi th  f =0.73, H =3.5% and C = 3 . 6 % .  Solv ing  
e q u a t i o n s  (3) and (4 )  g i v e s  v a l u e s  of C = ?1.8% and C '137.6%. Now cons ide r  
t h e  e f f e c t s  of r e l a t i v e l y  modest  e r ro r sCH2For  example,  i f H w e  o q t i m i s t i c a l l y  
dec ide  t h a t  f is e q u a l  t o  0 .73  
determine a r znge  o f  v a l u e s  o f  C 
l i m i t s  of  t h e s e  v a l u e s .  
wh i l e  CCH f a l l s  i n  t h e  r ange  4.5% t o  16.5%! 
sma l l  e r r o r s  m u l t i p l y  t o  such  a n  e x t e n t  t h a t  i t  is n o t  p o s s i b l e  t o  d e f i n e  
s t r u c t u r a l  pa rame te r s  w i t h  any  degree  o f  p r e c i s i o n  o r  conf idence .  

0 . 2  and Hal is e q u a l  t o  3.5 - 0.2%, w e  can 
and C co r re spond ing  t o  t h e  upper  and lower 

The V a l $ %  o f  C c: now f a l l  i n  t h e  r ange  15.1% t o  2.2% 
C l e a r l y  f o r  any s i n g l e  sample even 

T h i s  s i t u a t i o n  i s  n o t  c o n f i n e d  t o  t h e  s imple  example g iven  above.  For  
example, w e  p r e v i o u s l y  ( 9 )  used  t h e  Brown-Ladner e q u a t i o n  (13)  t o  c a l c u l a t e  t h e  
a l i p h a t i c  hydrogen t o  carbon a tomic  r a t i o ,  

( 5 )  
Hal ''a1 : 

is t h e  f r a c t i o n  of t o t a l  hydrogen p r e s e n t  as  a l i p h a t i c  groups.  

f a  = [C/H - H*al/(Hal /Ca~]/C/H 

where H* 
Assuming e r r o ? f  of approx ima te ly  -5% i n  v a l u e s  of f 
a l l y  much l a r g e r  e r r o r s  were c a l c u l a t e d  i n  H t h e s e  e r r o r s  i n c r e a s i n g  pro- 
p o r t i o n a l l y  w i t h  rank.  T h i s  i s  because  H /e::cat;:ally v a r i e s  w i t h  t h e  
r e c i p r o c a l  of (1-f ), so  t h a t  e r r o r s  i n  falbecome i n c r e a s i n g l y  g i g n i f i c a q t .  
example, even & e r r o r s  i n  f 
i n  much l a r g e r  e r r o r s  i n  (l-fa)! 0.1-0.02 o r  -2O%!]. 

i t  was found t h a t  p ropor t ion -  

[For  
f o r  a h i i h  r ank  c o a l ,  s a y  0.9 -0.02 o r  -2% r e s u l t s  + 

C l e a r l y ,  t h e  a c c u r a t e  c a l c u l a t i o n  o f  s t r u c t u r a l  pa rame te r s  f o r  any s p e c i f i c  
c o a l  i s  a lmos t  p o i n t l e s s ,  g iven  t h e  p r e c i s i o n  o f  t h e  d a t a  p r e s e n t l y  a v a i l a b l e .  
Neve r the l e s s ,  broad a v e r a g e s  and  t r e n d s  as  a f u n c t i o n  of r ank  can be determined.  
I f  we t a k e  t h e  p l o t s  of f , H , H e t c .  reproduced i n  f i g u r e s  1 t h r u  3 ,  t h e n  
we  can draw l i n e s  throughatheaAata?r  A t  any p a r t i c u l a r  v a l u e  of %C w e  can then  
r e a d  o f f  t h e s e  p l o t s  v a l u e s  t h a t  r e p r e s e n t  an  "average" pa rame te r  v a l u e  f o r  c o a l s  
o f  t h a t  rank.  These a v e r a g e  v a l u e s  can  then  be used t o  c a l c u l a t e  s t r u c t u r a l  
pa rame te r s .  T h i s  p rocedure  i s  l i m i t e d  and u n s a t i s f a c t o r y ,  bu t  g iven  t h e  major 
e f f e c t s  expe r imen ta l  e r r o r s  have on t h e  d a t a ,  i t  is t h e  b e s t  w e  can d o  a t  t h i s  
t i m e .  I f  n o t h i n g  e l s e  they  show t r e n d s  a s  a f u n c t i o n  of r ank .  As an  example a 
p l o t  of t h e  d i s t r i b u t i o n  o f  a l i p h a t i c  CH g roups  is shown i n  f i g u r e  4.  
b e  seen  t h a t  t h e  p r o p o r t i o n  o f  CH2 t o  CH g roups  i n c r e a s e s  a s  a f u n c t i o n  of r a n k ,  
w h i l e  t h e  e x p e r i m e n t a l l y  de t e rmined  XC a s  CH 
c o n s t a n t .  

I t  can 

g roups  remains approx ima te ly  3 
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F igu re  1. P l o t  of  f r a c t i o n  a r o m a t i c i t y ,  f a ,  v s  %C dmmf f o r  a set of v i t r i n i t e  
c o n c e n t r a t e s .  
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Figure 2 .  P l o t  of the r a t i o  o f  aromatic t o  a l i p h a t i c  hydrogen, H 
determined f o r  a set of c o a l s  and v i t r i n i t e  concentratgS. /Hal, 

Figure 3.  P l o t  of XH i n  a l i p h a t i c  groups (top)  and %H i n  aromatic groups 
(bottom ) v s  %C dmmf f o r  a s e t  of v i t r i n i t e  concentrates .  
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Figure 4 .  Plot of distribution of aliphatic groups as a function of rank 
of a set of vitrinite concentrates. 

35 



ASPHALTENE CHARACTERIZATION BY A 
NONS PECTROSCOPIC METHOD 

Manuel A. F r a n c i s c o  
and 

James G. S p e i g h t  

Exxon Research and E n g i n e e r i n g  Co. 
C l i n t o n  Township, Route 22 East  

Annandale, New Jersey,  U.S.A. 08801 

INTRODUCTION 

The emergence o f  t h e  h e a v i e r  c rude  o i l s  as r e f i n e r y  feeds tocks  
has become t h e  accep ted  norm o v e r  t h e  l a s t  decade (1). It i s ,  however, a 
p r o p e r t y  o f  t h e s e  f e e d s t o c k s  t o  be r i c h  i n  aspha l tenes  (2,3,4) which a r e  
not  v e r y  amenable t o  r e f i n e r y  processes and a r e  u s u a l l y  r e s p o n s i b l e  f o r  
coke lay-down and f o r  c a t a l y s t  d e t e r i o r a t i o n  (3,4) .  

The c o n v e n t i o n a l  d e f i n i t i o n  o f  aspha l tenes  i s  based on t h e  
s o l u t i o n  p r o p e r t i e s  o f  p e t r o l e u m  r e s i d u a  i n  v a r i o u s  s o l v e n t s  (5,6,7). 
T h i s  g e n e r a l i z e d  concep t  has been extended t o  f r a c t i o n s  d e r i v e d  f rom 
o t h e r  carbonaceous sou rces ,  such as c o a l  and o i l  sha le .  Thus, t h e r e  a r e  
"pe t ro leum asp:altenes", " coa l  l i q u i !  a:phaltenes", " coa l  t a r  
aspha l tenes" ,  s h a l e  o i l  aspha l tenes  , t a r  sand b i tumen  aspha l tenes"  and 
t h e  l i k e .  W i t h  t h i s  e x t e n s i o n ,  t h e r e  has f o l l o w e d  c o n s i d e r a b l e  
s c i e n t i f i c  e f f o r t  t o  f u r t h e r  d e f i n e  aspha l tenes  i n  te rms  of m o l e c u l a r  
s t r u c t u r e s  (9,10,11). 

Never the less ,  i t  must a lways be r e c o g n i z e d  t h a t  aspha l tenes  
( f rom wha teve r  t h e  sou rce )  are,  i n  f a c t ,  a s o l u b i l i t y  c l a s s  ( F i g u r e  1) 
and t h a t  t h e  d e f i n i t i o n  i s ,  i n  f a c t ,  an o p e r a t i o n a l  one; t h a t  i s ,  
aspha l tenes  a r e  s o l u b l e  i n  benzene and i n s o l u b l e  i n  pentane. U s u a l l y ,  
f o r  v i r g i n  p e t r o l e u m  samples, t h e  res iduum i s  c o m p l e t e l y  s o l u b l e  i n  
benzene. However, w i t h  heat-soaked samples o r  coa l  d e r i v e d  l i q u i d s ,  t h e  
benzene i n s o l u b l e s  can be a p p r e c i a b l e .  

c l a s s i f i c a t i o n  of  a s p h a l t e n e s  and i n v o l v e s ,  i n i t i a l l y ,  a c o n s i d e r a t i o n  o f  
m o l e c u l a r  w e i g h t  vs. p o l a r i t y  f o r  t h e  m o l e c u l a r  t y p e s  found  i n  p e t r o l e u m  
r e s i d u a  and /o r  heavy o i l s  ( F i g u r e  2 ) .  The p o l a r i t y  s c a l e  may be i n  
d e f i n a b l e  a r b i t r a r y  u n i t s ,  such as r e l a t i v e  a d s o r p t i v e  s t r e n g t h  on a 
s o l i d ,  e.g. A t t a p u l g u s  c l a y  and /o r  s i l i c a  g e l  (15 ) ,  o r  by s o l u b i l i t y  i n  a 
v a r i e t y  of s o l v e n t s  o f  i n c r e a s i n g  p o l a r i t y  as p r a c t i c e d  on s e p a r a t i o n  o f  
coa l  l i q u i d  f r a c t i o n s  (13 ) ;  t h i s  s c a l e  i s  t h u s  a m o l e c u l a r  w e i g h t -  
independent  p o r t i o n  o f  t h e  s o l u b i l i t y  parameter .  F o r  any p a r t i c u l a r  

A more r e c e n t  concep t  (14 )  ex tends  t h e  s o l u b i l i t y  
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p r e c i p i t a t i n g  medium, say n-heptane, t h e  p r e c i p i t a t e d  aspha l tenes  w i l l ,  
t h e r e f o r e ,  c o n s i s t  o f  l e s s  p o l a r  m a t e r i a l s  o f  h i g h e r  m o l e c u l a r  w e i g h t  and 

p r e c i p i t a t i n g  agent ,  b o t h  l e s s  p o l a r  and lower  m o l e c u l a r  w e i g h t  m a t e r i a l s  
a r e  i n c l u d e d  i n  t h e  p r e c i p i t a t e  and t h e  t o t a l  amount o f  p r e c i p i t a t e  
i n c r e a s e s  (16,17). The concept  a l s o  a l l o w s  f o r  a p o l a r i t y  range  w i t h i n  
t h e  v a r i o u s  aspha l tenes  where v a r y i n g  he te roa tom ( n i t r o g e n ,  oxygen, and 
s u l f u r )  c o n t e n t s  of t h e  p e t r o l e u m  aspha l tenes  o r  v a r i a t i o n s  i n  t h e  sou rce  
(and method o f  p r e p a r a t i o n )  t h a t  would be expec ted  t o  i n f l u e n c e  p o l a r i t y  
(18,19,20). 

\ more p o l a r  m a t e r i a l s  o f  l ower  m o l e c u l a r  weight ;  w i t h  n-pentane as t h e  

\\ 

The p r e s e n t  communicat ion d e s c r i b e s  an e x t e n s i o n  t o  t h e  concept  7 o f  aspha l tene  p o l a r i t y  by t h e  d e l i n e a t i o n  o f  p e t r o l e u m  aspha l tenes  as a 
c o l l a g e  o f  f u n c t i o n a l  t y p e s  u s i n g  ion-exchange chromatography.  

\ E X P E R I M E N T A L  

1. Feedstock 

A r a b i a n  heavy c r u d e  o i l  vacuum (95OoF+) res iduum was used as 
7 t h e  feeds tock  f o r  a l l  o f  t h e s e  i n v e s t i g a t i o n s .  

2. Ion-exchange F r a c t i o n a t i o n  

ou t  u s i n g  a f e e d s t o c k / s o l i d  r a t i o  - 0.05* and t h e  p r o d u c t  f r a c t i o n s  
( F i g u r e  3) were d e s i g n a t e d  ( a )  bases; ( b )  a c i d s ;  ( c )  n e u t r a l  p o l a r s ;  
and ( d )  n e u t r a l  nonpo la rs .  

3. D e a s p h a l t i n g  

ach ieved  by m i x i n g  t h e  f r a c t i o n  w i t h  n-heptane ( 1  gm. f r a c t i o n : 4 0  m l .  
n-heptane)  a t  room t e m p e r a t u r e  f o r  16 h r .  w i t h  a g i t a t i o n .  A t  t h e  end o f  
t h i s  t ime ,  t h e  i n s o l u b l e  aspha l tenes  were separa ted  by f i l t r a t i o n  and 
washed w i t h  f r e s h  n-heptane (200 m l : 1  gm. a s p h a l t e n e s ) .  The aspha l tenes  
were " p u r i f i e d "  f r o m  adsorbed m a t e r i a l  by d i s s o l u t i o n  i n  t o l u e n e  (10 m l : 1  
gm. aspha l tenes )  and p r e c i p i t a t e d  w i t h  n-heptane (80 m l :  1 m l  t o l u e n e ) ;  
any s o l u b l e  m a t e r i a l  was recove red  and added t o  t h e  d e a s p h a l t e d  o i l .  

S e p a r a t i o n  o f  t h e  feeds tock  by ion-exchange r e s i n s  was c a r r i e d  

S e p a r a t i o n  i n t o  aspha l tene  and deaspha l ted  o i l  f r a c t i o n s  was 

3The f e e d s t o c k / r e s i n  r a t i o  was computed on t h e  b a s i s  o f  t h e  number o f  a c t i v e  
s i t e s  on t h e  r e s i n  and i s ,  t h e r e f o r e ,  s u b j e c t  t o  change and depends upon t h e  
n a t u r e  o f  t h e  r e s i n .  
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4. Genera l  Techniques 

S o l v e n t s  were removed f rom t h e  p r o d u c t s  by means o f  a Rotovap 
(6OoC/40 mn Hg.) and f i n a l  v e s t i g e s  were removed by " d r y i n g "  t h e  p roduc ts  
i n  vacuo (10OoC/20 mi Hg). 

RESULTS AM) 0 ISCUSS ION 

The a p p l i c a t i o n  o f  ch romatog raph ic  a d s o r p t i o n  t e c h n i q u e s  t o  
i n v e s t i g a t e  f u n c t i o n a l  and /o r  s t r u c t u r a l  t y p e s  i n  a s p h a l t e n e s  i s  n o t  new 
(21,22) b u t  problems o f  p r e c i s e  i d e n t i f i c a t i o n  may b e . l i m i t e d  by t h e  
i n c o m p l e t e  r e c o v e r y  o f  t h e  a s p h a l t e n e  f rom t h e  adso rben t ,  p a r t i c u l a r l y  
when t h e  f u n c t i o n a l i z e d  ion-exchange adso rben ts  a r e  employed. However, 
ion-exchange f r a c t i o n a t i o n  of  whole f e e d s t o c k s  has been c i t e d  t o  r e s u l t  
i n  an o v e r a l l  more comp le te  r e c o v e r y  o f  t h e  aspha l tenes  (23 ) .  

I n  t h e  p r e s e n t  work, it has been f o u n d  p r e f e r a b l e  t o  
f r a c t i o n a t e  t h e  whole res iduum by ion-exchange chromatography n o t  o n l y  t o  
b u i l d  up a p . i c t u r e  o f  t h e  aspha l tenes  i n  te rms  o f  f u n c t i o n a l  t y p e s  b u t  
a l s o  t o  n o t e  t h e  o v e r a l l  d i s t r i b u t i o n  o f  f u n c t i o n a l  t y p e s  i n  t h e  whole 
feeds tock  as well- nuances of t h e  d e a s p h a l t i n g  t e c h n i q u e .  

by ion-exchange chromatography produced a s e r i e s  o f  f r a c t i o n s  ( T a b l e  1 )  
o f  v a r y i n g  f u n c t i o n a l i t y  wh ich  c o u l d  a l s o  be d i f f e r e n t i a t e d  by i n f r a r e d  
spec t roscopy  ( F i g u r e  4 ) .  

a l l o w s  c r o s s - r e f e r e n c i n g  o f  t h e  two t e c h n i q u e s  b u t  a l s o  a l l o w s  t h e  
deaspha l ted  o i l  and t h e  aspha l tenes  t o  be r e p r e s e n t e d  on t h e  b a s i s  o f  t h e  
d i f f e r e n t  f u n c t i o n a l i t i e s  ( F i g u r e s  5 and 6 ) .  

Obv ious l y ,  t h e  c h e m i s t r y  and s t r u c t u r a l  f e a t u r e s  o f  p e t r o l e u m  
aspha l tenes  w i l l  be d i c t a t e d  by t h e  d i s t r i b u t i o n  o f  f u n c t i o n a l / s t r u c t u r a l  
t ypes  s e p a r a t e d  as an a r t i f a c t  o f  t h e  d e a s p h a l t i n g  techn ique .  T h i s  makes 
t h e  r e p r e s e n t a t i o n  o f  t h e  s t r u c t u r e l f u n c t i o n a l i t y  o f  t h e s e  carbonaceous 
c o n s t i t u e n t s  of  p e t r o l e u m  by "average"  s t r u c t u r e s  v e r y  d i f f i c u l t  t o  
conce ive  ( 11,18). 

a s e r i e s  o f  s t r u c t u r a l  and /o r  f u n c t i o n a l  t y p e s  t h a t  a r e  b e s t  f i t t e d  t o  
d e s c r i b e  t h e i r  c h e m i s t r y l r e a c t i v i t y .  

Thus, f r a c t i o n a t i o n  o f  A rab ian  heavy c r u d e  o i l  vacuum res iduum 

Subsequent h e p t a n e - d e a s p h a l t i n g  o f  t h e s e  f r a c t i o n s  n o t  o n l y  

Such carbonaceous m a t e r i a l s  a re ,  t h e r e f o r e ,  b e s t  r e p r e s e n t e d  by 
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Table  1: F r a c t i o n  y i e l d s  f r o m  t h e  ion-exchange chromatography o f  A rab ian  
heavy c rude  o i l  vacuum (950°F+) res iduum 

F r a c t i o n  Y i e l d  - F u n c t i o n a l  i ty  t y p e  

Bases 29.6 C u i n o l i n e  n i t r o g e n  

A c i d s  3.2 C a r b o x y l i c  a c i d s  and pheno ls  

N e u t r a l  19.4 Carbazo le  n i t r o g e n  
p o l a r  

N e u t r a l  46.5 S a t u r a t e  and a romat i c  
n o n p o l a r  hyd roca rbons  
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Figure 2: Schematic representation of asphaitene character 
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Figure 1: Schematic representation of asphaltene separation. 

.In the case 01 coal Ilqulds, these "insolublss" are alien relarred 10 as 
"Preasph8llenss'~. "asphallols", elc. baled on solublllly In solvents 
such as pyrldlna andlor qulnollns (1z.q. 
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APPLICATIONS OF X-RAY COMPUTED TOMOGRAPHY TO COAL STUDIES 

D.H. Maylot te ,  P.G. Kosky, E.J. Lamby, C.L. Spiro 

General  Electr ic  Corpora te  Research and Development 
Schenectady, N Y  I2301 

and 

A. Davis, D.F. Bensley 

Pennsylvania S t a t e  University 
University Park, PA 16802 

X-ray computed tomography (CT) is a non-destructive, non-invasive technique which 
has been applied here to studies of t h e  internal  s t ructures  of coal  and t h e  penetration of 
t racer  gas  into those s t ructures .  The C T  images a r e  2-D cross-sectional images of the  
coal  ra ther  than t h e  shadowgraphs of t radi t ional  radiography. Compared to shadowgraphs, 
t h e  CT images provide higher spa t ia l  and higher density resolution. 

T '  

,,, 

C T  images a r e  digital images of t h e  e f fec t ive  x-ray at tenuat ion coeff ic ient  for  
e lementary volumes (voxels) within t h e  sample. In these  experiments  a GE 8800 CT/T 
machine was used t o  t a k e  t h e  image  da ta ,  which were then reconstructed to product 
images with a voxel s ize  of 0.3  m m  x 0.3 mm x 1.5 mm. The C T  number for  each  voxel is 
re la ted to t h e  experimental  e f f e c t i v e  a t tenuat ion  coeff ic ient  for  t h a t  volume by the  
relationship: 

p (rnateriallE ----I - p (waterIE 
CT NO. = 1024 x I + c p (waterIEo 

where  p (mater ia l )  

t h e  at tenuat ion coeff ic ient  of w a t e r  taken under s tandard conditions. The C T  images 
were  displayed by assigning a grey  sca le  to t h e  C T  numbers. The whiter t h e  image the  
higher t h e  CT number represented  by i t  and t h e  higher t h e  e lec t r ic  density of the 
sectioned object. The d a t a  col lect ion t i m e  for  e a c h  image was nine seconds. 

is t h e  a t tenuat ion  coeff ic ient  for  t h e  unknown mater ia l ,  1-1 ( wa er  
t h e  at tenuat ion c o h f i c i e n t  of water  taken  under t h e  same conditions, and I.r(water)Eo )E;; 

The x-ray tube  for this  work w a s  operated at 120 Kev. The f i l t e red  emission is a 
Continuum covering t h e  range 20 Kev - 120 Kev, peaking at 35 Kev (Ref. 1). Over this 
energy range t h e  three  significant a t tenuat ion  mechanisms are ,  (i) photoelectr ic  absorp- 
tion, (ii) Compton scat ter ing,  and (iii) coherent  scat ter ing.  For carbonaceous mater ia ls  
t h e  dominant mechanism in this  energy range is Compton scat ter ing;  therefore ,  the  CT 
images re f lec t  t h e  electron densi ty  distribution within t h e  sample. For t h e  low atomic 
number e lements  commonly found in coal  t h e  a tomic  weight is almost twice  t h e  atomic 
number (hydrogen contr ibutes  l i t t l e  to t h e  t o t a l  e lectron density ) and therefore  t h e  
images a r e  approximately images of t h e  mass density within t h e  sample. 

Figure I shows a C T  image  of a piece of Illinois ii6 coal. The piece was c u t  from a 
larger  block which, a f t e r  mining, had been s tored in  a sealed vessel under deionized water. 
The dimensions of t h e  piece were  2.5 crn x 2.5 c m  x 10 c m  long. The long axis was cut 
parallel to t h e  bedding planes of t h e  coal. This C T  image was taken perpendicular to  t h e  
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long axis of the coal piece. The coal was pot ted in a cylinder of epoxy which was then c u t  
to expose t h e  two smaller end f a c e s  of t h e  coal  and finally O-ring sealed in a n  acry l ic  
plastic tube  ( 5  c m  I.D.). 

A sample rectangle  on t h e  coal  image has been displayed in Figure la, and a 
histogram of t h e  C T  values within t h a t  rectangle  is shown in Figure Ib. Both t h e  average  
and most probable C T  number in t h e  a r e a  was 1220. Subsequent to t h e  C T  experiments ,  
this particular piece of coal has been sectioned along t h e  plane whose s t ruc ture  was 
examined by t h e  x-ray fan beam. A microlithotype examination of t h e  exposed face 
showed tha t  t h e  predominant mater ia l  in t h e  region covered by t h e  sample rec tangle  is 
vitrain. A number of bituminous coals  have been examined by C?’ and, a f t e r  sectioning, 
petrographically. C T  numbers in t h e  range 1210-1250 a r e  t h e  most  commonly occurr ing 
numbers in these coals. This assignment of a C T  number of c i r c a  1210 to vitrain is also 
justified on theoret ical  grounds. 

The C T  number for a particular mater ia l  can  be calculated when t h e  following 
system character is t ics  a r e  known, (a) t h e  emission spec t ra  for  t h e  f i l tered source,  (b) t h e  
elemental  composition and number density of t h e  mater ia l  being examined, (c) t h e  
wavelength sensitivity and eff ic iency of t h e  detect ion system. The results of such  a 
calculation for  a number of s tandard mater ia ls ,  minerals and for coal  a r e  given in Table  1. 

Material C T  (Calc.) C T  (Obs.) 

Coal ( c ~ ~ H ~ ~ o ~ s  N I 1 I254 - 1220 

Kaolin (AI 4Si40 I O(OH)g) 3096 3078 
Teflon C2F4 2106 2050 
Calc i te  C a C 0 3  4521 ’ 4096 
Dolomite CaMg(CO3I2 3924 3900-4096 
Water H 2 0  (standard) 1024 

TABLE I: Calculated and Actual C T  Numbers for  Coal  and Minerals 

The calculation of t h e  theoret i fa l  C T  value for coal  assumed the  formula given in 
Table I and a density of 1.3 g.crn- . The calculated C T  number is not  significantly 
a f f e c t e d  by t h e  formula chosen to represent  coal  within t h e  reasonable l imits  of the  
formulas  for t h e  three  major macera l  groups, Le., v i t r ini te ,  exini te ,  and iner t ini te  (2). 
However, t h e  C T  number is direct ly  a f fec ted  by t h e  density chosen for the  coal. This 
insensitivity of C T  number to t h e  formula of a hydrocarbonaceous mater ia l  and i t s  
sensitivity t o  t h e  density is demonstrated in Figure 2. In t h e  density range around 1.3 
g /cc  t h e  density sensitivity of t h e  technique is I 1  C T  numbers for  a 1% density change. 
For a uniform mater ia l  t h e  s tandard derivation of t h e  C T  numbers is 2 2. he different  
maceral  groups in coal have different  densities in  t h e  range 1.1 to 1.6 g /cm (2), and t h e  
C T  image has enough density resolution to distinguish between them. However, t h e  
normal s ize  range of many individual coal  macerals  is  below t h e  spat ia l  resolution of t h e  
C T  equipment being used in this  work. In t h e  present  experiments ,  a C T  voxel represents  
a volumetric average of t h e  densities of t h e  macerals  contained within it. 

T 
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In t h e  case of kaolin t h e  CT number for  t h e  bulk sample re f lec ts  t h e  porosity of the 
kaolin as well a s  t h e  C T  number a t t r ibu tab le  to t h e  mineral itself. The kaolin sample was 
therefore  pot ted  in a low viscosity epoxy resin which penet ra ted  t h e  outer  layers of the  
sample (Figure 3). The C T  number for  t h e  kaolin mineral  and t h e  void f rac t ion  within t h e  
kaolin can then  be  calculated f r o m  t h e  relationships: 

CTtotal(l) = E x C T  epoxy + ( I -  E ) CTkaolin 

CTtotal(2) J: E x (CT # of air  = 0) t ( I -  E )  CTkaolin 

where E is t h e  void f rac t ion  in t h e  mineral. The Equation 1) was evaluated for  a region 
where epoxy had penet ra ted  t h e  kaolin and Equation 2) was evaluated for  a region inside 
t h e  kaolin where  t h e  epoxy has  n o t  pene t ra ted  and a i r  f i l ls  t h e  spaces  between t h e  kaolin 
grains. The C T  number f o r  t h e  cured epoxy was taken f rom t h e  region outside of the 
mineral. The C T  number f o r  kaolin as obtained in this  calculation is given in Table 1 and 
t h e  void f rac t ion  in t h e  bulk mineral  was found to be 38%. 

The resul ts  of Table 1 show t h a t  if a region of coal  has a C T  number above 1300 but 
less than  3100 then i t  is contaminated  with a varying proportion of mineral m a t t e r ,  and if 
t h e  C T  number is g rea te r  than  3100 then i t  is contaminated with high a tomic  number 
minerals (e.& ca lc i te  or pyrite). If t h e  C T  number is between 1100 and IC00 then the 
a r e a  is essentially organic, while if i t  is below 1000 then t h e  a r e a  contains  an unusally 
large component  of voids. 

The C T  number for a par t icular  volume of t h e  imaging space is  a f fec ted  by the  
amount and density of t h e  coa l  present ,  t h e  minerals present ,  and the  void space in tha t  
volume. Because of t h e  large C T  numbers  associated with t h e  mineral m a t t e r  (Table 2), 
t h e  mineral conten t  of t h e  C T  volume would be  expec ted  to have a large e f f e c t  upon the  
C T  image. 

Figure 4 shows the  s a m e  CT image  as in Figure la, but this  t ime a re ference  line has 
been drawn over t h e  image  and t h e  C T  numbers plot ted along t h a t  line. The white  a rea  at 
t h e  bottom l e f t  of t h e  image corresponds to t h e  peak in C T  number on t h e  left-hand side 
of t h e  graph. 

After  t h e  C T  experiments  had been completed, and t h e  coal  sect ioned along t h e  CT 
image plane, au tomated  x-ray microprobe measurements  were  made along t h e  same 
region as t h e  line in t h e  C T  image. The a r e a  of t h e  microprobe beam was 50 p m  x 50 p m  
with an expec ted  penetrat ion of ca 1 pm. The e lements  scanned in t h e  microprobe were 
Si, AI, S, Fe, Mg, Na, K ,  Ca.  The observed weight percents  for t h e  e lements  were totalled 
and plotted against  dis tance (Figure 5). The au tomated  microprobe measurements  a r e  in a 
f iner  grid than t h e  C T  data .  If converted to t h e  same grid s ize  as t h e  CT,  then peaks in 
t h e  microprobe s p e c t r a  would appear  shor te r  and broader. There does appear  to  be a first 
order  correlation between t h e  mineral  m a t t e r  in t h e  coal  and t h e  variation in density of 
t h e  C T  image. C T  images of raw coal  can  be regarded therefore  as maps of the  mineral 
distribution within t h e  coal. A fur ther  distinction into minerals of e lements  with high 
a tomic  number (e.&, pyri te)  and minerals  with only low a tomic  number minerals (e+, 
illite) may also be possible using images taken with different  x-ray energies. 

The porosity within this  par t icular  coal sample was examined by following the  
penetrat ion of xenon gas  in to  t h e  sample  at room tempera ture  (27OC). Xenon was chosen 
because of i t s  relatively, iner t  na ture  and  becase i t  has a s t rong x-ray K-absorption edge 
at 35 Kev, i.e., at t h e  peak of t h e  spec t rum from t h e  x-ray tube. The presence of xenon 
should therefore  be  de tec tab le  against  t h e  coal  background. The penetrat ion of xenon gas 
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into t h e  coal  was carr ied out by exposing one end face of t h e  coa l  parallelepiped to  a 
pressure of xenon (1130 torr)  and monitoring t h e  gas  exiting t h e  opposite face by following 
t h e  pressure rise in a closed system of known volume. The penetrat ion of gas  within t h e  
coal  was monitored, (a) with t h e  coal  containing i ts  equilibrium moisture ,  (b) a f t e r  t h e  
coal had been dried a t  80°C for  t w o  weeks. The bulk gas  flow through t h e  coal was much 
fas te r  in case  (b) than in (a). Af te r  about  3.5 hours t h e  pressure on  both sides of t h e  coal  
had equalized in case  (b). Images f rom t h e  second ser ies  of experiments  a r e  more  
indicat ive of t h e  porosity within t h e  coal and t h r e e  images f rom these  experiments  a r e  
shown in Figure 6. These images were obtained by subtract ing t h e  digital image of t h e  
evacuated  coal from t h e  digital images taken  while t h e  xenon was penetrat ing in to  t h e  
coal. The  resulting difference image is a map of xenon penetrat ion.  The  images clearly 
show t h e  non-uniform nature  of t h e  penetrat ion of t h e  xenon i n t o  t h e  coal. The lighter 
a reas  in t h e  image a r e  t h e  a reas  into which t h e  xenon has preferent ia l ly  penetrated.  The 
plane of t h e  C T  image was s i tuated about I5 mm in t h e  coal  block from t h e  high pressure 
end. The presence of xenon in this  plane was de tec ted  in t h e  f i r s t  image  taken of this 
plane a f t e r  t h e  xenon had been introduced into t h e  high pressure chamber  ( t ime elapsed 
was eight  minutes). The major fea tures  of t h e  pa t te rn  were  s t reaks  of xenon parallel to 
t h e  bedding planes of t h e  coal. Over t h e  duration of the  experiment  these  fea tures  grew 
in intensity and broadened out. This behavior suggested t h a t  t h e  xenon penetrated into 
this  plane by a network of f ine  cracks. The c racks  that are interconnected and give 
access  to t h e  xenon reservoir appear  to be primarily or iented parallel to t h e  bedding 
planes of this piece of coal  and many a r e  associated with t h e  mineral-rich regions of t h e  
coal. In these cracks, t h e  xenon pressure rapidly reached t h e  reservoir pressure, but 
because the  cracks a r e  very f ine on t h e  sca le  of t h e  C T  resolution, t h e  actual  amount  of 
xenon introduced into a voxel even when t h e  c rack  had reached reservoir pressure was 
still qui te  small and so t h e  C T  signal in t h e  difference image was small. As t h e  xenon 
diffused into t h e  coal  away from t h e  c rack  more xenon was introduced into t h e  voxel 
containing t h e  crack,  and into neighboring voxels and consequently, t h e  numbers on the  
difference image increas  ed. 

Figure 7 shows a composite plot of t h e  C T  numbers a long t h e  line drawn on t h e  
difference images of Figure 6.  For t h e  d a t a  a long each  line, t h e  curve has been 
normalized to i t s  maximum value. The plot i l lustrates  t h e  spreading of t h e  xenon into t h e  
neighboring coal  f rom a source apparent ly  s i tuated c a  2.5 mm from t h e  arbi t rary origin. 
I t  may be possible to  analyze these curves in t e r m s  of a diffusion parameter  which 
depends upon t h e  C T  number of t h e  original coal. 

A calibration graph of C T  number against xenon pressure is given in Figure 8. This 
shows t h a t  if t h e  xenon pressure at t h e  high pressure inlet  was 1130 torr ,  then t h e  
maximum observable C T  number increase within an image of t h e  coal  should be 263, 
provided t h a t  all t h e  xenon remained in t h e  gas phase within t h e  coal. In fact, C T  
numbers much grea te r  than t h e  gas  phase maximum a r e  observed within t h e  C T  difference 
image  (Figure 6). This is probably caused by t h e  xenon being present  within t h e  coal  both 
as a gas phase species and as adsorbed species. 

In t h e  final image used in Figure 6, t h e  maximum C T  value along t h e  line had risen 
to 2171, or over e ight  t imes  t h e  maximum possible f rom solely gas  phase psorp t ion .  On 
t h e  assumptions t h a t  t h e  occupied sur face  a r e a  for  a xenon a tom is 22 (A) ( 3 )  and a coal 
mater ia l  density of 1.3 g/cm , then  th? apparent  surface a r e a  in a region with a xenon 
difference C T  number of 2171 is 51 m /g. Using a BET apparatus ,  a room temperature  
xenon absorption measurfment  on a micronized sample of coal  f rom t h e  s a m e  batch gave 
a sur face  a r e a  of 44 m /g. The final image of xenon penetrat ion into t h e  coal  could 
therefore  be  regarded as a sur face  a r e a  image for  t h e  coal. This information should be 
useful in fu ture  studies on t h e  react ivi ty  of coal. 
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The pr imary interest  in t h e  C T  technique is in making use of i t s  non-invasive nature 
for  in situ studies of coal  combustion and gasification. The preliminary studies discussed 
here will provide a basis for understanding t h e  images obtained from more complex 
experiments. 
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Figure la .  CT Image of Encapsulated Illinois 
#6 Coal 
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Figure 3. CT Image of Kaolin Sample 
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Figure 4a. CT Image of Illinois #6 Coal 
With a Line Drawn on the image 

Figure 4b. CT Numbers Along the Line 
Drawn in Figure 4a 
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EFFECTS OF COAL PREOXIDATION AND HEAT TREATMENT CONJIITIONS 
ON RESULTING CHAR STRUCTURE OF CAKING COAL 

D. J. Maloney: and R. G. Jenkins 

Department of Materials Science and Engineering 
The Pennsylvania State University, University Park, Pennsylvania, 16802 

Introduction 

When most bituminous coals are heated in the absence of air, they soften (i.e., become 
fluid), agglomerate, and, as gases and vapors are evolved, swell to form a coke. These 
properties can limit the utilization potential of certain coals because agglomerates can 
impede gas flow leading to poor mixing in reactors and, in the extreme case, eventual 
plugging. In addition, coals which pass through a plastic stage produce relatively 
unreactive chars (1,Z). These factors can add substantially to the cost of a gasifi- 
cation process. 

Coal agglomerating tendencies can be eliminated by mild oxidation of the raw coal prior 
to heat treatment. This method is very effective in removing the swelling and soften- 
ing characteristics of caking coals (3). Also, under certain carbonization conditions, 
preoxidation can significantly enhance the subsequent reactivity of the resulting 
chars (2). 

Recent studies at the Pennsylvania State University have been directed at understand- 
ing the effects of preoxidation on coal utilization potential under conditions of  inter- 
est for entrained-flow gasification and pulverized coal combustion (rapid heating rate, 
short residence time). Studies were conducted on an eastern bituminous coal in an 
effort to evaluate the effects of preoxidation on devolatilization behavior (yield and 
kinetics), coal swelling and agglomerating tendencies, and resulting char structure and 
reactivity ( 4 ) .  This paper describes the changes in char structural features resulting 
from coal preoxidation and examines the relationship between char structure and subse- 
quent gasification potential. 

Experimental 

The chars examined in this study were prepared from freshly mined and preoxidized 
samples of a strongly caking bituminous coal under widely varying pyrolysis conditions 
(heating rate and time). 
the Pittsburgh No. 8 seam. All work described here was conducted on 200 x 270 mesh 
size fractions with mean particle diameters of 62 p. 
prepared by air oxidation of sized coal in a fluidized-bed furnace. Oxidation tempera- 
ture, time, and weight gain were determined based upon complementary thermogravimetric 
studies of the air oxidation of each coal. Oxidation levels reported here are given 
as percent weight gain on oxidation (dry coal basis). The proximate analyses of  the 
fresh and preoxidized coals used in this work are presented in Table 1. 

Chars were prepared under rapid heating conditions (- lo4 K/s) in an entrained-flow 
furnace at temperatures between 1073 and 1273K with residence times up to 0.27s. 
Slow pyrolysis (12 K/min) chars were prepared in a horizontal tube furnace at a tem- 
perature of 12733 with a soak time at final temperature of 1 h. 
of the surface properties of the chars were performed. Char morphology was examined 

The parent sample was PSOC-1099, a HVA bituminous coal from 

Preoxidized coal samples were 

Extensive analyses 

* Present Address: U.S. DOE, Morgantown Energy Technology Center, P.O. Box 880, 
Collins Ferry Road, Morgantown, West Virginia, 26505. 
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TABLE 1 

Proximate Analyses of Samples* Examined 

V o l a t i l e  Fixed 
Moisture Ash Matter Carbon 

Sample Percent Percent  Percent  Percent  

PSOC-1099 (HVA bituminous coa l )  1 .3  10 .6  34.0 54 .1  
PSOC-1099 (1 pe rcen t  0, added) 0.8 10.6  32.5 56 .1  
PSOC-1099 ( 2  pe rcen t  0, added) 1 .0  10.5 31.6 56.9 

* Proximate ana lyses  were conducted on 200 x 270 mesh f r a c t i o n s  of 62 pm 
mean p a r t i c l e  d iameter .  

using SEM. 
t r a n s i t i o n a l  pore  su r face  a r e a s  were determined by N, adsorp t ion  a t  77K. Addi t iona l  
char s t r u c t u r a l  in format ion  was obta ined  by u l t ima te  ana lys i s  us ing  a Perkin-Elmer 
Model 240 elemental  ana lyze r .  
a thermogravimetric method desc r ibed  by Mahajan' and co-workers (2 ,5 ) .  
of a l l  exper imenta l  p rocedures  employed i n  t h i s  s tudy  a r e  suppl ied  i n  Reference 4 .  

Results 

Figures 1 and 2 a r e  scanning e l e c t r o n  micrographs of chars  prepared from f r e s h  and pre- 
oxidized samples (2.5 pe rcen t  oxygen added) of PSOC-1099 a f t e r  hea t  t rea tment  of 0.23 s 
a t  12733. Chars prepared from t h e  f r e s h  HVA c o a l ,  F igure  1, were th in-wal led  t r ans -  
parent s t r u c t u r e s  commonly r e f e r r e d  t o  as  cenospheres (6-8),  the  mean diameters of which 
were more than  twice  t h a t  of t he  s t a r t i n g  c o a l .  This r ep resen t s  a -10-fold inc rease  in 
volume. During py ro lys i s  t h e  sample shown l o s t  51 percent  of i t s  s t a r t i n g  ma te r i a l  
(da f ) .  
during t h e  f i r s t  0 . 1  s of hea t ing  t ime a f t e r  which no observable  changes i n  macroscopic 
p rope r t i e s  were ev iden t .  When carbonized under slow hea t ing  condi t ions ,  t h i s  coa l  
formed a fused swollen coke. 

As i l l u s t r a t e d  i n  F igure  2 ,  the  preoxid ized  coa l  d id  not form the  CenOSphere S t ruc tu res  
observed in  F igure  1. Preoxid ized  coa l  char p a r t i c l e  s i z e s  were s imi l a r  with those 
observed f o r  the  pa ren t  sample p r i o r  t o  carboniza t ion .  Char p a r t i c l e  shapes,  however, 
were a l t e r e d  cons iderably .  P a r t i c l e  su r faces  were rounded wi th  l i t t l e  evidence of t he  
sharp,  wel l -def ined  f r a c t u r e  su r face  c h a r a c t e r i s t i c  of t h e  s t a r t i n g  coa l .  This  indicat?:;  
t ha t  t he  preoxid ized  c o a l  passed through a f l u i d  s t a t e  dur ing  rap id  hea t ing .  A l l  p re -  
oxidized samples examined i n  the  p r e s e n t  s tudy  formed chars  of s i m i l a r  s i z e  and shape 
during r ap id  py ro lys i s .  I n  c o n t r a s t  t o  t h i s  behavior ,  t h e  preoxid ized  coa l  exh ib i t ed  
no s igns  of thermoplas t ic  behavior  when carbonized under slow hea t ing  condi t ions .  

Figure 3 i l l u s t r a t e s  t he  development of char su r face  a rea  (CO, a rea )  a s  a func t ion  of 
heat t rea tment  t ime a t  t empera tures  of 1073 and 1173K f o r  chars  produced from the  
f resh  HVA coa l .  Char s u r f a c e  a r e a s  remained cons tan t  dur ing  the  f i r s t  0.05 s of hea t  
t rea tment  a f t e r  which s u r f a c e  a r e a s  increased  wi th  t ime. 
parent coa l  was 170 m Z / g .  A t  each hea t  t rea tment  tempera ture ,  a more than  two-fold 
increase  i n  sur face  a rea  occurred  dur ing  the  py ro lys i s  p rocess .  A t  1073K, the  maxi- 
muv char su r face  a rea  obta ined  was 360 m2/g (daf cha r ) ;  whi le  a t  1173K, the  maximum 
Char Surface  a rea  was 465 mZ/g. The sigmoid-shaped curves shown i n  Figure 3 sugges t  
t h a t  char  su r face  a reas  were approaching,maximum values .  
ported by the  r e s u l t s  of Radovic (9) and o the r s  (10-14). 

To ta l  su r f ace  a r e a  was determined by CO, phys isorp t ion  a t  2983. Macro and 

Char r e a c t i v i t i e s  were determined i n  a i r  a t  668K using 
Complete d e t a i l s  

Under the  condi t ions  employed i n  t h i s  work, cenospheres were f u l l y  developed 

The CO, su r f ace  a rea  f o r  t h e  

This  observa t ion  is  sup- 
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The N, surface area determined for the fresh coal was 2.7 m2/g. 
mined for the corresponding char samples were less than 2 m2/g for all the chars exam- 
ined. These areas approximate the theoretical limits calculated for cenospheres of the 
size and weight produced in this study. 

Generally, N, surface areas determined for coals or char samples are considerably 
lower than the corresponding CO, surface areas. 
microporous materials are limited by activated diffusion and, therefore, N, adsorption 
gives an estimate of macro and meso porosity (15). CO, (at 298K), however, is 
accessible to surfaces present in macro, meso, and micro pores. 

Figure 4 illustrates the development of char surface area as a function of weight 
loss during pyrolysis. Surface areas exhibited little change during the early stages 
of pyrolysis. After 25 percent weight loss, however, char areas increased rapidly up 
to a weight loss of approximately 45 percent. Subsequent weight loss, up to 50 percent, 
had little effect on resulting surface areas. It is of interest to note that the weight 
loss level at which surface areas began to increase coincided roughly with the initia- 
tion of cenosphere growth (4). 

CO, surface areas determined for the untreated and preoxidized coal samples and 
selected chars generated from these samples are presented in Table 2. 

N, surface areas deter- 

N, adsorption kinetics (at 77K) on 

TABLE 2 

Comparison of  CO, Surface Areas 
Determined for Fresh and Preoxidized 
Coals and Their Corresponding Chars 

Surface Areas m2/g (daf basis) 
Carbonization Temperature (K) Raw 1073 1173 1273 1273 
Carbonization Time (s) Coal 0.27 0.25 0.23 3600" 

Sample 

PSOC-1099 (untreated) 170 360 465 465 88 
1.2 percent oxygen added 160 290 480 475 
2.5 percent oxygen added 150 320 500 522 188 

I 

* Slow heating conditions (12 K/min) followed by 1 h soak time at 
1273K. 

h 

Preoxidation had little effect on the surface area of the coal sample prior to carboni- 
zation. 
area, however, no specific pattern was evident. After heat treatment at 1073K, sur- 
face areas of chars prepared from preoxidized coals were less than that observed for 
the corresponding unoxidized coal char. At carbonization temperatures of 1173 and 
12733, preoxidized coal formed chars with slightly higher surface areas than the 
corresponding chars prepared from the unoxidized coal. 
and extended heat treatment times were employed, preoxidation led to a significant 
increase in resulting char surface area. 
temperatures, char surfaces areas were greatly reduced when compared with char 
surfaces areas observed for the rapidly heated (short time) samples. 

The carbon and hydrogen percentages obtained from ultimate analysis provide some use- 
ful information concerning changes in char composition as a function of carbonization 

During pyrolysis, preoxidation had a mild effect on resulting char surface 

When slow heating conditions 

Following extznded hold times at elevated 
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condirions.  The C/H r a t i o s  p re sen ted  i n  F igures  5 and 6 show t h a t  a s  carboniza t ion  
temperatures and t imes were inc reased ,  hydrogen was p r e f e r e n t i a l l y  removed from the  
char samples. A s  the  tempera ture  of carboniza t ion  was inc reased ,  t h e  r a t e  of  hydro- 
gen evolu t ion  r e l a t i v e  t o  carbon evo lu t ion  increased  s i g n i f i c a n t l y .  The preoxidized 
coa l  behavior  was s i m i l a r  t o  t h a t  of t he  f r e s h  coa l .  Under comparable Carbonization 
condi t ions ,  no s i g n i f i c a n t  d i f f e r e n c e s  were observed i n  t h e  C/H r a t i o s  determined fo r  
chars der ived  from the  f r e s h  and preoxid ized  coa l  samples. 

Preoxida t ion  e f f e c t s  on char  composition a r e  i l l u s t r a t e d  more c l e a r l y  i n  F igure  7.  
Over 80 percen t  of  t he  hydrogen p r e s e n t  i n  the  f r e s h  HVA coa l  sample was removed during 
0.23 s of hea t  t rea tment  a t  12733. 
removed i n  the  same t i m e  i n t e r v a l .  Preoxida t ion  reduced t h e  q u a n t i t i e s  of  bo th  hydro- 
gen and carbon l i b e r a t e d  dur ing  comparable hea t  t r ea tmen t s .  

The r e l a t i v e  g a s i f i c a t i o n  p o t e n t i a l  o f  t he  chars  produced i n  t h i s  s tudy  were evaluated 
by examining the  r e a c t i v i t i e s  of s e l e c t e d  samples dur ing  g a s i f i c a t i o n  i n  one atmosphere 
of a i r  (20 kPa 0 2 ) .  The r e a c t i v i t y  parameter repor ted  he re  i s  r0.5, which, a t  a given 
r eac t ion  temperature,  i s  t h e  time corresponding t o  a f r a c t i o n a l  burn-off of one-half .  
Mahajan, Yarzab, and Walker (5) demonstrated the  u t i l i t y  of t h i s  parameter f o r  cor re-  
l a t i n g  cha r  r e a c t i v i t y  da t a  f o r  g a s i f i c a t i o n  i n  a i r ,  steam, and CO,. 

Table 3 shows the  r e a c t i v i t y  parameters ,  10 .5 ,  determined f o r  chars  generated from 
PSOC-1099 a s  a func t ion  of ca rbon iza t ion  temperature and preoxida t ion  l e v e l .  The 
carboniza t ion  t imes employed were t h e  maximum res idence  t imes a t t a i n a b l e  a t  each  fu r -  
nace ope ra t ing  temperature.  These were 0.27 s a t  1073K, 0.25 s a t  1173K, and 
0.23 s a t  1273K. The r e a c t i v i t y  parameters repor ted  a r e  t h e  mean va lues  determined 
from t h r e e  r e p l i c a t e  r e a c t i v i t y  tes ts .  Typica l ly  t h e  s tandard  dev ia t ion  from the  mean 
was less than  ? 10 percen t .  

Less than  50 percen t  of t h e  o r i g i n a l  carbon was 

~-~ - - - - ~ ... - - 

TABLE 3 

Comparison o f  Air R e a c t i v i t i e s  a t  668K 
f o r  Chars Prepared  from PSOC-1099 as  a Function of 
Carboniza t ion  Temperature and Preoxida t ion  Level 

Reac t iv i ty  Parameter r0.5 min 
Furrrace No 1.2% 2.5% 

Temperature Oxygen Oxygen Oxygen 
(K) Added Added Added 

1073 
1173 
1273 

33 
46 
69 

32 
46 
64  

36 
46 
66 

A s  carboniza t ion  temperature was increased  from 1073K t o  1273K, t he  subsequent char 
r e a c t i v i t y  decreased by a f a c t o r  of  two. 
t he  unoxidized and preoxid ized  p a r e n t  samples. 
subsequent char  r e a c t i v i t y .  
dized and preoxid ized  c o a l s  were equ iva len t  w i th in  the  l i m i t s  of r ep roduc ib i l i t y  of the  
r e a c t i v i t y  measurement. 

This was t r u e  f o r  chars  prepared from both 
Preoxida t ion  had no apparent e f f e c t  on 

Values of 10.5 determined f o r  cha r s  prepared from unoxi- 
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Discussion 

Nsakala and co-workers (16,17) and Radovic (9 ,  18) examined l i g n i t e  coa l  chars  generated 

repor ted  inc reases  i n  char su r face  a reas ,  determined by CO, adso rp t ion ,  of 200 t o  
300 dig. The r e s u l t s  presented  here  concur wi th  these  f ind ings .  Nsakala,  e t  a l .  (16, 
171, a l s o  repor ted  s i g n i f i c a n t  i nc reases  i n  N, su r f ace  a rea  dur ing  py ro lys i s  of a 
l i g n i t e .  
examined i n  the  p re sen t  s tudy .  

Mahajan, e t  a l .  ( 2 ) ,  repor ted  t h a t  sur face  a r e a s  of chars  produced from preoxid ized  
c o a l s  were seve ra l  t imes l a r g e r  than  those  prepared from f r e s h  coa l  samples. These 
i n v e s t i g a t o r s  examined coa l s  of s i m i l a r  rank and employed p reox ida t ion  condi t ions  com- 
parable  with those  used i n  the  p re sen t  s tudy .  
(10 Klmin) and extended soak times (1 h) a t  f i n a l  temperature (12733) dur ing  the  car -  
boniza t ion  process .  When slow hea t ing  condi t ions  (12 Klmin t o  12733, followed by 1 h 
soak time a t  12733) were employed i n  t h e  p re sen t  s tudy ,  chars  produced from the  unoxi- 
d ized  coa l  had CO, su r f ace  a reas  s i g n i f i c a n t l y  lower than  the  cha r s  produced from the  
preoxid ized  coal (Table 2 ) .  However, under rap id  hea t ing  cond i t ions ,  p reoxida t ion  had 
only  a s l i g h t  e f f e c t  on r e s u l t i n g  char su r face  a r e a .  I t  i s  apparent  from t h e  r e s u l t s  
shown here  t h a t  p reoxida t ion  e f f e c t s  on r e s u l t i n g  char a rea  were g r e a t l y  diminished 
when employing rap id  hea t ing  condi t ions  and s h o r t  carboniza t ion  t imes .  

Decreases i n  char r e a c t i v i t y  wi th  inc reas ing  hea t  t rea tment  tempera ture  were repor ted  
previous ly  f o r  coa l  cha r s  (1 ,9 ,18)  and o the r  d i sordered  carbonaceous s o l i d s  (19) .  Jenkins 
and co-workers (1) examined chars  prepared under slow hea t ing  cond i t ions  (10 Klmin 
hea t ing  r a t e ,  2 h soak t ime a t  f i n a l  t empera ture) .  They repor ted  t h a t  char  r e a c t i v i -  
t i e s  dur ing  a i r  g a s i f i c a t i o n  decreased by a s  much as  10 t imes when carboniza t ion  tem- 
pe ra tu re  was increased  from 8733 t o  12733. Radovic (9 ,181  examined r e a c t i v i t i e s  of c: ir:; 
prepared from a l i g n i t e  under r ap id  hea t ing ,  s h o r t  con tac t  time carboniza t ion  condi- 
t i o n s  s i m i l a r  t o  those  employed i n  the  p re sen t  s tudy .  He observed a decrease  by a 
f a c t o r  of  10 when carboniza t ion  temperature was increased  from 9753 t o  12753. 

\ Jenkins ,  e t  a l .  (11, suggested t h a t  the  e f f e c t  of temperature on subsequent char reac 

\ under rap id  hea t ing ,  s h o r t  res idence  t ime cond i t ions .  Each of t h e s e  i n v e s t i g a t o r s  

S imi la r  i nc reases  i n  N, a rea  were no t  observed f o r  t he  bituminous coa l  

< 

They employed slow hea t ing  condi t ions  

t i v i t y  could be expla ined  on t he  b a s i s  of t he  concent ra t ion  and a c c e s s i b i l i t y  of a c t i  e 
s i t e s .  F i r s t l y ,  they  observed t h a t  the  lower temperature chars  had a s i g n i f i c a n t l y  
h igher  l e v e l  of macro and t r a n s i t i o n a l  po ros i ty  (es t imated  from N, adsorp t ion)  and, t hus ,  
a more open o r  a c c e s s i b l e  pore  s t r u c t u r e  than  d id  the  h igher  tempera ture  cha r s .  
ondly,  they  noted t h a t  t h e  chemical na tu re  of  t he  char  su r face  changed wi th  changing 
carboniza t ion  tempera ture .  
d id  the  h igher  temperature cha r s .  They suggested t h a t  hydrogen was p r e f e r e n t i a l l y  
removed dur ing  a i r  g a s i f i c a t i o n  leaving  behind nascent  carbon a c t i v e  s i t e s  which a r e  
more r e a c t i v e  t o  oxygen. The chars  generated i n  t h i s  s tudy  were e s s e n t i a l l y  void of 
su r face  a rea  a s soc ia t e s  wi th  macro and t r a n s i t i o n a l  pores .  Char r e a c t i v i t i e s  exhib i ted  
no c o r r e l a t i o n  with the  micropore a reas  determined f o r  t hese  cha r s .  
r e s u l t s ,  i t  i s  probable t h a t  char r e a c t i v i t i e s  were more s t r o n g l y  inf luenced  by the  
amount of hydrogen remaining i n  the  char.  
composition da ta  presented  i n  F igures  5 through 7 .  

Mahajan and co-workers (2) observed t h a t  under slow hea t ing  cond i t ions  (10 Klmin, 1 h 
soak a t  1273K) p reox ida t ion  markedly enhanced subsequent char  r e a c t i v i t y  (by a fac-  
t o r  of up t o  40). 
r e s u l t i n g  char su r face  a rea  and r e a c t i v i t y  a r e  g r e a t l y  diminished when rap id  hea t ing  
condi t ions  and s h o r t  ca rbon iza t ion  times a r e  employed. 
s e l ec t ed  coa l  and cha r  samples were carbonized under condi t ions  comparable wi th  those 
used by Mahajan and co-workers (2) .  

Sec- 

Lower temperature chars  had a h igher  hydrogen conten t  than 

Considering these  

This  sugges t ion  i s  supported by the  elemental  

\\ 

The r e s u l t s  of t h i s  s tudy  sugges t  t h a t  p reoxida t ion  e f f e c t s  on 

I n  suppor t  o f  t h i s  observa t ion ,  

Chars were prepared from t h e  f r e s h  H V A  coal  and 
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preoxid ized  (2.5 percent  oxygen added) c o a l .  In a d d i t i o n ,  t he  1273K chars  (0.23 s 
carboniza t ion  t ime) prepared  by rap id  hea t ing  of t hese  samples were recarhonized  under 
slow hea t ing  cond i t ions .  The r e a c t i v i t y  parameters determined f o r  t hese  chars  a re  
presented  i n  Table 4 .  Inc reas ing  hold times a t  t he  f i n a l  ca rbon iza t ion  temperature 
(1273K) from 0 .23  s t o  3600 s l e d  t o  a seven-fo ld  decrease  i n  r e a c t i v i t y  f o r  t h e  
chars prepared from t h e  unoxidized c o a l .  When comparable hold t imes were employed, 
hea t ing  r a t e  had l i t t l e  e f f e c t  on subsequent char r e a c t i v i t y .  Chars prepared  from 
preoxidized coa l s  were about  a f a c t o r  of two more r e a c t i v e  than the  corresponding chars 
prepared from the  unoxidized c o a l .  The important f a c t o r  i n  determining the  subsequent 
char r e a c t i v i t y  was the  hold t i m e  a t  f i n a l  temperature and no t  t he  hea t ing  r a t e .  

TABLE 4 

E f f e c L  of CarboniZatibn C b d i t i o n s  on-Subsequent R e a c t i v i t y  
of Chars Prepared from Raw and Preoxidized Samples of PSOC-1099 

_ _ _  _ - - - - -  _ -  

Reac t iv i ty  Parameter T0.5 min 
Char Heating r a t e  30,000 K / s  0 .2  K / s  30,000 K/s*  
P repa ra t ion  
Method Hold Time a t  1273K 0 .23  s 3600 s 3600 s 

Parent  Sample 

Raw (unoxidized) 
2.5 pe rcen t  oxygen 

added 

69 450 490 
66 300 260 

+< Chars were prepared i n  t h e  en t ra ined- f low furnace  under rap id  hea t ing  
condi t ions  and were recarhonized  by hea t ing  a t  0 .2  K / s  and hold ing  f o r  
3600 s a t  12733. 

Mahajan and co-workers ( 2 )  a t t r i b u t e d  t h e  enhancement of char r e a c t i v i t y  as  a r e s u l t  
of preoxida t ion  t o  the  l a r g e  inc reases  i n  micropore su r face  a reas  they  observed f o r  
these  cha r s .  Under rap id  hea t ing ,  s h o r t  con tac t  t i m e ,  ca rboniza t ion  conditi.ons s imi l a r  
increases  i n  su r face  a rea  and cha r  r e a c t i v i t y  were n o t  observed. However, when carboni- 
za t ion  times were extended, p reox ida t ion  e f f e c t s  became ev iden t .  These r e s u l t s  provide 
some i n s i g h t  concerning the  r o l e  which oxygen p lays  i n  the  carboniza t ion  process .  From 
the  work of  J enk ins ,  e t  a l .  ( l ) ,  and o the r s  (10-14), i t  i s  known t h a t  i nc reas ing  the 
s e v e r i t y  ( t ime,  temperature) of ca rbon iza t ion  condi t ions  r e s u l t s  i n  a s e a l i n g  up o r  
c los ing  of char p o r o s i t y .  This  annea l ing  process  reduces the  a c c e s s i b i l i t y  and quan- 
t i t y  of a c t i v e  g a s i f i c a t i o n  s i tes  p resen t  i n  the  char .  The r e s u l t s  of t h i s  s tudy  and 
the  work of Mahajan, e t  a l .  (21 ,  sugges t  t h a t  p reoxida t ion  i n h i b i t s  t he  annea l ing  proc- 
e s s  and, thereby ,  leads  t o  t h e  product ion  of more r e a c t i v e  coa l  chars .  This  i n h i b i t i o n  
does no t  become mani fes t  i n  t h e  i n i t i a l  s t a g e s  of t he  carboniza t ion  p rocess .  

Acknowledgments 

Funding f o r  t h i s  work was provided by t h e  Cooperative Program i n  Coal Research a t  t h e  
Pennsylvania S t a t e  Un ive r s i ty  and by the  U.S.  Department of  Energy under Cont rac t  
No. DE-AC01-79ET14882. 
e r a l  Fue ls  Conservation Fellowship.  
United Technologies Research Center under the  d i r e c t i o n  of D r .  James D .  F r i ehau t .  

Addi t iona l  suppor t  was suppl ied  by a Mining and Mineral  and Min- 
Elemental  ana lyses  were generously suppl ied  by the  

I 

60 



References 

1. Jenkins, R. G., S .  P. Nandi, and P. L. Walker, Jr., Fuel, 52, 288, 1973. 

2. Mahajan, 0 .  P., M. Komatsu, and P. L. Walker, Jr., Fuel, 59, 3, 1980. 

3. Maloney, D. J., R. G.-Jenkins, and P. L .  Walker, Jr., Fuel, 61, 175, 1982. 
4. Maloney, D. J., Ph.D. Thesis, The Pennsylvania State University, 1983. 

5. Mahajan, 0. P., R. Yarzab, and P. L. Walker, Jr., Fuel, 57, 643, 1978. 

6. Newall, H. E., and F. S. Sinnatt, Fuel, 2, 424, 1924. 
7. Newall, H. E., and F. S. Sinnatt, Fuel, 5 ,  335, 1926. 
8. Newall, H. E., and F. S. Sinnatt, Fuel, 6,  118, 1927. 
9. Radovic, L. R., Ph.D. Thesis, The Pennsylvania State University, 1982. 

10. Chiche, P., S. Durif, and S .  Pregermain, Fuel, 44, 5, 1965. 
11. Miura, S., and P. L. Silveston, Carbon, 18, 93, 1980. 
12. Razouk, R. I., F. 2. Saleeb, and A .  M. Youssef, Carbon, 6, 325, 1968. 
13. Toda, Y., Fuel, 2, 94, 1973. 

14. Toda, Y., Fuel, 52, 99, 1973. 

15. Walker, P. L., Jr., Phil. Trans. R. SOC. Lond., e, 65,1981. 

16. Nsakala, N., R. H. Essenhigh, and P. L. Walker Jr., Fuel, 57, 605, 1978. 

17. Nsakala, N., Ph.D. Thesis, The Pennsylvania State University, 1977. 

18. Radovic, L. R., P. L. Walker, Jr., and R. G. Jenkins, Fuel, 62, 849, 1983. 
19. Blake, J. H., G .  R. Bopp, J. F. Jones, M. C. Miller, and W. Tambo, Fuel, 5, 

115. 1967. 

61 

I 



FIGURE 1, SCANNING E L E C  RON MICROGRAPH OF THE CHAR PRODUCED 
FROM P oc-1094 FOLLOWING HEAT TREATMENT AT 1273 K 
FOR 0,$3  s 

F IGURE 2 ,  SCANNING ELECTRON MICROGRAPH OF THE CHAR PRODUCED 
EROM PREOXIDIZED psoc-1099 (2 5% OXYGEN AD ED) 
FOLLOWING HEAT TREATMENT AT 1973 K F O R  0 , 2 9  s 
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Figure 3. EFFECTS O F  CARBONIZATION T I M E  AND TEMPERATURE 
ON RESULTING CO2 SURFACE AREA FOR CHARS PREPARED 
FROM PSOC-1099 
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Figure 4. E F F E C T  OF PYROLYSIS YIELD ON RESULTING C O z  SURFACE 
AREA FOR CHARS PREPARED FROM PSOC-1099 
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Figure 5, EFFECTS OF CARBONIZATION TIME AND TEMPERATURE ON 
RESULTING ATOMIC C/H RATIOS FOR CHARS PREPARED 
FROM PSOC-1099 
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Figure 6, EFFECTS OF CARBONIZATION TIME AND TEMPERATURE ON 
RESULTING ATOMIC C/H RATIOS FOR CHARS PREPARED 
FROM PREOXIDIZEO PSOC-1099 (2.5% Oxygen Added) 
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Figure 7, WEIGHT FRACTIONS OF CARBON AND HYOROGEN REMAINING 
IN CHARS AS A FUNCTION OF TIME AT 1273 K FOR RAW AND 
PREOXlDlZED (2.5: Oxygen Added) SAMPLES OF PSOC-1W9 
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High Tempera tu re  Trans fo rma t ions  of Mine ra l s  i n  Coal 
and t h e  R e l a t i o n s h i p  t o  t h e  Organic  S t r u c t u r e  

P.A. Montan0 and A.S. Boinmannavar 

Department o f  Phys ic s ,  West V i r g i n i a  University 
 organt town, N V  26506 

I .  I n t r o d u c t i o n  

The major u s e  of c o a l  i s  i n  d i r e c t  combustion f o r  t h e  g e n e r a t i o n  o f  e l e c t r i c i t y .  
Because of t h e  env i ronmen ta l  h a z a r d s  involved i n  i t s  u s e ,  c o n s i d e r a b l e  r e s e a r c h  has 
become n e c e s s a r y  t o  f u l l y  unde r s t and  t h e  behavior  of t h e  d i f f e r e n t  compunds  
appea r ing  i n  c o a l  and t h e  ways i n  which they  t r a n s f o r m  th roughou t  t h e  cour se  o f  
p rocess ing .  

Of a l l  t h e  m i n e r a l s  p r e s e n t  i n  c o a l ,  i r o n  d i s u l f i d e s  ( p y r i t e  and m a r c a s i t e )  a r e  
t h e  most d e l e t e r i o u s .  They a r e  one o f  t h e  major s o u r c e s  o f  SO p o l l u t i o n .  Clay 
m i n e r a l s  r e p r e s e n t  a l a r g e  p e r c e n t a g e  of t h e  i n o r g a n i c  ma t t e r   in- coa-1.. -These ~ - 
minera l s  a r e  t r ans fo rmed  a t  high-temperat-uure t o  f e r r o u s  and f e r r i c  g l a s s  phases .  
ljldssbauer spec t roscopy  can be v e r y  h e l p f u l  i n  u n d e r s t a n d i n g  t h e  t r a n s f o r m a t i o n  of 
i ron -bea r ing  m i n e r a t q ) d u r i n g  combust ion.  Such a t e c h n i q u e  w ~ s  used t o  s t u d y  t h e  
o x i d a t i o n  o f  p y r i t e  a t  modera t e  t e m p e r a t u r e s  (maximum 400 C ) .  The o x i d a t i o n  o f  
py rb te  i n  an IL116 c o a l  o c c u r s  i n  Lhree s t e g s :  a )  t o  i r o n  s u l f a t e s  between 25’ t o  
310 C ,  
a l s o  obseyyyd t h a t  tt?e r a t e  of o x i d a t i o n  is s t r o n g l y  p a r t i c l e  s i z e  dependent .  
:Jendeborn enumerates  no l e s s  an s i x t e e n  c o n c u r r e n t  r e a c t i o n s  f o r  t h e  o x i d a t i o n  
of p y r i t e .  Schwab and P h i l i n i s  
o x i d a t i o n  o f  p y r i t e  p roceeds  ma in ly  th rough  t h e  fo rma t ion  of o x i d e s .  S u l f a t e  
formation amounted t o  o n l y  12% of t h e  o x i d e  fo rma t ion  a t  t h e  lower t empera tu re  and 
dec reased  w i t h  i n c r e a s i n g  tempera From therrnodynatnics and k i n e t i c s  o f  t h e  
r e a c t i o n  o f  s u l f u r  i n  c o a l ,  A t t a r tYresugges t ed  t h a t  t h e  f i n a l  p r o d u c t s  o f  t h e  
r e a c t i o n  depend on t e m p e r a t u r e ,  p y r i t e  p a r t i c l e  s i z e  and oxygen p a r t i a l  p r e s s u r e .  

2 - 
.- ~. - 

b )  t o  y-Fe20 between 310 and 325 C ,  and c )  t o  a-Fe 0 above 325°C.(1;4)was 
2 3  

( @ observed t h a t  i n  t h e  range o f  400-5OO0C, t h e  

The iJiossbauer e f f e c t  h a s  a l s o  been used by lluffman and I l ~ g g i n s ( ~ )  t o  s t u d y  t h e  
r e s i d u a l  a s h e s  i n  c o a l .  They obse rved  t h e  t2gnsforrnat ion o f  p y r i t e  t o  h e m a t i t e ,  
s i d e r i t e  t o  h e m a t i t e ,  and o f  a n k e r i t e  and Fe i n  c l a y s  t o  f e r r i c  ions i n  g l a s s y  
m a t e r i a l s .  The compos i t ion  o f  t h e  a s h e s  was s t r o n g l y  dependent  on t h e  o r i g i n a l  
mine ra l s  and t h e  c o o l i n g  c o n d i t i o n s .  

I n  t h i s  work we r e p o r t  a s e r i e s  o f  i n  s i t u  M6ssbauer rneasurernents i n  four 
w e l l - c h a r a c t e r i z e d  b i tuminous  c o a l s .  We i n t e n d  t o  s t u d y  t h e  sequence o f  chemical  
r e a c t i o n s  t a k i n g  p l a c e  d u r i n g  t h e  t r a n s f o r m a t i o n  o f  t h e  i ron -bea r ing  m i n e r a l s .  
S p e c i a l  emphasis  is p laced  upon t h e  va l ence  s t a t e  o f  t h e  i r o n  and t h e  i d e n t i f i c a t i o n  
o f  t h e  i n t e r m e d i a t e  s t a t e s .  

11. Experimental  D e s c r i p t i o n  

The c o a l s  used i n  t h i s  s t u d y  were: B l a c k s v i l l e  12 ,  Powhatan 115, Ky 9/14 and 

The o x i d a t i o n  p r o c e s s  was c a r r i e d  o u t  i n  a s p e c i a l l y  b u i l t  
I L  116 ob ta ined  from S t .  C l a i r  County,  I l l i n o i s .  
o f  t h e s e  f o u r  c o a l s .  
r e a c t o r .  The r e a c t o r  chamber c o n s i s t s  of a q u a r t z  c y l i n d e r  w i th  an o u t e r  d i ame te r  
of 2.5 cm. 
a i r  through it .  The q u a r t z  t u b e  was p laced  i n s i d e  a h o r i z o n t a l  f u r n a c e  c a p a b l e  o f  
r each ing  1200°C. 
r e a c t o r  nea r  t h e  sample t o  d e t e c t  t h e  t empera tu re .  The r e a c t o r  was he ld  

T a b l e  I g i v e s  t h e  u l t i m a t e  a n a l y s i s  

T h e  sample was mounted i n  t h e  c e n t e r  o f  t h e  c y l i n d e r  a l l o w i n g  t h e  f low of 

A chromel-alumel thermocouple  was i n s e r t e d  i n t o  t h e  middle of t h e  
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h o r i z o n t a l l y .  The sarnple,  a c o a l  p e l l e t ,  was mounted between two g r a p h i t e  h o l d e r s  i n  
t h e  c e n t e r  of t h e  r e a c t o r .  For t h e  p r o c e s s  o f  o x i d a t i o n ,  a i r  was al lowed t o  f low 
through t h e  sample a t  a c o n s t a n t  r a t e .  A computer ized i4'cissbauer spec t romete r  was 
used i n  t h i s  s t u d y  t o  accumulate ,  r eco rd  and f i t  t h e  d a t a .  The f i t t i n g  is based on a 
non-l inear  l e a s  squa re  p rocedure  assuming Loren tz i an - l ike  s h a p e s .  The source  used 
was a -100 m C i  '7Co i n  a rhodium m a t r i x .  A krypton ( 3 %  C H q )  p r o p o r t i o n a l  c o u n t e r  was 
used a s  a d e t e c t o r  ( c a r e  a s  t aken  t o  c o o l  t h e  windows o f  t h e  d e t e c t o r  du r ing  t h e  
measurements).  0 &kc 5rFe I 6 s s b a u e r  s p e c t r a  o f  a l l  t h e  samgles were recorded 
d u r i n g  o x i d a t i o n  a t  v a r i o u s  t e m p e r a t u r e s  between 22OC and 710 C. 
s h i f t s  a r e  given i n  r e f e r e n c e  t o  a-Fe ( t h e  z e r o  v e l o c i t y  s t a n d a r d ) .  The r e d u c t i o n  
measurements were pe r fo rned  under hydrogen f low a s  w e l l  a s  under  a n i t r o g e n  
atmosphere.  

A l l  t h e  isomer 

111. ExEerirnental  Hesultz-a_nd Discussion 

The Mossbauer s p e c t r a  of a l l  t h e  c o a l s  a t  room t empera tu re  show t h e  p re sence  o f  
FeS2 ( p y r i t e )  i n  v a r i o u s  amounts.  The spectrum o f  p y r i t e  is known t o  g ive  a 
c h a r a c t e r i s t i c  quadrupo le  s p l i t  d o u b l e t ,  isomer s h i f t  (IS) = 0.31 mm/sec and 
quadrupole  s p l i t t i n g  ( Q S )  = 0.61 ian/sec. I n  a l l  t h e  c o a l s  depending on t h e  degree o f  
wea the r ing  (room tempera tu re  o x i d a t i o n ) ,  t h e  p re sence  of FeS04* H 2 0  ( s zomolnok i t e )  was 
obse rved ,  I S  = 1.18 m d s e c  and QS = 2.69 mm/sec. I n  some samples  [minor amounts of 
j a r o s i t e  and coquimbite  ( f e r r i c  s u l f a t e s )  were a l s o  obse rved .  The major i ron -bea r ing  
c l a y  m i n e r a l s  d e t e c t e d  i n  t h e  p r e s e n t  expe r imen t s  were i l l i t e  and mixed c l a y s  ( a s  
d e t e c t e d  by x-ray d i f f r a c t i o n ) .  The amount of i r o n  i n  such m i n e r a l s  is ve ry  sma l l  
and d e t e c t i o n  becomes e a s i e r  a f t e r  a n a l y z i n g  t h e  h igh  t empera tu re  a s h e s .  On h e a t i n g  
t h e  c o a l  i n  a i r ,  FeS2 w i l l  be ox id i zed  t o  a mix tu re  of s u l f a t e s  and o x i d e s ,  and we 
would expect  t h e  Mossbauer spectrum t o  c o n s i s t  o f  a s u p e r p o s i t i o n  o f  a [magnet ical ly  
s p l i t  s i x - l i n e  p a t t e r n  due t o  t h e  iron o x i d e s  and d o u b l e t s  r e s u l t i n g  from unreac ted  
FeS and i r o n  s u l f a t e s .  The above r e a c t i o n s  could be subnnarized as: 

2 

1 )  

2 )  

2 FeS2 + 302 FeS04 + S O  

3FeS2 + 10 O2 -t FeS04 + Fe2(S04)3  + 2S02 

Fe2(S04)3 + Fe2a3 + 3S03 

I n  F igu res  1 and 2 t h e  i n  s i t u  Mossbauer s p e c t r a  f o r  t h e  B l a c k s v i l l e  12  and IL#G 
c o a l  a r e  shown. On h e a t i n g  t h e  c o a l s  through t h e  v a r i o u s  t e m p e r a t u r e s  it was 
observed 1 )  f o r  FeS2, t h e  QS remains a lmos t  unchanged b u t  i t s  isomer s h i f t  d e c r e a s e s  
r a p i d l y .  The d e c r e a s e  i n  t h e  IS  is a t t r i b u t e d  mainly to  t h e  second o r d e r  Doppler 
s h i f t .  
d e c r e a s e  is mainly due t o  t h e  t empera tu re  dependence of t h e  e l e c t r i c  f i e l d  g r a d i e n t  
( t h rough  popu la t ion  o f  e x c i t e d  e l e c t r o n i c  s t a t e s ) .  The a r e a  f r a c t i o n  o f  i r o n  
s u l f a t e s  i n c r e a s e d  wi th  t empera tu re ;  t h i s  is due t o  t h e  fo rma t ion  o f  s u l f a t e s  through 
r e a c t i o n s  ( 1 )  and ( 2 ) .  
p e r i o d s  o f  time, t h e  fo rma t ion  o f  f e r r i m a g n e t i c  y-Fe20 
1 ) .  The fo rma t ion  o f  Y-Fe 0 has  a l s o  been r e p o r t e d  b$ o t h e r  authors . 'g)  On f u r t h e r  
h e a t i n g  t h e  c o a l  t o  350°C,2tite conve r s ion  o f  y-Fe 0 to a-Fe203 is observed ( e a s i l y  
d e t e c t e d  by t h e  d i f f e r e n c e  i n  magnet ic  h y p e r f i n e  8 i J l d s ) .  The conve r s ion  o f  y-Fe 0 
t o  a-Fe20 
i s  obse rvsd .  The p resence  o f  Y-Fe20 a s  an i n t e r m e d i a t e  s t a t e  depends on t h e  coa12aJ 
w e l l  a s  o x i d a t i o n  t ime .  The l o n g e r  ?he t ime ,  t h e  more Y-Fe 0 
is observed.  
composi t ion a f f e c t s  t h e  amount o f  Y-Fe 0 formed is n o t  $e11 under s tood ,  a l though  one 
i s  i n c l i n e d  t o  b e l i e v e  t h a t  p a r t i c l e  ~ $ 2 2  and i m p u r i t i e s  i n  t h e  p y r i t e  ( o r  i na rcas i t e )  
would be impor t an t  f a c t o r s  i n  t h i s  p rocess .  The above was a l s o  observed i n  a l l  t h e  
c o a l s  s t u d i e d .  Two t y p i c a l  room tempera tu re  S p e c t r a  for t h e  B l a c k s v i l l e  82 and IL16 
c o a l s  a r e  shown i n  F i g u r e s  3 and 4. The s i x - l i n e  spec t rum c h a r a c t e r i s t i c  o f  a-Fe 0 
is e a s i l y  observed a s  t h e  dominant f e a t u r e  i n  t h e  f i g u r e s .  Noted i s  t h e  p re sence  01 

2 )  For FeSO * fi20, t h e  QS is observed t o  d e c r e a s e  a t  h igh  t empera tu res .  This  

On i n c r e a s i n g  t h e  t empera tu re  above 300°C and f o r  s h o r t  
is  observed ( s  r e f e r e n c e  

is Complete a t  400°C, and a c h a r a c t e r i s t i c  s i x - l i n e  p a t t e r n  due t o  a-F$ d 
t o  a-Fe 0 conversion 

O f  c o u r s e  a t  h ighe r  t empera tu res  o n l y  a-Fe 0 2ij s t a b l e . 2  dow t h e  c o a l  

2 
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two e x t r a  d o u b l e t s  c o n t a i n i n g  Fe3+, a t t r ’ b u t e d  t o  decomposi t ion of t h e  c l a y s  and  
fo rma t ion  o f  amorphous m a t e r i a l s  w i t h  Fe’+ a s  an impur i ty .  The d o u b l e t s  a r e  not  
i d e n t i c a l  i n  both s p e c t r a  i n d i c a t i n g  t h a t  t h e  environment  o f  Fe3+ is d i f f e r e n t .  
is i n d i c a t i v e  of a v a r i a t i o n  i n  c l a y  composi t ion between t h e  two c o a l s .  Because of 
t h e  s m a l l  amounts o f  i r o n  i n  such phases ,  t h e i r  c l e a r  i d e n t i f i c a t i o n  i s  r a t h e r  
d i f f i c u l t  and still  remains a c h a l l e n g i n g  problem f o r  t h e  s p e c t r o s c o p i s t .  S i m i l a r  
s p e c t r a  were a l s o  observed f o r  t h e  o t h e r  two c o a l s .  

This  

I 
The l 6 s s b a u e r  e c t r  1 a r e a  o f  each s p e c i e s  was used t o  de t e rmine  t h e  r e l a t i v e  

( n o t  a s  o x i d e )  and Fe 0 amounts o f  FeS2! Fe”,  Fe” 
n e g l e c t  any v a r i a t i o n  i n  Debye-Waller (D-IJ) f a c t o r s  between t h e  d i f f e r e n t  s p e c i e s .  
Consequent ly  t h e  r e l a t i v e  amounts  w i l l  i n d i c a t e  t h e  q u a l i t a t i v e  v a r i a t i o n  i n  sample 
composi t ion a t  t h e  d i f f e r e n t  t empera tu res .  The a b s o l u t e  amounts va ry  depending on 
t h e i r  r e s p e c t i v e  D-kl f a c t o r s .  S i n c e  such a c o r r e c t i o n  is ve ry  d i f f i c u l t ,  we l i m i t  
o u r s e l v e s  t o  t h e  assumption t h a t  a l l  t h e  s p e c i e s  show a s i m i l a r  t empera tu re  
dependence f o r  t h e  D-!J f a c t o r s .  F igu re  5 shows t h e  decornposit ion o f  FeS a s  a 
fu2p t ion  of t empera tu re  f o r  a l l  t h e  c o a l s  under  s t u d y .  F i g u r e  6 shows t 2 e  amount of 
Fe a s  a f u n c t i o n  o f  t e m p e r a t u r e  f o r  a l l  t h e  c o a l s ;  t h e  d i v a l e n t  ‘on c o n t r i b u t i o n  is 
mainly from t h e  f e r r o u s  s u l f a t e s .  I n  F igu re  7 t h e  v a r i a t i o n  i n  Fe’+ and i r o n  ox ides  
(bo th  y and a )  a r e  shown a s  a f u n c t i o n  of t empera tu re .  It i s -~e .v iden t - - tha t - - fo i - - the  
most weathered c o a l s ,  t h e r e  is more ferr1.c  s u l f a t e  pre-sent  - (e .g .  IL116). 
f r e s h e r  c o a l  (&1/.2), .the amount-of  f e r r i c  s u l f a t e  i s  s m a l l g r  and t h e  t r a n s f o r m a t i o n  

-. .----from f r o n  - s u l f i d e s - t o  s u l f a t e s - t o  o x i d e s  is r a p i d .  A t  710 C t h e  f e r r i c  i o n  i s  
p r e s e n t  ma in ly  a s  a-Fe 0 . A t  t h i s  t empera tu re  we a r e  above t h e  a n t i f e r r o m a g n e t i c  t o  
paramagnet ic  t r ans i t i on2  2empera tu re  o f  a-Fe 0 and no magnet ic  s p l i t t i n g  i s  observed.  
The Cr-Fe 0 

nuc leus  is p l o t t e d  v e r s u s  t e m p e r a t u r e .  The t empera tu re  dependence is ve ry  s i m i l a r  
f o r  a l l  t h e  samples  ( o n l y  a-Fe 0 p l o t t e d )  i n d i c a t i n g  s i m i l a r  p a r t i c l e  s i z e s .  Most 
l i k e l y  s i n t e r i n g  has  occur red  gu? ing  combustion. 
one of t h e  major f a c t o r s  h i n d e r i n g  t h e  r a p i d  conve r s ion  o f  FeS t o  o x i d e s  a t  low 
t empera tu res .  Even tua l ly  a t  h i g h e r  t e m p e r a t u r e s  t h e  f e r r i c  s u f f a t e  p a r t i c l e s  a r e  
conve r t ed  t o  o x i d e s .  It a p p e a r s  t h a t  t h e  p r e s e n c e  o f  p a r t i c l e s  of f e r r o u s  and f e r r i c  
s u l f a t e s  s lows down t h e  r a p i d  o x i d a t i o n  o f  FeS2. There is a l s o  a p h y s i c a l  f a c t o r  
p r e s e n t .  I t  is h i g h l y  p robab le  t h a t  t h e  s m a l l e r  s u l f i d e  p a r t i c l e s  were o x i d i z e d  a t  
room t empera tu re  i n  a ( y 5 t h e r e d  c o a l  and t h e  remaining p a r t i c l e s  a r e  l a r g e r  and more 
d i f f i c u l t  t o  o x i d i z e .  It is  e v i d e n t  t h a t  t h e  f r e s h e r  c o a l  ox id i zed  f a s t e r  t han  
t h e  o t h e r s  ( s e e  F igu re  7 ) .  

I n  t h i s  a n a l y s i s  we w i l l  
2 3’ 

For t h e  

, 
p a r t i c l e  s i z e s  seems t o  be very2s?milar  i n  a l l  t h e  c o a l s  s t u d i e d .  h i s  

is e v i d e n t  2 3  from F i g u r e  8 where t h e  normalized magnet ic  h y p e r f i n e  f i e l d  a t  t h e  5’Fe It 

Weather ing of t h e  c o a l  seems t o  be 

r 

Under  r e d u c t i o n  c o n d i t i o n s  and below 45OoC, a l l  t h e  i r o n  s u l f i d e s  a r e  
t ransformed i n t o  p y r y p y t i t e s .  
as t h e  type  o f  c o a l .  The major f a c t o r  a f f e c t i n g  t h e  Fe/S r a t i o  i n  t h e  p y r r h o t i t e s  
i s  t h e  t o t a l  amount of s u l f u r  a v a i l a b l e  as H2S. P a r t i a l  H2S p r e s s u r e  is t h e  c r u c i a l  
q u a n t i t y  c o n t r o l l i n g  t h e  s t o i c h i o m e t r y  of t h e  p y r r h o t i t e s .  A h i g h  pe rcen tage  o f  H2S 
i n  t h e  r e a c t o r  a t  h igh  t e m p e r a t u r e s  a s s u r e s  t h e  fo rma t ion  o f  p y r r h o t i t e s  w i th  a h igh  
number of me ta l  v a c a n c i e s .  
p re sence  o f  hydrogen. The p r o d u c t s  a r e  removed from t h e  s u r f a c e  and t h e  p y r r h o t i t e s  
r e t a i n  a me ta l  c h a r a c t e r .  
t r a n s f o r m  i n t o  t r o i l i t e  and e v e n t u a l l y  i n t o  i r o n  me ta l .  The fo rma t ion  o f  t r o i l i t e  
(FeS)  i s  a l s o  p o s s i b l e  a t  lower t e m p e r a t u r e s  i f  H2S i s  c o n t i n u a l l y  removed from t h e  
r e a c t o r  by f lowing  hydrogen. 
w i th  t h e  i r o n  ion  p r e f e r r i n g  t o  r e t a i n  a d i v a l e n t  s t a t e .  
t r a n s f o r m a t i o n  is s t r o n g l y  c o a l  dependent .  

The d e g r e e  o f  t r a n s f o r m a t i o n  depends on t ime  a s  we l l  

‘ 

The p y r r h o t i t e  s u r f a c e  i n t e r a c t s  w i t h  CO and C02 i n  t h e  

A t  t e m p e r a t u r e s  h ighe r  t han  450°C t h e  p y r r h o t i t e s  s t a r t  t o  

The c l a y  m i n e r a l s  a r e  a l s o  t r ans fo rmed  d u r i n g  r e d u c t i o n  
The degree  of 

The a u t h o r s  acknowledge t h e  s u p p o r t  o f  t h e  Energy Research Center  o f  Uest  
V i r g i n i a  Un ive r s i ty .  
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TABLE I U l t ima te  Ana lys i s  (UT%, dry  b a s i s )  

Coal H C N s 0 HTA 

I L # 6  4.7 67.6 1.2 4.0 8.0 13.96 
Powhatan #5 4.9 71.1 1.1 3.5 7.5 11.8 

\ 

Ky 9/14 4.9 71.3 1.5 3.4 9.7 9.3 

B l a c k s v i l l e  #2 5.2 75.83 1.4 3.4 3.5 10.1 
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FIGURE 3 
t i o n  91 710°C o f  the E l a c k s v i l l e  #2  c o a l .  
g :  Fe i n  amorphous c l a v  (two d o u b l e t )  
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F I G U R E  4. The same a s  above b u t  IL #6 i n s t e a d  of  E l a c k s v i l l e  
#2 9 
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F I G U R E  5 Decomposition o f  FeS i n  percent  as  a func t ion  o f  temperature .  
BL2: Blacksvi l le  # 2 ;  Po5: P o d a t a n  #5 ;  Ky 9 /14;  and IL6: IL #6. 

" 4 0  

1 0 0  n 5 0 0  
C" 

FIGURE 6 
Key t o  t h e  f i g u r e  i s  found i n  Figure 5. 

Transformation o f  Ye2+ in percentage v s .  temperature .  
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3+ FIGUR: 7 Convers ion  t o  Fe 0 and Fe ( n o t  o x i d e s )  as a 
f u n c t i o n  o f  t empera tu re .  
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l l a a n e t i c  h v o e r f i n e  f i e l d  no rma l i zed  t o  room 
tempera tu re  ' fo r  a l l  t h e  samples vs .  t e n p e r a t u r e l  
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Enumeration of Graphi te  Carbon-Bond-Network 
Defec ts  Having Ring S i z e s  Ranging from 2 t o  9 .  

J e r r y  Ray Dias 

Department of Chemistry 
U n i v e r s i t y  of Missour i  

Kansas C i t y ,  Missour i  64110 

Graphi te - l ike  S t r u c t u r e s  
A cover ing  of t h e  p l ane  by congruent r e g u l a r  n-gons ( a l l  v e r t e x  ang le s  and 

edge l eng ths  are equa l )  i s  c a l l e d  a PegUZUP t e s s e l l a t i o n  of  t h e  p l ane  (1). The 
g raph i t e  o-bond s t r u c t u r e  i s  a r e g u l a r  t e s s e l l a t i o n  of t h e  p l ane  by hexagons. 
The only r e g u l a r  t e s s e l l a t i o n s  of  t h e  p l ane  by n-gons a r e  f o r  n = 3 , 4 ,  and 6 ;  
no o the r  r e g u l a r  t e s s e l l a t i o n s  of t h e  p l ane  e x i s t .  I f  m denotes  t h e  number of 

l / m  = 4. 
d i f f e r e n t  polygons a r e  used wi th  t h e  same set of polygons a t  each v e r t e x .  Since 
t h e  number of n-gons a t  every  v e r t e x  i s  t h r e e  f o r  t h e  g r a p h i t e  o-bond s t r u c t u r e ,  
t h e  var ious  i somer i c  g r a p h i t e  t e s s e l l a t i o n s  i n  a p l ane  must be g iven  by ( l -Z/nl)  + 
(l-Z/n*)+ (1-2/n3)= 2 which s i m p l i f i e s  t o  l / n l  + l / n l  + l /n3  = 4. The only  
accep tab le  s o l u t i o n s  t o  t h e  l a t t e r  equa t ion  f o r  n l ,  n2,  n3 a r e  6 , 6 , 6  o r  3 ,12 ,12  
o r  4 , 6 , 1 2  o r  4 , 8 , 8 .  These t r a n s l a t e  t o  t h e  t e s s e l l a t e d  s t r u c t u r e s  shown i n  
F igu re  1. 
dec reas ing  o rde r  of t h e i r  a romat i c  o r  pn-bond energy s t a b i l i t y  a s s o c i a t e d  wi th  
po lycyc l i c  conjugated  hydrocarbons where t h e  hexagonal web (n l  = 6 ,  nL = 6 , n 3  = 6 )  
is  t o t a l l y  a romat i c ,  t he  middle s t r u c t u r e s  a r e  e i t h e r  l e s s  a romat ic  (nl = 3 ,  
n2 = 1 2 ,  n3 = 12)  or have a romat ic  and a n t i a r o m a t i c  components (nl  = 4 ,  n2 = 6, 
n3 = 1 2 ) ,  and t h e  l a t t e r  s t r u c t u r e  i s  a lmost  t o t a l l y  a n t i a r o m a t i c  (n l  = 4 ,  n2 = 8 ,  
n3 = 8) .  The homogeneous t e s s e l l a t e d  s t r u c t u r e s  (F igure  1) have only  a n g l e  d i s -  
t o r t i o n s  from t h e  i d e a l  ang le  of 120" f o r  t h e  g r a p h i t e  s t r u c t u r e .  I f  bond (edge) 
d i s t o r t i o n s  a r e  pe rmi t t ed  then  o t h e r  p l ana r  l a t t i c e  s t r u c t u r e s  become p o s s i b l e  ( 2 ) .  
They inc lude  p lane  n e t s  composed of  an e q u a l  number of pentagonal  and heptagonal  
r i n g s  or  t r i g o n a l  and nonagonal r i n g s  and twice  t h e  number of pentagonal  r i n g s  t o  
oc tagonal  r i n g s  o r  twice t h e  number of heptagonal  r i n g s  t o  t e t r a g o n a l  r i n g s  i n  
compliance wi th  t h e  equat ion  3r3+2rq+rg-r7-2r8-3rg-4r10-5r11-6r1z--** = 0 
(v ide  i n f r a )  where r 

- -  r egu la r  n-gons a t  evcry v c r t e x ,  t henm( l -2 / a ) l r  = 2n which s i m p l i f i e s  t o  1-/n + - 

Homogeneous t e s s e l l a t i o n s  ( a l l  edge l e n g t h s  are equa l )  occur  when 

Note t h a t  t h e s e  t e s s e l l a t e d  g r a p h i t e  r e l a t e d  s t r u c t u r e s  a r e  l i s t e d  i n  

i s  t h e  number of r i n g s  of s i z e  n .  

These o t h e r  g r a p h i t e  l a t t i c e s  a r e  unknown b u t  can poss ib ly  e x i s t  a s  i s l a n d  
d e f e c t s  i n  g r a p h i t e  o r  amorphous carbon (carbon-bond-network d e f e c t s ) .  Twinning 
of g raph i t e  c r y s t a l s  r e s u l t  i n  t h e  format ion  of 4- and 8-membered r i n g s  a long  t h e  
twinning l i n e .  S i m i l a r l y ,  a p a r t i a l  l a t e r a l  d i s l o c a t i o n  l e a d s  t o  a similar 4-8 
boundary. 
naphthenyl r a d i c a l  and a two-carbon-atom-lattice-vacancy forms a h o l e  shaped l i k e  
pyrene ( 3 ) .  
network d e f e c t  ( 4 ) .  
s t ack ing  and f o r e i g n  atom i n c o r p o r a t i o n .  The 4 1 9  o t h e r  isomers of pyrene enumer- 
a t e d  i n  a previous  paper a l s o  r e p r e s e n t  o t h e r  p o s s i b l e  carbon-bond-network d e f e c t  
s t r u c t u r a l  u n i t s  t h a t  may poss ib ly  exist a s  l o c a l i z e d  i s l a n d s  i n  g r a p h i t e  and 
amorphous carbon ( 5 ) .  

A s i n g l e  carbon-atom-latt ice-vacancy forms a h o l e  shaped l i k e  pe r i -  

A p a r t i a l  l i n e  d i s l o c a t i o n  can produce a sp3-hybridization-buckled- 
Other types  of  g r a p h i t e  d e f e c t  s t r u c t u r e s  invo lve  l a y e r  
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Diamond-like Structures 
There are two basic three-dimensional 4-connected nets o r  lattices that can 

be constructed with equal links and regular tetrahedral bond angles (6). The 
most stable is the (cubic) diamond-like lattice which is made up of the totally 
staggered arrangement of links where each and every two-tetrahedral-atom unit 
resembles the staggered conformation of ethane and every six-tetrahedral-atom 
ring system resembles the chair conformation of cyclohexane. The less stable 
wurtzite-like (hexagonal diamond) lattice is composed of 1/4 eclipsing links 
and 3/4 staggered links and has (normal) layers of made up of fused polycyclic 
hexagonal rings in chair conformational-like arrangements which are mutually 
joined in such a way that boat conformational-like hexagonal rings are formed 
between these layers. 
between the cubic and hexagonal diamond structures could lead to the Sic polytypes. 
Two other lattices possible for 4-connected tetrahedral atoms are worthy of note 
(6). One is based on the cyclopentagon which has an internal angle of 108' that 
is close to the regular tetrahedral angle value of 109.5'. A net which radiates 
out from a central pentagonal dodecahedron can be constructed. 
based on the planar (and angle strained) cyclohexagon. An infinite net which 
radiates from a column of planar cyclohexagons leads to a structue that can be 
described as a 6-fold rotation twin of cubic diamond. 

A lattice which alternates in a regular or periodic manner 

The other is 

1 ' Isomer Enumeration of Polycyclic Conjugated Hydrocarbons 
Consider the a-bond graphs of three of the 420 possible uolvcvclic coniurated . . .  - .  

hydrocarbon isomers of pyrene shown in Figure 2 ( 5 ) .  
peripheral third degree carbon vertices (numbered 1 to 4), isomer 2 has N =5, 
and isomer 3 has Np =6; all pyrene polycyclic conjugated isomers have NH=P6 second 
degree vertices on fhe periphery of their o-bond graphs. Note that the previously 
derived equation of Npc-NLi+6=3r3+2rq+rg-r7-2r~-3rg-**- correctly enumerates the 
relative number of ring sizes different from the hexagonal ring in these three 
pyrene isomers (1 to 3 ) .  

Carbon-Bond-Network Defects in Graphite 
The principle assumption in this treatment of carbon-bond-network defects is 

that this kind of defect is formed in an initially ideal graphite lattice in such 

Pyrene (1 )  has Npc=4 

1 

\\ a manner that the initial number of carbon atoms are conserved (i.e., Frenkel-like 
I defects). Also, the graphite crystal is regarded basically as a super-large 

polycyclic aromatic hydrocarbon and that these carbon-bond-network defects occur 
remote to the crystal edge; under these conditions N 
-r7-2r8-3rg=O since Np -N +6=0 for benzenoid PAHs. xCtwo-dmgnsional H .  H projection 
on the (110) plane of fheHdiamond lattice gives a 6-gon tessellated structure with 
hexagonal rings possessing two shortened parallel edges. 
diamond lattice of silicon parallel to this (110) plane result in ring size 
combinations which obey the above general equation 5s a consequence of avoiding 
energetically unfavorable dangling bonds (7). A (110) projection of the diamond- 
cubic lattice of germanium containing an intrinsic Z-shaped faulted dipole was 
shown to exhibit a combination of pentagonal and heptagonal rings (rg-r7=O) which 
complies with the above equation (8). A study of <011> tilt boundaries in the 
diamond-cubic lattice gave a two-dimensional projection showing ring size combi- 
nations consistent with this equation ( 9 ) .  

-N +6=q -2N +6=3r3+2r4+rg 

Dislocations in the 

Naphthalene has only four polycyclic conjugated hydrocarbon isomers as enumer- 
ated in Figure 3. If one takes an ideal graphite lattice, excises out a naph- 
thalene substructure, and replaces it with a substructure corresponding to the 
other three naphthalene isomers, one obtains the three carbon-bond-network defects 
enumerated in Figure 4; the graphite partial structure shown in Figure 4 will be 
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referred to as the ovalene graphite cell. Similarly, if one excises out a 
pyrene substructure from an ideal graphite lattice and replaces it with another 
substructure corresponding to one of the other 419 isomers of pyrene, one obtains 
other carbon-bond-network defects. Note that for all the defect graphite cell 
structures shown in Figure 4, the combination of ring sizes is predicted by 
3r3+2r4+r5-r7-2rg-3rq=0. If one distinguishes between rings of the naphthalene 
the outer rings formed upon their insertion into the ovalene graphite cells, then 
the equation 3r,+4r4+5r5+6r6+7r7+8rg+9r9= q +2qI can be partitioned into the two 
following equations where the superscript "pi" 
superscript "0" designates "outer" ring system: 

designates "inner" and the 

. . . .  
3r 3+4rt++5r;+6r;+7r;+8ri+9r q=qi+2qt 

P 
5r~+6r~+7r~+8r~=q0+2q~ 

P 
These equations with specificvalues for q:, q i ,  4:: q;, and N+c are given in 
Figure 4. If one excises the pyrene structural unit trom the circumpyrene ideal 
graphite cell, rotates the pyrene structural unit,- and re-insercs-i-t~,- fhziine-- - -  
obtdns another carboGbondLnetwork defect. 
419 different elementary carbon-bond-network defects since each of the different 
420 structural isomeric units of pyrene can be inserted with different orientations 
into the empty circumpyrene graphite cell. The simplest carbon-bond-network 
defect is that graphite cell corresponding to azupyrene since the surrounding 
graphite hexagonal units would be nearly normal. Carbon-bond-network defects 
having ring sizes 3 to 9 are shown to be most probable within the constraints 
of this model. 

-~ ~ 

Thus there are probably more than 

A recent example of thermal (500-C) isomerization of azupyrene to pyrene 
has been published (10). This example (Figure 5) is probably mechanistically 
the simplest type of isomerization possible for pyrene isomers since a pairwise 
detachment and reattachment exchange of syn internal bonds to the internal third 
degree carbon atom vertices would convert azupyrene to pyrene. 
with analogous defects can cause their migration to the surface or annihilate 
them as shown in Figure 5. 

Annealing graphite 

Although large vacancy defects no doubt exist in graphite, one or two carbon- 
Point defects have excess energy atom-lattice-vacancies most likely do not exist. 

due to strain and dangling bonds. Each dangling bond amount to -2.5eV, and thus 
there will be a tendency to form point defects which minimize the number of 
dangling bonds. Consider a two carbon-atom-lattice-vacancy which forms a hole 
which is shaped like pyrene (3); the four dangling bonds in this defect could 
form two bridging bonds if some lattice distortion and associated strain energy 
is permitted. Since it is likely that this strain energy is less than 10 eV, the 
equilibrium. in Figure 6 probably lies to the right side of the equation; note 
that the equation 3r3+2rq+rg-r?-Zrg-3rg=O is again obeyed (i.e., r5-2rg=2-2~1=0). 

These examples demonstrate the broad applicability of the general equation 
3r3+2rq+rg-r7-2rg-3r9-...~0 for predicting the relative number of nonhexagonal ring 
sizes in planar graphs of molecular carbon systems where minimization of dangling 
bonds is a dominant energetic factor. Amorphous carbon can be regarded as a mix 
of graphite and diamond lattice types and carbon-bond-network defects (11). These 
structural concepts should be useful in study of the mechanism of carbonization by 
which pitch is thermally converted to coke and coke to graphite (12). 
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APPENDIX: Glossary  of Terms 

N - t o t a l  number of carbon atoms in a PAH 

N - t o t a l  number of hydrogen atoms i n  a PAH 

NIc - number of i n t e r n a l  carbon atoms i n  a PAH having  a d e g r e e  of 3 

Npc - number of p e r i p h e r a l  carbon atoms i n  a PAH having  a d e g r e e  of 3 

PAH6 - p o l y c y c l i c  a r o m a t i c  hydrocarbon c o n t a i n i n g  e x c l u s i v e l y  f u s e d  

H 

hexagonal r i n g s  

/PI=p=Xc 

p3 - number of graph p o i n t s  ( v e r t i c e s )  having  a degree  o f  3 

IQI=q - number of graph edges  ( l i n e s  o r  C-C bonds) 

qI - number of i n t e r n a l  graph  edges 

qp  - number of p e r i p h e r a l  graph edges 

qb - number of graph  edges connec t ing  t o  phenyl - l ike  r i n g  s u b s t i t u e n t s  

K - number of r i n g s  

- t o t a l  number of graph p o i n t s  
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nl = 6, np = 6, n3 = 6 

nl = 4 ,  np = 6,  n3 = 12 n l  = 4 ,  np = 8 ,  n3 = 8 

Figure 1 . Graphite r e l a t e d  t e s s e l l a t e d  s t ruc tures .  
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Pyrene 

7 2 3 

Figure  2.  Three of t h e  420 p o s s i b l e p o l y c y c l i c  conjugated  hydrocarbon 
isomers of pyrene. 

Naphthalene Azulene 

F igu re  3 .  Polycyc l i c  conjugated isomers of naphtha lene .  
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Naphthalene 

Excised 

Empty Ovalene Graphite Cell 

Azupyrene Defect 

Figure 4 .  Carbon-b,ond-network d e f e c t s  i n  ovalene graphite  c e l l s  
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Azupyrene defect 

Figure 5. Thermal isomerization of azupyrene to pyrene. 

@-# 2 c- 2 

Figure 6. Example of minimization of dangling bonds. 
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INFLUENCE OF PARTICLE STRUCTURE ON THE RATE 
OF GAS-SOLID GASIFICATION REACTIONS 

K.  A .  Debelak, J .  T.  Malito and R .  M. Patrick 

Department of Chemical Engineering 
Vanderbilt University 
Nashville, TN 37235 

__ Introduction 

Changes in s t ruc tura l  parameters, such as surface area available f o r  reaction, 
porosity, and pore s i ze  d i s t r ibu t ion ,  will  markedly a f f ec t  the r a t e  of gas-solid 
reactions.  Accompanying these changes in s t ruc tura l  parameters a re  changes in 
.the resistance to  di-f-fusi-on of gaseous- products and reactants- thT-o-Tgh t h T  pores 
of the so l id .  Understanding the  nature of t h i s  d i f fus ion ,  therefore i s  important 
in predicting simultaneous d i f fus ion  and reaction r a t e s .  A quant i ta t ive  measure 
of pore diffusion fo r  f i r s t -o rde r  reactions i s  given by the  effectiveness factor 
which i s  a unique function of the e f fec t ive  d i f fus iv i ty .  For microporous solids 
such as  coa l ,  there have been few measurements of e f f ec t ive  d i f fus iv i ty .  
more, the e f fec t ive  d i f fus iv i ty  changes a s  a function of coal conversion as pore 
walls are gas i f ied .  The objec t ive  of t h i s  work i s  t o  determine the changes in 
the pa r t i c l e  s t ruc ture  of coal as i t  undergoes the reac t ion ,  C + CO -t 2CO and 
t o  include the e f f ec t  of these changes in surface area and ef fec t ivg  d i f fus iv i ty  
on the overall reaction r a t e .  

A number o f  workers (1-6)  have made measurements of changes in surface area as a 
function of conversion. Most repor t  t h a t  surface area increases during reaction. 
Only Turkdogan e t  a1 (1) and Pate1 el a1 ( 7 )  have made any measurements of effec- 
t ive  d i f fus iv i ty  as a function of conversion. 
O,, and to ta l  surface a rea ,  S ,  may be expressed as functions of conversion. 
Once these functions a re  es tab l i shed ,  they can be included i n  a n  overall ra te  
expression. Recently Bhatia a n d  Perlmutter (8) a n d  Gavalas (9 )  have developed 
random pore models fo r  gas-solid reactions a t  chemically controlled r a t e s .  These 
models can be shown t o  be essen t i a l ly  identical  (10) .  
have been derived which r e l a t e  surface area t o  conversion. Bhatia and Perlmutter 
(11) have extended t h e i r  model t o  include diffusion and transport  e f f ec t s  where 
they assume t h a t  e f f ec t ive  d i f fus iv i ty  will var with the s t ruc tura l  parameters 
of the so l id  in the form De = CE/~(E) where Y ( E ~  i s  the tor tuos i ty  which varies as 
reaction proceeds. The random pore models provide a way t o  in t e rp re t  r a t e  data 
in terms o f  the measurable parameters of surface area and e f f ec t ive  d i f fus iv i ty .  

Experimental 

The experimental equipment t o  determine surface and e f f ec t ive  d i f fus iv i ty  i s  the 
same as used previously ( 1 2 ) .  The surface area device i s  a flow-type adsorption 
apparatus. 
hour. The adsorbed CO was then desorbed by heating the sample a t  120°C. This 
process was repeated a$  several r e l a t ive  C02 pressures t o  obtain an adsorption 
isotherm. 
with modifications by Medek ( 1 4 ) .  
by pulsed chromatography employing the method of moments. 
used t o  describe the mass t r ans fe r  in the chromatographic bed was the  same as  used 
previously (12 ) .  Axial dispersion and external mass t r ans fe r  coef f ic ien ts  

Further- 

The changes in e f fec t ive  d i f fus iv i ty ,  

In both cases expressions 

Surface area measurements were made by adsorbing C02 a t  0°C for  1 

The surface area was calculated using the Dubinin-Polanyi theory (13) 

The theore t ica l  model 
Effective d i f fus iv i  ty determinations were made 
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were determined from c o r r e l a t i o n s  i n  Shah and Ruthven (15)  and B i r d  (16) .  
r e s p e c t i v e l y .  From t h e  two moment equat ions t h e  a d s o r p t i o n  cons tan t  Ka and 
t h e  d i f f u s i o n  parameter De/rc2 where 0, i s  e f f e c t i v e  d i f f u s i v e l y  and rc i s  
d i f f u s i o n  l eng th  were c a l c u l a t e d .  These d i f f u s i o n  s t u d i e s  were made on LO2, 
co, CH4, and N2 over a temperature range o f  5OoC t o  250'C. 
char .  a sample o f  raw coa l  was heated a t  25"C/min t o  t h e  r e a c t i o n  temperature 
i n  a he l ium gas stream and h e l d  a t  r e a c t i o n  temperature f o r  1 hour .  The sample 
was coo led  and su r face  area and e f f e c t i v e  d i f f u s i v i t y  measurements were made 
again.  The chars produced were reheated t o  r e a c t i o n  temperature and reac ted  
w i t h  CO . A known volume o f  C02 was i n j e c t e d  and t h e  o u t l e t  gas was c o l l e c t e d  
and anafyzed t o  determine t h e  e x t e n t  o f  t he  r e a c t i o n .  The sample was then 
cooled and sur face area and e f f e c t i v e  d i f f u s i v i t y  measurements were made. The 
sample was then reheated and reac ted  again.  T h i s  procedure was repeated u n t i l  
t h e r e  was no f u r t h e r  app rec iab le  carbon convers ion.  
r a t e s  f o r  t he  char/C02 r e a c t i o n  were made u s i n g  a thermal g r a v i m e t r i c  balance. 
D e v o l a t i l  i z a t i o n  temperatures and r e a c t i o n  temperatures ranged f rom 1073K t o  
1373K. 

Resu l t s  and Discuss ion 

There a r e  s i g n i f i c a n t  changes i n  t h e  su r face  area and d i f f u s i o n  parameter as a 
r e s u l t  o f  d e v o l a t i l i z a t i o n .  
t i o n  temperatures. The char  su r face  areas are from 1.5 t o  2.0 t imes as g rea t  as 
t h e  raw coa l .  The r a t i o  o f  char /coal  su r face  area increases as d e v o l a t i l i z a t i o n  
temperatures increases and reaches a maximum a t  1273K and then  decreases. The 
inc rease  i n  sur face area rep resen ts  t h e  opening o f  pores i n a c c e s s i b l e  before 
d e v o l a t i l i z a t i o n .  Wal ls  c l o s i n g  o f f  pores are d e v o t a l i z e d  and smal l  pores 
i naccess ib le  t o  i n i t i a l  C02 adso rp t i on  a re  exposed. As t h e  d e v o l a t i l i z a t i o n  
temperature increases t o  1373K t h e  amount o f  new pores s t r u c t u r e  beoins t o  
decrease as more m a t e r i a l  i s  d e v o l a t i l i z e d .  
d i f f u s i o n  parameters f o r  N2 are  l e s s  than  one i n d i c a t i n g  t h a t  t he  new pore 
s t r u c t u r e  has a g rea te r  r e s i s t a n c e  t o  d i f f u s i o n .  
parameter increases as d e v o l a t i l i z a t i o n  temperature i nc reases  b u t  i s  s t i l l  l e s s  
than  one. 
a decrease i n  d i f f u s i o n  parameter. 

The C02/char g a s i f i c a t i o n  r e a c t i o n  causes cont inuous changes i n  t h e  pore s t r u c t u r e  
o f  t h e  char .  
and then  decreases as a f u n c t i o n  o f  convers ion.  
c o r r e l a t e d  w i t h  convers ion u s i n g  B h a t i a  and P e r l m u t t e r ' s  exp ress ion  f o r  su r face  
area as a f u n c t i o n  o f  convers ion.  
convers ion u s i n g  the  Bha t ia  and Per lmu t te r  model a t  each r e a c t i o n  temperature. 
From the  s lope and i n t e r c e p t  o f  t h e  l e a s t  squared l i n e  an i n i t i a l  su r face  area 
So, and a s t r u c t u r a l  parameter, I) were c a l c u l a t e d .  
measured i n i t i a l  su r face  areas a re  g i ven  on F igu res  1-4. 
measured i n i t i a l  su r face  areas d isagree by as low as 2.5% and as h i g h  as 33%. 
Bha t ia  and P e r l m u t t e r ' s  model i n d i c a t e s  t h a t  when the  s t r u c t u r a l  parameter (J i s  
g rea te r  t han  2 t h a t  t h e r e  i s  a maximum i n  surface area as a f u n c t i o n  o f  conversion. 
A l l  t he  va lues o f  $J determined are g r e a t e r  t han  2 and t h e  va lues o f  (J increase as 
a f u n c t i o n  o f  r e a c t i o n  temperature up t o  1273K and then  decrease a t  a r e a c t i o n  
temperature o f  1373K. Bha t ia  and P e r l m u t t e r ' s  model has n o t  been w i d e l y  tes ted ,  
and the range o f  convers ion over  which i t  a p p l i e s  has n o t  been es tab l i shed .  
The data of Hashimoto e t .  a1 ( 6 )  c o r r e l a t e d  t o  a convers ion o f  0.75 f o r  one 
char  and t o  a convers ion o f  0.3 f o r  another  char. These da ta  c o r r e l a t e  from 
convers ion o f  0.40 a t  1373K t o  0.75 a t  1173K. 

To produce 

Measurements o f  r e a c t i o n  

Table 1 g ives  these changes a t  d i f f e r e n t  devo la t i za -  

The r a t i o s  of t he  char /coal  

The r a t i o  o f  char /coal  d i f f u s i o n  

The d e v o l a t i l i z a t i o n  process produces an i nc rease  i n  su r face  area and 

S p e c i f i c  su r face  area i n i t i a l l y  i nc reases ,  passes through a maximum 
The s p e c i f i c  su r face  area was 

F igu res  1-4 a re  p l o t s  o f  su r face  areas versus 

These va lues  a long w i t h  t h e  
The c a l c u l a t e d  and 
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The calculated diffusion parameter, De/rc2, and the adsorption equilibrium constant, 
Ka for the diffusion of carbon dioxide i n  helium as a function of conversion are 
displayed i n  Table 3. 
bon monoxide, nitrogen and methane as  a function o f  conversion and a t  d i f fe ren t  
reaction temperature also were calculated b u t  are given elsewhere (17 ) .  
a n  increase in diffusion parameter with conversion. 
relationship between the adsorption constant and the diffusion parameter. 
t i ve ly ,  as the  pore s t ruc ture  becomes more open, o r  a s  the reactive core decreases 
i n  diameter, the res i s tance  of mass t ransfer  decreases. 

Walker, e t  a1 studied the diffusion of methane i n  coals and determined t h a t  diffu- 
sion i s  activated ( lE , l9) .  An Arrhenious relationship was proposed t o  explain the 
influence of temperature on the  diffusion parameter. 
and pre-exponential fac tors ,  De/rc2)o parameters were calculated from diffusion 
data obtained a t  100°C or grea te r .  The r e su l t s  are l i s t e d  i n  Table 6 f o r  char 
reacted a t  1073K. For a l l  gases the  activation energy generally decreases w i t h  
conversion, as expected, since higher energies are-associated wi.th-smail.ler-pores - 

- aTd pore entrances and with smaller reactive core r ad i i .  Pa te l ,  e t  a1 ( 7 )  also 
observed a decrease in the diffusion of methane t h r o u g h  various activated anthra- 
c i t e  coals. 
conversion a t  the other reaction temperatures a re  available elsewhere ( 1 7 ) .  
calculated ac t iva t ion  energies and pre-exponential f ac to r s ,  diffusion parameters 
were estimated a t  reaction temperatures. 
conversion and follow the order N2 > CO > CH4 > C02. 

Reaction r a t e  data for  char/COp reaction obtained using the  TGA exhibited maxima a t  
intermediate conversions. The Bhatia and Perlmutter model assuming a k ine t ica l ly  
controlled reaction a n d  rearranged in l i nea r  form was used t o  in t e rp re t  the  r a t e  
data.  Values of II, and S determined from the surface area studies were used in the 
model. Reaction r a t e  constants were cal-  
culated from the slopes of these p lo t s .  A n  Arrhenious p lo t  for the reaction r a t e  
constants i s  given i n  Figure 9. An ac t iva t ion  energy of 150 KJ/mole was calculated 
from the slope of this  p lo t .  The assumption of a k ine t ica l ly  controlled reaction 
appears to  be correct since the reaction r a t e  data in Figures 5-8 a re  l inear  as the 
Bhatia/Perlmutter model suggests and the Arrhenious p lo t  i s  l i nea r .  However, 
effectiveness fac tors  s t i l l  need t o  be calculated and t h i s  i s  currently being done 
using the Bhatia/Perlmutter model w h i c h  includes t ranspor t  e f f ec t s .  

Conclusions 

Devolati l ization r e su l t s  i n  an increase in surface area and a decrease i n  diffusion 
parameter. A maximum increase in surface area occurs a t  a devola t i l i za t ion  tempera- 
t u re  of 1273K whereas the d i f fus ion  parameters increases as  devola t i l i za t ion  temper- 
a tu re  increases. Specific surface area exhib i t s  a maximum a t  a conversion of 
approximately 0.35. 
version o f  a t  l ea s t  0.4. 
temperature of 1273K. 
u s i n g  the model of Shah and Ruthven (15) and method OF moments. 
parameter var ies  non-linearly with conversion and follows the order N 
> C02. The reaction of CO? with Wyodak char a t  temperatures between f073K and 1473K 
can be modeled by the  Bhatia/Perlmutter model assuming k ine t ic  cont ro l .  
activation energy is  150 KJ/mole. To confirm t h i s ,  however, effectiveness fac tors  
need t o  be determined from the simultaneous solution of the  equations describing 
diffusion and reaction including the functions accounting fo r  changes in d i f fus iv i ty  
and surface area as a function o f  conversion. 

The diffusion parameters and equilibrium constants fo r  car- 

There i s  

Intui-  
There appears t o  be an inverse 

Activation energies,  AHo+, 

Activation energies and pre-exponential fac tors  as a function of 
Using 

These parameters vary non-linearly with 

These data a re  p?otted i n  Figures 5-E. 

The Bhatia/Perlmutter i s  able t o  cor re la te  the d a t a  t o  a con- 
The s t ruc tura l  parameter $ has a maximum a t  reaction 

The diffusion 
The diffusion parameters, De/r 2 ,  a re  conveniently estimated 

> CO > CH 

The 
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THE REACTION OF C02 WITH COKE ON SPENT CATALYSTS 
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I n t r o d u c t i o n  

The p r o c e s s i n g  o f  r e s i d u u m  f r o m  t h e  b o t t o m  o f  t h e  c r u d e  o i l  b a r r e l  i n t o  
t r a n s p o r t a t i o n  f u e l s  h a s  become  b o t h  e c o n o m i c a l l y  a t t r a c t i v e  and 
n e c e s s a r y  a s  c r u d e  o i l  h a s  become h e a v i e r  and  more e x p e n s i v e .  I n  
p r o c e s s i n g  t h e s e  h e a v i e r  f e e d s t o c k s ,  a s  w i t h  A s h l a n d  O i l ' s  RCCSm heavy  
o i l  c o n v e r s i o n  p r o c e s s ,  more coke is p r o d u c e d  t h a n  i n  c o n v e n t i o n a l  FCC 
o p e r a t i o n s .  T r e m e n d o u s  a m o u n t s  o f  h e a t  are p r o d u c e d  d u r i n g  t h e  
r e g e n e r a t i o n  o f  c o k e d  c a t a l y s t s .  C o n v e n t i o n a l  m e t h o d s  t o  m o d e r a t e  t h e  
t e m p e r a t u r e  i n  t h e  r e g e n e r a t o r  o f  a c i r c u l a t i n g  f l u i - d i z e d  -bed i-ne-1-ude 
c o n t r o l l i n g   operational^ p a r a m e t e r -  (-eg-; - c a t / ' o i - l ,  f e e d  p r e h e a t ,  and  

_ -  ~ . ~ _ r . e a c t o r  - t e m p e r a t u r e ) ,  d i r e c t  a d d i t i o n  o f  s t e a m  a n d / o r  w a t e r  t o  t h e  
r i s e r  or r e g e n e r a t o r  ( U . S .  P a t e n t  4 , 4 0 5 , 4 4 4 ) ,  t h e  u s e  o f  m u l t i - b e d  
r e g e n e r a t o r s  (CAN P a t e n t  1 , 1 3 7 , 4 5 5 ) ,  t h e  u s e  o f  s t e a m  c o i l s  i n  t h e  
r e g e n e r a t o r ,  a n d  t h e  i n c o m p l e t e  c o m b u s t i o n  o f  coke ( U . S .  P a t e n t  
4 , 3 5 4 , 9 2 3 ) .  B e c a u s e  o f  e c o n o m i c  c o n s t r a i n t s  o n  v a r y i n g  t h e  o p e r a t i o n a l  
p a r a m e t e r s  and  m e t a l l u r g i c a l  l i m i t a t i o n s ,  a n d  t e m  e r a t u r e  s t a b i l i t y  o f  
c a t a l y s t s ,  e s p e c i a l l y  when l o a d e d  w i t h  N i  a n d  V,(?) a p r a c t i c a l  l i m i t  
t o  t h e  r e g e n e r a t o r  t e m p e r a t u r e  e x i s t s .  I n  a f u r t h e r  e f f o r t  t o  lower 
t h e  amoun t  o f  h e a t  p r o d u c e d  i n  t h e  r e g e n e r a t o r ,  o t h e r  s o l u t i o n s  t o  t h e  
p r o b l e m  were s o u g h t .  

T 
P r o g r a m  

One new a p p r o a c h  n o t  m e n t i o n e d  a b o v e  w a s  t o  employ  t h e  B o u d o u a r d  
R e a c t i o n ,  o n e  o f  t h e  p r i n c i p l e  r e a c t i o n s  s t u d i e d  f o r  many y e a r s  i n  t h e  , 
z a s u l t s  o f  a s t u d y  o f  t h e  p a r t i a l  r e g e n e r a t i o n  o f  s p e n t  ( c o k e d )  c r a c k -  
i n g  c a t a l y s t s  w i t h  C02 ( B o u d o u a r d  R e a c t i o n ) .  I t  a l s o  r e p o r t s  a s e c o n d  
a n d  e q u a l l y  i n t e r e s t i n g  r e a c t i o n  w h i c h  was  u n c o v e r e d  i n  t h e  c o u r s e  o f  

r e a c t i o n  o f  t h e  h y d r o g e n  a s s o c i a t e d  w i t h  t h e  c a r b o n  i n  t h e  " c a t a l y t i c  
coke" w i t h  C02 t o  p r o d u c e  CO a n d  w a t e r .  C a t a l y t i c  coke on  s p e n t  
c a t a l y s t  is a s p e c i e s  w h i c h  is 92-97%C and  3-8%H a n d  c o n t a i n s  m i n o r  
a m o u n t s  o f  s u l f u - r  a n d  n i t r o g e n .  

T h e  r e a c t i o n  o f  c a r b o n  w i t h  C02 t o  p r o d u c e  c a r b o n  m o n o x i d e  ( B o u d o u a r d  
R e a ~ t i o n ) ( ~ r ~ r ~ )  is e n d o t h e r m i c  a s  is w e l l  known. T h e  H - r e a c t i o n  a l s o  
a p p e a r s  to  b e  s l i g h t l y  e n d o t h e r m i c .  T h e  H - r e a c t i o n  w o u l d  lower t h e  
amoun t  o f  h e a t  p r o d u c e d  i n  t h e  r e g e n e r a t o r  i f  i t  c o u l d  be  a c h i e v e d  a t  
t h e  e x i t  t e m p e r a t u r e  of  t h e  reactor ( 1000 'F )  or a t  a s l i g h t l y  h i g h e r  
t e m p e : a t u r e  i n  t h e  s p e n t  c a t a l y s t  s t r i p p e r  s e c t i o n  by r e m o v i n g  h y d r o g e n  
b e f o r - .  i t  c a n  u n d e r g o  c o m b u s t i o n .  C a r b o n  d i o x i d e  i n  t h e  f l u e  g a s  f rom 
a n  FCC or RCC u n i t  is a v a i l a b l e  f o r  t h e s e  r e a c t i o n s .  

T h e  p e r t i n e n t  t h e r m o d y n a m i c s  p a r a m e t e r s  f o r  t h e  coke -02  a n d  coke-C02 
r e a c t i o n s  are p r e s e n t e d  i n  T a b l e  1 . ( 5 )  
B o u d o u a r d  R e a c t i o n  d o e s  n o t  f a v o r  t h e  f o r m a t i o n  o f  CO a t  t e m p e r a t u r e s  
b e l o w  1300'F.  I n  o r d e r  t o  o b t a i n  s i g n i f i c a n t  a m o u n t s  o f  Co, t e m p e r a -  
t u r e s  a b o v e  1800OF a r e  r e q u i r e d . ( 6 )  By u s e  of  a p r o m o t e r ,  s u b s t a n t i a l  

s tee l  i n d u s t r y  a s  r e l a t e d  t o  i r o n  p r o d u c t i o n .  T h i s  p a p e r  r e p o r t s  t h e  , I  

t h i s  w o r k .  The  s e c o n d  r e a c t i o n  is c a l l e d  t h e  H - r e a c t i o n ,  w h i c h  is t h e  1- I 

The  e q u i l i b r i u m  c o n s t a n t  o f  t h e  
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amOUntS o f  CO c a n  be p r o d u c e d  a t  1350-1400°F.  T h e  m o s t  a c t i v e  p r o m o t e r s  
o f  t h e  Boudouard  R e a c t i o n  a r e  s a l t s  o f  t h e  a l k a l i  metals a n d  t h e  m e t a l s  
Of G r o u p  V I 1 1  i n  t h e  p e r i o d i c  t a b l e ( 6 ) .  The  H - r e a c t i o n  was f o u n d  t o  
p r o c e e d  a t  a much lower t e m p e r a t u r e  t h a n  t h e  B o u d o u a r d  R e a c t i o n ,  h e n c e ,  
i t  is o f  g r e a t e r  i n t e r e s t  b e c a u s e  o f  t h e  lower t e m p e r a t u r e  a t  w h i c h  i t  
c a n  be i n i t i a t e d .  

I n  p a s t  i n v e s t i g a t i o n s  o f  t h e  B o u d o u a r d  R e a c t i o n ,  t h e  f a t e  of t h e  
h y d r o g e n  p r e s e n t  i n  v e r y  s m a l l  q u a n t i t i e s  i n  c o k e  h a s  n o t  a p p a r e n t l y  
b e e n  o f  i n t e r e s t .  ~n t h i s  i n v e s t i g a t i o n ,  a n  a t t e m p t  h a s  b e e n  made  t o  
conf i ' rm t h e  p r o d u c t i o n  o f  t h e  H20 f o r m e d  by t h e  r e a c t i o n  o f  t h e  h y d r o -  
g e n - a s s o c i a t e d  c o k e  w i t h  C02,  a n d  t o  d e t e r m i n e  t h e  lower t e m p e r a t u r e  
l i m i t  w h e r e  t h i s  r e a c t i o n  c a n  b e  u t i l i z e d .  

T h e  o b j e c t i v e s  o f  t h i s  work  were to  d e t e r m i n e :  

1 )  The metals  w h i c h  w o u l d  p r o m o t e  t h e  B o u d o u a r d  R e a c t i o n ,  b u t  d o  n o t  
a d v e r s e l y  a f f e c t  t h e  a c t i v i t y  a n d  s e l e c t i v i t y  o f  t h e  c r a c k i n g  
c a t a l y s t .  

3 )  The e f f e c t  o f  n i c k e l  a n d  v a n a d i u m ,  w h i c h  a re  d e p o s i t e d  on t h e  
c a t a l y s t  d u r i n g  t h e  c r a c k i n g  r e a c t i o n ,  a s  p r o m o t e r s  o f  t h e  
B o u d o u a r d  R e a c t i o n .  

3 )  T h e  f a t e  o f  h y d r o g e n  d u r i n g  t h e  r e a c t i o n  o f  c o k e  w i t h  C02. 

4 )  T h e  t e m p e r a t u r e  a t  w h i c h  t h e  H - r e a c t i o n  i n i t i a t e s .  

E x p e r i m e n t a l  

C a t a l y s t  s a m p l e s  w h i c h  h a d  b e e n  c o k e d  i n  a commercial c i r c u l a t i n g  
f l u i d i z e d  bed  u n i t  were i m p r e g n a t e d  w i t h  a q u e o u s  s o l u t i o n s  o f  a metal  
s a l t  ( c h l o r i d e  or n i t r a t e )  by  t h e  i n c i p i e n t  w e t n e s s  t e c h n i q u e .  T h e  
s o l u t i o n s  were p r e p a r e d  w i t h  t h e  a p p r o p r i a t e  m e t a l  s a l t  t o  g i v e  1 . 0  w t %  
a s  t h e  e l e m e n t  o n  t h e  c a t a l y s t  a f t e r  i m p r e g n a t i o n .  T h e  i m p r e g n a t e d  
c a t a l y s t s  were t h e n  d r i e d  a t  3 0 0 ° F  f o r  a t  l e a s t  t h r e e  h o u r s  b e f o r e  
t e s t i n g .  The  a c t i v i t y  o f  t h e  i m p r e g n a t e d  c a t a l y s t  t o  p r o m o t e  t h e  
B o u d o u a r d  R e a c t i o n  was d e t e r m i n e d  by m e a s u r i n g  t h e  a m o u n t  o f  c a r b o n  
w h i c h  had  r e a c t e d  d u r i n g  a 3 0  m i n u t e  t es t .  T h e  r e a c t i o n  was p e r f o r m e d  
a t  14OO0F i n  a 1" I D  V y c o r  r e a c t o r  w i t h  a t h e r m o c o u p l e  w e l l  i n  t h e  
d e n s e  p h a s e  o f  t h e  f l u i d i z e d  b e d .  Twenty  g r a m s  o f  t h e  c o k e d  metal 
i m p r e g n a t e d  c a t a l y s t  w a s  h e a t e d  t o  t h e  r e a c t i o n  t e m p e r a t u r e  a n d  e q u i l i -  
b r a t e d  i n  a stream o f  h e l i u m .  C a r b o n  d i o x i d e  was t h e n  i n t r o d u c e d  a t  a 
c o n s t a n t  r a t e  o f  1 . 7  s c f h .  T h e  CO c o n c e n t r a t i o n  i n  t h e  p r o d u c t  g a s e s  
was m o n i t o r e d  a t  r e g u l a r  i n t e r v a l s  b y  g a s  c h r o m a t o g r a p h y .  A f t e r  e a c h  
t e s t ,  t h e  c a t a l y s t  was c o o l e d  i n  h e l i u m  a n d  t h e  % C  l e f t  on  t h e  c a t a l y s t  
was d e t e r m i n e d .  

I n  o r d e r  t o  s t u d y  t h e  H - r e a c t i o n ,  t h e  c a t a l y s t  was h e a t e d  t o  600°F fo r  
o n e  h o u r  i n  h e l i u m  t o  remove p h y s i c a l l y  a d s o r b e d  water. A f t e r  c o o l i n g  
t o  1 0 0 ° F  i n  h e l i u m ,  t h e .  c a t a l y s t  was h e a t e d  i n  C02 t o  t h e  d e s i r e d  
t e m p e r a t u r e ,  9 0 0 - 1 4 0 0 ° F ,  o v e r  a 30 m i n u t e  p e r i o d ,  a n d  t h e n  h e l d  a t  
t h i s  t e m p e r a t u r e  f o r  a n  a d d i t i o n a l  3 0  m i n u t e s .  T h e  m o i s t u r e  c o n t e n t  of 
t h e  g a s  s t ream was m e a s u r e d  o v e r  t h e  e n t i r e  6 0  m i n u t e  test w i t h  a Shaw 
h y g r o m e t e r  ( M o d e l  S H ) ,  w h i c h  w a s  e q u i p p e d  w i t h  a g o l d  s p o t  s e n s o r .  
T h i s  s e n s o r  w a s  c a p a b l e  o f  m e a s u r i n g  dew p o i n t s  b e t w e e n  -58OF a n d  
+68'F. The  amount  Of H20 p r o d u c e d  d u r i n g  t h e  H - r e a c t i o n  was c a l c u l a t e d  
by  i n t e g r a t i n g  t h e  p l o t  o f  dew p o i n t  v s .  t i m e .  
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R e s u l t s  a n d  D i s c u s s i o n  

A .  M e t a l  P r o m o t e r s  f o r  t h e  B o u d o u a r d  R e a c t i o n  

A w i d e  v a r i e t y  o f  m e t a l  s a l t s  h a v e  b e e n  t e s t e d  a s  p o s s i b l e  p r o m o t e r s  
f o r  t h e  B o u d o u a r d  R e a c t i o n .  T h e  r e s u l t s  o f  t h e  s c r e e n i n g  tests showed 
t h a t  t h e  most a c t i v e  promoters were t h e  a l k a l i  metals a n d  t h e  m e t a l s  of 
Group  V I I I ,  w h i c h  a g r e e d  w i t h  e a r l i e r  l i t e r a t u r e  r e p o r t s ( 6 ) .  The 
s c r e e n i n g  t e s t s  c o n s i s t e d  o f  i m p r e g n a t i n g  e a c h  metal  o n t o  t h e  coked 
c a t a l y s t  and  t h e n  d e t e r m i n i n g  i ts  a c t i v i t y  by m e a s u r i n g  t h e  % C  on t h e  
c a t a l y s t  a f t e r  c o n t a c t  w i t h  C02 f o r  30 m i n u t e s .  Each p r o m o t e r  was 
t e s t e d  o n  t h e  same s p e n t  c a t a l y s t  (N i+V = 5900 ppm) .  The m e t a l s  were 
d i v i d e d  i n t o  t h r e e  classes ( T a b l e  2 )  b a s e d  o n  t h e i r  a c t i v i t y  t o  p romote  
t h e  B o u d o u a r d  R e a c t i o n .  

An i m p o r t a n t  r e q u i r e m e n t  o f  t h i s  i n v e s t i g a t i o n  w a s  t h a t  t h e  c r a c k i n g  
a c t i v i t y  a n d  s e l e c t i v i t y  o f  t h e  c a t a l y s t  s h o u l d  n o t  b e  a f f e c t e d  by t h e  
p r o m o t e r .  T h e  c r a c k i n g  a c t i v i t y  a n d  s e l e c t i v i t y  were m e a s u r e d  by a 
s t a n d a r d  m i c r o - a c t i v i t y  t es t  (MAT) ( ' ) .  
ll-OO°F f o r  2 h o u r s  t o  remove  a t 1  of - t h e  c o k e  b e f o r e  r u n n i n g  t h e  MAT. 
The  h i g h e s t  a c t i v i t y  p r o m o t e r s  i n  T a b l e  2 were e v a l u a t e d  by t h e  MAT. 
The  r e s u l t s  o f  t h e  MAT e v a l u a t i o n  a r e  g i v e n  i n  T a b l e  3 .  C a t a l y s t  
c r a c k i n g  a c t i v i t y  is r e l a t e d  t o  t h e  MAT c o n v e r s i o n ,  a n d  s e l e c t i v i t y  is 
r e l a t e d  t o  t h e  coke p r o d u c i n g  f a c t o r  (CPF)  a n d  h y d r o g e n  p r o d u c i n g  
f a c t o r  ( H P F ) .  T h e  CPF or HPF is d e f i n e d  a s  t h e  r a t i o  o f  t h e  amount  of 
c o k e  or h y d r o g e n  p r o d u c e d  d u r i n g  t h e  t e s t  t o  t h e  amoun t  p r o d u c e d  w i t h  a 
s t a n d a r d  c a t a l y s t  a t  t h e  same  c o n v e r s i o n .  

A c o m p a r i s o n  of  T a b l e  2 a n d  3 showed  t h a t  w h i l e  t h e  l i t h i u m  p r o m o t e d  
c a t a l y s t  e x h i b i t e d  t h e  h i g h e s t  a c t i v i t y  f o r  t h e  B o u d o u a r d  R e a c t i o n ,  t h e  
c r a c k i n g  a c t i v i t y ,  a s  e x p e c t e d ,  h a d  b e e n  d r a s t i c a l l y  r e d u c e d  by t h e  
a d d i t i o n  o f  l i t h i u m .  Of t h e  o t h e r  p r o m o t e r s  i n  t h e  h i g h e s t  a c t i v i t y  
g r o u p  o f  T a b l e  2 ,  c o p p e r  a n d  s t r o n t i u m  were s e l e c t e d  f o r  f u r t h e r  s t u d y  
b a s e d  o n  t h e  MAT r e s u l t s .  B a r i u m  w a s  a l s o  s e l e c t e d  f o r  f u r t h e r  s t u d y  
e v e n  t h o u g h  o n  th 'e  s t a n d a r d  c a t a l y s t  t h e  a c t i v i t y  was  i n  t h e  l o w e s t  
c l a s s .  A t  Ni+V c o n c e n t r a t i o n s  g r e a t e r  t h a n  8000 ppm, b a r i u m  d i d  e x h i b -  
i t  s u b s t a n t i a l  a c t i v i t y  f o r  t h e  B o u d o u a r d  R e a c t i o n .  

L i t h i u m  b e c a u s e  o f  i t s  d e l e t e r i o u s  e f f e c t  on  c r a c k i n g  a c t i v i t y ,  and 
r h o d i u m ,  b e c a u s e  of its cos t ,  were n o t  c o n s i d e r e d  p o s s i b l e  p r o m o t e r s  a t  
t h e  1 .0  w t %  a n d  0.5 w t %  l e v e l s ,  r e s p e c t i v e l y .  I n  a n  a t t e m p t  t o  u s e  
t h e s e  h i g h  a c t i v i t y  p r o m o t e r s ,  t h e  e f f e c t  o f  p r o m o t e r  c o n c e n t r a t i o n  on 
a c t i v i t y  w a s  e x a m i n e d  ( T a b l e  4 ) .  A t  f e a s i b l e  c o n c e n t r a t i o n s  o f  t h e  
promoters ( 0 . 1 %  L i  a n d  5 ppm R h ) ,  t h e i r  a c t i v i t y  had  d e c r e a s e d  t o  a 
l e v e l  c o m p a r a b l e  t o  t h e  u n p r o m o t e d  r e a c t i o n .  

T h e  e f f e c t  o f  t h e  c o n t a m i n a n t  meta ls  ( N i  a n d  V ) ,  w h i c h  were d e p o s i t e d  
o n  t h e  c a t a l y s t  d u r i n g  t h e  c r a c k i n g  r e a c t i o n ,  o n  t h e  a c t i v i t y  o f  t h e  
v a r i o u s  promoters was  i n v e s t i g a t e d .  E a c h  p r o m o t e r  was  i m p r e g n a t e d  on 
V a r i o u s  s p e n t  e q u i l i b r i u m  c a t a l y s t  s a m p l e s .  The  r e s u l t s  o f  t h e s e  tes ts  
were p l o t t e d  a s  % C  o n  c a t a l y s t  a f t e r  t h e  30 m i n u t e  test  ( n o r m a l i z e d  t o  
1 . 0  w t %  C i n i t i a l l y  o n  t h e  c a t a l y s t )  v e r s u s  Ni+V ( F i g u r e s  1-3 f o r  
c o p p e r ,  s t r o n t i u m  a n d  b a r i u m  p r o m o t e d  c a t a l y s t s ,  r e s p e c t i v e l y ) .  Each 
m e t a l  p r o m o t e d  t h e  B o u d o u a r d  R e a c t i o n  t o  a g r e a t e r  e x t e n t  as t h e  
c o n c e n t r a t i o n  o f  Ni+V i n c r e a s e d .  The  p r o m o t e r  a n d  t h e  c o n t a m i n a n t  
m e t a l s  e x h i b i t e d  a s y n e r g i s t i c  e f f e c t  on  i n c r e a s i n g  t h e  ra te  o f  t h e  
Boudouard  R e a c t i o n .  The  c i r c l e d  d a t a  p o i n t s  i n  F i g u r e s  1-3  s u p p o r t e d  
t h e  i d e a  of s y n e r g i s m .  T h e s e  d a t a  p o i n t s  were t h e  r e s u l t s  of e x p e r i -  
m e n t s  i n  w h i c h  t h e  N i / V  r a t i o  on  t h e  c a t a l y s t  w a s  e q u a l  t o  o n e .  The 
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r e m a i n i n g  d a t a  p o i n t s ,  t h o s e  t h a t  f a l l  o n  t h e  c u r v e s ,  were t h e  r e s u l t s  
O f  e x p e r i m e n t s  i n  w h i c h  t h e  p r o m o t e r s  were i m p r e g n a t e d  on  c a t a l y s t s  
w i t h  N i / V  r a t i o s  e q u a l  t o  1 / 3 .  The  c i r c l e d  d a t a  p o i n t s  showed ,  a t  
c o m p a r a b l e  metals l e v e l s ,  t h a t  less coke had u n d e r g o n e  r e a c t i o n  w i t h  
c o 2  i n  t h e  c a t a l y s t s  w i t h  lower v a n a d i u m  c o n c e n t r a t i o n s .  Vanad ium,  
when i m p r e g n a t e d  on  s p e n t  c a t a l y s t ,  e x h i b i t e d  m o d e r a t e  a c t i v i t y  ( 3 5 %  
c a r b o n  r e m o v a l  o n  a c a t a l y s t  c o n t a i n i n g  5900  ppm Ni+V) .  Nickel  a n d  
v a n a d i u m ,  d e p o s i t e d  on  t h e  c a t a l y s t  d u r i n g  t h e  c r a c k i n g  r e a c t i o n ,  
p r o m o t e d  t h e  Boudouard  R e a c t i o n  o n l y  when t h e  t o t a l  c o n c e n t r a t i o n  o f  
t h e s e  m e t a l s  was g r e a t e r  t h a n  8000 ppm. A t  Ni+V c o n c e n t r a t i o n s ,  a b o v e  
1 5 , 0 0 0  ppm, t h e s e  m e t a l s  p r o m o t e  t h e  Boudouard  R e a c t i o n  t o  t h e  same 
e x t e n t  a s  t h e  h i g h e s t  a c t i v i t y  m e t a l s  (see F i g u r e  4 ) .  

I n  t h e  p r e v i o u s  e x p e r i m e n t s ,  t h e  c a t a l y s t  s a m p l e s  were i m p r e g n a t e d  w i t h  
t h e  p r o m o t e r  a f t e r  t h e  c a t a l y s t  w a s  d e a c t i v a t e d  w i t h  c o k e .  However ,  i n  
a c o m m e r i c a l  p r o c e s s ,  t h e  p r o m o t e r  c o u l d  be  d e p o s i t e d  o n  t h e  c a t a l y s t  
d u r i n g  m a n u f a c t u r e  or d u r i n g  t h e  p r o c e s s .  A series o f  e x p e r i m e n t s  w e r e  
p e r f o r m e d  t o  c o m p a r e  t h e  a c t i v i t y  o f  b a r i u m  i m p r e g n a t e d  on t h e  c a t a l y s t  
b e f o r e  c o k i n g  a n d  a f t e r  c o k i n g .  T h e  c o n c l u s i o n  was t h a t  b a r i u m  
e x h i b i t e d  a h i g h e r  a c t i v i t y  when t h e  metal  w a s  i m p r e g n a t e d  b e f o r e  t h e  
c a t a l y s t  was d e a c t i v a t e d  ( see  T a b l e  5 ) .  

A ser ies  o f  e x p e r i m e n t s  were p e r f o r m e d  t o  tes t  t h e  a b i l i t y  o f  a b a r i u m  
p r o m o t e d  c a t a l y s t  (Ni+V = 1 2 , 6 0 0  ppm) t o  m a i n t a i n  a c t i v i t y  o v e r  t e n  
c o k i n g - r e g e n e r a t i o n  c y c l e s .  Each  c y c l e  c o n s i s t e d  o f ,  f i r s t ,  c o k i n g  t h e  
r e g e n e r a t e d  c a t a l y s t  w i t h  a vacuum g a s  o i l  a t  9 0 0 ° F ,  t h e n  a l l o w i n g  t h e  
s p e n t  c a t a l y s t  t o  r e a c t  w i t h  C02 f o r  30 m i n u t e s  a t  1400°F, a n d  f i n a l l y ,  
r e g e n e r a t i n g  t h e  c a t a l y s t  w i t h  a i r  a t  1200 'F .  I n  F i g u r e  5 ,  t h e  p e a k  
h e i g h t  of  CO i n  t h e  GC a n a l y s i s  o f  t h e  p r o d u c t  g a s  s t r e a m  p l o t t e d  
a g a i n s t  t h e  number o f  c o k i n g - r e g e n e r a t i o n  c y c l e s .  T h e  amoun t  o f  CO i n  
t h e  g a s  s t r e a m  was d e t e r m i n e d  5 t i m e s  ( a t  2 ,  9 ,  1 6 ,  2 3  a n d  30 m i n u t e s )  
d u r i n g  coke-CO2 r e a c t i o n .  The  a c t i v i t y  o f  t h e  p r o m o t e r  d e c r e a s e d  
s l i g h t l y  o v e r  t h e  t e n  c y c l e s .  

B .  H-Reac t ion  S t u d i e s  

C o k e  h a s  a c o m p o s i t i o n  i n  t h e  r a n g e  o f  92 -97% C and  3-8% H ( 8 )  w i t h  
t r a c e  a m o u n t s  o f  n i t r o g e n  a n d  s u l f u r .  I n  p r e v i o u s  r e p o r t s ( 9 r 1 ° )  on  
p r o m o t i n g  t h e  Boudouard  R e a c t i o n ,  t h e  h y d r o g e n  i n  c o k e  h a s  e i t h e r  been  
a s s u m e d  n o t  t o  react  w i t h  C02 or n o t  m e n t i o n e d .  Hydrogen  i n  t h e  coke 
o n  s p e n t  c a t a l y s t  w a s  c a l c u l a t e d  t o  be  r e s p o n s i b l e  f o r  15-25% o f  t h e  
h e a t  g e n e r a t e d  d u r i n g  t h e  r e g e n e r a t i o n  o f  c a t a l y s t  s p e n t .  I n  t h i s  
i n v e s t i g a t i o n ,  t h e  h y d r o g e n  i n  coke w a s  f o u n d  t o  r e a c t  w i t h  C02 t o  
p r o d u c e  w a t e r  a c c o r d i n g  t o  t h e  r e a c t i o n  s e q u e n c e :  

CyHx + C 0 2  ---> CyHx-2 + CO + H20 ( H - r e a c t i o n )  

W h i l e  t h e  e n t h a l p y  c h a n g e  f o r  t h i s  r e a c t i o n  h a s  n o t  b e e n  d e t e r m i n e d ,  i t  
is  b e l i e v e d  t o  be  c o n s i d e r a b l y  more e n d o t h e r m i c  t h a n  f o r  t h e  c o m b u s t i o n  
r e a c t i o n .  By a l l o w i n g  t h e  , H - r e a c t i o n  t o  o c c u r ,  t h e  amount  o f  h y d r o g e n  
w h i c h  m u s t  u n d e r g o  c o m b u s t i o n  i n  t h e  r e g e n e r a t o r  s e c t i o n  of a f l u i d i z e d  
r e a c t o r  s y s t e m  w o u l d  b e  d e c r e a s e d ,  t h u s ,  l ess  h e a t  w o u l d  t h e n  be  
p r o d u c e d  i n  t h e  r e g e n e r a t o r .  

W i t h  a h y g r o m e t e r  i n s e r t e d  i n t o  t h e  p r o d u c t  g a s  s t r e a m  l i n e ,  t h e  amoun t  
o f  w a t e r  i n  t h e  p r o d u c t  g a s  s t r e a m ,  a s  m e a s u r e d  by t h e  dew p o i n t  ( i n  



O c ) ,  was d e t e r m i n e d .  The  c o n c e n t r a t i o n  o f  W a t e r  i n  t h e  g a s  s t r e a m  was 
d e t e r m i n e d  by t h e  e q u a t i o n :  

l o g  ( H 2 0  i n  ppm) = 1 3 . 3 3  - 261.3/Dew P o i n t  ( O K )  

A c o m p a r i s o n  o f  t h e  amoun t  o f  H20 p r o d u c e d  d u r i n g  t h e  r e a c t i o n  of  co2 
w i t h  .a c o k e d  a n d  a r e g e n e r a t e d  c a t a l y s t  is  g i v e n  i n  F i g u r e  6 .  The 
d i f f e r e n c e  i n  t h e  t w o  p l o t s  is a m e a s u r e  o f  t h e  amoun t  o f  w a t e r  p ro -  
d L z e d  by t h e  H - r e a c t i o n .  T h e  w a t e r  o b s e r v e d  i n  t h e  dew p o i n t  p l o t  of 
t h e  r e g e n e r a t e d  c a t a l y s t  is a t t r i b u t e d  t o  c a t a l y s t  d e h y d r o x y l a t i o n  a t  
1400OF. w i t h  t h i s  t e c h n i q u e ,  t h e  amoun t  o f  h y d r o g e n  i n  c o k e  on  a 
c a t a l y s t  is f o u n d  t o  b e  b e t w e e n  3-10%. The  r a n g e  i n  t h i s  v a l u e  is t h e  
r e s u l t  o f  u n c e r t a i n t y  i n  t h e  amount  o f  h y d r o g e n  i n  t h e  c o k e  w h i c h  d i d  
n o t  r e a c t  d u r i n g  t h e  3 0  m i n u t e  t e s t .  

C. I n i t i a t i o n  T e m p e r a t u r e  o f  t h e  H - R e a c t i o n  
~. 

~~ 
~ ~~ 

-~ ~ ~~ One o f  t h e - p o t e n - t i a l l y  u s e f u l  a s p e c t s  o f  t h e  H - r e a c t i o n  is t h a t  i t  
c o u l d  be made  t o  o c c u r  i n  t h e  r e a c t o r  ( s p e n t  c a t a l y s t )  s t r i p p e r  of  t h e  
RCCSm p r o c e s s  u n i t .  T h e  t e m p e r a t u r e  o f  t h e  C a t a l y s t  i n  t h e  s t r i p p e r  
is u s u a l l y  b e t w e e n  900-1050°F .  The t h e r m o d y n a m i c s  o f  t h e  H - r e a c t i o n  
a s  compared  t o  t h e  w a t e r  g a s  s h i f t  r e a c t i o n  i n d i c a t e s  t h a t  h y d r o g e n  i n  
c o k e  w i l l  r e a c t  a t  t e m p e r a t u r e s  w i t h i n  t h i s  r a n g e .  C a r b o n  d i o x i d e  
c o u l d  e a s i l y  be  u s e d  e i t h e r  i n  p l a c e  o f  or i n  c o n j u n c t i o n  w i t h  s t e a m  a s  
a s t r i p p e r  g a s .  The  a d v a n t a g e  of r e a c t i n g  h y d r o g e n  i n  t h e  s t r i p p e r  i n  
t h e  RCCSm p r o c e s s  u n i t  is a p p a r e n t  f r o m  t h e  d a t a  i n  F i g u r e  7 .  T h i s  
f i g u r e  s h o w s  t h e  r e l a t i o n s h i p  f o r  a p a r t i c u l a r  se t  o f  u n i t  o p e r a t i n g  
c o n d i t i o n s  b e t w e e n  C o n r a d s o n  c a r b o n  i n  t h e  f e e d ,  t h e  w a t e r  a d d i t i o n  t o  
t h e  r i se r ,  a n d  t h e  h y d r o g e n  c o n t e n t  i n  t h e  c o k e  i n  o r d e r  t o  m a i n t a i n  
t h e  RCCSm process u n i t  i n  h e a t  b a l a n c e  a t  a CO2/CO r a t i o  i n  t h e  f l u e  
g a s  e q u a l  t o  o n e .  By l o w e r i n g  t h e  h y d r o g e n  c o n t e n t  i n  coke, f e e d s t o c k s  
w i t h  h i g h e r  C o n r a d s o n  c a r b o n  v a l u e s  c a n  be  p r o c e s s e d  w i t h  t h e  h e a t  

~ b a l a n c e  b e i n g  m a i n t a i n e d  i n  t h e  RCC u n i t .  

The  t e m p e r a t u r e  a t  w h i c h  a m e a s u r a b l e  amoun t  o f  water is p r o d u c e d  by 
t h e  H - r e a c t i o n  h a s  b e e n  d e t e r m i n e d .  T h e  i n i t i a t i o n  t e m p e r a t u r e  was  
d e t e r m i n e d  by a series o f  t e m p e r a t u r e s  i n  w h i c h  t h e  c a t a l y s t  w a s  h e a t e d  
t o  a p r e d e t e r m i n e d  t e m p e r a t u r e  ( e g . ,  g o o " ,  1000°, 1400OF)  i n  C02 and  
t h e  amount  o f  w a t e r  p r o d u c e d  d u r i n g  t h e  C02 r e a c t i o n  was  m e a s u r e d .  
B e f o r e  e a c h  t es t ,  t h e  c a t a l y s t  was  h e a t e d  t o  6 0 0 ° F  i n  a n  a t t e m p t  t o  
r emove  p h y s i c a l l y  a d s o r b e d  water. The  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  
shown i n  F i g u r e  8 .  The s e t  o f  dew p o i n t  p l o t s  show t h a t  s u b s t a n t i a l l y  
more w a t e r  is p r o d u c e d  a t  l O O O ' F  a n d  1400 'F  t h a n  a t  9 0 0 ° F .  Tempera-  
t u r e s  b e t w e e n  80O0-9OO0F g i v e  i d e n t i c a l  dew p o i n t  p lo t s  t o  t h e  o n e  a t  
900'F.  T h e s e  d a t a  i n d i c a t e  t h a t  t h e  r a t e  o f  t h e  H - r e a c t i o n  becomes  
m e a s u r a b l e  b e t w e e n  9 0 0 °  a n d  1 4 0 0 ° F .  T h e  s o u r c e  o f  t h e  w a t e r  i n  t h e  dew 
p o i n t  p l o t s  o b t a i n e d  a t  r e a c t i o n  t e m p e r a t u r e  b e l o w  900OF is b e l i e v e d  t o  
b e  a d s o r b e d  w a t e r .  

A ser ies  o f  e x p e r i m e n t s  i n  a p r o d u c t  d i s t r i b u t i o n  u n i t  (PDU) were p e r -  
f o r m e d  t o  q u a n t i f y  t h e  amoun t  o f  w a t e r  p r o d u c e d  by t h e  H - r e a c t i o n .  The 
PDU is  a homogeneous  f l u i d  b e d  reactor w h i c h  u s e s  a l i t e r  of  c a t a l y s t .  
T h e  l a r g e r  vo lume  o f  c a t a l y s t  allows f o r  a more a c c u r a t e  d e t e r m i n a t i o n  
of t h e  water p r o d u c e d  by t h e  h y d r o g e n  r e a c t i o n .  T h e  c a t a l y s t  was  h e a t -  
e d  i n  t h e  r e a c t o r  a t  1 2 5 0 ° F  i n  d r y  0 2  f r e e  N2 o v e r n i g h t  to  remove  a l l  
a d s o r b e d  a n d  c h e m i c a l  w a t e r .  The c a t a l y s t  w a s  t h e n  c o k e d  w i t h  a 
r e d u c e d  c r u d e  o i l  a n d  t h e  e n t r a i n e d  h y d r o c a r b o n s  were s t r i p p e d  f r o m  t h e  
c a t a l y s t  w i t h  N2. A t  t h i s  p o i n t ,  C02 w a s  i n t r o d u c e d  i n t o  t h e  reactor ,  
a t  e i t h e r  1000° o r  110OOF. T h e  p r o d u c t  g a s e s  f rom t h e  H - r e a c t i o n  were 
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m o n i t o r e d  f o r  t h e i r  w a t e r  c o n t e n t  c o n t i n u o u s l y .  A f t e r  t w o  h o u r s ,  t h e  
C02 was S t o p p e d  a n d  a i r  was i n t r o d u c e d  i n t o  t h e  reactor t o  b u r n  t h e  
r e m a i n i n g  h y d r o g e n  o f f  t h e  c a t a l y s t .  T h e  a m o u n t  o f  h y d r o g e n  w h i c h  had 
reac ted  w i t h  Co2 w a s  c a l c u l a t e d  by  c o m p a r i n g  t h e  w a t e r  p r o d u c e d  by t h e  
H - r e a c t i o n  to  t h e  water  p r o d u c e d  by t h e  c o m b u s t i o n  r e a c t i o n .  From 
t h e s e  c a l c u l a t i o n s ,  i t  w a s  f o u n d  t h a t  4% o f  t h e  h y d r o g e n  i n  t h e  c o k e  on 
t h e  c a t a l y s t  reacts  a t  1 0 0 0 ° F ,  w h i l e  a t  l l O O ° F ,  1 0 %  o f  t h e  h y d r o g e n  i n  
t h e  c o k e  o n  t h e  c a t a l y s t  h a s  r e a c t e d .  

C o n c i u s i o n s  

T h i s  r e p o r t  d e s c r i b e s  a n  i n v e s t i g a t i o n  i n t o  a n o v e l  m e t h o d  t o  lower t h e  
a m o u n t  o f  h e a t  p r o d u c e d  i n  t h e  r e g e n e r a t o r  o f  a n  RCCSm p r o c e s s  u n i t .  
T h r e e  metal  p r o m o t e r s  ( C u ,  S r  a n d  Ba) were f o u n d  f o r  t h e  B o u d o u a r d  
R e a c t i o n  w h i c h  a l l o w e d  t h e  r e a c t i o n  t o  o c c u r  a t  1 4 0 0 ° F  w i t h o u t  s e v e r e l y  
a f f e c t i n g  t h e  c r a c k i n g  a c t i v i t y  o f  t h e  c a t a l y s t .  A n o t h e r  p r o m i s i n g  
r e s u l t  o f  t h i s  i n v e s t i g a t i o n  was t h a t  a f r a c t i o n  o f  t h e  h y d r o g e n  i n  
c o k e  r eac t s  w i t h  C02 a t  1000 'F .  A t  t h i s  t e m p e r a t u r e ,  a p o r t i o n  o f  
h y d r o g e n  c o u l d  b e  removed f r o m  t h e  c a t a l y s t  i n  t h e  reac tor  s t r i p p e r ,  
t h e r e b y  l o w e r i n g  t h e  a m o u n t  o f  h y d r o g e n  i n  c o k e  w h i c h  m u s t  b e  b u r n e d  
o f f  t h e  c a t a l y s t .  T h i s  w o u l d  a l low f o r  t h e  p r o c e s s i n g  o f  h e a v i e r  
f e e d s t o c k s  i n  a n  RCCSm p r o c e s s  u n i t ,  w h i l e  m a i n t a i n i n g  m o d e r a t e  
t e m p e r a t u r e s  i n  t h e  r e g e n e r a t o r .  
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T a b l e  1 

T h e r m o d y n a m i c  P a r a m e t e r s  

R e a c t i o n  

c + 1 / 2  0 2  +co 
c + 0 2  + c o 2  

c + CO2 -2co 
H2 + 1 / 2  0 2  e H 2 0  

H2 + C02 e H 2 0 + C O  

H ( k c a l / m o l e )  G ( k c a l / m o l e )  
a t  298'K a t  1000°K a t  1000°K 

-26 .42  -26 .17  
-94 .05  -94 .32  
-57 .80  -59 .24  
+ 4 1 . 2 1  + 4 0 . 7 8  
+ 9 . 8 3  + 8 . 3 1  

-47 .95  
-94 .61  
-46 .04  
- 1 . 2 9  
+ 0 . 6 2  

L i  
co 

N i  
Rh ( 0 . 5  w t % )  
Fe 
Na 
Ru ( 0 . 5  w t % )  
S r  

c u c 1 2  

C u ( N 0 3 ) 2  

M o d e r a t e  A c t i v i t y  

V 
Ag 
B i  

Classes  of B o u d o u a r d  R e a c t i o n  P r o m o t e r s  

% C o k e  R e a c t e d  Low A c t i v i t y  % Coke R e a c t e d  

6 9  
55 
5 5  
5 3  
5 3  
5 2  
5 2  
5 2  
46  
4 2  

3 5  
3 1  
30  

MO 
Sn  
Ca 
T i  
C r  
La 
Y 
Zn 
Zr 
U 
B 
Ba 
cs 
K 
I n  
Mn 
Cd 
None 
W 
Sb 

29 
28 
27 
2 5  
25  
25  
2 5  
24 
24 
23  
22 
22 
22 
20 
20 
20 
1 6  
1 5  
1 5  
9 

C a t a l y s t  - S u p e r  DX w/1.10% C 
T e m p e r a t u r e  - 76OoC 
R e a c t i o n  T i m e  - 30  m i n u t e s  
P r o m o t e r  C o n c e n t r a t i o n  - 1 . 0  w t %  e x c e p t  w h e r e  n o t e d  
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1 

P r o m o t e  r 

None 
L i  

7 

B a  
F e  
N i  
L i  

7 

\ 

T a b l e  3 

MAT R e s u l t s  of P r o m o t e d  C a t a l y s t s  

C o n c e n t r a t i o n  ( w t %  C o n v e r s i o n  (vel)(%) 

0 
1 . 0  
1 . 0  
1 .o 
1 . 0  
1 .o 
1 . 0  
1 . 0  
0 .5  

6 1  
10  
6 5  
62  
50 
56 
52  
5 3  
16  

HP F CPF 

1 . 2  1 3  
3 .9  10 

- - 

1.5 17  
1 .6  1 8  
1 . 2  1 0  
1.1 9 
2 .3  22 
3 .2  33  
3.7 11 

T a b l e  4 

The  E f f e c t  of P r o m o t e r  C o n c e n t r a t i o n  on  t h e  B o u d o u a r d  R e a c t i o n  

L i  Conc .  ( w t % )  

1 . 0  
0 .5  
0 . 3 3  
0 . 1  

Rh Conc .  ( p p m )  

5000 
5 0 0  

50 
5 

% Coke  R e a c t e d  

69  
44 
35  
25  

53 
4 4  
26 
17  

T a b l e  5 

S e q u e n c e  o f  P r o m o t e r  A d d i t i o n  

C a t a l y s t  %C R e a c t e d  S e q u e n c e  

1 . 0  w t %  Ba on  C a t a l y s t  X . 64  
1 . 0  w t %  Ba on  C a t a l y s t  X . 7 1  

Coke  o v e r  Ba 
B a  o v e r  C o k e  

1 . 0  w t %  B a  on  C a t a l y s t  G . 74  .Coke  o v e r  B a  
1 . 0  w t %  Ba on  C a t a l y s t  G .84  B a  o v e r  C o k e  
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Figure 6.  The Ef fect  of Repeated Coking-Regeneration Cycler 
on the Actlvlty Qf the  Boudoyord Reaction Promoter 

P O  
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0 
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- 1 6  
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0 2 0  4 0  B O  

Time ( m i n )  
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Flguru 6. M-Reaction ComParlcon of Spent and Regenoreted Catalysts 
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HEAT BALANCE IN RCC UNIT 
FUNCTION OF: CONCARBON. nao A D O ’ N , ~  IN COKE, 
cop/co RATIO=H 

Figure 7 .  noat Balance In RCC Unlt 
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Flgure 8. Initiation Temperature of the H-Reaction 
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