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1.0 INTRODUCTION 

The inorganic matter i n  coal can be c lass i f ied  into three groups of 
minerals according t o  t h e i r  reactions w i t h  hydrogen sulfide ( H  S ) :  
(1) basic minerals, (2) minerals w i t h  c a t a ly t i c  ac t iv i ty ,  and f 3 )  i ne r t  
minerals. In the range of temperatures 200-90OoC, most of the minerals 
a re  ine r t  o r  have a s l i gh t  ca t a ly t i c  ac t iv i ty  on the r a t e  of decomposi- 
tion of H2S. However, the basic minerals react w i t h  H2S and the corre- 
sponding sulfides a re  formed. 
category a re  c a l c i t e  (tr igonal CaCO ), aragonite (orthorhombic CaC03), 
dolomite (CaCO3.MgCO3), s i d r i t e  (Fe803), and t o  some extent montmorilonite 
(clay) (Attar,  1977). 

involves four reactions (Glund et  a l . ,  (1930), Stinnes (1930), Bertrand 
(1937), Parks (1961), and Squires 771972)). 

The  most important minerals i n  this 

The systems of reaction between H2S and a metal carbonate MCO3 

1. Direct reaction of the  carbonate w i t h  H2S: 

MC03 + H2S + MS + H20 + C02 

MC03 -f MO + C02 

MO + H2S -f MS + H20 

(1 1 
2. Decomposition of the carbonate to  the  oxide and C02: 

(2) 

3. Reaction between the oxide and H2S: 

(3) 

4.  Sintering of the oxide and the formation of non-porous materials. 

porous MO 4 non-porous MO (4 )  

Reactions 1. and 2. a r e  para l le l ,  and reactions 3. and 4 .  a r e  para l le l .  
The l a s t  two reactions a re  in ser ies  w i t h  reaction 2. 

b 
,-% non-porous MO 
/ 

C02 + MO (5) 
H2S MS + H20 

\ H2S * MS + CO2 + H20 
MC03 

H2S is  formed i n  coal by the reactions of FeS2 w i t h  hydrocarbons and H , 
(Powell, 1921) and by the decomposition of the organic su l fur  compound% 
Thiessen (1945). In par t icu lar ,  H2S i s  formed when the su l f id ic  functional 
groups decompose t o  H2S and an olefin.  The H2S can react w i t h  the  basic 
minerals and thus, the su l fur  i s  trapped i n  the char i n  the form of the 
sulfide (Armstrong 1939). The kinetics of the reactions of H2S w i t h  
calcined dolomite and c a l c i t e  were studied by Squires and co-workers 
(1970, 1972). 
rate,  and r a t e  constants were derived fo r  the reactions of H2S w i t h  
ca lc i te ,  s i d r i t e ,  dolomite, and montmorilonite. 

In the present work, the  mechanism of the reaction, t h e i r  
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Complete conversion o f  do lomi te t o  Cas and MgC03 i s  obta inable a t  
570°C, bu t  o n l y  1.8-2.9 W t .  % o f  -200 mesh c a l c i t e  r e a c t i o n  a t  these 
condi t ions (2.1 d / g m  sur face area). 
r e a c t  a t  e s s e n t i a l l y  i d e n t i c a l  ra tes .  
i s  however very s e n s i t i v e  t o  impur i t ies .  

D i f f e r e n t  r a t e  c o n t r o l l i n g  steps l i m i t  the apparent r a t e  o f  con- 
sumption o f  H2S a t  d i f f e r e n t  temperatures. The r a t e  c o n t r o l l i n g  s tep 
depends a l s o  on t h e  p a r t i c u l a r  m a t e r i a l  and on i t s  c r y s t a l l i n e  s t ruc tu re .  
A t  low temperatures, the  r a t e  i s  c o n t r o l l e d  by t h e  r a t e  o f  mass t r a n s f e r  
and by the  r a t e  o f  d i f f u s i o n  o f  C02 i n  MS. A t  in termediate temperatures, 
the  r a t e  o f  consumption o f  H2S i s  c o n t r o l l e d  by the  a v a i l a b i l i t y  o f  f r e e  
surface of MO o r  MCO3. I n  t h i s  range o f  temperature, t h e  carbonates 
decompose according t o  r e a c t i o n  2, a new sur face i s  thus exposed which 
i s  n o t  covered by MS, thus, t h e  e f f e c t i v e  r a t e  o f  consumption o f  H2S 
increases. The a v a i l a b l e  sur face decreases by s i n t e r i n g  when t h e  temper- 
a tu re  i s  too  high, thus t h e  r a t e  o f  consumption o f  H2S may decrease. 
the  r a t e  o f  decomposition o f  MCO3 becomes very large,  the  r a t e  o f  con- 
sumption o f  H2S may be l i m i t e d  by mass t r a n s f e r  i n  t h e  gas. 

The c r y s t a l l i n e  s t r u c t u r e  o f  c a l c i t e  and dolomi te i s  t r i g o n a l  
(Bragg &fi. (1965) p. 127) and i s  b a s i c a l l y  i d e n t i c a l ,  except t h a t  i n  
dolomite a l t e r n a t e  Ca+2 ions  a r e  replaced by Mg+2 ions.  
dimensions r e  d i f f e r e n t  because the  i o n i c  rad ius  o f  Mg+2 i s  0.65 A and 
t h a t  o f  Ca+? i s  0.99 A (Greenwood, 1970). The mechanism o f  t h e i r  r e a c t i o n  
i s  however very d i f f e r e n t .  

and, does n o t  vary  wi th  t h e  conversion (up t o  30 W t .  % conversion). 
Impure dolomi te reac ts  i n i t i a l l y  a t  a much l a r g e r  r a t e  then a f t e r  some 
o f  i t  had been converted. 
i n i t i a l  r a t e  a f t e r  about 4% o f  t h e  mater ia l  had been converted. A t  
570°C c a l c i t e  reac ts  i n i t i a l l y  a t  about t h e  same r a t e  as pure dolomite, 
however, t h e  r a t e  o f  r e a c t i o n  drops t o  n i l  very  r a p i d l y .  We est imate 
t h a t  when a l a y e r  o f  about 7.8 molecules o f  Cas, on the  average, i s  
formed on the  sur face o f  c a l c i t e ,  t h e  d i f f u s i o n  o f  H2S i s  blocked and 
the r e a c t i o n  stops. The l a y e r  o f  Cas breaks a t  around 635-650°C when 
the "pressure" o f  C02 i n s i d e  t h e  CaC03 c r y s t a l  due t o  the  decomposition 
reac t ion  

A t  700°C c a l c i t e  and dolomi te 
The r a t e  o f  r e a c t i o n  o f  do lomi te 

When 

The spacia l  

The r a t e  o f  r e a c t i o n  o f  pure dolomi te w i t h  H2S i s  almost constant, 

A t  570°C t h e  r a t e  drops t o  about h a l f  t h e  

CaC03 + CaO + C02 (7)  

becomes excessive. When t h e  CaS l a y e r  breaks, a new surface i s  exposed 
and t h e  r e a c t i o n  can proceed. 
detected between t h e  r a t e  o f  r e a c t i o n  o f  c a l c i t e  and dolomite. 

Around 700°C no d i f f e r e n c e  could have been 

2.0 EXPERIMENTAL 

Figure 1 i s  a schematic f l o w  diagram which shows the  r e l a t i o n s  among 

The experimental system cons is ts  o f  f o u r  major components: (1)  a 

the var ious par ts  o f  t h e  system. 

d i f f e r e n t i a l  reac tor ,  (2) a pu lse  i n j e c t o r ,  (3) a gas chromatograph w i t h  
a TC detector ,  and (4) an i n t e g r a t o r  wi th  a data system. 
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Figure 2 shows the different ia l  reactor. The shell  ( l ) ,  the tube 
(2) ,  and the f i l l e r s  (3) a r e  made out of quar tz .  The gas i n l e t  and 
out le t  a r e  through a SS connector. 
the wall of a high temperature furnace which temperature i s  controlled 
and monitored. 

controlled gas-chromatograph injector .  The s ize  of the injector  loop 
determines the s ize  of the pulse of H2S which i s  introduced into the stream 
of helium. The helium passed th rough  the reactor and into a chromato- 
graphic column and detector.  

pulse which consists of the reaction products plus the unreacted H2S. 
The mixture of gases i s  separated on the column and detected by the TC 
detector. 
which multiplies the areas by the proper cal ibrat ion factors and pr ints  
the amounts of each component in the pulse of products of the reaction. 
The integrator and the injector  a re  synchronized so t h a t  periodic opera- 
tion i s  possible. 

The over- 
a l l  accuracy of the analysis was a t  l ea s t  10% and usually better than 2% 
based on material balance. 

chromosorb 103 80/?00 mesh a t  90°C . 

except fo r  the ca l c i t e  which was purchased from Fisher Scient i f ic .  

The quartz reactor i s  inserted through 

Pulses of the reactive gas ,  H2S, are fed using a microprocessor 

Each pulse of H2S which i s  injected into the reactor resulted i n  a 

The signal from the detector i s  integrated by a microprocessor 

The repeatabi l i ty  o f  the injections was 0.05% or bet ter .  

Mixtures o f  H S,  Cop,  and H20 were separated on a 6 '  X 1/8" column of 

The various minerals t h a t  were tested were NBS standard minerals,* 

The helium flow was 75 ml/min. 

*We wish t o  thank Dr. J .  C .  Butler, chairperson of the Department of Geology, 
University of Houston, who gave us the minerals. 
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3.0 MATHEMATICAL ANALYSIS 

The r a t e  of the reaction r can be estimated u s i n g  the relation: 

where q i s  the ca r r i e r  r a t e  of flow, W, the weight of material i n  the 
reactor,  Wo the number of moles tha t  were injected i n  a pulse, Wi the  
number of moles of unreacted products, P i  the number of moles of products, 
and a a stoichiometric coefficient.  

The r a t e  of consumption of the so l id  i n  the reactor depends on the 

Extention of the theory t o  other cases i s  s t ra ight  forward. 

amount of solid,  A ,  and on the instantaneous concentration of gas, C ,  
around i t ;  several cases deserve special attention and will be discussed 
i n  de t a i l .  

3.1 

When the r a t e  of reaction depends on the n - t h  power of the weight 

Rate of Reaction Depends on n-Power of the Solid 

of the solid i n  the reactor,  A ,  then:* 

I t  i s  assumed for  the moment tha t  only one reaction takes place. I f  we 
multiply equation (9 )  by q, the volumetric r a t e  o f  flow o f  the gas, and 
rearrange the equation we obtain: 

- -2- d(A1-n) = kqc-dt 1 -n 

Integration o f  the equation f o r  the i - t h  pulse yields 
m 

- -& (Ai’-n - Ai:;) = kqcidt 
ti 

(11) 

If the reaction i s  isothermal and only a small fraction of the pulse i s  
consumed, t h u s  the lower bound on k ,  k l ,  can be obtained by taking c = c 
(feed) 

m m 

klqcdt = k l  qcidt = klWi (12) 
t i  t i  

where Wi i s  the number of moles of HzS tha t  were 
pulse. Combining the l a s t  two equations yields:  

injected i n  the i- th 

(13) 

*This assumption i s  equivalent t o  saying tha t  the  r a t e  of the reaction 
depends on a property of the solid which depends on the n-the power of i t s  
weight e.g., the surface area i s  roughly proportional t o  A2/3. 
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Equation 14 can be used t o  evaluate B f r o m  which the  r a t e  constant k can 
be determined. 

When a small f r a c t i o n  o f  the ma te r ia l  i s  converted, A i  z Ao, a p l o t  
1 B A .  

o f  l o g  -2 vs. i y i e l d s  a s t r a i g h t  l i n e  w i t h  the  s lope log  (1 -  F). 
To evaluate n, several experiments should be c a r r i e d  out w i t h  d i f f e p e n t  
i n i t i a l  amounts o f  the  s o l i d  A,, o r  w i t h  pulses w i t h  a d i f f e r e n t  s ize ,  W.  

The upper bound on the r a t e  constant k,  k,, can be estimated using 
the  value o f  c a t  the o u t l e t :  

c = -  qC0 

q + akAn (16) 

where Co denotes the  concentrat ion o f  the gas i n  the  feed; and (x i s  a 
c o e f f i c i e n t  t o  account f o r  d i f f e r e n c e s  i n  the stoichiometry.  Subs t i tu -  
t i o n  o f  equation (16) i n  equation (9) y i e l d s :  

(A:-" - AI::) + (x (Ai - Ai-l) = -Wi 

~ From ~ s to ichiometry:  

a (Ai-1 - Ai) = ( W .  1 - W i o u t  ) (19) 

Therefore: .* (A]-n - i - 1  = -Wiout (20) 

o r  - -. 1 

(21 1 

2 

The case where n # 1 i n  the fo l l ow ing  

A very important special  case i s  when n = -. Th is  occurs when the  
When the s o l i d  r a t e  o f  reac t i on  depends on the  a v a i l a b l e  surfase area. 

i s  " i n f i n i t e l y  porous" i t  may be 1. 
sect ion.  

218 
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where B = ~ 
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3.2 

I f  a l l  t h e  amount o f  the  s o l i d  i n  the  r e a c t o r  i s  equa l ly  a v a i l a b l e  

Rate o f  Reaction Propor t ional  t o  t h e  Weight o f  t h e  S o l i d  

f o r  react ion,  t h e  r a t e  may depend on t h e  f i r s t  power o f  the  weight o f  
the  s o l i d .  

(22) - -  :: = kAC 

The lower bound on t h e  r a t e  constant  can be evaluated from t h e  equation: 

(23) 

Equation (23) can be s i m p l i f i e d  i f  the  s i z e  o f  the  pulses i s  equal, namely 
Wi = W f o r  a l l  i. Then: 

kl A .  
In--!-=-- w 

Ai-, q i 

keW Y = -  q 
A.  

A p l o t  o f  l o g  vs. i should y i e l d  a s t r a i g h t  l i n e  w i t h  the  slope y, 
A0 

when such a model holds. 

The upper bound on k ,  ku, can be evaluated us ing  t h e  equation: 

o r  

kuWi - -  - -  - e  9 
Ai 

kU i 
- Ai = e - - ~ w  
A0 q o  i 

3.3 Evaluat ion o f  t h e  Rate Constants f rom Experimental Data 

The data t h a t  a re  der ived i n  each experiment inc lude t h e  i n i t i a l  
c o n d i t i o n  o f  the  sample, i t s  weight, W,, and i t s  s p e c i f i c  sur face area, 
Sa. The length  o f  t h e  cyc le ,  e i s  u s u a l l y  determined by t h e  d i f f i c u l t y  
o f  t h e  separat ion o f  the  products. The number o f  moles o f  r e a c t i v e  gas 
per i n j e c t i o n ,  W, i s  determined by t h e  f ineness o f  t h e  r e s o l u t i o n  which 
i s  requ i red  o r  by t h e  s e n s i t i v i t y  o f  t h e  experimental system. The value 
of q can be used t o  modify B o r  y ,  however i t  i s  u s u a l l y  d i c t a t e d  by t h e  
separat ion procedure. 

The area o f  t h e  peak o f  unreacted gas from t h e  i - t h  pu lse i s  denoted by 
S i .  and t h e  area o f  the  peak o f  the  i - t h  product from the  i - t h  pu lse  i s  
denoted by Kj, where the response t o  t h e  pulsed gas i s  taken as a u n i t y .  
The t o t a l  weight o f  s o l i d  i n  t h e  r e a c t o r  can r e a c t  w i t h  the  s to ich iomet r ic  

The area o f  t h e  pulse of gas when no r e a c t i o n  occurs i s  denoted by S o .  
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amount o f  gas, W ; the equivalent area t h a t  a peak o f  magnitude W would 
have had i t  denofed by ST. It i s  assumed t h a t  the de tec tors  a re  ?inear,  
therefore,  when a l l  the  weight o f  t he  s o l i d  i s  a v a i l a b l e  f o r  the reac t ion :  

The average r a t e  o f  consumption o f  gas per u n i t  mass o f  s o l i d  i s :  

The ra te  o f  the s ing le  r e a c t i o n  which produces the  j - t h  product i s :  
q s . .  

- =a2 
ri K S  w 

J O S  

Note t h a t  i f  on ly  p a r t  o f  so l i d ,  e.g. on ly  a surface l aye r  on the  top  o f  
each c r y s t a l  reacts,  then ST w i l l  have t o  be determined exper imental ly 
from the r e l a t i o n :  

m 

4.0 RESULTS 

The most important var iab les  t h a t  a f f e c t  the  r a t e  o f  the  consumption 
o f  H2S are the  temperature, t he  t ime-temperature h i s t o r y  o f  the  sample, 
t he  i n i t i a l  cond i t ions  o f  t h e  sample, and the  conversion. 

Two types o f  k i n e t i c  e x p e r i l e n t s  were conducted: 
and ( 2 )  "temperature programmed. 
w i t h  a f i xed  s ize  were i n jec ted ,  and t h e  amounts o f  C02, H20 and unreacted 
H S were determined __ 2 .  .-~.L-.- ~ ana t n e i r  s p e c i t i c  surtace area was detem-ined by Nfadsorpt ion.  

conclusions: (1 )  The t o t a l  number o f  moles o f  MS t h a t  a r e  formed i s  
equal t o  the  t o t a l  number o f  moles of H2S t h a t  are consumed; and a lso  t o  
the  number o f  moles o f  water t h a t  a r e  produced. (2 )  The number o f  moles 
o f  H20 and o f  C02 t h a t  a re  produced i n  reac t i on  1 as a r e s u l t  o f  a given 
pulse of  H2S, i s  equal t o  the  number o f  moles o f  H2S t h a t  a re  consumed i n  
the  react ion.  The number o f  moles o f  H20, i n  excess t o  the  number o f  
moles o f  C02, a r e  formed by reac t i on  3.  Figure  3 shows the  isothermal 
r a t e  o f  consumption o f  H2S by c a l c i t e ,  pure dolomite, dolomite, mont- 
mor i l on i te ,  and s i d r i t e  a t  570°C, as a func t i on  o f  t he  conversion o f  t he  
so l i d .  The r a t e  o f  the  r e a c t i o n  w i t h  H S behaves according t o  one o f  
th ree  modes: 
w i t h  the conversion, bu t  complete conversion i s  obtainable,  (3 )  r a t e  
decreasing very r a p i d l y  w i t h  the  conversion, and complete conversion i s  
not obtainable. 

(1)  "isothermal ." 
I n  add i t ion ,  t h e  raw carbonates were tes ted  by DTA 

I n  each experiment, pulses o f  H2S 

- 

Arguments o f  ma te r ia l  balance can be used t o  deduce the  f o l l o w i n g  

(1) r a t e  independent o f  t i e  conversion, ( 2 )  r a t e  decreasing 
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The r a t e  o f  reac t i on  o f  dolomite a t  570°C as a func t i on  o f  t he  
conversion i s  almost constant. However, a t  700°C the  r a t e  decreases 
s lowly  w i t h  t h e  conversion. The r a t e  o f  reac t i on  o f  c a l c i t e  a t  57OOC 
decreases very sharply, and becomes e s s e n t i a l l y  zero a f t e r  about 2.8% 
of t he  mater ia l  a re  converted. A t  700°C the  ra tes  o f  conversion o f  
dolomite and c a l c i t e  t o  MS a r e  the  same. 

FeO and C02 a r e  formed. The decomposition o f  s i d r i t e  i s  complete a t  
495"C, FeO s i n t e r s  much more r a p i d l y  then CaO. 
surface area o f  FeO decreases when the  s i d r i t e  i s  heated f o r  prolonged 
times above 500OC. Figure 4 shows the  r a t e  o f  consumption o f  H2S by 
decomposed s i d r i t e  t h a t  was kept 2-1/4 and 5-1/4 hours a t  635°C. 

and s i d r i t e  which temperature was increased a t  about 3.3 "C/min. The 
data were not cor rec ted  f o r  t h e  conversion o f  the mater ia l ;  t h e  e f f e c t  
o f  t he  c o r r e c t i o n  i s  more important a t  the higher temperatures. The 
r a t e  o f  consumption o f  H2S by c a l c i t e  and dolomite seems t o  be very 
s i m i l a r  above 650°C, however, d i f f e r e n t  ra tes  are observed below 650OC. 
Figure 6 shows the  r a t e  o f  e v o l u t i o n  o f  C02 from c a l c i t e  and dolomite 
as a r e s u l t  o f  r e a c t i o n  1. The data show very c l e a r l y  t h a t  t he  r a t e  o f  
evo lu t ion  o f  C02 f r o m  c a l c i t e  decreases w i t h  the temperature up t o  635°C 
but then i t  increases very r a p i d l y  and a t  about 700°C it becomes i d e n t i c a l  
t o  the  r a t e  o f  evo lu t ion  o f  C02 f r o m  dolomite. The r a t e  o f  e v o l u t i o n  o f  
C02 from dolomite increases monotonical ly w i t h  the temperature. 
should however be noted t h a t  the  apparent decrease i n  the  r a t e  i s  due t o  
the  coverage o f  t he  surface by Cas and the c rea t ion  o f  res is tance t o  
mass t r a n s f e r  o f  C02. 
reac t ion  o f  c lean surfaces). The r a t e  o f  evo lu t ion  o f  C02 t h a t  r e s u l t s  
f r o m  the  thermal decomposition o f  t he  carbonate, shows as a continuous 
d r i f t  i n  the de tec tor  base l i n e .  The decomposition o f  c a l c i t e  and 
dolomite t o  CaO were complete a t  810°C and the  decomposition o f  s i d r i t e  
was complete a t  495OC. 
reac t i on  3. The data show t h a t  the r a t e  o f  evo lu t ion  o f  water becomes 
almost constant a t  temperatures above 685°C where no more C02 i s  formed 
by r e a c t i o n  1. 

5.0 DISCUSSION OF THE RESULTS 

S i d r i t e  decomposes a t  much lower temperatures than CaC03 o r  dolomite, 

Thus the  a v a i l a b l e  

F igure  5 shows the  r a t e  o f  consumption o f  H2S by c a l c i t e ,  dolomite,  

I t  

(The p l o t t e d  r a t e  i s  no t  the i n i t i a l  r a t e  o f  

F igure  7 shows the  r a t e  o f  format ion o f  water by 

The discussion i s  d i v i d e d  i n t o  two pa r t s :  

5.1 The Mechanism o f  t he  Reactions 

The r a t e  o f  consumption o f  H2S i s  influenced by the  ra tes  o f  reac t ions  

discussion o f  the  mechanism 
o f  t he  react ions,  and discussion o f  the ra tes  o f  the reac t ions .  

1-4, which takes place simultaneously, and by the r a t e  o f  mass t r a n s f e r  o f  
HzS, H20, and CO through the  layer  o f  product MS which i s  formed on the  
surface o f  t he  ME03 c rys ta l s .  The r a t e  o f  the  chemical reac t ions  i s  a 
a strong f u n c t i o n  o f  the temperature, therefore,  d i f f e r e n t  reac t ions  may 
dominate a t  d i f f e r e n t  temperatures. I n  pa r t i cu la r ,  the  r a t e  o f  decompo- 
s i t i o n  o f  CaC03 and o f  dolomite ( reac t i on  2) becomes very l a r g e  a t  
temperatures above 739°C. Therefore, l a rge  amounts o f  MO a r e  produced 
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which competes w i t h  the  MCO3 on the a v a i l a b l e  H2S. Since CaO reac ts  w i t h  
HzS more r a p i d l y  than CaCO , the  apparent r a t e  o f  consumption o f  H2S by 
the  mixture o f  CaO-CaC03 a? temperatures above 730°C i s  s i g n i f i c a n t l y  
l a r g e r  then a t  lower temperatures. Mass t rans fe r  i n  the gas may a lso  
become the l i m i t i n g  s tep  a t  very h igh  temperatures. 

The r a t e  o f  mass t r a n s f e r  i n  the s o l i d  may l i m i t  the  apparent r a t e  
o f  reac t i on  by prevent ing  the  reagent H S from reaching the reac t ion  
metered, o r  by p revent ing  the  products EO2 and H20 from escaping out. 
The r o l e  tha t  the product MS p lays  depends on the c r y s t a l l i n e  s t ruc tu re  
o f  MS and t h a t  o f  "host"  c r y s t a l ,  the MO o r  the MC03. I f  the  c r y s t a l l i n e  
s t ruc tu res  o f  MS and t h e  host a re  "compatible" so t h a t  the  l aye r  o f  MS 
can adhere t o  the sur face  o f  t he  host, (as a s o l i d  so lu t i on )  then 
res is tance t o  mass t r a n s p o r t  w i l l  be created as a r e s u l t  o f  the reac t ion .  

Figure 3 shows t h a t  a t  57OOC c a l c i t e  stops t o  reac t  a f t e r  about 
2.8 W t .  % o f  the  -200 mesh mater ia l  was converted. Dolomite, which has 
the  same c r y s t a l l i n e  c o n f i g u r a t i o n  continues t o  reac t  al though the  i n i t i a l  
r a t e  o f  the r e a c t i o n  depends on the impur i t i es  i n  the ma te r ia l .  Dolomite 
and c a l c i t e  have t h  same c r y s t a l l i n e  s t ruc tu re ,  except t h a t  i n  dolomite 
every a l t e r n a t e  Ca+? i o n  i s  replaced by a Mg+2 ion .  Had a l l  the components 
o f  dolomite been r e a c t i v e ,  one would expect t h a t  MgS and Cas w i l l  be formed 
as a r e s u l t  o f  the  r e a c t i o n s  w i t h  H2S. 
formed since MgC03 does n o t  reac t  w i th  H2S a t  570°C. 
t inuous  l aye r  o f  Cas can no t  be formed on the surface o f  dolomite bu t  it 
can be formed on the  sur face  o f  ca l c i t e .  
average thickness o f  about 7.8 molecules i s  formed on the  surface o f  the  
c a l c i t e ,  a t  l e a s t  one o f  the  gases C02, H20, o r  CO2 can no t  d i f f u s e  
through i t  anymore and r e a c t i o n  1 stops. 

However, a t  570°C on ly  Cas i s  

Therefore, once a l aye r  o f  

Therefore, a con- 

It i s  p l a u s i b l e  t h a t  the  reac t i on  between H2S and c a l c i t e  stops 
because CO cannot d i f f u s e  through a l aye r  o f  Cas. One evidence which 
supports t f i s  theory  i s  t h a t  CaO reacts w i t h  HzS according t o  reac t ion  
3 and i s  completely converted t o  Cas. Had Cas been impermeable t o  H20 

conversion t o  Cas. 
~ 

~ _ _  or  t o  H25, t he  r e a c t i o n  02 CaO should have a lso  stopped before complete 

The l a t t e r  theory i s  supported by the  experimental evidence o f  C02 
by r e t e n t i o n  1 and o f  t h e  absorpt ion o f  H2S by reac t ions  1 and 3 as a 
f u n c t i o n  o f  the  temperature. The experiment was conducted as fo l lows:  
f i r s t  t h e  surface o f  t he  c a l c i t e  was reacted w i th  H2S a t  590°C u n t i l  the 
r e a c t i o n  stopped, and then the  temperature was programmed up slowly w h i l e  
i n j e c t i n g  small pulses o f  H2S t o  study the  r e a c t i v i t y  o f  the mater ia l .  
The data shows c l e a r l y  t h a t  around 640°C the l aye r  o f  Cas breaks, new 
surfaces o f  CaO + CaC03 a r e  exposed and reac t ions  1 and 3 can commence. 
The e q u i l i b r i u m  pressure o f  CO2 a t  64OOC i s  est imated t o  be about 0.02 
atms. Such a pressure i s  apparent ly s u f f i c i e n t l y  la rge  and can break 
the  l aye r  of Cas. 

The c r y s t a l l i n e  s t r u c t u r e s  o f  FeO and FeS are  d i f f e r e n t  and apparent ly 
FeS does not adhere t o  t h e  surface o f  FeO. Indeed, even i f  i t  adheres, 
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FeS seems t o  permit diffusion of H2S since reaction 3 can proceed a t  570°C 
into completion. However, limited resistance t o  mass t ransfer  i s  observed 
when 3-4 W t .  % of the material i s  converted. 

i t s  available surface area decreases very rapidly w i t h  time. 
that  a t  570"C, equation (14) with n = 2/3 f i t s  the data very adequately, 
b u t  a t  635°C or  700°C the description i s  inadequate. 
derived from equation (9) in which the sintering effect  which reduces the 
surface area was n o t  taken into consideration. Note that an increase in 
the temperature resul ts  in an increase in the r a t e  constant of reactions 
3 and 4.  The l a t t e r  reaction reduces the surface area which i s  available 
for reaction with H2S according to reactions 1 and 3. 

FeO s in t e r s  a t  a much larger r a t e  than CaO, and a t  high temperatures 
Figure 8 shows 

Equation (14) was 

5.2 Quantitative Rate Data 

Rate data on some selected systems i s  presented in Table 2. The 
data were derived on samples of par t ic les  -200 mesh, of about 0.1-0.2 gm 
each. Unless otherwise specified, the material was permitted t o  equi l i -  
br ia te  2-1/4 hours a t  the reaction temperature. 
has been used t o  evaluate the lower bound on the r a t e  constant. 

done with caution, since they have greatly different  values in different  
temperature regions. A summary of the data i s  given in Table 2. 

Equation (14) w i t h  n = 2/3 

The evaluation of the activation energies and the i r  use should be 

TABLE 2 

Activation Energies fo r  the Rate of Consumption 
of H7S by Minerals 

Mater i a 1 T O C  Range Controlling Mechanism Ea kcal/mole 
%30% 

Calcite 

Calcite (with 
CaO) 

Calcite (with 
CaO) 

Dolomite 
Dolomite ( w i t h  

Ca0.MgC03) 
S id r i t e  (with 

FeO) 
FeO 

560 Diffusion of gas 0.0 
through Cas 

560-670 Rate of reaction 19.0 

670 Rate of gas-phase 4.0 
J mass transfer 

640 Rate of reaction 12.2-1 3.5 
640 ' Rate of gas-phase 2.4 

460 Rate of reaction 15.2 
mass transfer 

460 Rate of gas-phase 0.0 
+ mass transfer and 
sintering 
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In general, mass transfer controls when the reacting material is a 
carbonate, and the rate of reaction (2) or the rate of gas-phase mass transfer 
will control when the reacting solid is the oxide. Small activation 
energies (0-4 kcal/mole) are observed when the carbonate reacts and 
30-45 kcal/mole are observed when the oxide reacts. Note should however 
be made of the decomposition reaction 2 in which the carbonate is trans- 
formed into an oxide. This reaction can not be controlled and it tends 
to activate the solid even when the carrier gas contains C02 (the rate 
of reaction 2 is suppressed in the latter case). 
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INTRODUCTION 

I n  the  pas t  15 yea rs  much work has been done on t h e  i d e n t i f i c a t i o n  o f  i n d i -  
v i d u a l  compounds i n  t h e  branched-p lus-cyc l ic  p a r a f f i n  hydrocarbon f r a c t i o n s  f rom 
Green River  o i l  s h a l e  bitumens; i.e., on t h e  smal l  amount o f  m a t e r i a l  t h a t  can b e  
s o l v e n t  e x t r a c t e d  from t h e  shale. Cumins and Robinson ( I )  i d e n t i f i e d  the  C-16, 
C-18. C-19, and C-20 i s o p r e n o i d  alkanes. Bur l  ingame andcoworke rs  (2) repor ted 
t h e  presence o f  C-27, C-28, and C-29 steranes. E g l i n t o n  and coworkers (2) iden- 
t i f i e d  cholestane, ergostane,  s i t os tane ,  and pe rhyd ro -pca ro tene .  Anders and 
Robinson (4) i d e n t i f i e d  52 c y c l i c  alkanes, and Henderson (z) i d e n t i f i e d  s teranes 
and t r i t e r p a n e s .  Gal legos (6) i d e n t i f i e d  36 i n d i v i d u a l  components i n  the s a t u r a t e  
f r a c t i o n  o f  an  o i l  s h a l e  bitumen. 
a Wyoming o i l  shale c o r e  w i t h  respect  t o  t h e  v a r i a t i o n s  i n  the d i s t r i b u t i o n  o f  
va r ious  alkanes w i t h  s t r a t i g r a p h y .  

Robinson and Cook (7) s tud ied  t h e  bitumen f r o m  

Most o f  the geochemical s tud ies  have been made on the  unpyro lyzed bitumen be- 
cause o f  t h e  susp ic ion  t h a t  p y r o l y s i s  of t h e  kerogen would des t roy  o r  a l t e r  t h e  
b i o l o g i c a l  markers and thus negate the r e s u l t s .  However, recent  s t u d i e s  suggest 
t h a t  some o f  these markers s u r v i v e  p y r o l y s i s .  Gallegos (8) repo r ted  t h e  presence 
o f  gammacerane and t h e  C-27, C-28, and C-29 s teranes i n  a p y r o l y s i s  study o f  so- 
c a l l e d  "kerogen-shale"--shale res idue  a f t e r  t h e  e x t r a c t i o n  o f  so lub les  w i t h  a ben- 
zene-methanol mix ture.  
isoprenoids i n  an N.T.U. s h a l e - z i l  d i s t i l l a t e .  

Takeo (9)  repor ted the  presence o f  C-18 and C-20 a lkane 

I n  t h i s  s tudy,  s a t u r a t e  f r a c t i o n s  of F i sche r  assay o i l s  f rom an e a r l i e r  s tudy  
(10) were examined i n  d e t a i l  t o  see i f  the-bio&g.iKal ma_rkers s u r v i v e  the r e t o r t i n g  
process. A s tudy o f  t hese  b i o l o g i c a l  markers i n  t h e  o i l s  produced f rom a co re  
m igh t  be used as an a i d  i n  t h e  geochemical s tudy o f  sediments. A l though t h i s  co re  
i s  n o t  i d e n t i c a l  t o  t h a t  s t u d i e d  by Robinson and Cook, i t  i s  f rom the  same area so 
t h a t  some comparisons can be made between t h e  bitumen and the  py ro l yzed  product .  

EXPERIMENTAL 

A co re  was o b t a i n e d  f r o m  no r the rn  Green R ive r  Basin i n  T Z l N ,  R107W, Sweet- 

A l i t h o g r a p h i c  d e s c r i p t i o n  of t h e  
wa te r  County, near  Rock Springs, Wyoming. 
t h e  sect ions of  t h e  co re  c o n t a i n i n g  kerogen. 
co re  was used t o  composite t h e  F ischer  assay o i l s  i n t o  1 1  composite o i l s  com- 
p r i s i n g  t h e  o i l  produced f rom adjacent  sha le  seams of  s i m i l a r  appearance. The 1 1  
composite o i l s  a r e  r e p r e s e n t a t i v e  o f  t h e  t h r e e  p r i n c i p a l  members o f  t h e  Green 
R i v e r  o i l  sha le  fo rma t ion  i n  t h i s  basin. The f i r s t  two composite o i l s ,  L-1 and 
L-2, a r e  from t h e  Laney member; t h e  nex t  e i g h t  composite o i l s ,  WP-1 t o  WP-8, a r e  
f rom the  W i l k i n s  Peak member; and the  l a s t  o i l ,  T-1, i s  from t h e  T i p t o n  member, 
which i s  t h e  lowest s t ra tum c o n t a i n i n g  kerogen. 

F ischer  assay (E) was c a r r i e d  ou t  on 

A sa tu ra te  f r a c t i o n  o f  each composite o i l  was prepared by d i s s o l v i n g  3 g o f  
o i l  i n  approx imate ly  IO m l  o f  cyclohexane. The nonsaturates were removed by s u l -  
f ona t ion  and c e n t r i f u g a t i o n  as descr ibed i n  ASTM method D-1019 (12). The re- 
s u l t i n g  cyc lohexane-saturates s o l u t i o n  was chromatographed on a 7 2 - i n .  i .d. by 
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6- in .  column packed w i t h  60-200 mesh s i l i c a  ge l  and e l u t e d  w i t h  bezene. 
m a t e r i a l  was recovered by r o t a r y  evapora t i on  o f  so l ven t .  

Organic 

Each sa tu ra te  f r a c t i o n  was separated i n t o  n - p a r a f f i n s  and b ranched-p lus -cyc l i c  
pa ra f f i ns  (BCP) by molecular  s ieves.  
t h e  molecular  s ieves w i t h  h y d r o f l u o r i c  a c i d  (u). The n - p a r a f f i n s  were recovered by d e s t r o y i n g  

A l l  t h e  n - p a r a f f i n s  and BCP f r a c t i o n s  were analyzed us ing  a Hewlett-Packard': 
5710A gas chromatograph equipped w i t h  a f lame i o n i z a t i o n  de tec to r .  Pa i red  50 - f t  
by 0.02-in. i .d .  suppor t  coated open t u b u l a r  (SCOT) columns coated w i t h  Dexs i l  300 
were used. 
3OO0C, where the  temperature was mainta ined f c r  16 minutes. 

The chromatograph was programmed from 100°C a t  4" per  minute up t o  

Combined gas chromatography-mass spect rometry  (GC-MS) o f  se lec ted  samples 
were obta ined us ing  a Hewlett-Packard 5710A gas chromatograph and an AE IMS-12 
mass spectrometer. A s i m i l a r  SCOT column was coupled d i r e c t l y  t o  the  source o f  
t h e  MS-1,2 w i thou t  t h e  b e n e f i t  o f  a separator .  A l l  t he  mass spect ra were ob ta ined  
a t  70 v o l t s .  

Data a c q u i s i t i o n  and process ing were accomplished w i t h  a F in igan  lncos 2300 
s e r i e s  mass spectrometer data system. The magnet c y c l e  t ime  was 18 seconds. 

RESULTS AN0 D I S C U S S I O N  

Geochemical i n v e s t i g a t i o n s  o f  b i o l o g i c a l  markers a r e  u s u a l l y  made on samples 
t h a t  have been c a r e f u l l y  c o l l e c t e d  and preserved t o  prevent  the  fo rma t ion  o f  a r t i -  
f a c t s .  However, recen t  work by Gallegos (E) suggests t h a t  some o f  t he  b i o l o g i c a l  
markers su rv i ve  t h e  r e t o r t i n g  process, and Gallegos suggests t h a t  "The terpanes 
which have su rv i ved  p y r o l y s i s  r a t h e r  than those e x t r a c t e d  r e f l e c t  more f a i t h f u l l y  
t he  d i s t r i b u t i o n  and i d e n t i t y  o f  t h e  terpanoids o r i g i n a l l y  l a i d  down i n  t h e  sed i -  
ments." To i n v e s t i g a t e  these p o s s i b i l i t i e s ,  we examined t h e  a lkane hydrocarbons 
i n  o i l s  produced by r e t o r t i n g  o i l  shales from d i f f e r e n t  geo log i c  regimes. A l l  t h e  
shales were r e t o r t e d  in  i d e n t i c a l  fash ions by F ischer  assay which heats t h e  sha le  
a t  a c o n t r o l l e d  r a t e  t o  500°C. 

Geology 

A b r i e f  d e s c r i p t i o n  o f  t h e  geology o f  t h e  area from which t h e  s u b j e c t  co re  
was obta ined w i l l  s e t  t h e  stage f o r  t h e  d iscuss ions.  The o i l  shales o f  t h e  Green 
R ive r  Formation in  Wyoming were formed i n  Gosiute Lake i n  e a r l y  and m idd le  Eocene 
age (2). 
stage, i n  which t h e  T i p t o n  member was l a i d  down, i t  was l a r g e  and ove r f l ow ing ,  and 
thus a f r e s h  water lake. Dur ing t h e  second, o r  W i l k i n s  Peak stage, t h e  l a k e  shrank 
and became ext remely sa l i ne .  When t h e  top, o r  Laney member, was l a i d  down the  l a k e  
had again expanded, overf lowed, and become a f r e s h  water  lake. 

General Character i s t i cs 

Th is  l a k e  went through t h r e e  major changes i n  s i ze .  Dur ing t h e  f i r s t  

Table 1 shows t h e  depth and l e n g t h  o f  t h e  sec t i ons  t h a t  were composited f o r  
F i sche r  assay, t oge the r  w i t h  the  o i l  y i e l d ,  t h e  percent  o f  t o t a l  sa tu ra tes ,  and 
t h e  percents  of t h i s  s a t u r a t e  f r a c t i o n  t h a t  a r e  normal and b ranched-p lus -cyc l i c  
p a r a f f i n s  ( B C P ) .  The leng ths  o f  t h e  co re  va ry  from 193 f e e t  f o r  UP-6 t o  7 f e e t  
f o r  T-1, showing cons ide rab le  d i f f e r e n c e  i n  t h e  l eng th  o f  t h e  homogeneous bands. 
The o i l  y i e l d  data show t h a t  t h e  o i l  sha le  i n  t h i s  area i s  lean, ranging f rom 4.5 
t o  15.9 ga l l ons  pe r  ton. 
sect ions,  (most of which a r e  i n  the  t o p  300 f e e t )  i s  9.0 ga l l ons  pe r  ton. 

*Mention of s p e c i f i c  brand names o r  models o f  equipment i s  f o r  i n fo rma t ion  o n l y  
and does n o t  c o n s t i t u t e  an endorsement by t h e  Department o f  Energy. 

The average y i e l d  f o r  t h e  core, exc lud ing  t h e  ba r ren  
The 
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’ sa tu ra tes  rep resen t  9 t o  1 1  percent  o f  a l l  t he  o i l s  except t h e  T ipton,  t he  s i n g l e  
sample o f  which has a somewhat h ighe r  s a t u r a t e  content  than the  o t h e r  o i l s .  A p re -  
v ious  study (10) showed t h a t  t h e  T ip ton  o i l  had s i g n i f i c a n t l y  sma l le r  amounts o f  
p o l a r  compounds than t h e  o t h e r  o i l s .  
p l y  r e f l e c t  a l a c k  o f  d i l u t i o n  by t h e  p o l a r  components. 

Thus, i t s  h i g h  con ten t  o f  p a r a f f i n s  may sim- 

TABLE 1 .  - D e s c r i p t i o n  o f  Wyoming co re  and percentages o f  
sa tu ra tes ,  normal, and branched-p lus-cyc l  i c  hydrocarbons 

i n  the  F i sche r  assay o i l s  

I /  Section- 

L- 1 
L-2 
W P - I  
WP-2 
WP-3 
WP-4 
WP-5 
WP-6 
WP-7 
WP-8 
T- 1 

I /  Depth- 
ft. 

771.5 
870.5 

1064.7 
1109.0 
1157.64/ 
1250.0- 
1276.4 
1322.0 
1515.0 
1616.0 
1710.0 

2/ Length- 
f t .  

38.1 
59.6 
44.3 
48.6 
41.2 
26.4 
45.6 

193.0 
101 .o 
94.0 

7.0 

Saturates,  Vol % o f  sa tu ra tes  
Y ie ld ,  v o l .  % o f  Branched-cycl i c  
ga l / t on  o i l  n - p a r a f f i n s  p a r a f f i n s  

5.3 9.7 
10.3 11.1 
13.5 8.9 
15. I 9.7 
11.0 10.2 
8.0 9.8 

15.9 9.7 
6.1  9.9 
8.9 9.8 
7.3 10.0 
4.5 13.3 

63.9 
60.4 
39.3 
46.4 
45.1 
48.0 
51.5 
39.4 
51 .O 
56 
63.9 

36.1 
39.6 
60.7 
53.6 
54.9 
52.0 
48.5 
60.6 
49 
44 
36.1 

1/ L = Laney member, WP = W i l k i n s  Peak member, T = T i p t o n  member 

Y TOP o f  s e c t i o n  

2’ Excluding ba r ren  s e c t i o n  

4’ 51.2 f e e t  o f  co re  m iss ing  between WP-3 and WP-4 

Normal P a r a f f i n s  

Table 1 shows v a r i a t i o n s  i n  the  composi t ion o f  t he  s a t u r a t e  f r a c t i o n s  w i t h  
regard-eo-cheir-concenc-of-n-paraff ins. 
64 percent  n - p a r a f f i n ,  w h i l e  t h e  W i l k i n s  Peak sa tu ra tes  c o n t a i n  s i g n i f i c a n t l y  
lower amounts. Thus, t he  two f reshwater  depos i t s  a r e  h i g h e r  i n  n - p a r a f f i n s  than 
the  s a l i n e  depos i t .  The h i g h  va lue o f  WP-8, which i s  ad jacen t  t o  the  T i p t o n  core,  
may suggest an i n f l u e n c e  o f  t h e  f reshwater  member on i t s  ad jacen t  s a l i n e  member; 
i.e., a somewhat gradual  t r a n s i t i o n  from f r e s h  t o  s a l i n e .  

The ianey and i i p c o n  sacuraces a r e  60 e o  

Gas chromatographic i n v e s t i g a t i o n  o f  t he  n - p a r a f f i n  f r a c t i o n s  o f  t h e  1 1  o i l s  
shows n -pa ra f f i ns  f rom C - l l  t o  C-34 w i t h  the  g r e a t e s t  abundance a t  about C - 1 7 .  
The odd-to-even p re fe rence  t h a t  was noted i n  n - p a r a f f i n  f r a c t i o n s  of bitumens from 
a s i m i l a r  c o r e  (7) i s  absent. Th is  r e s u l t  was no t  unexpected i n  these o i l s ,  which 
had been heated a t  500”C, because Cummins (15) showed disappearance o f  t h e  odd-to- 
even preference when shales were degraded a t t e m p e r a t u r e s  o f  150 to 350°C. 

Branched-Plus-Cycl i c  P a r a f f i n s  

Gas chromatograms o f  t he  BCP f r a c t i o n  o f  t h e  o i l s  suggested t h e  presence o f  
c h a i n  isoprenoids, s teranes,  and p e n t a c y c l i c  t r i t e r p a n e s .  Chromatograms o f  sam- 
p l e s  from each of  t h e  members a r e  shown i n  F igu re  1 .  Combined GC-MS analyses were 
ob ta ined  on these t h r e e  rep resen ta t i ve  f r a c t i o n s  t o  i d e n t i f y  t he  major peaks. 
example o f  t h e  r e s u l t i n g  recons t ruc ted  chromatograph f o r  t h e  W i l k i n s  Peak sample 
i s  shown i n  F igu re  2. 
each of  the o t h e r s  conta ined one. 

A n  

Two o f  t he  peaks--26 and 31--contained two compounds, w h i l e  
T h i r t y - s i x  compounds were i d e n t i f i e d  i n  t h e  GC 
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f r a c t i o n s  and accounts f o r  55 percent  o f  the  BCP f r a c t i o n .  
as w i l l  be noted l a t e r ,  t he  MS i d e n t i f i c a t i o n  was confirmed by c o i n j e c t i o n  of  au- 
t h e n t i c  samples. 
w i t h  the  q u a n t i t a t i v e  da ta  f rom gas chromatography t o  examine the  va r ious  types of 
compounds t h a t  a r e  present  i n  these o i l s .  

I n  seve ra l  instances, 

The q u a l i t a t i v e  data f rom t h e  mass spect ra may now be combined 

Chain Isoprenoids.  - The l a r g e r  peaks i n  the f i r s t  p a r t  o f  t he  gas chromato- 
grams (F igure 1) a r e  c h a i n  isoprenoids.  The GC peak number and t h e  e m p i r i c a l  f o r -  
mula o f  these compounds a r e  l i ’ s t e d  i n  Table 2. The gas chromatographic data i n  
F igu re  1 show cons ide rab le  v a r i a t i o n  i n  the  amounts o f  t he  i n d i v i d u a l  isoprenoids.  
Phytane (peak 14) increases from 2 percent  i n  the  T ip ton  t o  5.5 i n  t h e  W i l k i n s  Peak 
and t o  8.3 i n  t h e  Laney. This  increase i n  a compound u s u a l l y  thought t o  be a 
degradat ion product  o f  c h l o r o p h y l l  (5) may suggest an increase i n  t h e  amount o f  
vege ta t i ve  ma t te r  as t h e  l ake  went from t h e  T ip ton  t o  Wi l k ins  Peak t o  Laney. 

TABLE 2. - Chain isoprenoids (C y2n+2) i d e n t i f i e d  

GC Empi r i c a  1 Molecular  Common 
peak no. formu 1 a weiqht  name 

1 3H28 

‘I hH30 

‘1sH32 

C16H34 

1 7H36 

C18H38 

1 gH40 

‘20H42 

‘21H44 

184 

198 

212 Farnasane 

226 

240 

2 5 4  

268 P r i s t a n e  

282 Phytane 

7-96 

16 C23H48 324 

17 ‘2bH50 338 

I8 ‘2sH52 352 

41 2 Squalane I 9  ‘30H62 

Inspec t i on  o f  F igu re  1 revea ls  many d i f f e rences  i n  t h e  r a t i o s  o f  t h e  amounts 
of  t he  cha in  isoprenoids.  For example, t he  r a t i o  o f  t he  he igh ts  o f  peaks IO, 12, 
and 14 changes f rom 1.2/1.0/2.4 t o  1.2/1.0/1.3 t o  0.8/1.0/1.0 as the depth increases. 
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Monocycl ic Isoprenoids.  - E i g h t  monocyc l ic  isoprenoids shown i n  Table 3 were 
i d e n t i f i e d ,  These a r e  t h e  smal l ,  odd-numbered peaks i n  the f i r s t  p a r t  o f  t h e  chro-  

TABLE 3. - Monocyc l ic  isoprenoids ( C  E2n) i d e n t i f i e d  

GC Emp i r i c a l  Mol ecu 1 a r 

3 1 4H28 196 

peak no. formula weight 

5 C15H30 210 

7 C16H32 224 

9 C17H34 238 

1 1  1 8H36 252 

13 ‘1gH38 266 

18A C29H58 406 

32 ‘40H78 558 

matograms (F igu re  1)  and 1 8 A  i n  t he  chromatogram o f  T - I .  These compounds have t h e  
emp i r i ca l  formula CnHZn, and t h e  general s t r u c t u r e  

where R i s  a s a t u r a t e d  cha in  of va ry ing  length.  The amounts o f  these compounds, 
which a re  thought t o  be de r i ved  from perhydro-8-carotene, a r e  small so t h a t  quan- 
t i t a t i v e  d i f f e r e n c e s  a r e  obscured except f o r  t he  C-29 compound (peak 18A).  This 

-compou.d-m.l.es-np-2..3-p~~~~nt__nf-the-Rr.P_fc8Zt-inn n f  the.Ti.ptnn . b u t  i.s absent i n  
t h e  W i l k i n s  Peak and t h e  Laney. The mass spectrum o f  t h i s  compound shows f r a g -  
ments t h a t  a r e  t y p i c a l  o f  monocycl ic isoprenoids.  

D i c y c l i c  Isoprenoid--Perhydro-8-Carotene. - A d i c y c l i c  compound, peak 32 i n  
F igu re  1 ,  was shown to be perhydro-8-carotene. The parent  molecular  i o n  observed 
i n  t h e  mass spectrum of t h i s  component was a t  m/g = 558. 
i n  t h e  spectrum occu r red  a t  m/g = 125, 137, and 502. These ions have been noted 
i n  t h e  mass spectrum of perhydro-8-carotene (6). 
v e r i f i e d  by c o i n j e c t i o n  o f  an au then t i c  sample. 

D iagnos t i c  fragment i ons  

The i d e n t i t y  o f  component 32 was 

Steranes. - The s te ranes  i d e n t i f i e d  in  t h e  BCP f r a c t i o n s  of t h e  r e t o r t e d  o i l s  
a r e  shown i n  Table 4. 
publ ished spect ra and by c o i n j e c t i o n  i n  the case o f  the two cholestanes.  A l l  o f  
these compounds have been i d e n t i f i e d  i n  shale o i l  bi tumen by Gallegos (k), 
E g l i n t o n  (11, Henderson (2), and o the rs .  

The compounds were i d e n t i f i e d  by comparing mass spec t ra  w i t h  
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' TABLE 4. - Sterane (C k12n-6) compounds i d e n t i f i e d  

G C  Emp i r i ca l  Molecular  Common 

20 C27H48 

21 C27H48 

22 C28H50 

23 C28H50 

24 C29H52 

peak no. formula weight  name 

372 5-8-chol es tane 

372 5-a-cholestane 

386 5-8-ergostane 

386 5-a-ergos tane 

400 5-8-st igmastane 

C H  400 5-a-st igmastane 
29 52 25 

2d' C,,,HCh 414 unknown 

1' Peak con ta ins  two compounds, one o f  which i s  a 
t e t r a c y c l i c  terpane, the o t h e r  a p e n t a c y c l i c  t r i -  
terpene o f  mass 398 

The amounts o f  these compounds va ry  g r e a t l y ,  as shown i n  F igu re  1 .  The W i l -  
k i n s  Peak samples c o n t a i n  more 5-a-ergostane (peak 23) and 5-8-st igmastane (peak 
25) than e i t h e r  the  Laney o r  t h e  T ip ton  samples. A comparison o f  these peaks i n  
t h e  1 1  samples shows t h r e e  t imes as much a-ergostane and about f o u r  t imes as much 
a-st igmastane i n  the  W i l k i n s  Peak samples as i n  t h e  Laney o r  T i p t o n  samples. Th is ,  
again, i n d i c a t e s  t h a t  t h e  sedimentary d e p o s i t i o n  d u r i n g  the  W i l k i n s  Peak t ime was 
d i f f e r e n t  than d u r i n g  t h e  Laney o r  t he  T i p t o n  t ime. 

The r a t i o  o f  t he  abundance o f  t h e  5-a- t o  the  5-8- isomers o f  a l l  t h ree  s t e r -  
anes--cholestane, ergostane, and stigmastane--was approx imate ly  3 t o  1 ,  s i m i l a r  t o  
t h a t  found by Gallegos (6) i n  o i l  shale bitumen. 
s t a b l e  isomer i s  the a lpha form, and the  above r e s u l t s  i n d i c a t e  t h a t  exposure t o  
500°C du r ing  the  r e t o r t i n g  s tep  does no t  change t h e  r a t i o  o f  t he  a lpha t o  be ta  iso-  
mers. 

Thermodynamically, t he  more 

Pen tacyc l i c  T r i t e rpanes .  - The p e n t a c y c l i c  t r i t e r p a n e s  i d e n t i f i e d  a re  l i s t e d  
i n  Table 5. The s t r u c t u r e s  o f  these compounds a r e  shown i n  F igu re  3. A l l  o f  
these compounds have been p r e v i o u s l y  i d e n t i f i e d  (4,  6, 7 ) .  Peak 26 con ta ins  two 
compounds. 
mass spectrum o f  t h i s  compound i s  s i m i l a r  t o  t h e  p e n t a c y c l i c  t r i t e r p a n e  D repor ted 
by Whitehead (16) and by Gallegos (6) as compound 30. 
u re  3, i s  be l i eved  t o  be an isomer ic  form o f  t he  compound t h a t  emerged as p a r t  of  
peak 26. I t  was no t  p o s s i b l e  t o  determine t h e  p o s i t i o n  o f  t he  methyl group i n  the  
E r i n g  o f  peak 27 from t h e  f ragmentat ion pa t te rn .  Peaks 28 and 29 a r e  be l i eved  t o  
be isomeric compounds w i t h  t h e  s t r u c t u r e  shown i n  F igu re  3. It was n o t  p o s s i b l e  
t o  i d e n t i f y  t he  p o s i t i o n  o f  t h e  p ropy l  group i n  these compounds, one o f  which may 
be hopane, a s  suggested by Henderson (2). 
pen tacyc l i c  t r i t e r p a n e s ,  w i t h  t h e  s t r u c t u r e s  shown in  F igure 3. 

One i s  a p e n t a c y c l i c  t r i t e r p a n e  w i t h  a m o l e c u l a r  weight  o f  398; t h e  

The peak l abe led  27, F ig -  

Peaks 30 and 31 a r e  apparen t l y  isomer ic  
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TABLE 5. - Pen tacyc l i c  t r i t e r p a n e s  (C kJ22-a) i d e n t i f i e d  . 

GC Empi r i ca 1 Molecular  
peak no. formula weight  

2d/ ‘2YH50 398 

27 ‘2gH50 398 

28 ‘30H52 412 

412 29 ‘30H52 

30 ‘31 H54 426 

426 3 1- ‘3IH54 
2 /  

1’ Peak con ta ins  two compounds, one o f  which i s  a penta- 
c y c l i c  t r i t e r p a n e ,  t h e  o t h e r  a t e t r a c y c l i c  terpane w i t h  
a molecular  we igh t  o f  414. 

2’ Peak con ta ins  two compounds, one o f  which i s  gammacerane, 
and an u n i d e n t i f i e d  p e n t a c y c l i c  t r i t e r p a n e .  

Semi -Quant i t a t  i v e  Comparisons 

Table 6 presents  semi -quan t i t a t i ve  data on some o f  t he  types o f  compounds i n  
t h e  BCP f r a c t i o n .  The da ta  were obta ined by i n t e g r a t i n g  the  areas under the ch ro -  

TABLE 6. C - 1 3  t o  C-20 cha in  isoprenoids,  a-s teranes,  and perhydro-8-carotene 
i n  the  branched-cyc l ic  f r a c t i o n  o f  the r e t o r t e d  o i l s  

I /  Vol % i n  branched-p lus-cyc l ic  f r a c t i o n -  
Chain Perhydro- 

SE t - i on  i Soprenoids a:Steranes k a r o t e n e  - . .__ 

L- 1 
L-2 
WP- 1 
WP-2 
WP-3 
WP-4 
WP-5 
WP-6 
WP-7 

T- 1 
wp-a 

16.9 
21 .o 
17.7 
26.5 
25.2 
25.4 
23.6 
23.0 
20.4 
17.4 
10.5 

2.9 
4.9 

5.2 

6.0 
6.7 

5.4 
2.6 

8.8 
8.2 

8.5 

8.3 

0.8 
1.3 
1.4 
0.9 
1 .o 
0.7 
1.4 
1.2 
1.4 
2 . 1  
0.5 

Oil average 20.7 6.1 1 . 1  

average/ 29.9 14.1 4.6 
B i tumen 

1/ Area percentages c a l c u l a t e d  from F I D  chromatogram 

L’ Data from Cook and Robinson (1) 



matographic peaks f o r  perhydro-8-carotene and f o r  t h e  C - 1 3  t o  C-20 compounds lis- 
t e d  i n  Table 2 and t h e  a-steranes i n  Table 4. The data a r e  s e m i - q u a n t i t a t i v e  be- 
cause o f  t h e  d i f f i c u l t y  i n  e s t a b l i s h i n g  a basel ine.  No at tempt  was made t o  i n t e -  
g r a t e  the small  peaks f o r  monocycl ic isoprenoids and 6-steranes. I n  genera l  t he  
t a b l e  shows lower amounts o f  chain isoprenoids,  a-steranes, and perhydro-8-carotene 
in  the  samples from the Laney and the T ip ton  member than i n  t h e  W i l k i n s  Peak samples. 
Th is  suggests t h a t  t h e  sedimentary depos i t i on  d u r i n g  t h e  Laney and t h e  T i p t o n  t ime  
was d i f f e r e n t  than d u r i n g  the  h i g h l y  s a l i n e  pe r iod  o f  t he  W i l k i n s  Peak t ime. 

Table 6 a l s o  shows the  average o f  cha in  isoprenoids,  a-steranes, and perhydro- 
E-carotene for t h e  1 1  o i l s  and a s i m i l a r  c a l c u l a t i o n  on the  bitumen samples s tud ied  
by Robinson and Cook (7) .  The BCP f r a c t i o n  o f  t he  bitumen con ta ins  1.4 t imes m r e  
cha in  isoprenoids, a b o r t  tw i ce  the  amount o f  a-s teranes,  and about 4 t imes more 
perhydro-8-carotene than t h e  r e t o r t e d  samples. 

CONCLUSIONS 

B i o l o g i c a l  markers have been i d e n t i f i e d  i n  shale o i l  produced by F i sche r  as-  
say r e t o r t i n g  o f  o i l  shale. The b i o l o g i c a l  markers i d e n t i f i e d  i n c l u d e  i sop reno id  
alkanes, monocycl ic terpanes, steranes, and p e n t a c y c l i c  t r i t e r p a n e s .  These a r e  
the  same c lasses o f  compounds t h a t  have been i d e n t i f i e d  i n  e x t r a c t e d  bitumen and 
pyro lyzed o i l  shale. The r e s u l t s  from t h i s  s tudy do n o t  i n d i c a t e  the  source o f  
these compounds in  o i l  shale. These compounds probably  represent  m a t e r i a l  from 
both the bitumen and kerogen. 

The d i s t r i b u t i o n  o f  these compounds I n  the d i f f e r e n t  sedimentary l aye rs  v a r i e s  
considerably .  The da ta  show l i t t l e  i f  any i n f l u e n c e  o f  dep th - re la ted  f a c t o r s ,  a 
conclus ion s i m i l a r  t o  t h a t  drawn from a s tudy (7) o f  the  bitumen from a Wyoming 
core. A l though the  phytane appears t o  decrease w i t h  i nc reas ing  depth, t h i s  may be 
due t o  an increase i n  t h e  amount o f  v e g e t a t i v e  ( ch lo rophy l l -bea r ing )  m a t t e r  as t h e  
l ake  went from t h e  T i p t o n  t o  the  Laney era.  I n  agreement w i t h  the bitumen data o f  
Robinson and Cook, we found t h a t  the Laney ( top )  and the  T i p t o n  (bottom) member 
samples were u s u a l l y  s i m i l a r  and had a somewhat lower q u a n t i t y  o f  i sop reno ids ,  
steranes, e tc . ,  than the  W i l k i n s  Peak (middle) member samples. T h i s  d i f f e r e n c e  i s  
probably  due t o  the d i f f e r e n c e s  i n  environment, t h a t  i s ,  f r e s h  water  l ake  d u r i n g  
the  Laney and T ip ton  e ras  and a s a l t  water  l ake  d u r i n g  the  W i l k i n s  Peak era. 

The cha in  i sop reno id  content  i n  t h e  BCP f r a c t i o n s  from t h e  1 1  r e t o r t e d  o i l s  
average approx imate ly  21 percent ,  and Robinson and Cook's r e s u l t s  f o r  t h e  bitumen 
on t h e i r  co re  were about 30 percent. A l though d i r e c t  comparisons cannot be made 
because t h e i r  work was on  a d i f f e r e n t  co re  and on t h e  e x t r a c t s  o f  t he  o i l  shale 
from the core,  ou r  r e s u l t s  appear t o  i n d i c a t e  t h a t  t he  cha in  i sop reno ids  a r e  s t a b l e  
t o  t h e  r e t o r t i n g  process. The chain i sop reno ids  averaged approx imate ly  I9 percent  
f o r  t he  Laney, 23 percent  f o r  t h e  W i l k i n s  Peak, and IO percent  f o r  t h e  T i p t o n  sam- 
p les .  This  d i f f e r e n c e  i n  the  amount o f  these isoprenoids i n  the  t h r e e  member sam- 
p les  p o i n t s  o u t  again t h e  d i f f e r e n c e  i n  the  environment i n  the  Gosiute Lake du r ing  
t h e  format ion o f  these th ree  members. 

For the  most p a r t ,  prev ious s tud ies  o f  t he  b i o l o g i c a l  markers i n  o i l  shale 
have d e a l t  w i t h  the m a t e r i a l  ex t rac ted  from bitumen. Gallegos had i n d i c a t e d  t h a t  
t he  ma te r ia l  produced f rom t h e  p y r o l y s i s  of o i l  shale may be more i n d i c a t i v e  of  
the  b i o l o g i c a l  source m a t e r i a l  than e x t r a c t e d  bitumen (6).  We f e e l  t h a t  b o t h  the  
m a t e r i a l  f rom e x t r a c t e d  bitumen and t h e  product  o i l  should be i n v e s t i g a t e d  for a 
more complete geochemical p i c t u r e  o f  o i l  shale format ion.  
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FIG. 3. PENTACYCLIC TRITERPANES IN GREEN 
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INTRODUCTION 

The Appalachian reg ion  contains  numerous coa l  seams which are under 60 inches 
i n  thickness. 
niques a f t e r  contour s t r i p p i n g .  
be gasif ied to  produce a low Btu fue l .  
t o  very t h i n  seams (below 40 inches i n  thickness) i s  l imited by the  reduction of 
t h e  heating value of t h e  gas. 
t o  the  surrounding s t r a t a .  The purpose of t h i s  work w a s  t o  evaluate  t h e  per t inent  
fac tors  a f f e c t i n g  the  gas composition and t h e  l imi ta t ions  of modeling calculat ions.  
The l o g i c a l  sequences leading t o  a gas composition model and t h e  estimation of the 
temperature p r o f i l e  i n  t h e  gas i f ica t ion  zone were presented. The ava i lab le  l i t e r a -  
t u r e  da ta  r e l a t e d  t o  t h e  var ious ca lcu la t ion  techniques were a l s o  quoted. 

A por t ion  of  this  coa l  i s  usual ly  recovered by Auger mining tech- 
A t  l e a s t  f i f t y  percent of the  remaining coal may 

The appl ica t ion  of underground g a s i f i c a t i o n  

This reduct ion is  caused by an excessive heat  l o s s  

PARAMETERS AFFECTING THE GAS COMPOSITION 

The t o t a l  hea t  l o s s e s  during t h e  i n  s i t u  g a s i f i c a t i o n  a f f e c t  s i g n i f i c a n t l y  t h e  
gas composition and i ts  hea t ing  value.  
p r o f i l e  of t h e  g a s i f i c a t i o n  zone. 
composition and compare th i s  composition t o  t h e  da ta  obtained from t h e  experimental 
tests. A second approach involves  a predict ion of t h e  temperature p r o f i l e  of the 
gas i f ica t ion  zone. The g a s i f i c a t i o n  of coa l  seams having a thickness from one or 
more meters i s  considered here .  The combustible gases formed during t h e  underground 
forward g a s i f i c a t i o n  mode a r e  obtained by p y r o l i t i c  coa l  decomposition superimposed 
upon the  g a s i f i c a t i o n  products. A s  f a r  a s  t h e  g a s i f i c a t i o n  i s  concerned, t h e  
reac t ion  of coa l  with t h e  steam and/or hydrogen i s  of paramount importance because 
tfiiFiTEh~iT7ZEFiFwtiiZhprodGEeFa gaFe5Us b-unable product 0-f heating value 
above 100 Btu/SCF. The r a t i o  of the t o t a l  amount of water ( i n  t h e  form of coa l  
moisture plus  inf low of water o r  steam) t o  t h e  supplied amount of oxygen seems to 
be a predominant f a c t o r  i n  maximizing gas heat ing value f o r  t h e  defined leve l  of 
t o t a l  heat  losses .  

A heat  balance r e s u l t s  i n  a temperature 
One modeling approach i s  t o  ca lcu la te  the gas 

In  general, t h e  gas  composition of t h e  underground gas i f ied  coal  depends on 
t h e  v o l a t i l e  content ,  t h e  seam moisture, t h e  b l a s t  a i r  moisture content, and t h e  
chemical r e a c t i v i t y  of t h e  coke. The gas i f ica t ion  e f f ic iency  and combustion 
s t a b i l i t y  a r e  s e n s i t i v e  [Stewart gt. (24)] t o  the  optimum combination of the  
coa l  seam moisture and of b l a s t  a i r  moisture. 

The r e a c t i v i t y  of a p a r t i c u l a r  coal i s  a funct ion of t h e  chemical propert ies  
of its organic and mineral  cons t i tuents  and of t h e  physical  s t r u c t u r e  of t h e  coal; 
general ly ,  i t  is  observed t h a t  t h e  coal  r e a c t i v i t y  i n  g a s i f i c a t i o n  increases  with 
decreasing coa l  rank and i s  proport ional  t o  the  i n t e r n a l  sur face  a rea  [Schora, F. 
(23) l .  When experimental values  f o r  the r e l a t i v e  low-rate gas i f ica t ion  r e a c t i v i t y  
f a c t o r s  (f ) a r e  not  ava i lab le ;  values  f o r  many coal  [Johnson, S. L.  ( U ) ]  may 
be estimatgd from the  fol lowing equation: f = 6.2 y (1-y) where y i s  the mass 
f a c t i o n  of t o t a l  carbon i n  the  o r i g i n a l  coaloon a dry ash-free bas i s .  
t ions  during a pyro lys i s  of t h e  coa l  a f f e c t  the  physical  na ture  of t h e  char and 

The condi- 

240 

GAS COMPOSITION CALCULATION FOR THE I N  SITU 
GASIFICATION OF THIN SEAMS AND THE APPROACH TO MODELING 

S .  Debrand and 0. J. Hahn 

I n s t i t u t e  f o r  Mining and Minerals Research 
University of Kentucky 

Lexington, Kentucky 40506 

1' 
1 



its r e a c t i v i t y .  
energy i s  high (80-70 kcal/mole), the  react ion r a t e  i s  low and t h e  composition of 
gas is l imited by t h e  k i n e t i c  reac t ion  r a t e ;  i n  the  temperature range 700-750" C 
t h e  diffusion process through the  pore s t r u c t u r e  i s  a l imi t ing  fac tor .  However, 
[Limears gal. (19)] have shown t h a t  f o r  some coa l  types t h e  p a r t i c l e  s i z e  has 
nearly no effect upon the  char react ion rate. 

I n  general ,  the  r a t e  of t h e  steam-hydrogen reac t ion  with t h e  coal  depends on 

I n  t h e  temperature range 600-700" C ,  where the  apparent a c t i v a t i o n  

many var iab les  such as: temperature, pressure,  character  of the  coa l  s o l i d  sur face  
and t h e  amount of v o l a t i l e  mat ter  i n  coal. The f i r s t  s tage of t h e  reac t ion  i s  rap id  
and is r e l a t e d  to  the  g a s i f i c a t i o n  of the carbon port ion included i n  t h e  v o l a t i l e  
matter. The low r e a c t i v i t y  coal  port ion i s  the res idua l ,  carbonaceous coke. This 
s tage  i s  usual ly  denoted as (1) C* + H20 + CO + H2 and (2)  H2 + H 2 0  + 2C 2 CO + 
CH where C* i s  t h e  r e a c t i v e  carbon i n  the  v o l a t i l e  matter. Most coals  a r e  made up 
of a number of marcels which d i f f e r  i n  t h e i r  r e a c t i v i t y .  [Davis st. (19)l found 
a r e a c t i v i t y  order  fus ian  < durain < v i t r a i n .  

4 

The endothermic reac t ion  of steam with carbon is of primary importance. These 
endothermic reac t ions  a r e  maintained by t h e  enothermic oxidat ion reac t ion  of carbon 
and oxygen. 

The higher a c t i v a t i o n  energy observed f o r  t h e  carbon reac t ion  with the  steam- 
hydrogen mixture indicated an i n h i b i t i n g  e f f e c t  of hydrogen (and/or methane) on the  
char-steam react ion.  
pressure r a i s e d  t o  t h e  0.93 power [Johnson (15)l .  

[Young et&. (30)] reported on the  e f f e c t  of t h e  steam upon t h e  methane pro- 

The r e a c t i v i t y  of such a mixture w a s  proport ional  t o  t h e  steam 

duction and t h e  s h i f t  reac t ion  under conditions t h a t  a r e  s imi la r  t o  those of under- 
ground gas i f ica t ion .  Wyodak and Hanna char was used. No carbon monoxide was de- 
tected for  t h e  steam-char g a s i f i c a t i o n  process t o  ind ica te  t h a t  t h e  water s h i f t  
reac t ion  CO + H20 
probably ca ta l ized  by the  ash content i n  t h e  char. Introduct ion of steam during 
t h e  pyrolysis  period doubled the  r a t e  of methane production. The r a t e  of methane 
production was 20 percent of t h a t  of  carbon dioxide. Russian inves t iga tors  have 
reported s imi la r  data .  

-+ C02 + H2 had taken place. The gas s h i f t  reac t ion  was 

Experimental k i n e t i c  da ta  ind ica te  t h a t  we w i l l  not  be ab le  t o  use equilibrium 
compositions i n  making our modeling calculat ions.  

We compare below the  equi l ibr ium composition of wet water gas a t  900' C and 
1000" C and t h e  k i n e t i c  data  of t h e  reac t ion  between t h e  flowing gas (0.7 - 0.9 
m/sec) and t h e  carbon p a r t i c l e s  2-3 m. i n  t h e  reac tor  (data according t o  [Kaftawov 
_ _  e t  a l .  (17)l). 

TEMPERATURE EQUILIBRIUM COMPOSITION COMPOSITION ACCORDING TO 
DATA KINETIC DATA 

@ %H2 %COz %co %H2 %CH4 - - - _ _  

900° C (1652' F) 45 50 10 .1  34.6 55.2 0.1 

1000" C (1832" F) 50 50 8.8 38.1 52.9 0.2 

The equi l ibr ium constant may be calculated from the  Gibbs f r e e  energy (G): AG 
= R T llnk where AG = AH - T A S.  
and t h e  temperature is  expressed usually by the  equat ion (p = cons t ) :  

The cor re la t ion  between t h e  equi l ibr ium constant 
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&nk = +Jy + a (where a i s  an in tegra t ion  constant) .  

Several d i f f i c u l t i e s  a r e  encountered i n  a discussion of the k i n e t i c s  of coal 
gas i f ica t ion .  
a r e  important up t o  temperatures between 600-700" C ,  usual ly  only the data  above 
700°C are  analyzed t o  obta in  the k ine t ic  constant. Laboratory experiments show 
t h a t  during t h e  coa l  burn-off versus time s tudies  a gradual induction period is 
followed by a region i n  which burn-off increased with a t i m e .  
a c t i v i t y  (R) may be ca lcu la ted  from the equation: 

Since the  e f f e c t s  of coal devola t i l i za t ion  on the  product gas r a t e s  

Instantaneous re- 

1 dw 
Rt  = ( - )  (dt) 

dw 

increa96s and 
where W i s  t h e  weight of t h e  unreacted char on a dry-ash f r e e  b a s i s  and - i s  the 
s lope of the burn-off versus  t i m e .  
o f ten  W is replaced by Wo ( s t a r t i n g  weight) and 
of weigft l o s s .  

For the reac t  on i n  the air R 
t W  i s  taken f o r  Ehe maximum r a t e  

The f i r s t  p r inc ipa l  reac t ion  which occurs during the  underground coal  g a s i f i -  
ca t ion  process is t h e  pyrolysis .  
composition of the  v o l a t i l e  products from a given sample of coa l  or  char depends on 
t h e  r a t e  of heat ing,  the  f i n a l  decomposition temperature, t h e  vapor residence time 
and the  environmental condi t ions such as applied pressure,  p a r t i c l e  s i z e ,  coal 
type, e tc .  under which the  pyrolysis  takes place. 

The r a t e  of pyrolysis  a s  w e l l  as  the  amount and 

Normally pyrolysis  starts a t  about 350"-400" C and i s  completed a t  about 1000" 
C.  The r e a c t i v i t y  with steam, oxygen, hydrogen o r  carbon dioxide during the  
pyrolysis  of coa l  i s  mainly a function of t h e  v o l a t i l e  matter and the  rate of heat- 
ing.  

GASIFICATION RATE OF CHAR I N  THE CARBON DIOXIDE ATMOSPHERE 

The react ion between t h e  char and carbon dioxide is hardly detectable  below 
t h e  temperature 800-900' C. According to  Wen, C.  Y. et&. (4 )  the  ac t iva t ion  
energy is  about 59.26 kcal/mole which indicates  chemical-reaction control .  The 
following mechanism was proposed by Walker (28): 

~ _ _  
T 

(9) 
c + c o  -.-L CO(a) + co- 

2 (8) 
T 

''(a) A co (9) 

Experimental da ta  indicated t h a t  the order of react ion with respect  t o  C02 can 
be assumed t o  be uni ty  up t o  about one atmosphere pressure. 
temperatures, the  d i f f u s i o n  res i s tance  within t h e  s o l i d  p a r t i c l e  may become sig-  
n i f i c a n t  and therefore  an e f fec t iveness  f a c t o r  must be introduced f o r  such cases. 

However, a t  higher 

According t o  Wen et&. (4) the r a t e  of the char-carbon dioxide react ion i s  
found t o  depend on the  coal  o r i g i n  more than on the gas i f ica t ion  scheme used. The 
var ious ra te  c h a r a c t e r i s t i c s  of coa ls  and chars a r e  apparently due t o  the  d i f f e r -  
ence i n  the i r  p o r e  c h a r a c t e r i s t i c s .  

GASIFICATION RATE OF CHAR ON OXYGEN-ATMOSPHERE 

The react ion r a t e  i n  t h e  temperature range 424-576" C using a i r  w a s  determined 
recent ly  by C.  Y.  Wen Zt. (4). 
vers ion of 10-50 percent; the  maximum depended on t h e  sample used. 

The r a t e  of reac t ion  showed a maximum a t  a con- 
The observed 
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maximum reac t ion  r a t e ,  dx/dt ,  was 1.67 x 
reac t iv i ty  of  the  char i s  determined by chemical k ine t ics  and depends more on the  
extent of t h e  gas i f ica t ion  of the char ra ther  than on the parent coal. 

In the temperature range 834-1106" C ,  the  rac t ion  r a t e s  appear t o  correspond 

sec-A . Under these conditions t h e  

to  a film-diffusion cont ro l  regime. 
conversion degree u n t i l  about 80 percent conversion is  reach$. 
c a l  p a r t i c l e  shape, the average r a t e  at 1000° C was 1.8 x 10 
nitrogen-air mixture w a s  used as  the l o w  oxygen concentration source. 

The r a t e s  do not  change s i g n i f i c a n t l y  with 
A s  uming a spheri-  7 g/cm s atm. A 

THE GASIFICATION RATE OF CHAR I N  THE HYDROGEN-ATMOSPHERE 

A. Tomite gt. (26) invest igated the  r e a c t i v i t y  of a char which was prepared 
a t  1000° C .  
slow induction period followed by a r a t e  increase.  
increases as  the rank of the  parent coal decreases. Removal of mineral matter 
profoundly a f f e c t s  the  r e a c t i v i t y  p r o f i l e  of chars. 
r a t e  decreases with mineral-matter removal. 

Usually the r e a c t i v i t y  p r o f i l e  of a majority of the chars shows some 
The react ion r a t e  generally 

I n  most cases  t h e  react ion 

The pseudo-activation energy changes from 150 kcal/mole t o  about 213 kcal/mole 
with increased conversion of the char. 

According t o  F e i s t e l  et&. (6) the k i n e t i c  constant of hydrogasif icat ion is  
strongly a f fec ted  by the  hydrogen pressure and w a s  expressed by the  equation: 

0.00402 em. (-5200/T) P2 H, 
= 1 + 0.000648 exp. (4100/T) 

HZ 

The gas i f ica t ion  r a t e  with steam-hydrogen, resu l ted  i n  t h e  experimental 
equation, which shows a s i g n i f i c a n t  e f f e c t  of the  temperature upon the  g a s i f i c a t i o n  
r a t e .  

The ac t iva t ion  energy f o r  the k ine t ic  equation rate w a s  33,600 c a l /  mole and 4 the  frequency fac tor  was 2.51 x 10 R/min. 

THE REACTION RATE OF CHAR I N  STEAM ATMOSPHERE 

Linares et&. (19) found t h a t  i n  general the char r e a c t i v i t y  was re la ted  t o  
the steam react ion and decreased with an increase i n  the  rank of the parent coal. 
However, a considerable spread i n  r e a c t i v i t i e s  of char produced from coals  of sim- 
i l a r  rank was observed. Removed of mineral matter diminished the  char r e a c t i v i t y  
but the removal of mineral matter a l s o  resu l ted  i n  a profound change i n  the sur face  
area and porosi ty .  The influence of each of these var iab les  i s  d i f f i c u l t  to  ac- 
cess. 
t i o n  energy of 42  kcal/mole. Above 890" C ,  the  reac t ion  is d i f fus ion  control led 
and has an ac t iva t ion  energy of 18 kcal/mole. The reac t ion  r a t e  was found t o  be 
proportional to  steam pressure ra i sed  to t h e  0.60 power. 

Below 890' C the  react ion i s  chemically control led with an apparent ac t iva-  

The r a t e  of gas i f ica t ion  of bituminous coal i n  the  (H20 - H2) mixture i n  t h e  
temperature range 700-1100° C was invest igated by F e i s t e l e t  &. (6) .  The k i n e t i c  
constant f o r  steam decomposition was a function of steam pressure and temperature. 
The r a t e  of reac t ion  f o r  a pressure higher than 10  atm. was described as :  

- -  d"B - K (1-%) 
d t  

where X i s  base carbon conversion degree; t - t i m e ;  k-kinet ic  constant B 



6 4 - 1.88 x 10 exp (-2.24 x 10 / T )  P 
H2° 

4 (1 -k 1.56 x lo5  exp (-1.65 x 10 IT) P 
H2° 

base carbon a s i f i e d  x =  B base carbon i n  fEed coal  char to Johnson) 

THE CHAR REACTIONS I N  THE CONDITIONS OF UNDERGROUND GASIFICATION 

One possible  approach is  t o  ca lcu la te  t h e  residence t i m e  of the  char i n  the 
high temperature zone of 1500-1800° F. The thickness of the coke zone (coal with 
10 pe rcen t  seam moisture) would be about 0.5 m; f o r  the brown coal a t  50 percent 
moi t u r e  t h i s  i s  about 15 cm assuming the advance r a t e  of burning zone about 0.1 x 
10 m/sec. The obtained residence time (40-130 hour range) implies tha t  the seam 
moisture and v o l a t i l e  content a r e  more s igni f icant  fac tors  than t h a t  of char re- 
a c t i v i t y  upon the o v e r a l l  reac t ion  ra te .  

THE EFFECT OF THE BLAST INTENSITY AM) GASIFICATION ZONE ADVANCEMENT RATE ON THE 
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HEATING VALUE OF PRODUCED GAS 

A Russian inves t iga t ion  [Ludin et&. (20)l has shown tha t  the optimum b l a s t  
r a t e  depends on t h e  thickness  of the coal seams. It was explained t h a t  the thicker  
seams have a l a r g e r  water in t rus ion  r a t e  than the  thinner  seams. 
as  the  b las t ;  there  i s  an  optimum water t o  air  r a t i o  t h a t  gives a maximum heating 
value of produced gas. On t h e  other  hand, i t  w a s  observed the  gas i f ica t ion  f ront  
advancement increased with t h e  higher b l a s t  rate. Therefore a c e r t a i n  gas i f ica t ion  
f r o n t  advancement r a t e  w i l l  correspond t o  the  optimum gas heating value. 

I f  a i r  is used 

THE EFFECT OF THE PEAK GASIFICATION TEMPERATURE UPON THE HEATING VALUE 
OF THE GAS PRODUCED 

The lower concentration of hydrogen caused by t h e  lower temperature gasif ica-  
t i o n  does not  necessar i ly  lead t o  a low Btu product gas s ince  a higher methane 
y ie ld  may be obtained i n  some cases. For  example, Gregg &. (10) found, during 
some underground t e s t s ,  6 . 3  percent of methane i n  t h e  gas produced. Fisher st. 
(7) made the observat ion t h a t  the  presence of steam resu l ted  i n  a higher concentra- 

promotes the reac t ion  of hydrogen and char o r  the  following methanation react ion 
CO + 3H2 
matter m the  char. 

- xion-of-merhane in-che produced gas. It couid be  explained chac eicher  tne sceam 

CH4 occurs. This methanation reac t ion  could be catalyzed by the mineral 

INSTABILITY AND UNCERTAINTY FACTORS I N  THE UNDERGROUND GASIFICATION MODELING 

The following f a c t o r s  would lead to i n s t a b i l i t y  of the gas i f ica t ion  process 
and may r e s u l t  i n  a l a r g e  modeling error: 

1. 

2 .  

Change i n  coa l  and strata permeability. 

Rapid water in f lux .  
combustion zone o r  i t  may intrude downstream of t h e  combustion zone. 
I n  theory a n  optimum w a t e r  ins t rus ion  e x i s t s  for  any air  b l a s t  in jec t ion .  
In  p r a c t i c e  of the gas i f ica t ion  usual ly  has a higher water ins t rus ion  
r a t e  than d e s i r a b l e  and operates  on the  water r i c h  s ide  of optimum. 

Rapid channeling of gas i f ica t ion  process. 

The water may intrude upstream and go through the 

3. 

4 .  Rapid gas  o r  a i r  leakage t o  the s t r a t a .  

The purpose of t h i s  study is t o  formulate a s p e c i f i c  theore t ica l  descr ipt ion 
of the  forward combustion process of t h i n  coal  seams (one t o  severa l  meters thick- 

244 



ness) and t o  e s t a b l i s h  the base which would allow to  compare the model predict ion 
t o  the eventual r e s u l t s  of the  f i e l d  t e s t s .  It seems to  be worthwhile to  mention a 
few recent publ icat ions r e l a t i n g  to  the i n  s i t u  gas i f ica t ion  modeling. Different  
methods of g a s i f i c a t i o n  and various geological formation lead t o  d i f f e r e n t  math- 
ematical models. For example modeling were presented by Kotowski (18) and by Gunn 
and Whitman (12) i n  the  study of reverse  and forward combustion. Thorsnes described 
the  evaluation of thermal f r o n t  measurements and pressure drop versus flow ra te .  
The longwall generator modeling was reported by Sawer and Shuck (22) .  Some pre- 
liminary ana lys i s  w a s  given by Gidaspow (9) .  
gas i f ica t ion  modeling is t o  be able  to  pred ic t  the  gas composition and p e r m i t  the  
development of improved gas i f ica t ion  control  s t r a t e g i e s .  
[Yauagimoto ( 2 9 ) ]  have shown a s ign i f icant  e f f e c t  of the gas i f ica t ion  zone temp- 
e ra ture  upon the gas composition. It seems t o  be d i f f i c u l t  t o  perform an adequate 
hea t  balance and t o  ca lcu la te  the  r e s u l t i n g  temperature of the gas i f ica t ion  zone 
considering such phenomena as: 
through a c e r t a i n  temperature; porous coke s t r u c t u r e ,  contact a rea  between the  
flowing gas and gass i f ied  coa l  e tc .  Therefore the  measurements of t h e  gas i f ica t ion  
zone temperature of the  t h i n  seams has been proposed. The equilibrium da ta  calcu- 
l a t e d  for  the system v o l o t i l e  - gases from carbon react ing with oxygen, carbon 
dioxide e tc .  a t  the determined temperature, superimposed by the  gas composition 
resu l t ing  from the k i n e t i c  of char burn out  and s h i f t  reac t ion  would give the  
resu l t ing  composition of produced gas. 

The p r a c t i c a l  purpose of underground 

The experimental data  

thermoplastic behavior as the  coal  is heated 

MODELING OF GAS COMPOSITION FOR THE I N  SITU GASIFICATION 

The logica l  object ives  of f i t t i n g  equations t o  experimental da ta  a r e  twofold: 
to  estimate t h e  e f f e c t  f o r  each of the  independent var iab les  and t o  be ab le  t o  
predict  the responses. The preliminary examination of experimental d a t a  should 
lead to: 

1. Ordering ( i n  the  space o r  time) 

a. L i s t  and magnitude of independent var iab les  
b. Locate t h e  c lus te rs  f o r  es t imat ion of e r ror  

2. Plot t ing  

a. Factor or  var iab le  space 
b. T i m e  sequences 

The next s tage  is the  construct ion of s p e c i f i c  equations according to  the  
experimental data .  

The calculat ion of gas composition requi res  a l i s t i n g  of independent experi- 
mental var iables ,  as below: 

Rate of air  b l a s t  (and the oxygen concentration i n  the  case of a i r  
enrichment). 
temperature p r o f i l e  and flame f r o n t  veloci ty .  

a i r  m o i s t u r e  and water inf lux.  This is obtained from the  t o t a l  mass 
balance and measurements. 

Composition and rate of gas production. 

1. 
This fac tor  is i n t e r r e l a t e d  to  the r a t e  of gas production; 

2 .  Total  r a t e  of water moisture supply consis t ing of coal moisture; b l a s t  

3 .  

4. Rate of carbon combustion (calculated from point 3.) 
5. Coal proper t ies  such as moisture, ash, content of v o l a t i l e ,  c a l o r i c  

value, conductivity. 
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6. Coal combustion character izat ion such a s  char r e a c t i v i t y ,  r a t e  of 

7 .  

pyrolysis  reac t ion .  

Temperature p r o f i l e  of the gas i f ica t ion  zone with ve loc i ty  flame f ront .  
The temperature p r o f i l e  follows from the t o t a l  energy balance. 
-- et  a l .  (29) observed t h a t  the c a l o r i f i c  value of t h e  gas produced is  
sens i t ive  t o  t h e  combustion temperature of underground gas i f ica t ion .  

Yanagimoto 

The calculat ion program is  presented below: 

100 Mass balance of oxygen and t o t a l  water. Water i n f l u x  and a i r  leakage (from 

200 

201 

202 Rapid reac t ion  (oxygen, hydrogen, steam) with v o l a t i l e  carbon. Gas composi- 

203 Char react ion with gas  phase (oxygen, carbon dioxide, steam). Gas composition 

204 

material balance). 

The react ion r a t e  and resu l t ing  gas composition a t  the equivalent average 
temperature of t h e  g a s i f i c a t i o n  zone. 

Pyrolysis of coa l  and the  tar and gas composition derivated from Kinet ic  
equations. 

t i o n  derivated from equilibrium data. 

derivated from k i n e t i c  data .  The conversion react ion.  

Calculation t h e  r e s u l t i n g  carbon monoxide, hydrogen and carbon dioxide con- 

Estimated c lus te r  of e r rors .  

300 

301 
302 
303 
304 
305 
306 
307 

- 

centration. 

Energy balance and t h e  temperature prof i le .  

The general energy balance of the s o l i d  phase. 

Heat s ink  by conduction for  surrounding mater ia ls .  

Heat s ink by convection to t h e  flowing gases. 

Heat losses  to  the  ash. 

Heat used f o r  t h e  water-steam system. 

Dependent f a c t o r :  r a t e  of combustion. 

Problems r e l a t e d  to the  boundary conditions. 
~- - 

- 100 
follows : 

The conservation of mass equations for  oxygen and t o t i  water woul be a s  

[Rate of oxygen (water) m a s s  i n ]  - [Rate of oxygen (water) mass out ]  + [Rate Of 

generation of oxygen (water massf3 - [Rate of accumulation of oxygen ?water mass] 
= o  4 

Due considerations have to  be given f o r  the  moisture content of the  a i r ;  the  
gas i f ied  coal ;  s o i l  or  rock;  the s t r a t a  of t h e  roof i n  the  a rea  of gasif ied coal; 
and gravi ty  inf lux  of water respect ively a s  w e l l  as the  moisture dissociated i n  t h e  
heterogeneous reac t ion  zone and the  undissociated moisture i n  the heterogenous 
reac t ion  zone). 
Kalashinitkov et&. (16). The mass balance of w a t e r  (being i n  a form of coal  
moisture; t h e  water i n f l u x  and b l a s t  moisture) and its discrepancy would show the  
magnitude of seam water in f lux  and the r a t e  of steam decomposition r a t e .  The con- 
t i n u i t y  equation f o r  these mass balances could be presented as follows: 

The formula t o  ca lcu la te  these water types has been summarized by 

. A mass) = const. 
a - ax (A mass) + m * r + a 

atime 'b 
where A m can be ca lcu la ted  as  the weight f r a c t i o n  of the  component i n  the injected 
air and 0 m . r i s  an  oxygen (water) reac t ion  r a t e  function. The mass balance of 
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oxygen and its discrepancy would ind ica te  the gas ( a i r )  leakage r a t e  and the r a t e  
of steam decomposition due t o  the r e a c t i o s ,  e .g . ,  

H20 + C -f CO + H2 
- 200 The k i n e t i c  data  concerning the coal devola t i l i za t ion  (pyrolysis)  and the  
combustion of the  matter devolat i l ized from coal should be applied i f  r e l i a b l e  
predict ion i s  t o  be obtained. 

- 201 
described by two functions: 

= K (T) @ (a)  where 

The k i n e t i c  r a t e  (r) of coal  p y r o l i s i s  under non-isothermal conditions can be 

V t  a = 3 V t  i s  t h e  volume of the  product i n  time dcx 
d t  

r = -  

t and Vm is the f i n a l  product volume a t ta ined  a t  the end of t h e  react ion.  
function K (T) i s  only temperature dependent, while (a)  is  a funct ion of the in-  
stantaneous phase composition. 
f i n a l  equation i n  which the  r a t e  of gas production i s  expressed as  follows: 

The 

Using the Arrhenius equation one may obtain t h e  

-E A & -E/RT exp - - - dv Av- 
d t  RT C E  e 
- = -  

dT 
d t  The heat ing r a t e  i s  denoted here as c = -. A s  an example w e  use t h e  follow- 

ing experimentally determined k ine t ic  parameters (according to Campbell (2) f o r  
subbituminous coal  types). 

K I N E T I C  PARAMETERS 
b 

GAS PEAK AREA x A (min-l) E (Kcallmole) 

22.3 3 HZ 100 1 . 2  x 10 

32.3 1.0 x 10’ 31.0 

19.5 53.6 3.3 x 10 

co 30 3.3 l o 3  18.0 

CH4 

co2 
4 

Pyrolysis of the  la rger  coal p a r t i c l e s  was described by Forrester  (8).  

- 202 The devola t i l i zed  compounds, resu l t ing  from the  coal  pyrolysis ,  burn with 
oxygen. 
sec. depending on the  temperature of the  gas i f ica t ion  zone. Therefore, the  assump- 
t i o n  tha t  the  equilibrium composition i s  formed i n  t h i s  zone, seems t o  be  j u s t i -  
f ied .  When the s t a t e  of the system is such t h a t  AG = 0 no process will occur and 
the  system i s  a t  equilibrium. 
g i  where N i  is the  number of moles of i and Agi is the  molar s p e c i f i c  Gibbs func- 
t i o n  for  species  i. 

The react ion r a t e  of v o l a t i l e  compound is very high i n  the  range of 0.5-2 

For a system consis t ing of n-species AG = C N i  A 

I f  t h e  Gibbs funct ion has the minimum value then f o r  any complete set of 
independent react ion 

A procedure described i n  the  l i t e r a t u r e  as the  Newton or Newton-Raphson method may 
be  applied i n  order t o  solve the  equations and t o  obtain numeral values. 
computer calculat ions f o r  the  equilibrium data  were described i n  the  repor t  of 
Combustion Engineering, Inc. (21).  

The 
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- 203 The react ion of coal-char with the gases. 
reac t ions  can general ly  be wr i t ten  i n  the  Arrhenius form: 
E i s  t h e  ac t iva t ion  energy and the  parameter A i s  the  frequency fac tor  and does 
depend on t h e  number of molecules covering u n i t  surface area.  
depending on t h e  type of reac t ion  and the  carbon sample; f o r  example, f o r  the  
carbon-oxygen reac t ion  i t  is  from 20-80 Kcal/mole, f o r  the carbon-steam react ion i t  
is from 55-83 Kcal/mole [ I s l e y  sa l .  (14)] and f o r  t h e  carbon-carbon dioxide re- 
ac t ion  i t  is from 26-84 Kcal/mole. Johnson (15) reported the  k ine t ics  of bitumi- 
nous coal  char g a s i f i c a t i o n  with gases containing steam and hydrogen. 

The r a t e  constant f o r  the char 
K = A exp (E/RT) where 

These values vary 

The petrographic type and coal rank a f f e c t s  the  char r e a c t i v i t y  during gasi- 
f i c a t i o n  [Davis 
jec ted  t o  underground g a s i f i c a t i o n  should be  determined experimentally. 
of coa l  conversion fundamentals recent ly  prepared by the  I n s t i t u t e  of Gas Technol- 
ogy presents  a ca lcu la t ion  procedure (using a char of a known r e a c t i v i t y  fac tor )  
f o r  the  produced gas composition from a f lu id ized  bed g a s i f i e r .  However, f o r  an 
average flame f ront  ve loc i ty  of about 0.1 c m  per hr .  i n  the underground gasif ica-  
t i o n  and f o r  the  r e s u l t i n g  long residence time of char i n  a high temperature gasi-  
f i c a t i o n  zone, (30-130 hours) t h e  char r e a c t i v i t y  does not play a s igni f icant  r o l e .  

a. (1)J  so t h a t  the ve loc i ty  constant f o r  the coal  type sub- 
The manual 

The reac t ion  of coa l  with steam and t h e  r e s u l t i n g  gas composition i s  defined 
by the k ine t ic  of t h e  two primary and two secondary react ions:  

C + H20 = CO + H2 (1) 

C + 2 H20 = C02 + 2 H2 (2)  

cop + c = 2 co (3) 

CO + H20 = C02 + H2 ( 4 )  

By denoting Z i  as the  p a r t i c i p a t i o n  coef f ic ien t  of the  i reac t ion  i n  the  
mixture, w e  would o b t a i n  [according t o  B. M. Derman (3) ] :  

4 
dC--- 1 22 -1 

2 z3 + z1 - z dc l  and (e.g.1 - = 
d (C x) Vi 

- 111  2 + 2 7  + 7  ---r r! (C ) Z i  = 

Experimental data  [Ludin et&. (26)] show t h a t  the  conversion react ion occurs 
downstream from g a s i f i c a t i o n  zone is  catalyzed by the inorganic matter i n  the coal. 
Therefore, t h e  modification of the gas composition due t o  t h i s  reac t ion  should be  
included i n  t h e  l a s t  s t a g e  of a computation. 

- 204 A hybrid computer program was prepared by NASA (TMx-3403) t h a t  can solve chem- 
i c a l  k ine t ic  systems with many chemical species  f o r  e i t h e r  a flow o r  s t a t i c  re- 
ac tor .  

300 Energy balance and temperature p r o f i l e  calculat ion approach. 

- 301 The general  s o l i d  phase (coal-char) energy balance may be presented a s  fol-  
lows : 

[Thermochemical hea t  from reac t ions]  + [heat  input (output) by conduction] - 
l a t e d  i n  s o l i d  phase]. 

convective loss t o  flowing gas] + [Extended l o s s  e.g. ash] = [Net heat  accumu- 

Analysing the mass balance, the change i n  an accumulation of s o l i d  phase may 
be obtained from the  equation: 
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[Carbon used by oxygen] + [Carbon used by carbon dioxide] + [Carbon used by the 
react ion with steam] = - [Change of s o l i d  accumulation]. 

The primary combustion react ion r a t e  i s  control led by the  oxygen supply. 
dimensional peak temperature and temperature p r o f i l e  a r e  a funct ion of the  follow- 
ing parameters: 
heat  losses  and d iss ipa ted  energy resu l ted  by the  coal conduct ivi ty ,  water heating 
and evaporation, convective heat  t ransfer  from s o l i d  t o  flowing gases, and heat  
losses  i n  the le f tover  ash. 
char, are usual ly  considered as a port ion of t h e  carbon combustion reac t ions .  The 
approximated r e s u l t s  may be obtained using the  c a l o r i f i c  value of coa l  instead of 
the  heat react ion.  

One 

the  t o t a l  heat  generated by carbon combustion reac t ions ,  the  t o t a l  

The endothermic react ions,  e.g., between the  steam and 

In the  one dimensional energy balance the t o t a l  heat of the var ious react ions 
would be expressed: 

A Hi E u = t o t a l  heat  (1) 
i=l 

where x i  i s  s tochiometr ic  coef f ic ien t  of reac t ion  and p is a funct ion of the  so l id  
phase which r e a c t s  with oxygen (carbon dioxide; steam). 

320 We can now combine the  heat  t r a n s f e r  s ink  by conduction ( s o l i d )  and the  heat 
react ion represent ing uniformly d is t r ibu ted  heat  source and express it by the  
equation: 

a a t  a a t  a t  
ay ay aZ  & (K 2) + - (K -) + - (K j-) + X A H i  $&- p = pc - atime ( 2 )  

i=l 

( t  = tempe a ture)  
property (-) = a which is the  thermal d i f f u s i v i t y  coeff ic ient .  Several authors 
(American &id Russian) have confirmed t h a t  the  temperature peak of coa l  combustion 
depends on t h i s  coef f ic ien t .  However, the  porous-capillary property of coal-char 
mater ia l  requi res  fur ther  modification of the  equation due t o  the  convective 
t ransport  associated with forced air and the gas flowing through t h e  body. This 
should include t h e  coolant mass flow (Gc) and t h e  porosi ty  of the material (2). 
For one dimensional conduction equation (2) becomes: 

This equation can be e a s i l y  converted to  the form containing the E 

a x i  
XAHi,t!' 1 a t  & + G c ' C c  d t +  - -- 

dx K a atime ax2 Ke 
( 3 )  

Depending on t h e  boundary conditions var ious types of solut ion of t h i s  type of 
equation may be obtained. I f  we assume t h a t  the high temperature g a s i f i c a t i o n  zone 
may be represented as a porous p l a t e  cooled on our s i d e ,  then the  general solut ion 
of the equation (3)  becomes: 

( 4  ) 
t - t X  = .-P (ais) 

t a  - tx B i  + F 

where B i  i s  t h e  Biot number and F i s  a Fourier number. 

- 303 Further s t e p s  should include the heat  losses  by convection from the  s o l i d  t o  
t h e  flowing gases. 
t o  heating of t h e  ni t rogen and t h e  water vapors. 

The heat t ransfer  from s o l i d  surfaces  t o  the flowing gases and water vapo 

The s i g n i f i c a n t  port ion of t h i s  type of heat  loss  i s  r e l a t e d  

can  be 
conveniently expressed i n  terms of a nondimensional Nusselt number, Nu = -, I;, where 

K 
2 4 9  



h is  t h e  heat  t r a n s f e r  c o e f f i c i e n t ,  K i s  t h e  thermal conductivity of the  gas and 
D is a c h a r a c t e r i s t i c  dimension. 
Reynolds number. 

For turbulent  flow, Nu = f (Re) where Re i s  a 

A s ign i f icant  d i f fe rence  of opinion e x i s t s  a s  t o  whether or  no t  a turbulent  
flow type occurs during the  g a s i f i c a t i o n  i n  s i t u  [Hahn & Debrand (1311. It 
probably depends on t h e  l o c a l  circumstances of gas i f ica ion  such as cracks s i z e ,  
channeling, surface a r e a  of t h e  channels, e tc .  Therefore a p r a c t i c a l  so lu t ion  
would include an est imat ion of t h i s  l o s s  by t h e  equation: 

' convective = h (T average - T i n l e t )  V n i t rogen  (5) 

where V ni t rogen is t h e  flow r a t e  of ni t rogen i n  t h e  b l a s t  air ;  T i n l e t  gas temp- 
e r a t u r e ,  T average - temperature of gas i f ica t ion  zone. 

- 304 A s ign i f icant  e f f e c t  o f  the ash  content upon the  peak temperature of g a s i f i -  
ca t ion  zone was observed experimentally. Some experimental data  has shown t h a t  the  
exothermic react ion of ash formation does not  compensate f o r  the  l a t e n t  hea t  of the  
ash l e f t  i n  the  g a s i f i c a t i o n  zone. The estimated hea t  losses  would b8  proport ional  
t o  t h e  ash content i n  t h e  coal and t h e  r a t e  of t h e  coal  combustion (e): 

Am carbon 
time Qash = K1 . A Ash content * 

305 
the  water vapor l a t e n t  h e a t ,  should be included. 
t o  t h e  moisture content of t h e  coal  and the r a t e  of t h e  coa l  combustion: 

Based on the  water hea t  balance, the heat  use f o r  the  water evaporation and 
This heat  would be proportional 

Am carbon gyater = K2 A water content ___ time 

- 306 
a1  t o  the r a t e  of t h e  b l a s t  air. The coal combustion r a t e  i s  a l s o  control led by 
the  supply of oxygen and i n  t h i s  contex, the  oxygen supply r a t e  i s  t h e  only inde- 
pendent factor .  

The width and the r a t e  of advancement of the  g a s i f i c a t i o n  zone a r e  proportion- 

In->&-& - ~ - ~ - " . - ~ - . . - - - - ~ ~ - ~ ~ ~ i c ~  r r . , m c + * n r n c  the :rater s z p p l y  ( i n f l m )  czn he con+_rnlledi the 
r a t i o  of t o t a l  moisture/oxygen supply e f f e c t s  the  following parameters: 

a )  The equi l ibr ium and the k i n e t i c s  of the combustion reac t ion  a s  w e l l  
a s  changes i n  t h e  balance of the thermochemical heat  of t h e  gas i f ica-  
t ion  react ion.  

The change of t h e  temperature i n  t h e  g a s i f i c a t i o n  zones due to t h e  
enthotermic r e a c t i o n  of steam decomposition and t h e  heat  s ink  i s  
determined by t h e  heat  r e l a t e d  t o  t h e  water evaporation, l a t e n t  heat  
of steam and hea t  loses  t o  t h e  s t r a t a .  

b )  

The t o t a l  s o l i d  phase energy balance would include the  above mentioned in te r -  
r e l a t e d  expressions f o r  t h e  nonsteady heat t r a n s f e r  and the  d e f i n i t i o n  of t h e  
boundary conditions. The l i m i t a t i o n  of these ca lcu la t ions  l i e  i n  t h e  assumed 
boundary conditions. Fur ther  study is needed i n  t h i s  area. 
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ABSTRACT 

Laboratory s t u d i e s  sugges t  t h a t  improvements of coke s t r e n g t h  brought  about  by pre- 
h e a t i n g  caking c o a l s  before  c a r b o n i z a t i o n  accrue from i n a d v e r t e n t  o x i d a t i o n  r a t h e r  than  
from p h y s i c a l  changes i n  t h e  c o a l  mass due t o  removal of moisture .  
of h ighly  caking c o a l ,  fol lowed by carboniza t ion ,  produces cokes which, i n  terms of 
s t r e n g t h ,  are equiva len t  t o  t h o s e  obta ined  from prime m e t a l l u r g i c a l  b lends .  Appro- 
p r i a t e l y  formulated b lends  of exhaus t ive ly  oxidized and f r e s h  caking c o a l  s i m i l a r l y  
y i e l d  cokes whose p r o p e r t i e s  are comparable t o  those  cokes made from t h e  same c o a l  a f t e r  
o x i d a t i o n  under optimum condi t ions .  

I n  e x e r c i s i n g  q u a l i t y  c o n t r o l  over  t h e  manufacture of  m e t a l l u r g i c a l  cokes,  i t  i s  f r e -  
quent ly  found u s e f u l  t o  p r e h e a t  the  oven-charge i n  an i n e r t  atmosphere a t  some temper- 
a t u r e  between 150' and 350°C. The p r i n c i p a l  b e n e f i t  of such t rea tment  is a s u b s t a n t i a l l y  
shortened carboniza t ion  c y c l e  (Q) and,  hence, g r e a t e r  oven p r o d u c t i v i t y ;  bu t  i n  some 
i n s t a n c e s ,  i t  has a l s o  been observed t o  r e s u l t  i n  somewhat g r e a t e r  s t r e n g t h  of t h e  
f i n i s h e d  cokes,  and t h i s  has  been a t t r i b u t e d  to h igher  bulk  d e n s i t y  and b e t t e r  thermal  
c o n d u c t i v i t y  of t h e  charge a f t e r  removal of moisture  (2). 

Bearing i n  mind t h a t  even very  s l i g h t  ox ida t ion  a f f e c t s  t h e  r h e o l o g i c a l  p r o p e r t i e s  of 
caking c o a l s  (?), nd t h a t  prehea t ing  tends  t o  reduce t h e i r  maximum d i l a t a t i o n  (A),  i t  
appears ,  however, j u s t  as l i k e l y  t h a t  g r e a t e r  coke s t r e n g t h  accrues  from i n a d v e r t e n t  
o x i d a t i o n  of the c o a l  dur ing  p r e h e a t i n g ,  and the  s tudy  repor ted  below does,  i n  f a c t ,  
i n d i c a  Le-i-his-to -be- che m o r c  correFt-view.  

Cont ro l led  o x i d a t i o n  

- 

EXPERIMENTAL 

For t h e  purposes of t h i s  i n v e s t i g a t i o n ,  t h r e e  Appalachian hvAb c o a l s  ( s e e  Table  l ) ,  
a l l  charac te r ized  by h igh  (Giese le r )  f l u i d i t y  and very pronounced (maximum) d i l a t a t i o n  
( s e e  Table  2) ,  were used. 

I n  one set of experiments, samples of  t h e s e  c o a l s  were preheated f o r  vary ing  per iods  of 
t i m e  i n  a sand ba th  a t  180 f 3°C whi le  commercial "pure" n i t r o g e n  o r  hel ium (from 
Canadian Liquid AiflLtd. and Union Carbide Canada Ltd . ,  r e s p e c t i v e l y )  w a s  passed through 
them a t  -10 m l  min . I n  a second, t h e  same procedure w a s  used,  b u t  t h e  i n e r t  gas  w a s  
thoroughly p u r i f i e d  by p a s s i n g  i t  through a f ixed  bed of m e t a l l i c  n i c k e l  on lamp b lack  
a t  80OoC (2) b e f o r e  admi t t ing  it t o  t h e  c o a l  samples. 

A f t e r  cool ing  to room temperature  i n  t h e  p r o t e c t i v e  atmosphere, p o r t i o n s  of  t h e  pre- 
hea ted  samples were then t e s t e d  f o r  t h e i r  d i l t o m e t r i c  and f l u i d i t y  c h a r a c t e r i s t i c s ,  and 
o t h e r s  w e r e  carbonized a s  prev ious ly  descr ibed  (6) and submit ted t o  coke s t r e n g t h  tests. 
S t r e n g t h  w a s  expressed i n  terms of t h e  F Index (6)  which, over  a wide range of v a l u e s ,  
i s  d i r e c t l y  propor t iona l  t o  t h e  ASTM cokz- i?abi l i ty  f a c t o r .  
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To avoid a b a s i s  f o r  comparison with oxid ized  c o a l ,  one of t h e  t e s t  c o a l s  (No. 3) was 
a l s o  exposed t o  oxygen ( a t  200°C) and t o  a i r  ( a t  100°C and 150°C) f o r  vary ing  per iods  
of t i m e ,  and then examined l i k e  t h e  prehea ted  samples. 

RESULTS AND DISCUSSION 

After  prehea t ing  under thoroughly p u r i f i e d  n i t r o g e n  o r  helium f o r  24 hours ,  t h e  
rheologica l  p r o p e r t i e s  of a l l  t h r e e  c o a l s  were found t o  be e n t i r e l y  unchanged. But 
prehea t ing  under commercial "pure" n i t r o g e n  o r  hel ium caused r a p i d  l o s s  of f l u i d i t y  
and progress ive  decrease  of t h e  (maximum) d i l a t a t i o n  - al though a t  t h e  same t i m e  very 
s i g n i f i c a n t l y  r a i s i n g  the  s t r e n g t h  of t h e  coke o b t a i n a b l e  from t h e  prehea ted  coa l .  
F igure  1, i n  which t h e  bracketed numbers r e f e r  t o  coke s t r e n g t h ,  i l l u s t r a t e  t h e s e  
e f f e c t s  f o r  prehea t ing  i n  n i t rogen .  (Prehea t ing  i n  helium y i e l d e d  very  s i m i l a r  results, 
except  t h a t  f l u i d i t i e s  then decreased even f a s t e r ,  poss ib ly  due t o  a h igher  r e s i d u a l  
oxygen content  of t h i s  gas . )  

The enhanced coke s t r e n g t h s  shown i n  F igure  1 a r e  q u a l i t a t i v e l y  p a r a l l e l e d  by t h e  
v a r i a t i o n  of t h e  s t r e n g t h s  of cokes made from v a r i o u s l y  oxid ized  c o a l  N o .  3 ( s e e  
F igure  2 ) .  A s  a n t i c i p a t e d ,  t h e  o x i d a t i o n  per iod  t o  optimum o x i d a t i o n  depended on t h e  
s e v e r i t y  of t h e  t rea tment ,  and thus  ranged from 15 minutes  ( f o r  oxygen a t  200OC) t o  
60 hours ( f o r  a i r  a t  100'C). But i n  a l l  t h r e e  cases, a l i m i t e d  o x i d a t i o n  of t h e  coa l  
before  carboniza t ion  i s  seen t o  r e s u l t  i n  q u i t e  dramatic  improvements of coke q u a l i t y .  
The t o t a l  oxygen c o n t e n t s  of t h e  c o a l  samples a f t e r  optimum pre-oxida t ion  and oxida t ion  
t o  t o t a l  l o s s  of caking p r o p e r t i e s  a r e  shown i n  Table 3 .  

V e r i f i c a t i o n  of t h e  conclus ion  t h a t  s l i g h t  "acc identa l"  ox ida t ion  of t h e  c o a l  dur ing  
prehea t ing  i n c r e a s e s  coke s t r e n g t h  w a s  ob ta ined  from semi- technica l - sca le  tests i n  a 
500 l b  movable w a l l  oven*. In one test, f r e s h  No. 3 c o a l  was charged,  and i n  a second, 
preheated No. 3 (96 hours  a t  17O-19O0C) w a s  carbonized.  Prehea t ing  w a s  done i n  an 
external ly-pas-heated hopper through which commercial "pure" n i t r o g e n  w a s  passed a t  
900 m l  min ( s e e  F igure  3 ) .  

The d a t a  obtained from evalua t ion  of t h e  two coke l o t s  made i n  t h e  exper imenta l  oven 
a r e  shown i n  Table 4 and e s t a b l i s h e d  a 10 p o i n t  improvement i n  t h e  ASTM s t a b i l i t y  
f a c t o r  when t h e  preheated charge was used. But perhaps even more i n t e r e s t i n g ,  i n  the 
c o n t r o l  of t h i s  s tudy ,  i s  t h e  v a r i a b i l i t y  of coke s t r e n g t h s  observed when smaller 
(20 l b )  samples, withdrawn from d i f f e r e n t  l o c a t i o n s  i n  t h e  hopper, w e r e  carbonized 
i n  t h e  labora tory .  This  v a r i a t i o n  is g r a p h i c a l l y  presented  i n  F igure  4 i n  which t h e  
bracketed numbers at t h e  sampling p o i n t s  show t h e  maximum d i l a t a t i o n  of t h e  preheated 
c o a l  before  carboniza t ion .  Comparison of F igures  3 and 4 shows t h a t  t h e  poin t  of 
n i t rogen  ent+y i n t o  t h e  hopper charge - which is presumably a l s o  t h e  p o i n t  a t  which 
t h e  h ighes t  concent ra t ion  of contaminant oxygen would be  encountered - l i e s  i n  a zone 
from which maximum coke s t r e n g t h s  and minimum d i l a t a t i o n  were recorded.  

Since F igure  4 shows t h e  preheated hopper charge t o  have been almost  as heterogeneous 
a s  a c o a l  blend,  one f u r t h e r  series of l a b o r a t o r y  carboniza t ion  experiments  was c a r r i e d  
o u t  with v a r i o u s l y  formulated blends of f r e s h  and "exhaust ively" oxid ized  c o a l  No. 3.  
("Exhaustive" oxida t ion  h e r e  means o x i d a t i o n  t o  t o t a l  loss of caking p r o p e r t i e s . )  
The r e s u l t s  of these  t e s t s  are summarized i n  F igure  5 and show t h a t ,  i r r e s p e c t i v e  of 
t h e  manner of  ox ida t ion ,  a d d i t i o n  of ox id ized  c o a l  can be  a n  e f f e c t i v e  means f o r  
maximizing coke s t r e n g t h .  Scanning e l e c t r o n  micrographs ( see  F igure  6 )  underscore t h i s  
conclusion by showing t h a t  t h e  microscopic  s t r u c t u r e  of cokes made from opt imal ly  
composed blends of f r e s h  and exhaus t ive ly  oxid ized  c o a l  No. 3 compares very  favorably 
wi th  t h a t  of coke made from a prime mvb caking c o a l  a lone .  

*These tests were conducted i n  c o l l a b o r a t i o n  wi th  t h e  Energy Research Labora tor ies ,  
F u l l e r  d e t a i l s  of t h i s  program Department of Energy, Mines and Resources ,  Ottawa. 

w i l l  be publ ished elsewhere. 
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Table 3. Oxygen Contents o f  Oxid ized No. 3 Coal. 

( I n i t i a l  101 = 6 . 2 % )  

Ox ida t ion  
method 

A i r  a t  l00"C 

A i r  a t  150°C 

Oxygen a t  
2oooc 

Oxygen contents ,  (% w/w)  

a f t e r  "Optimum" Ox i d a t  i on  

* ( 6 0 )  ?: 

7 ' 1  ( 6 )  

6 . 4  ( 0 . 2 5 )  

a f t e r  Ox ida t i on  t o  To ta l  
Loss o f  Caking P roper t i es  

"Bracketed numbers show t ime  o f  o x i d a t i o n  (h rs )  t o  oxygen contents. 

Table 4. Eva lua t i on  o f  Cokes from Tests i n  500 l b  Movable-Wall Oven 
-~ _ _  - -  

I I 
ASTM I S t a b i l i t y  Factor ,  (%) I Factor ,  (%) 

1 .  Fresh Coal 

2 .  Preheated Coal 
(Ni t rogen;  170- 
1 9 O o C ,  96 h r s )  

35.2 

45.8 

64.5 

64.5 
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Breeze, (% o f  
4 i n  f r a c t i o n  

3.9  

3.6 



MAXIMUM DILATATION % 
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ABSTRACT 

The chemical s t a t e s  of i r o n  i n  a Kentucky c o a l  and i n  t h e  products  of i t s  
hydrogenat ion were determined by Mtlssbauer spectroscopy.  The i r o n  i n  t h e  
c o a l  was present  c h i e f l y  as p y r i t e ,  FeS2. There w a s ,  however, evidence f o r  
some non-pyri t ic  i r o n ,  most l i k e l y  present  as szomolnokite (FeS04.H20). 
The products  from hydrogenat ion of t h i s  coa l  by t h e  SYNTHOIL process  a t  723 
K and 28 MF'a contained a l l  t h e  i r o n  as FeS where x = 1.0 t o  1 . 1 4 .  There 
w a s  no evidence f o r  unreduced FeS 
elemental  i ron .  
t h i s  work, t h e  r e a c t o r  gas  contained 0.32 percent  H S.  Evident ly ,  FeS i s  
not  reduced t o  e lemental  i r o n  i n  t h e  presence of t h i s  concent ra t ion  ofXH S 
i n  t h e  reducing gas. 

or FeSOX. There was a l s o  no evidence f o r  
A t  t h e  experimengal c o n d i t i o n s  f o r  hydrogenat ion o f  c o a l  i n  4 

2 
2 

INTRODUCTION 

I r o n  i s  a major c o n s t i t u e n t  of t h e  minera l  mat te r  i n  many U.  S. Coals  ( 1 ) .  
The metal occurs  p r i n c i p a l l y  as i r o n  p y r i t e ,  FeS2. i n  c o a l  a l though s m a l l  
q u a n t i t i e s  of  t h e  element may be  p r e s e n t  as s u l f a t e ,  oxide,  carbonate  o r  
s i l i c a t e  (2, 3) .  In s e v e r a l  A u s t r a l i a n  brown c o a l s ,  s i g n i f i c a n t  q u a n t i t i e s  
of i r o n  occur  as salts  of carboxyl ic  a c i d s  (4, 5, 6 ) .  An i n v e s t i g a t i o n  of  
i r o n  i n  c o a l  by Mtlssbauer spectroscopy was f i r s t  repor ted  by Lefelhocz 
- a l .  ( 7 ) .  From an examinat ion of  seven U. S .  c o a l s  ranging i n  rank from l i g n i t e  
t o  a n t h r a c i t e ,  they concluded t h a t ,  i n  some c o a l s ,  i r o n  occurs  e x c l u s i v e l y  
as FeS2, and non-pyri te  i r o n ,  when p r e s e n t ,  occurs  a s  Fe(I1)  i n  a high-spin 
conf igura t ion .  

The purpose of t h e  p r e s e n t  i n v e s t i g a t i o n  was t o  determine,  by Mtlssbauer 
spectroscopy,  t h e  i r o n  compounds i n  a c o a l  u t i l i z e d  i n  t h e  SYNTHOIL process  
and i n  the process  products .  I n  t h i s  process ,  a feed  p a s t e  c o n s i s t i n g  of 
pu lver ized  coal i n  r e c y c l e  o i l  i s  r e a c t e d  w i t h  hydrogen a t  7231; (450OC) 
and 14-28 MPa (2000-4000 p s i )  i n  a turbulent-f low r e a c t o r  packed w i t h  
p e l l e t s  o f  Co-Mo/Si02-Al O3 c a t a l y s t .  The product  s t ream is  cooled and t h e  
gross  l i q u i d  product ,  a f g e r  s e p a r a t i o n  from gases ,  is cent r i fuged  t o  remove 
t h e  unreacted s o l i d s .  
f u e l  o i l  a p o r t i o n  of which is used a s  r e c y c l e  o i l  t o  prepare  more feed  p a s t e  
f o r  cont inuous process  o p e r a t i o n  (8, 9 ) .  

The cent r i fuged  l i q u i d  product i s  a low-sulfur ,  low-ash 

"By acceptance of t h i s  a r t i c l e ,  t h e  publ i sher  and/or 
r e c i p i e n t  acknowledges t h e  U. S .  Government's r i g h t  
t o  r e t a i n  a nonexclusive,  roya l ty- f ree  l i c e n s e  i n  
and to  any copyr ight  covering t h i s  paper." 
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EXPERIMENTAL 

Samples of feed  c o a l ,  feed  p a s t e ,  g ross  l i q u i d  product ,  c e n t r i f u g e d  
l i q u i d  product  and c e n t r i f u g e d  r e s i d u e  were drawn from a 1 / 2  ton  p e r  day 
SYNTHOIL p l a n t  c u r r e n t l y  i n  o p e r a t i o n  a t  t h e  P i t t s b u r g h  Energy Research 
Center .  The b a s i c s  of t h e  p l a n t  and t h e  sampling p o i n t s  a r e  shown i n  
f i g u r e  1. A d e t a i l e d  d e s c r i p t i o n  of t h e  procedure and precaut ions  requi red  
f o r  ob ta in ing  r e p r e s e n t a t i v e  samples has  been publ ished by Schul tz  
- a l .  (10) .  The o r i g i n  and a n a l y s i s  of t h e  c o a l  a r e  given i n  t a b l e  1. 
hydrogenat ion was conducted a t  723K and 28MPa. 

Samples were p laced  i n  c i r c u l a r  p l a s t i c  c o n t a i n e r s ,  25 m i n  diameter  
and 3 mm deep,  f o r  Mussbauer a n a l y s i s .  The c o n t a i n e r s  w e r e  covered 
w i t h  p l a s t i c  d i s c s  and  mounted h o r i z o n t a l l y  i n  t h e  spectrometer  s o  
t h a t  any s e t t l i n g  of t h e  s o l i d s  from t h e  l i q u i d  samp3Ys was uniform 
w i t h  respec t  t o  t h e  gamma ray  beam. Co d i f f u s e d  i n  C r .  
The Mussbauer spec t rometer  used w a s  of  convent iona l  des ign  (Nuclear Science 
Instruments ,  Inc.*) and t h e  s p e c t r a  w e r e  ob ta ined  by t ransmission.  I ron  
f o i l  was used f o r  v e l o c i t y  c a l i b r a t i o n  and a l s o  provided the  r e f e r e n c e  f o r  
isomer s h i f t s .  All s p e c t r a  were recorded a t  room temperature  ($ 300K). 

The 

The source  was 

RESULT AND DISCUSSION 

The weights  of samples ,  t h e  r e s u l t s  o f  chemical ana lyses  f o r  i r o n  i n  
each of them and t h e  spectrometer  run t i m e s  are g iven  i n  t a b l e  2. 
Isomer s h i f t s ,  quadrupole  s p l i t t i n g s ,  AS'S and approximate s t r e n g t h s  
of  t h e  i n t e r n a l  magnet ic  f i e l d s  a r e  g iven  i n  t a b l e  3 .  The l i t e r a t u r e  values 
of  t h e  Mussbauer parameters  f o r  a number of  p e r t i n e n t  i r o n  compounds a r e  
presented  i n  t a b l e  4 .  

The M k b a u e r  spectrum of t h i  feed  c o a l  showed two s t r o n g  peaks w i t h  
an isomer s h i f t  of  0.32 mms 
T h 7 Z 5 E v a l u e s a g r e e G l l  w i i h  t h e  isomer s h i f t  and quadrupole s p l i t t i n g  va lues  
repor ted  i n  l i t e r a t u r e  f o r  p y r i t e  and marcas i te ,  two n a t u r a l l y  occurr ing  
minera ls  of composi t ion FeS (7,  13). The M s s b a u e r  parameters  f o r  
t h e  two minera ls  are s o  simzlar t h a t  t h e i r  s p e c t r a  cannot  be reso lved  
i f  both are p r e s e n t .  
p y r i t e  from m a r c a s i t e ,  pe t rographic  and X-ray d i f f r a c t i o n  s t u d i e s  have 
shown t h a t  FeS2 i n  c o a l s  i s  g e n e r a l l y  p y r i t e  (20, 21) .  S p e c i f i c a l l y ,  t h e  FeS2 
i n  t h e  p r e s e n t  c o a l  h a s  been shown by Ruch, gt. t o  be i r o n  p y r i t e  (22) .  

The spectrum of  t h e  c a1  a l s o  showed a s i n g l e ,  very  weak peak w i t h  a 
v e l o c i t y  of 2.83 mms-' r e l a t i v e  t o  t h e  source .  This ,  no doubt, corresponds 
t o  one peak of t h e  d o u b l e t  f o r  non-pyrite i r o n  repor ted  by Lefelhocz 6 
i n  s e v e r a l  c o a l s  ( 7 ) .  They determined a n  isomer s h i f t  of about 1.1 ms-l 
( r e c a l c u  a t e d  w i t h  r e f e r e n c e  t o  i r o n )  and a quadrupole  s p l i t t i n g  of about  
2.6 nuns-*. Unfor tuna te ly ,  t h e  second peak f o r  non-pyri te  i r o n  i n  our  
spectrum i s  completely obscured one of t h e  s t r o n g  p y r i t e  peaks,  probably 
that with a v e l o c i t y  of 0.22 mms r e l a t i v e  t o  t h e  source.  Lefelhocz 
-- e t  a l .  concluded t h a t  t h e  non-pyrite i r o n  may be organic  i r o n  or inorganic  
iron as a e i l i ca te  ( 7 ) .  Montan0 (27) ,  however, observ ing  similar 

*Use  of brand name f a c i l i t a t e s  understanding and does n o t  n e c e s s a r i l y  imply 

a n d a  quadrupole  s p l i t t i n g  of 0.64 nuus-'. - -~ - 

Although Mussbauer a n a l y s i s  is unable t o  d i s t i n g u i s h  

endorsement by t h e  U.  S. Department of Energy. 
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1 
Table 1. - Analysis of the as-received feed coal 

Proximate analysis, (wt. pct.) 

Moist ur e 6.1 
Volatile matter 36.3 
Fixed carbon 42.1 
Ash 15.5 

Ultimate analysis, (wt. pct.) 

Hydrogen 4.9 
Carbon 60.3 
Nitrogen 1.2 
Oxygen (BY 
difference) 12.8 

Ash 15.5 
Sulfur 5 . 3  

as sulfate 0.58 

as pyrite 
as organic 

2.69 
2 . 0 3  

Rank: hvBb 

'A blend from Kentucky seams No. 9, 11, 12 and 13 which are mined 
together; Homestead mine, Western Kentucky. The coal was pulverized 
to a fineness of 70 percent through 200 mesh, U. S. Standard Sieve, 
and 100 percent through 100 mesh. 

Tab.le2; - - -- -_ - ... 
ples analyzed by Nossbauer spectrometry 

Iron content Spectrometer 
Material Weight (9) (wt. pct.) run time (hr.) 

Feed coal 1 . 2 4  
Feed paste 2.60 
Gross liquid product 2.40 
Centrifuged liquid 
product 2.16 

Centrifuged residue 3 . 2 0  
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3.58 113 
1.47 160 
1.84 139 

0.55 189 
10.1 a100 
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s p e c t r a  concluded t h a t  t h e  non-pyrite f r a c t i o n  is anhydrous i r o n  (11) s u l -  
f a t e  FeS04. But t h e  l i t e r a t u r e  va lues  (28) h e  quotes  f o r  isomer s h i f t  and 
quadropole s p l i t t i n g  a r e  i n a c c u r a t e ,  as t h e  experiment was probably in-  
a d v e r t e n t l y  performed on FeSO H 0. More r e c e n t  work, using c a r e f u l l y  
prepared materials, gave V a l &  ?or  FeS04 and FeSO H 0 a s  shown i n  t a b l e  4. 
Assuming t h a t ,  i n  o u r  spectrum, t h e  hidden peak of t h e  high s p i n  doublet  i s  

1 d i r e c t l y  under t h e  low v e l o c i t y  peak of t h e  p y r i t e  spectrum u r  v a l u e s  f o r -  
t h e  isomer s h i f t  and quadropole  s p l i t t i n g  would be  Q1.3 ms-' and % 2 . 6  ms , 
r e s p e c t i v e l y ,  which are i n  e x c e l l e n t  agreement wi th  FeS04.H20 as are Montana's 
and Lefelhocz 's .  

The spectrum of t h e  f e e d  p a s t e  was a composite of t h e  s p e c t r a  of i t s  
components, namely t h e  feed c o a l  and t h e  r e c y c l e  o i l .  The l a t te r ,  a s  
explained above, i s  a p o r t i o n  of t h e  c e n t r i f u g e d  l i q u i d  product  from a 
previous ba tch .  For convenience, t h e r e f o r e ,  t h e  speccrum of t h e  feed  
p a s t e  w i l l  be  d i s c u s s e d  a f t e r  d i scuss ing  t h e  spectrum of t h e  cent r i fuged  
l i q u i d  product .  

The s p e c t r a  of t h e  g r o s s  l i q u i d  product ,  t h e  cent r i fuged  l i q u i d  product  
and t h e  c e n t r i f u g e d  r e s i d u e  w e r e  s i m i l a r  and may be d iscussed  t o g e t h e r .  
Each of t h e  s p e c t r a  showed a six-peak p a t t e r n  wi th  isomer s h i f t s  i n  t h e  
range of 0.69 t o  0.74 nuns-', AS's  i n  t h e  range of 0.00 t o  0.69 ms-' and t h e  
s t r e n g t h s  of t h e  i n t e r n a l  magnetic f i e l d s  i n  t h e  range of 310 t o  270 kOe. 
The outermost peaks i n  the  s p e c t r a  of t h e  g r o s s  l i q u i d  product  and t h e  
c e n t r i f u g e d  r e s i d u e  showed p a r t i a l  r e s o l u t i o n  i n t o  two subpeaks. The v a l u e s  
of t h e  isomer s h i f t s ,  t h e  A S ' s  and t h e  s t r e n g t h s  of t h e  i n t e r n a l  magnetic 
f i e l d s  g iven  i n  t a b l e  3 f o r  these  two m a t e r i a l s  are t h e  v a l u e s  obta ined  by 
us ing  t h e  p o s i t i o n s  of  t h e  o u t e r  and i n n e r  subpeaks r e s p e c t i v e l y  t o  c a l c u l a t e  
t h e  parameters. Hafner  and Klavius  observed similar f i n e  s t r u c t u r e s  i n  
t h e  MBssbauer s p e c t r a  of two p y r r h o t i t e s  and used a comparable technique 
f o r  d a t a  r e d u c t i o n  (11). A comparison of t h e  MBssbauer parameters  i n  t a b l e s  3 
and 4 shows t h a t  t h e  gross  l i q u i d  product ,  t h e  c e n t r i f u g e d  l i q u i d  product  and 
t h e  cent r i fuged  r e s i d u e  c o n t a i n  FeS where x = 1.0  t o  1 .14.  

In agreement wi th  o u r  f i n d i n g s ,  Ruch et&. found p y r r h o t i t e  i n  t h e  
cent r i fuged  r e s i d u e  by X-ray d i f f r a c t i o n  a n a l y s i s  of a l i q u o t s  drawn from 
t h e  samples used i n  t h i s  work ( 2 2 ) .  

The spectrum of t h e  feed  p a s t e  had s ix  peaks: two s t rong  peaks corresponding 
t o  t h e  p y r i t e  peaks in t h e  spectrum of  t h e  feed  c o a l ,  and four  weak peaks, two 
on each s i d e  of t h e  s t r o n g  doublet .  The f o u r  weak peaks correspond t o  t h e  
o u t e r  four  peaks i n  t h e  size-peak spectrum of  t h e  cent r i fuged  l i q u i d  product .  
The two middle  peaks of t h e  cent r i fuged  l i q u i d  product  a r e  obscured by t h e  
two s t rong  peaks o f  t h e  p y r i t e .  Clear ly  t h e  spectrum of t h e  feed  p a s t e  i s  a 
composite of t h e  s p e c t r a  of  c o a l  and c e n t r i f u g e d  l i q u i d  product ,  t h e  compo- 
n e n t s  of t h e  feed  p a s t e .  

None of t h e  s p e c t r a  obta ined  i n  t h i s  work showed any absorp t ions  o t h e r  
t h a n  those d iscussed  above. W e  es t imate  t h e  p r e c i s i o n  of our measurements 
i s  such t h a t  o t h e r  compounds ( for  example, t h o s e  shown in  taboe 4 s t a r t i n g  
w i t h  i ron)  would have been de tec ted  had they  been present  i n  s i g n i f i c a n t  

4 '  2 
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amounts, 
i n  any of the  m a t e r i a l s  analyzed i f  p r e s e n t  i n  q u a n t i t i e s  a s  smal l  as 5% of  
t h e  t o t a l  i r o n  present .  In t h e  case  of t h e  feed  c o a l ,  t h e  d e t e c t i o n  l i m i t s  
for i r o n  and above oxides  would have been even lower and, i n  a d d i t i o n ,  
t h e  presence of many of t h e  othercompounds i n  t h e  lower p o r t i o n  of  Table  4 
would have a l s o  been d e t e c t a b l e  a t  t h e  5% l e v e l .  P o s s i b l e  except ions  a r e  
t h e  i r o n  (111); s u l f a t e s ,  i r o n  (111) a c e t a t e  and Fe2(C0)9 with d e t e c t a -  
b i l i t y  l i m i t s  of t h e  o r d e r  of 10-20%. 

Although t h e  feed  c o a l  does conta in  a s m a l l  amount of FeS04.H20, t h e  q u a n t i t y  
of i t  i s  t o o  s m a l l  t o  account f o r  a l l  t h e  s u l f a t e  t h e  c o a l  i s  known t o  c o n t a i n  
by convent ional  a n a l y s i s  ( s e e  Table 1 ) .  
combined wi th  C a  o r  some o t h e r  ca t ion .  

The s p e c t r a  of t h e  gross  l i q u i d  product ,  t h e  cent r i fuged  l i q u i d  product  
and t h e  c e n t r i f u g e d  r e s i d u e  showed no evidence f o r  e lemental  i ron .  The 
absence of  i r o n  is s i g n i f i c a n t  s i n c e  Gal lo  has  reported t h e  reduct ion  of  
FeS2 t o  e lementa l  i r o n  by t h e  fol lowing success ive  r e a c t i o n s  ( 2 3 ) :  

Elemental i r o n ,  Fe203, Fe304, or a-FeOOH would have been d e t e c t a b l e  

Some of  t h e  s u l f a t e  is presumably 

500K FeS2 + H2 j Fe2S3 + H2S 

( i i )  

-&!!$E Fe + H2S ( i i i )  

550K Fe2Sj + H2 - FeS + H2S 

FeS 
+ HZ 

These r e s u l t s  were obta ined  wi th  gavorran to ,  a n a t u r a l  p y r i t e ,  conta in ing  
97.12 percent  FeS . It should be noted t h a t  r e a c t i o n  ( i i i )  is r e v e r s i b l e  
and, t h e r e f o r e ,  t f e  reduct ion  of FeS t o  Fe w i l l  not  be f e a s i b l e  i f  t h e  
p a r t i a l  p r e s s u r e  of H S i n  t h e  reducing gas  i s  above some c r i t i c a l  v a l u e .  
Rosenquist has  measured K f o r  r e a c t i o n  ( i i i )  at 723K ( 2 4 ) .  A t  28 MPa 
hydrogen pressure ,  t h e  eqe i l ib r ium H S p r e s s u r e  is  0.008 percent  of t h e  
hydrogen pressure .  
approximately 0.32 percent  H S and, e v i d e n t l y ,  FeS was not  reduced t o  
i r o n  i n  t h e  presence of t h i s  concent ra t ion  of H S.  

I n  t h e  q u a l i t a t i v e  agreement with our  r e s u l t s ,  J. T. Richardson has  repor ted  
t h a t  FeS2 i s  reduced t o  Fe S (FeS1.44) dur ing  c o a l  hydrogenation (25 ) .  
By theromagnetic a n a l y s i s  of a char  
concluded t h a t  t h e  i r o n  i n  char  w a s  p r e s e n t  as a mixture  of Fe S 
FeS . 
c o n z i t  i o n s ,  

2 

In t h e  present  sgudy, t h e  r e a c t o r  gas  contained 

2 2 
2 

rom a c o a l  l i q u e f a c t i o n  p l a n t  he 

7 8 and The exac t  composition of t h e  mixture  var ied  with t h e  process  
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CONCLUSIONS 

MHssbauer a n a l y s i s  o f  a Kentucky coa l  showed t h a t  i r o n  i n  t h e  c o a l  
w a s  present  mainly a s  FeS . There was some non-pyr i t ic  i r o n ,  most l i k e l y  
present  as szomolnoki te  (%eS04*H20). Products  from hydrogenat ion of 
t h e  coa l  a t  723K and 28 MPa contained FeSx where x = 1.0 t o  1 .14.  
was no evidence of  e lementa l  i r o n  i n  t h e  products .  

There 
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*Present 

Introduction 

A thorough study o f  the infrared absorption pa t te rns  produced by 
coal samples conducted by Friedel,  e t .  a l . ,  ( 1 )  resulted i n  the assign- 
ment of absorption bands t o  spec i f ic  s t ruc tures  o r  components of coal.  
Those assignments of importance t o  this  study a re  l i s t e d  in Table 1 .  

Although some uncertainty ex i s t s  w i t h  respect t o  these assignments 
the 3030 cm-1 band is considered t o  represent the aromatic C-H and the 
2920 cm-1 and 2850 cm-1 bands represent a l ipha t i c  C-H. CH3, CH2. and 
CH ( a l ipha t i c )  configurations a l l  contribute t o  these absorption bands 
b u t  the dominent e f f e c t  i s  t h a t  from CH2 because of i t s  r e l a t ive  abun- 
dance. However, the  IR d i f f e ren t i a t ion  does not discriminate between 
a l ipha t ic  C-H bonds i n  a l i pha t i c  s ide  chains, in hydroaromatic s t ruc tu res ,  
in cycloparaffins or i n  a l ipha t ic  connecting bridges. 
band i s  assigned t o  double bond carbon and/or carbonly bonds. 
th is  i s  taken t o  be aromatic carbon (2 ,3) .  
assigned t o  a l ipha t i c  H bending and/or aromatic carbon s t re tch ing .  
The 1260 cm-1 band i s  assigned t o  phenoxy and e ther  s t ruc tures .  
1 shows these band assignments as derived by Friedel ( 1 )  and applied 
to  the IR pattern of a t h in  section of v i t r an i t e .  

by several authors (1 ,3,4,5,6). These reports ind ica te  t h a t  the IR 
band assigned t o  the  OH s t ruc tures  i n  bituminous coals disappears near 
500°C. 
in in tens i ty  a t  300°C b u t  does n o t  completely disappear even a t  550OC. 
The C-H s t re tch ing  band in t ens i t i e s  decrease and the  aromatic C-C and 
C-0 band (1610 cm-1) i s  unchanged a t  temperatures approaching 600’C. 
Oelert ( 4 )  has published an extensive in te rpre ta t ion  of thermally induced 
s t ruc tura l  changes i n  coal as a r e s u l t  of IR measurements. 

to  measure change i n  coal s t ruc ture  under nitrogen and hydrogen (one 
atmosphere pressure) and in the presence of metal s a l t  ca ta lys t s .  

The 1610 cm-1 
In coal 

The 1450 cm-1 band i s  

Figure 

Temperature e f f ec t s  on functional groups in coal have been studied 

The band a t t r i bu tab le  t o  phenoxy s t ruc tures  (1260 cm-1) decreases 

The present study i s  an attempt t o  use the IR absorption procedure 

Experimental 

infrared spectra of KBr pe l l e t s  containing f ine ly  dispersed coal and char 
samples. 
was used. 
Table 11. 

A Beckman IR-20 Infrared Spectrophotometer was used t o  measure 

Kapairowitz, Utah coal sized t o  44-53 microns (-270 +325 mesh) 
Proximate and ultimate analyses of this coal a r e  given in  

Coal samples were impregnated w i t h  metal s a l t  ca t a lys t s  (ZnC12, CdC12 
SnC12’2H20, CoC12.6H20 and FeS04.7H20) by mixing  the coal w i t h  a water 
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solution of t he  s a l t  and drying the s lu r ry  under vacuum a t  110°C. The  
ca ta lys t  application r a t e  was 0.112 moles of ca t a lys t  per 100 grams of 
MAF coal.  
(250, 350 or 45OoC) f o r  30 minutes in  the  presence of e i t h e r  H2 or NE 
gas (99.98 % pur i ty ) .  
ment used fo r  heat treatment. 

fo r  loss  of v o l a t i l e  matter and KBr pe l l e t s  were prepared. Twenty mg 
of each sample were ground in  a Wig-L-Bug v ibra tor  for 1 hour. Then, 
0.5 to  2.0 mg of t he  coal or char were mixed w i t h  250 mg of IR grade 
KBr for  10 minutes in the  same device. Two hundred mg of the  mixture 
were briquetted i n  a hot d i e  (110 C )  a f t e r  evacuation. 
a clear pe l l e t  13 mm i n  diameter and 0.6 mn thick.  
measured 4 times, not a s  duplicates,  b u t  a t  0 .2 ,  0 .4 ,  0.6,  and 0.8 weight 
percent of the KBr disc .  

The  prepared sample (50 mg) was heated t o  various temperatures 

Figure 2 shows a schematic drawing of the  equip- 

Following reac t ion ,  the chars were weighed t o  permit a correction 

The r e su l t  was 
Each sample was 

Results and Discussion 

Figure 3 shows the  IR pattern t o  be expected from d i f f e ren t  amounts 
of coal dispersed through a K B r  pe l le t .  Because the grinding and mixing 
were done i n  polystyrene v ia l s  there is  an obvious contamination of t h i s  
polymer i n  the sample a s  measured by the spectrometer. I n  f a c t ,  because 
the polystyrene contains s imi la r  bonding to  t h a t  found i n  coa l ,  the spectra 
of KBr w i t h  no coal present ( b u t  with polystyrene contamination) i s  very 
similar t o  the pa t te rn  obtained when coal is present.  The e f f e c t  of t h i s  
contamination becomes constant a t  10 minutes grinding o r  m i x i n g  time and 
hence i s  a constant which can be subtracted from the KBr p l u s  polystyrene 
plus coal pa t te rn .  

Beer's law f o r  absorption s t a t e s  t h a t :  
A = km/S + A, = k M/100S + A, = Kc + A, 

where A = sample absorbance a t  a spec i f ic  absorption band 
A, = constant absorbance due t o  the  polystyrene 
k = spec i f i c  ex t inc t ion  coe f f i c i en t  (cm /mg) 
m = weight o f  coal i n  the d isc  (mg) 
S = area o f  d i sc  (cm ) 
M = weight o f  the  d isc  (mg) 
c = weight percent of coal i n  the d isc  
K = slope of the  l i n e  A vs c 

2 

2 

The values of k ,  K and A0 as measured fo r  this study a r e  shown i n  
Table I 1 1  fo r  the 2920 cm-1 absorption peak. 
k are included f o r  comparison. 
ventional base l i n e  (3120-2780 cm-1) did not y ie ld  a s t r a i g h t  l i ne  of A vs 
c for e i t h e r  the  2920 o r  3030 cm-1 bands, a second base l i n e  (3740-2200 cm-1) 
was used. 
and  a l so  gave l a rge r  values of k and K without s ign i f i can t ly  changing Ao. 
Slopes were calculated f o r  each of the  A vs c l i nes  ( K  values in the Beer 
law re l a t ionsh ip ) .  

Some l i t e r a t u r e  values of 
Because the data obtained u s i n g  t h e  con- 

This base l i n e  provided the  desired s t r a i g h t  l i n e  function 

Correlation coef f ic ien ts  (r2) were calculated f o r  

m 
II 
I 

I 
I 
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a l l  t h  l i n e s  and data p o i n t s  generated. S t a t i s t i c a l l y ,  a l l  d a t a  p o i n t s  

were i n  excess o f  t h e  95 percent  l e v e l .  

350 and 45OOC and no c a t a l y s t ,  p l u s  the  metal s a l t s  l i s t e d  above. The 
data obta ined on samples t r e a t e d  a t  250°C were n o t  i nc luded  because o f  
ove r lap  o f  l i n e s  caused by water abso rp t i on  w i t h  l i n e s  used i n  t h e  c a l -  
c u l a t i o n s .  For s t a t i s t i c a l  purposes, t h e  da ta  p rov ide  two l e v e l s  o f  
atmosphere, two l e v e l s  o f  temperature and two l e v e l s  o f  c a t a l y s t  app l i ca -  
t i o n  f o r  each o f  t h e  5 metal  s a l t s  used. The t o t a l  da ta  ( K  values)  accumulated 
a r e  i nc luded  i n  Tab le  I V .  Changes i n  K values f rom one c o n d i t i o n  t o  
another i n d i c a t e  an increase o r  a decrease i n  t h e  t ype  o f  bonding t h a t  
g ives r i s e  t o  t h a t  p a r t i c u l a r  abso rp t i on  band. 
values can be r e l a t e d  t o  changes i n  aromatic hydrogen, a l i p h a t i c  hydrogen, 
a l i p h a t i c  carbon, e t c . ,  i n  t h e  coa l  o r  char  s t r u c t u r e .  

l i n e a r  reg ress ion  a n a l y s i s  procedure t o  d i scove r  which absorbances were 
s t a t i s t i c a l l y  r e l a t e d .  The percent  v o l a t i l e  ma t te r  f rom each t r i a l  was 
inc luded as t h e  dependent v a r i a b l e  i n  t h e  computation. The c o r r e l a t i o n  
c o e f f i c i e n t s  shown i n  Table V a r e  t h e  r e s u l t  o f  t h i s  c a l c u l a t i o n .  The 
f o l l o w i n g  comments can be made w i t h  respec t  t o  these  c o r r e l a t i o n  values. 

t i v e  c o r r e l a t i o n  w i t h  a l l  o the r  peaks, b u t  a p o s i t i v e  c o r r e l a t i o n  w i t h  
v o l a t i l e  ma t te r .  
means t h a t  t h e  concen t ra t i on  o f  aromat ic  bonding i n  t h e  char  increases 
w i t h  i nc rease  i n  v o l a t i l e  ma t te r  p roduc t i on .  Th is  suppor ts  t h e  concept 
t h a t  aromat ic  bonds a re  produced i n  t h e  char  as more v o l a t i l e  m a t t e r  i s  
produced. 

A l l  t h e  absorbance bands, except  3030 cm-’, have a nega t i ve  
c o r r e l a t i o n  w i t h  respec t  t o  v o l a t i l e  mat ter .  
bonds represented by t h e  absorbance bands, a l i p h a t i c  o r  naphthenic  hydrogen, 
aromatic carbon, carbonyl ,  carboxy lates,  phenoxy s t r u c t u r e s ,  e tc . ,  a re  
dest royed o r  removed t o  produce v o l a t i l e  m a t e r i a l .  

2920 and 2850 cm-1 bands. 
measure t h e  same t h i n g ,  i n  t h i s  case a l i p h a t i c  o r  naphthenic hydrogen. 

C and/or C=O), 1450 (CH2, CH3. C-C) and 1260 (C=O i n  phenoxy s t r u c t u r e s )  
i n d i c a t e  t h a t  t hey  a r e  a l s o  a measure o f  t h e  same t h i n g ,  o r  a t  l e a s t  t h a t  
t h e  bonds they  measure a r e  a f f e c t e d  s imul taneously  by t h e  va r ious  sample 
t reatment  procedures. 

The f a i r l y  good i n v e r s e  c o r r e l a t i o n  between t h e  2920 and 2850 
cm-1 absorbance bonds and t h e  percent  v o l a t i l e  ma t te r  i s  i n  agreement w i t h  
publ ished ideas on t h e  o r i g i n  o f  v o l a t i l e  components. The changes found 
i n  a l i p h a t i c  hydrogen bonding i n d i c a t e  a decrease w i t h  increased v o l a t i l e  
mat ter .  
s t r u c t u r e s  by t h e r m a l l y  produced f r e e  r a d i c a l s ,  a second o rde r  r e a c t i o n ,  
(8,9) o r  by a f i r s t  o rde r  p y r o l y t i c  break ing o f  a l i p h a t i c  bonds ( 1 0 , l l ) .  

The p o s i t i v e ,  bu t  low, c o r r e l a t i o n  between 2920 and 2850 cm- 
w i t h  1610, 1450 and 1260 cm-l i n d i c a t e s  t h a t  t h e  bonds respons ib le  f o r  these 

gave r s values i n  excess o f  the 90 percent  conf idence l e v e l  and most cases 

Subsequent c a l c u l a t i o n s  have inc luded  da ta  f o r  N2 and H2 atmosphere, 

Therefore,  changes i n  K 

The i n f r a r e d  absorbance da ta  were analyzed by means o f  a m u l t i v a r i a b l e  

1. The 3030 cm-l absorbance peak (aromat ic  hydrogen) has a nega- 

Al though t h e  c o r r e l a t i o n  i s  n o t  h igh  i n  any case i t  

2. 
Th is  i n d i c a t e s  t h a t  t h e  

3. A ve ry  good c o r r e l a t i o n  c o e f f i c i e n t  (t0.785) i s  found f o r  t h e  
Th is  suppor ts  t h e  concept t h a t  these two bands 

4. Good p o s i t i v e  c o r r e l a t i o n  c o e f f i c i e n t s  between 1610, (aromat ic  

5. 

Th i s  can be expla ined as a b s t r a c t i o n  o f  hydrogen f rom hydroaromatic 

1 6. 
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absorbances a r e  again t rea ted  s imi la r ly  by the  various sample treatment 
procedures. Although the bonds involved may n o t  be the same, the  various 
peaks do increase o r  decrease together.  

The s iqni f icance  of the  numerical (K) data of Table V was tes ted  w i t h  
the conventional F r a t i o ,  using three  variables,  each a t  two leve ls .  The 
r e su l t s  of t h i s  study a re  shown i n  Table VI. In this  t ab le ,  the s i g n i g i -  
cance i s  noted by a number which i s  the s t a t i s t i c a l  probabili ty of e r ror .  
The number 0.20 ind ica tes  a 1 in 5 probabili ty t h a t  the statement i s  in 
e r ro r ,  0.05 ind ica tes  a 1 in 20 probabili ty t h a t  the statement i s  i n  e r ro r ,  
0.01 indicates a 1 i n  100 and 0.001 indicates a p robabi l i ty  of 1 i n  1000 
t h a t  the  statement i s  i n  e r ro r .  

Analysis of Table VI t e l l s  us t h a t  l i t t l e  d i f fe rence  i s  realized by 
v i r tue  of hydrogen pressure a t  one atmosphere. FeS04 a f f e c t s  both the 
3030 and the  2850 cm-1 absorption bands when hydrogen i s  present.  Since 
both a re  increased, the Ar/A1 r a t i o  as represented by 3030/2920 is not 
affected.  ZnC12 depresses vo la t i l e  matter evolution a t  l o w  temperature 
but increases i t  a t  high temperatures when hydrogen i s  present. CdC12 
does a c t  t o  fxcrease vo la t i l e  matter evolution when hydrogen i s  present. 
The 1610 cm-1 band i s  not affected by hydrogen presence w i t h  any of the 
metal s a l t s .  

Temperature a c t s  t o  increase v o l a t i l e  matter evolution with a l l  
of the s a l t s  present.  However, t h i s  vo la t i l e  matter i s  obtained a t  the 
expense of d i f f e r e n t  bonds in  the  presence of d i f f e ren t  s a l t s .  SnC12 
and CdC12 a c t  t o  increase aromatic hydrogen while FeSO4 a c t s  t o  decrease 
the  a l ipha t ic  hydrogen a t  higher temperatures. 
of the f ive  tes ted  which does not decrease the aromatic carbon a t  the 
higher temperature. 

The c a t a l y t i c  e f f e c t ,  a s  opposed t o  hydrogen o r  temperature, i s  
shown i n  the  f ina l  sec t ion  of Table VI. 
absolute amount of aromatic hydrogen i n  the char while SnC12 ac t s  t o  
cause an increase. T h i s  would appear t o  be an anornolie but can be 
explained i f  we assume t h a t  these s a l t s  influence d i f f e ren t  bonds. 
ZnC12 may influence hydroqen re lease  from aromatic s t ruc tu res  w i t h  
consequent polymerization of the residual groups. 
hydrogen abs t rac t ion  from hydroaromatic s t ruc tures  yielding aromatic 
s t ruc tures  i n  the  res idue  which are l e s s  condensed than with ZnC12.. 
ZnCl2 increases the a l ipha t i c  hydrogen as  does FeSO4. 
indicates a t r ans fe r  o f  hydrogen from some aromatic t o  form some a l ipha t i c  
s t ruc tures .  
hydrogen t o  a l ipha t i c  hydrogen while SnC12 increases i t .  
and FeS04 decrease the absolute content of aromdtic carbon. SnC12 ac t s  
t o  increase v o l a t i l e  matter evolution while FeSOq has a s l i g h t  tendency 
t o  repress the  evolution. 
f ina l  quantity of v o l a t i l e  matter evolved. 

As a summary we can say t h a t  infrared absorption technique is  
capable of d i f f e ren t i a t ing  some types of bonds a f fec ted  by coal pyrolysis 
i n  the presence of metal s a l t s .  Further, these s a l t s  do not a c t  
uniformly w i t h  respec t  t o  spec i f ic  bonds. T h i s  i s  espec ia l ly  apparent i n  
t he  cases of ZnC12 and SnC12, both of which a re  e f f ec t ive  a s  coal hydro- 
genation-liquefaction ca t a lys t s .  ZnC12 ac ts  t o  decrease the absolute 
content of aromatic hydrogen bonding while SnC12 ac t s  t o  increase the 
absolute quantity of aromatic hydrogen in the char. 

CdC12 i s  the only s a l t  

ZnC12 a c t s  t o  decrease the  

SnC12 may influence 

For ZnC12 this 

Z n C l 2 ,  CdC12 and CoC12 decrease the r a t i o  of aromatic 
SnC12, CdC12 

Other s a l t s  seem t o  have no e f f e c t  on the  
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TABLE I 
Selected Infrared Absorption 

Absorption Assignments in the Coal Structure (1) 

Absorption Band, cm-’ Assignment 
2920 Naphthenic and/or aliphatic C-H 
3030 Unsaturated CH, probably aromatic 
1610 Aromatic C-C and/or C-0.. . .HO-; 

carboxilates 
2850 Naphthenic and/or aliphatic C-H 
1450 CH2 and CH3; aromatic C-C or ionic 

carbonates 
1260 C=O in phenoxy structures 

TABLE I1 
Proximate and Ultimate Analysis 

o f  Kaiparowitz, Utah Coal 

Dry Basis MAF Basis 
% Ash % V.M. % C  % H  % N  % S  % O  
10.8 51.4 73,4 6.17 1.91 0.55 18.00 

TABLE I11 
Constants Obtained From Beer’s Law, 2920 cm-l 

Coal Sample k K 

This work 
3120-2780 base 0.27 0.401 0.245 

3740-2200 base 0.40 0.599 0.264 

Freidel (1) 
3120-2780 base 
vitrain (84% C) 0.17 

Fuiii (71 
3270-2j80 base 
vitrain (83.4% C) 0.38 
vitrain (84%’C) 0.42 
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TABLE I V  
K Values Obtained from I R  Spectra 

2850 2920 1610 1450 1260 
350 None 0.184 0.263 0.268 0.835 0.636 0.547 
450 " 0.214 0.234 0.207 0.751 0.611 0.537 
350 " 0.223 0.307 0.388 0.787 0.648 0.474 
450 " 0.258 0.267 0.247 0.789 0.711 0.497 

350 Z;,C12 0.200 0.245 0.382 0.819 0.587 0.478 

L -  T C  - 3030 - - __ __ __ 

450 0.159 0.367 0.426 0.654 0.524 0.523 
350 " 0.155 0.335 0.466 0.819 0.6i5 0.548 
450 " 0.171 0.286 0.401 0.789 0.692 0.512 

350 $nCl2 0.227 0.341 0.404 0.734 0.460 0.434 
450 " 0.330 0.258 0.118 0.419 0.267 0.387 
350 " 0.219 0.197 0.287 0.665 0.470 0.438 
450 I' 0.290 0.168 0.199 0.464 0.334 0.323 

350 CdC12 0.209 0.290 0.383 0.744 0.610 0.469 
450 " 0.236 0.323 0.312 0.595 0.581 0.529 
350 " 0.171 0.332 0.518 0.676 0.582 0.401 
450 " 0.246 0.242 0.372 0.750 0.632 0.464 

350 CoC12 0.280 0.407 0.539 0.858 0.708 0.536 
450 " 0.240 0.231 0.335 0.773 0.592 0.488 
350 " 0.244 0.396 0.525 0.888 0.703 0.591 
450 I' 0.269 0.324 I 0.415 0.735 0.630 0.571 

350 FeS04 0.228 0.338 0.443 0.693 0.536 0.488 
450 " 0.189 0.283 0.462 0.653 0.447 0.404 
350 " 0.238 0.331 0.497 0.657 0.512 0.449 
450 " 0.258 0.315 0.318 0.664 0.512 0.449 

V.M.% 

6.9 
21.8 
6.2 

24.7 

7.1 
21.4 
6.4 

25.4 

12.5 
29.0 
17.3 
28.8 

3.4 
19.4 
13.4 
34.7 

2.4 
17.5 
2.4 

26.7 

0.0 
12.1 
0.0 

23.9 

TABLE V 
Mu1 ti 1 i near Regression Analysis Cor re la t ion  C o e f f i c i e n t s  

Cor re la t ion  C o e f f i c i e n t  
3030-2920 -0.225 
3030-2850 -0.098 
3030-1610 -0.167 
3030-1450 -0.120 
3030-1 260 -0.129 
2920-2850 +O. 785 
2920-1610 +0.327 
2920-1450 +0.234 
2920-1 260 +0.182 
2850-161 0 +0.353 
2850-1450 +0.371 

C o r r e l a t i o n  1 
2850-1 260 
1610-1450 
161 0-1 260 
1450-1 260 
3030-V.M. 
2920-V.M. 
2850-V.M. 
1650-V. M. 
1450-V. M. 
1260-V.M. 
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: o e f f i  c i  en t  
+0.478 
+0.841 
+0.709 
+0.779 
+O. 289 
-0.594 
-0.557 
-0.322 
-0.119 
-0.190 



ATMOSPHERE 
N2 or  H2 

ZnCl 
SnC12 
CdC12 
C O C l  
FeS04 

ZnCl 

--- --- 
0.01 I 
0.05 I 
--- --- 
--- --- 

SnCl 
CdCl 
COCl 
ieS04 

0.05 I 0.05 D 
--- --- 0.001 0 
0.01 I --- --- 
0.01 I 0.05 D 
--- --- 0.05 0 

TABLE VI 
S t a t i s t i c a l  Significance of I.R. Absorbance Data 

0.001 I 
0.001 I 
0.01 I 
0.001 I 
0.01 I 

ZnC12 
SnCl 
CdCl 
C O C l  
FeS04 

0.05 0 
0.05 I 
--- --- 
--- --- 
--- --- 

% V . M .  

E 
0.01 I Hi 

I D Lo 

I --- --- 
10.05 I 

I --- --- 
I --- --- 

I = Increase i n  measured absorbance 
D = Decrease in measured absorbance 

S = Significance 
E = Effect 
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CHARGE TRANSFER COMPLEXES OF COAL-DERIVED ASPHALTENES 
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Chemical Engineering Department 
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Los Angeles, California 90007 

INTRODUCTION 

Coal-derived asphaltenes are thought to be key intermediates in the con- 
version of coal to oil (1). A model, based on x-ray diffraction studies (2), 
has been proposed to describe the macrostructure of associated asphaltenes in 
the solid state (3). The state of association of these species in benzene and 
tetrahydrofuran solution has been studied by vapor pressure osmometry, and 
molecular weights have been reported as a function of concentration (4). Evi- 
dence has been presented rerently in the 1.iterattire supporting a hydrogen- 
bonding donor-acceptor association in solution (5-7). Previously the mecha- 
nism of association of petroleum asphaltenes (%-lo), and coal and chars ( 11 ) 
was described in terms of charge transfer donor-acceptor forces. A study of the 
properties of iodine-petroleum asphaltene complexes was carried out, and led 
to useful information on the structure of petroleum asphaltenes 
fore decided to synthesize charge transfer complexes of coal-derived asphaltenes, 
and to study their properties by a variety of physical and analytical techniques. 

1 2  ). It was there- 

EXPERIMENTAL 

Coal-derived asphaltenes were separated by solvent fractionation ( 13 , 14 ) 
from coal liquids produced in five major demonstration liquefaction processes: 
Synthoil, HRI H-Coal, FMC-COED, Catalytic Inc. SRC, and PAMCO SRC. The asphal- 
tenes were further separated into three fractions by exhaustive solvent elution 
chromatography on silica gel using the solvents: benzene, diethyl ether, and 
tetrahydrofuran. The benzene and diethyl ether eiuted fractions, known to con- 
tain a higher and lower proportion of basic asphaltene molecules (13 ) ,  were used 
in addition to starting asphaltene to form some of the complexes. 

Complexes were formed by mixing benzene solutions of the asphaltenes 
( -50 g/l) with benzene solutions of either iodine of tetracyanoethylene (freshly 
sublimed reagent grade) in the approximate mole ratios, asphaltene/acceptor = 
0.7 - 1.0/1. 
and dried overnight at 40°C/2mm Hg. 

A precipitate forms rapidly. It was filtered, washed with benzene 

The dark brown to black I,-asphaltene complexes are relatively insoluble 

The brown-black TCNE-asphaltene complexes 
in benzene, carbon disulfide, and pentane, and slightly to moderately soluble 
in chloroform and tetrahydrofuran. 
are only moderately soluble in THF. 

Analyses were performed by the ELEK Microanalytical Laboratories, Torrance, 
California. Iodine was determined gravimetrically after nitric acid oxidation 
in the presence of silver nitrate; nitrogen was determined by the Dumas proce- 
dure. 
Pressure Osmometer. 
Acculab 6 IR. 

Molecular weights were measured in THF with a Mechrolab Model 301A Vapor 
Infrared spectra were determined as KBT disks on a Beckman 

Ultraviolet-visible spectra were run in either chloroform or tetra- 
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hydrofuran solution on a Beckman Model 25 Spectrophotometer, 
measurements were made with a General Electric XRD-6 x-ray diffractometer with a 
CuKu radiation source ( 15 ) .  
a Varian E-12 x-band spectrometer. 
at 25°C over the pressure range 10-3000 atmospheres by use of a cell and proce- 
dure described by Hadek ( 16 ). 

X-ray diffraction 

Electron spin resonance spectra were taken with 
Resistivity measurements were carried out 

RESULTS AND DISCUSSION 

Composition of Complexes 

Analytical data for I,-asphaltene and TCNE-asphaltene complexes are 
presented in Tables I and 11. The mole ratios of asphaltene to iodine are 
approximately 1 to 1 with the exception of the FMC-COED - Iz complex which 
afforded a tar-like material initially instead of a precipitate. The mole 
ratios of asphaltene to TCNE are more widespread, but are closer to 2 to 1. 
The mole ratio calculations are based on the assumption that the molecular 
weightof the asphaltene portion of the complex is the same as the molecular 
weight of the starting asphaltene, which may not be strictly correct. 

Ultraviolet-Visible Spectra of Complexes 

Measurement of the UV-Visible spectrum of 1,-asphaltene complexes in THF 
or CHCl3 (Fig. 1) leads to the observation of a new band at ~ 2 9 5  nm and new 
shoulder at ~ 3 5 5  nm. 
components. These bands are presumed to be charge-transfer absorption bands 
of the iodine-asphaltene complex. The nature of the donor interaction of the 
asphaltene may be either via the elctrons of the n-orbitals, or via the non- 
bonded, lone pairelectronsin atomic orbitals of n donors such as nitrogen 
or oxygen bases. 

Neither of these absorptions is observed in the free 

Measurement of the W-Visible spectrum of TCNE-dsphaltene complexes in 

These bands are presumed to be charge-transfer ab- 
THF (Fig. 2) leads to the observation of new bands at 406 and 425 nm not found 
in the free components. 
sorption bands of the donor asphaltene molecules and the n-acceptor TCNE. 

Infrared Spectra 

Asphaltene-iodine samples were run as KBr disks, and infrared spectra 
were obtained directly, and differentially of asphaltene-iodine complexes ver- 
sus reference asphaltene. 
400-600 cm-' region, and no aromatic-I, bands in the 992 cm-' to 1200 cm-' 
region ( 17, 18). 

No C-I stretching frequencies were observed in the 

Asphaltene-TCNE complexes were run in KBr disks and the infrared spectra 
compared with those of the free components, and physical mixtures of the free 
components. The most obvious changes are in the TCNE doublet at 2200 cm-' which 
changes to a singlet, and in the appearance of a prominent new band at 1500 cm-'. 

X-Ray Diffraction 
The x-ray diffraction patterns of asphaltenes show diffuse bands typi- 

cal of mesomorphic or semicrystalline substances ( 2 ) :  the (002 )  band is 
attributed to the interplanar spacing between condensed aromatic rings of 
= 3.5 1; 
aliphatic chains or alicyclic rings of ~ 4 . 6  (Fig. 3). 

the gama band is attributed to the spacing between disordered 
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X-ray a n a l y s i s  of petroleum asphal tene- iodine  complexes i n d i c a t e s  a low 
degree  of order  e x i s t s  w i t h i n  t h e s e  complexes (121. The (002) band d isaEpears  
on forming a petroleum asphal tene- iodine  complex, and a new band a t  8 . 7  A appears .  
These observa t ions  were r a t i o n a l i z e d o b y  assuming t h a t  t h e  l a y e r e d  s t r u c t u r e  of 

o f  i o d i n e  between t h e  a romat ic  l a y e r s  of t h e  asphal tene .  
t h e  a s p h a l t e n e  was expanded from 3.5 A to  8 .7  A by i n t e r c a l a t i o n  of a molecule 

I n  t h e  case of coal-der ived asphal tene- iodine  complexes, t h e  x-ray r e s u l t s  
show t h e  l o s s  of both the  (002) and t h e  0') bands, b u t  no new peak i s  formed 
at ~ 8 . 7  d (Fig. 3). This  r e s u l t  may be i n t e r p r e t e d  by assuming t h a t  i o d i n e  
molecules a r e  n o t  sandwiched between the aromatic  l a y e r s ,  and t h a t  t h e  asphal tene-  
i o d i n e  complexes a r e  no l o n g e r  ordered  i n  t h e  s o l i d  s t a t e  b u t  have become amorphous. 

The x-ray d i f f r a c t i o n  p a t t e r n s  of asphaltene-TCNE complexes have been 
measured. 
t h e  002-Band of t h e  TCNE complex, which i s  a s s o c i a t e d  wi th  t h e  i n t e r p l a n a r  
spac ing  between condensed aromat ic  r i n g s ,  and t h e  appearance of a new bgnd 
f o r  Synthoil-TCNE, which cor responds  to  a l a r g e r  d i s t a n c e  of =11 t o  14 A ,  
x-ray d i f f r a c t i o n  p a t t e r n s  were analyzed,  and a r o m a t i c i t y  and x-ray crys-  
t a l l i t e  parameters  determined (Table  111). The r e s u l t s  i n d i c a t e  s t r u c t u r a l  
d i f f e r e n c e s  between t h e  a s p h a l t e n e  base f r a c t i o n s  (EtzO e l u t e d  from s i l i c a  g e l )  
and their TCNE complexes. The a r o m a t i c i t y ,  f , i n c r e a s e s  from a s p h a l t e n e  
base  f r a c t i o n s  t o  complexed products .  
L , and t h e  number of l a y e r s  per  cluster M are increased  a f t e r  complexing. 
HEwever, t h e  diameter  of t h e  a romat ic  s h e e t ,  L , shows a decrease  o r  no change. 
The spac ing  between a l i p h a t i c  c h a i n s  or  shee ts?  dy,  and t h e  spac ing  between t h e  
aromatic  s h e e t s ,  d , do n o t  show much change. These r e s u l t s ,  and t h e  appearance 
of t h e  new bands a? 11-14 d,  may be r a t i o n a l i z e d  i n  terms o f  asphaltene-TCNE 
complex c l u s t e r s  such as  t h e  ones shown i n  F i g ,  4 .  I f  t h e  TCNE molecules  are 
complexed on top and below t h e  asphal tene  sheets, i n s t e a d  of i n t e r c a l a t e d  be- 
tween t h e  asphal tene  s h e e t s ,  then an i n c r e a s e  of L would be observed,  b u t  
an i n c r e a s e  i n  d L , t h g  average diameter  of t h e  
aromatic  shee t  w k l d  be  expected t o  be lower i f  2 smal le r  TCNE molecule  i n  t h e  
complex represented  a pseudo-aromatic shee t .  
mat ic  s h e e t s  would be expected t o  b e  l a r g e r .  
an 11-14 
TCNE molecules i n  t h e  complexes. The a r o m a t i c i t y ,  f , would be expected t o  in-  
c r e a s e  i n  t h e  complexes due t o  t h e  pseudo-aromatic c i fa rac te r  of t h e  TCNE n-system. 

The d i f f r a c t i o n  p a t t e r n s  show a l a r g e  i n c r e a s e  i n  t h e  i n t e n s i t y  of 

The 

The d i g t a n c e  through t h e  a romat ic  s h e e t s ,  

o r  dywould not be  requi red ,  

M,  t h e  e f f e c t i v e  number of aro- 
The new bands corresponding t o  

s e p a r a t i o n  i n  Synthoil-TCNE could r e p r e s e n t  t h e  d i s t a n c e  between 

ESR Spec t ra  

ESR parameters  o f  S y n t h o i l  asphal tenes  and t h e i r  IZ and TCNE complexes are 
presented  i n  Table I V .  
i n  t h e  complexes t h a n  i n  t h e  uncomplexed asphal tenes .  
of low l y i n g  t r i p l e t  states i n  t h e  complexes which can be 
temperature .  

The s p i n  i n t e n s i t y  i s  seen t o  be  s i g n i f i c a n t l y  l a r g e r  
This  may be  i n d i c a t i v e  

populated a t  room 

Conduct iv i ty  

The r e s i s t i v i t i e s  of a series as asphal tenes  and t h e i r  Iz and TCNE complexes 

In each c a s e  t h e  r e s i s t i v i t y  of  t h e  complex i s  lower t h a t  t h a t  
have been measured, and r a n g e  between about 3 x lo9 - 3x 10" ohm-cm a t  25'C and 
10 a t m .  p ressure .  
of t h e  p a r e n t  asphal tene ,  b u t  no t  by more t h a t  a n  o r d e r  of magnitude. 
r e s i s t i v i t i e s  may be c o n t r a s t e d  w i t h  those obta ined  f o r  petroleum asphal tenes  
which e x h i b i t  h igher  v a l u e s ,  i n  t h e  i n s u l a t o r  range,  of  .10'6-10'7 ohm-cm a t  25OC. 
b u t  upon a d d i t i o n  i o d i n e ,  t h e  r e s i s t i v i t i e s  of t h e  complexes formed decrease  by 
about one mi l l ion- fo ld  ( 1 2  ). 

These 
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The effect of pressure, over the range 10-3000 ATM., on resistivity is 
shown in Fig. 5.  The resistivity of the uncomplexed asphaltenes is seen to 
remain essentially constant, however, two of  the asphaltene-I, complexes 
afford a decrease in resistivity over the same pressure range. 
sistent with electronic conduction. 

This is con- 
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Table I. hnalvtical Data for Is-Asphaltme Complexes 

AsphalLene & X Iodine Asphalteneb/ I, 

Synchoil 560 35.02 0.84 

HRI H - C o d  492 28.13 1 . 3 3  

FIIC-COEDC 375 22.00 2.38 

P.QIC0 SRCd 36 3 38.36 1.12 

CAI. INC. SRC 483 32.72 1.08 

CAT. I N C .  Benzene EluLed 511 30.34 1 . 1 5  

CAT. IX. Et.0 Elutede 459 34.03 1.08 

'Average of infinite dilvrion Em's in benzene and tetrahydrofuran of starting 
asphalrenes. 
is the ~ a m e  as the >M of the starting asphalrene. 
asphalrene/I. solutions. d F r m  F i l t e r  Feed. %luted from Silica Gel. 

bXole ratios calculated assuming XU of asphalrene porcion of complex 
cA tar formed OD mixing rhe 

Table 11. Annalutical Data for IC>--Asohaleene Caoolexes 

%N Complex- TN 
AsphalLenea Startine. Asphnlrene Asihaltenec/ TCNE 

syntnoll 522 5.08', 5 . 2 l  1.67. 1.82 

HRI H-Coal 496 5.13 1.95  

MC-COED 383 5.48 2.34 

PAblCO SRC 532 3.76 2.56 

CAT. INC. SRC 459 7.61 1 . 3 3  

'kphaltene e l u t e d  from Silica Gel with Et,O after exhaustive elution of asphaltem 
with benzene. 
starting asphalcenes. 
complex is the same as the XW of the Starcinp asphalcene. d T v ~  different preparations. 
Table 111. I-Rav Anal\iSis of Svnrhoil Arphaltene %sic Fraction and Sunchoil 

bAverage of infinite dilution IN'S i n  benzene and tetrahydrofuran of 
C!iole ratio8 calculated assuming >M of asphalrene portion of 

Asohalrene-TCBZ C o m p l e x  

S y n f h a i l  Asphal- Synfhoil kphhitene 
0 E l u t e d  2- - EL20 Eluted-TCNE Complex 

0.64 0 .72  

3.47 3.46 

4.52 4.52 

1 2 . 1  13 .8  

La3 (11) band 10.0 10.1 

L: (11) band 11.4  11.9 

2 4 

'fa - CA/Ctotal = A002/A002 + + 'dm - interlayer disrance, dy - inrerchain 
% ~ ~ ~ ? s 3 ~ c  * diameter of the EIIomdZic sheers from Diamond's Curve. 
rceter of fhz aromatic SheeCs from Scherrer's Eq., all values i n  a. 
number of  aromatic sheers associared i n  a stacked clusrer.  

- diamrcer of the aramaric clusrers perpendicular t o  the piane of the 
L - dia- 

5Effe?rive 

Table IV. ESR Parameters of Asphalcenes and Asphaltem Complexes' 

Inrepgiry. ?I Line Width 
-e g-va1ueb ( X I 0  spinsig An, Cauos 

Synthoil -4sphalcene 2.0030 1 . 4  6 . 4  

Synchoil Asph. E t 2 0  Elvted 2.0031 0.8 6.8  

Synchoil k p h . - 1 2  Complex 2.0032 28.8 9 .8  

Sgnrhoil Asph. EL 0 Eluted- 2.0029 5.5 8 . 2  
rcm complex 

'Solid samples. bxeasured relative t a  DPPH. 
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FIG I UV-VIS SPECTRA OF I SYNTHOIL ASPHALIEFIE. ANC 
SYNTHOIL ASPHALTENETI~COMPLEX IN CHCI- 


