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INTRODUCTION 

Coal c o n s t i t u t e s  the  l a r g e s t  s i n g l e  f o s s i l  f u e l  resource  i n  t h e  U.S. U n t i l  t he  
l a s t  few years,  i t s  use d i d  n o t  inc rease w i t h  inc reased f u e l  demands because o f  
environmental r e s t r i c t i o n s  and t h e  ready a v a i l a b i l i t y  o f  pe t ro leum and n a t u r a l  gas. 
Now t h a t  t he  demand f o r  l i q u i d  and gaseous f u e l s  has surpassed t h e  n a t i o n ' s  capa- 
b i l i t y  t o  supply them w i t h o u t  excess ive  impor ts ,  use o f  coa l  must inc rease bo th  i n  
Power p l a n t s  and as a means o f  p roduc ing  petroleum and n a t u r a l  gas. 

Reduced American r e l i a n c e  upon impor ted  energy s u p p l i e s  hinges on t h e  use o f  more 
domestic coal ,  through d i r e c t  b u r n i n g  i n  the  shor t - te rm,  and through g a s i f i c a t i o n  
and l i q u e f a c t i o n  i n  the  l ong  term. 
t o  conver t  coa l  i n t o  s y n t h e t i c  gaso l ine ,  j e t  f u e l  o r  d i e s e l  f u e l  o i l ,  t h e  t e c h n i c a l  
f e a s i b i l i t y  o f  such a process has been proved. 
have been developed th rough t h e  p i l o t  p l a n t  stage, c o v e r i n g  a wide range o f  a l t e r -  
n a t i v e  techno log ies .  

However, t h e r e  a r e  a number o f  problems assoc ia ted  w i t h  t h e  p r o d u c t i o n  o f  l i q u i d  
f u e l s  f rom coa l  -- l o s s  o f  expensive c a t a l y s t ,  h i g h  pressure  equipment, and e n v i -  
ronmental p o l l u t i o n  -- t h a t  remain unsolved. But t he  b a s i c  problem i s  economic, 
m a i n l y  due t o  the  h i g h  c o s t  o f  hydrogen, h i g h  pressure  equipment, and c a t a l y s t s .  
Hydrocarbons, i n c l u d i n g  n a t u r a l  gas, LPG, naphtha, e tc . ,  a r e  t h e  p r i n c i p a l  process 
raw m a t e r i a l s  f o r  t h e  manufacture o f  hydrogen these days. 
raw m a t e r i a l s  f o r  t he  manufacture o f  hydrogen i s  one o f  t h e  reasons f o r  t h e  syn- 
t h e t i c  l i q u i d  f u e l  f rom coa l  t o  be more expensive than n a t u r a l  crude o i l  (1 ) .  
However, p roduc t ion  o f  hydrogen from coa l  which i s  a proven techno logy  w i l l  make 
the  coa l  l i q u e f a c t i o n  more a t t r a c t i v e .  
hydrogenat ion pressure  has been c u t  down t o  2000 - 3000 p s i g  (13,790-20,685 kPa) 
which would cons iderab ly  reduce t h e  c o s t  o f  commercial r e a c t o r s .  

The g r e a t e s t  problem i n  t h e  d i r e c t  hydrogenat ion y e t  t o  be so lved i s  t h e  use o f  
commercial c a t a l y s t s  which a r e  expensive, w i t h  s h o r t  l i f e  and cannot be recovered 
o r  regenerated. The answer t o  t h i s  problem i s  t o  f i n d  a l o w  c o s t  d isposab le  c a t -  
a l y s t ( s ) .  Our work and t h a t  o f  o t h e r s  have w e l l  e s t a b l i s h e d  t h a t  c o b a l t  and molyb- 
denum a r e  good c a t a l y s t s  f o r  hydrogenat ion and h y d r o d e s u l f u r i z a t i o n  o f  coa l ,  where- 
as n i c k e l  and molybdenum a r e  e f f e c t i v e  f o r  coa l  hydroden i t rogenat ion .  
inexpensive source o f  these meta ls  i s  t h e i r  o res  where t h e y  a r e  present  m o s t l y  a s  
s u l f i d e s  o r  oxides. Use o f  these ores  i n  coa l  l i q u e f a c t i o n  as d isposab le  c a t a l y s t s  
must be explored. 

The o b j e c t  o f  t h i s  study was t o  i n v e s t i g a t e  the  hydrogenat ion o f  coal-SRC-11 o i l  
s l u r r y  us ing  d isposab le  o r e  c a t a l y s t s  (DOC) a t  t h e  SRC-11 process o p e r a t i n g  con- 
d i t i o n s  w i t h  spec ia l  r e f e r e n c e  t o  maximizing l i q u e f a c t i o n  and m i n i m i z i n g  v i s c o s i t y  
of t h e  produc t  o i l .  A l l  exper iments were conducted a t  425°C and 2000 p s i g  
(13,790 kPa) hydrogen pressure  f o r  a p e r i o d  o f  h a l f  an hour.  

*Correspondence concerning t h i s  paper should be addressed t o  t h i s  au thor .  

Al though i t  i s  n o t  y e t  economica l l y  f e a s i b l e  

A number o f  l i q u e f a c t i o n  systems 

The h i g h  c o s t  o f  these 

Secondly, by u s i n g  h i g h l y  a c t i v e  c a t a l y s t s ,  

The most 
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LITERATURE REVIEW 

There is considerable published work on the various aspects of coal liquefaction. 
One of the authors of this paper has presented detailed literature reviews for 
coal hydrogenation and hydrodesulfurization in his papers (2,3). 

Hydrodenitrogentation (HDN) is of interest and importance for the synthetic fuels 
industry for minimizing NO formation during the combustion of coal-derived oil. 
This oil contains unacceptibly high levels of nitrogen. So far, nitrogen removal 
has not received nearly as much attention as has desulfurization because sulfur, 
a severe catalyst poison and a serious atmospheric pollutant, has historically 
been the primary concern in processing petroleum feedstocks. Research work on 
hydrodenitrogenation using hydrogen or syngas is limited (4,5,6,7,8,9). 

Rationale for the Use of Ores as Catalysts: Coal liquefaction takes place through 
metal -- catalyzed reactions. It is also reported that metallic catalysts in 
general are not expected to survive as metals in a coal liquefaction environment 
at sulfur levels exceeding 1%. It has been shown that all metals can form bulk 
sulfides under these conditions, and therefore the true catalyst would be a mixed 
sulfide and not a bimetallic system (9). In the presence of hydrogen at 380-440°C 
and pressures between 2000-3000 psig, (13,790-20,685 kPa), the metal1 ic oxides are 
expected to be reduced to metals o r  get converted to sulfides or oxysulfides. 
Further, it has been well demonstrated (10,ll) that mineral matter, particularly 
pyrite, in coal acts as a catalyst during hydrogenation. Inclusion of these ores 
individually or as mixtures of various ores, providing Co, Mo, and Ni, etc. should 
catalyze hydrogenation, hydrodesulfurization, and hydrodenitrogenaction of coal. 

Some of these metals are present in their ores in low concentration and may have 
to be beneficiated to increase their content by removing the inert material. 
centrate containing cobalt four to eight times higher than that of the ore can be 
obtained by flotation technique alone (12,13). Other ore dressing techniques can 
also be used. 
inexpensive, the cost of the upgraded ore will still be comparatively low. 

Lastly, it may be possible to recover these metals from the waste unconverted coal- 
ash-DOC mixture or ash-DOC mixture (rejects from SRC-I1 gasifier) by conventional 
metallurgical processes making the use of these ores as catalysts all the more 
attractive. 

Con- 

Since the equipment and operation of ore dressing are relatively 

OCCURREhCE OF MINERAL ORES 

Our research work (2,3,14,15) as well as a literature review reveal that cobalt 
and molybdenum are eminently suited catalysts for hydrogenation and hydrodesulfuri- 
zation of coal, whereas nickel and molybdenum are good for hydrodenitrogenation. 
Other metals like iron, copper, tin, zinc, platinum, and tungsten have also been 
found to be effective in coal liquefaction (16). Further, it has also been 
demonstrated that the mineral matter in coal acts as a catalyst in coal liquefaction 
(4). 
present mostly as sulfides or oxides. 

Cobalt-is usually recovered as a by-product in the mining of copper, nickel, and 
silver ores, and in some localities as a by-product of iron, chrominum, lead, zinc, 
uranium, or manganese. The copper ores of Zaire and Zambia, Africa contain as high 
as three to four percent of cobalt. 
Canada have a cobalt content of 0.07%. The small modules on the ocean floor con- 
tain 1.6% nickel and 0.21% of cobalt along with manganese, copper, and other metals. 
The presence of arsenic in some of the ores of cobalt should not be considered as a 
drawback since it is reported that arsenic assists coal liquefaction (16). 

The most inexpensive source of these metals is their ores where they are 

The ores of Sudbury district of Ontario, 
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About 66% of molybdenum i s  produced mainly from the ore  molybdenite (MoS ).  
remainder i s  obtained as a by-product of copper from copper minerals by $e lec t ive  
f l o t a t i o n ,  and from tungsten and uranium ores .  

Nickel Occurs as nickel-copper s u l f i d e s ,  nickel s i l i c a t e s ,  or  l a t e r i t e s .  
l andi te ,  (NiFe) S occurs in associat ion with chalcopyrites (CuFeS2). I t  i s  
a l so  avai lable  8s 9 by-product in copper production. 

The 

Pent- 

MATERIAL, APPARATUS AND EXPERIMENTAL PROCEDURE 

The major materials used in t h i s  study consisted of bituminous coal ,  SRC d i s t i l l a t e  
and  disposable ore ca ta lys t s .  
in te rna l ly  s t i r r e d  autoclave. 
autoclave by a compressor. 

Bituminous coal from Blacksvi l le  mine, Pittsburgh Bed was used in t h i s  study. 
Proximate and ultimate analyses of the coal a r e  presented in Table I .  
o i l  used was SRC-I1 heavy d i s t i l l a t e .  

The hydrogenating c a t a l y s t  ores were obtained from mining companies. 
o f  these ores a r e  presented in Table 11. 
Table 111. 

The hydrogenation react ion was carr ied o u t  in an 
Hydrogen gas a t  high pressure was supplied t o  the 

The vehicle 

The d e t a i l s  
The operating var iables  a r e  shown in 

Table I11 

Operating Variables f o r  Coal Liquefaction Using 
Disposable Catalysts 

Coal 

Solvent 

Blacksville Mine #2 
Pittsburgh Bed #8 

SRC-I1 (232 - 454'C) 

Gas Hydrogen 

Temperature 425°C 

Pressure 

Time of Reaction 30 minutes 

; 2000 psig (13,790 k P a )  

Apparatus 

The hydrogenation react ion was carr ied out in a s t a i n l e s s  s t e e l  l i n e r  placed in a 
high pressure in te rna l ly  s t i r r e d  autoclave of one l i t e r  capacity. The experiments 
were carried out a t  the  s t i r r e r  speed of 1500 rpm.  
a cooling coi l  through which water could be passed to  reduce the  reaction tempera- 
t u r e  i f  so desired. The autoclave had an e l e c t r i c  furnace around the vessel t o  
heat i t .  The temperature was controlled by a proportional temperature cont ro l le r .  
The temperature of the reaction mass was continuously monitored by a temperature 
recorder. I n  addition, the autoclave was provided with a thermowell, a pressure 
gauge, a vent, a sampliang value and a safety rupture disc .  
t o  pressurize the autoclave. 

The autoclave was provided with 

A compressor was used 

3 



TABLE I 

Proximate and U l t i m a t e  Anayses o f  Coal Sample 

Proximate A n a l y s i s  

As Recd. 

% 

M o i s t u r e  1.2 

Vola t i  1 e 35.8 

F ixed Carbon 51.5 

Ash 11.5 

U l t i m a t e  A n a l y s i s  

As Recd. 

% 

Hydrogen 5.0 

Carbon 72.0 

N i t r o g e n  1.0 

S u l f u r  2.7 

Oxygen 7.7 

Ash 11.5 

B t u / l  bm 12,892 

M o i s t .  Free 

% 

N/A 

36.2 

52.1 

11.7 

Mois t .  Free 

% 

4.9 

72.9 

1.2 

2.7 

6.7 

11.7 

13,052 

Moist . ,  Ash Free 

% 

N/A 

41 .O 

59.0 

N/A 

Moist . ,  Ash Free 

% 

5.5 

82.5 

1.4 

3.1 

7.6 

N/A 

14,776 
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TABLE I 1  

Analyses o f  C a t a l y s t s  Used 

(Major C o n s t i t u e n t s )  

L imon i te  

Fa1 con b r i d g e  n i c k e l  
o r e  lumps (FNOL) 

Molybdenum Oxide 
concent ra te  

Molybdenum s u l f i d e  
concent ra te  

I r o n  p y r i t e s  

Rare e a r t h  

Harshaw Co-Mo (0402T) 

B a s t n a s i t e  

S i  
Fe 
C r  
N i  
M9 
A1 

A1 
Ca 
cu 
Fe 
M9 
N i  
S 
S i  

Mo 
A1 
Ca 
cu 
Fe 

S i  

Mo 
S i  
S 
Fe 
Ca 

FeS2 

A1 
Ca 
Fe 
K 

Mg 

S i  
M9 
S 

S i  
co 
Mo 
A1 

C r  
A1 
Fe 
K 
M9 
Mo 
S 
S i  

% 
16.4 
20.2 
0.5 
2.2 

1.4 

2.0 
2.7 
1 . o  

39.6 
0.9 
3.2 

15.3 
5.9 

9.8 

55.9 
0.5 
0.5 
0.5 
3.6 
0.6 
3.2 

49.8 
2.6 

23.5 
0.7 
0.6 

80. o 
5.2 
1.9 
2.5 
3.9 

27.0 
0.8 
0.6 

2.1 
1.9 
8.6 

37.4 

7.6 

2.4 
0.6 
1.7 
0.5 
0.5 
5.3 

0.8 
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Experimental Procedure 

Each of the experimental runs consisted of two cycles. I n  the f i r s t  cycle ,  SRC-I1 
o i l  was used a s  the  vehicle o i l  while in the second cycle ,  the product o i l  from the 
f i r s t  cycle was used instead. This procedure was followed so t h a t  the  experimenta- 
t ion was done under s imilar  conditions as  would e x i s t  in a commercial-scale opera- 
t i o n ,  where a par t  of the coal-derived o i l  would  be recycled as  the vehicle o i l .  
r e s u l t s  of t h i s  study, thus, would be more useful in the commercialization of this  
technology. Since the percent of coal-derived o i l  was higher in the product o i l  
obtained in the  second cycle than in  the f i r s t ,  the  e f f e c t  of the c a t a l y s t  would be 
be t te r  ref lected i n  the second r a t h e r  than in the f i r s t  cycle of l iquefact ion.  

The 

F i r s t  Cycle Liquefaction: 
micromil t o  pass through 200 mesh screen. 
taken in the l i n e r .  
was then added to  the l iner .  
mesh s ize ,  was next added t o  the contents of the l i n e r .  
f i t t e d  onto the  autoclave and securely bolted. 
no leakage, t h e  autoclave was purged  with hydrogen three or  four times t o  drive 
o u t  any a i r  and keep the contents  o f  the  l i n e r  in  a t o t a l  hydrogen atmosphere. 
The autoclave was then pressured t o  a pre-determined value depending upon the 
room temperature, so t h a t  a pressure of about 2000 psig (13.79 MPa) was reached 
a t  797°F (425°C) react ion temperature. The heating was i n i t i a t e d  thereaf te r .  
Throughout t h i s  study, the experimental parameters were s e t  a t  the  SRC-I1 p i lo t  
plant  operating conditions as presented in Table 111. I t  usually took 65-70 
minutes t o  heat the  autoclave and i t s  contents from room temperature t o  797°F 
(425°C). The reaction was then allowed t o  proceed f o r  30 minutes. 
was maintained a t  797OF (425OC) during t h i s  period by control l ing the furnace 
temperature. After 30 minutes, the  reaction was a r res ted  by turning off the power 
t o  the  furnace and cooling the  contents down rapidly by passing cold water th rough  
the  cooling c o i l .  
by leaving i t  overnight. 
clave and hot f i l t e r e d  (17) t o  remove unconverted coal ,  ash and c a t a l y s t .  
f i l t e r e d  o i l  and residue were weighted and percent conversion a n d  l iquefact ion cal-  
culated.  
meter. 

Second Cycle Liquefaction: 
the  f i r s t  cycle as  the vehicle  o i l  in place of SRC-I1 o i l .  

Coal a s  received was crushed and pulverized in a 
Forty grams of t h i s  crushed coal was 

About 83.6 gms of SRC-I1 o i l  ( i n  approximately 1:Z.l r a t i o )  

After making sure  t h a t  there  was 

Pre-determined amount of the  c a t a l y s t  or  a ore ,  of -200 
The s t i r r e r  assembly was 

The temperature 

The autoclave was allowed t o  cool down to  the  room temperature 
The l iquefied products were then taken out of the auto- 

The 

Viscosity of the product o i l  was determined using a Brookfield Visco- 

The same procedure was repeated using product o i l  from 

DISCUSSION OF RESULTS 

The main object ive of t h i s  invest igat ion was 'to study the  e f f e c t s  of ores and  ore 
concentrates containing primarily cobal t ,  molybdenum, and nickel ,  as  disposable 
ca ta lys t s  in coal 1 iquefaction. Experiments were a l so  conducted using a commercia 
ca ta lys t  (Harshaw Chemicals, 0402T) and no c a t a l y s t  a t  a l l  to  compare the resu l t s .  
Since iron pyr i te  has been reported t o  be a good disposable c a t a l y s t ,  experiments 
were also conducted using pyr i te  individually as  well as  in admixture with a nicke 
ore .  The chemical analyses o f  the  mineral o res ,  concentrates, and commercial Cats 
l y s t  are  presented in Table 11. The percent conversion, percent o i l  y i e l d ,  and 
v i scos i ty ,  of the  product o i l s  a r e  presented in Table IV. 

Percent conversion and l iquefac t ion  of coal a r e  defined as follows: 

100/0riginal Coal (macf) 
Percent Conversion = (Original Cost (macf) - Toluene Insolubles (macf) x 
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Percent Liquefaction = Oil Products x 100/)0riginal Coal (macf) 
where macf = moisture, ash,  c a t a l y s t  f r ee .  

Effect of Mineral Ores 

Liquefaction of  coal was conducted using molybdenum sul f ide  concentrate, molyb- 
denum oxide concentrate, Falconbridge nickel ore  lumps ( F N O L ) ,  bas tnas i te ,  rare  
ear th  ore ,  limonite, and i ron py r i t e .  Table IV l i s t s  the r e s u l t s  of these experi- 
ments. 

As can be seen, increasing the concentration of t h e  commercial Co-Mo ca ta lys t  from 
2.5% t o  5.0% based on coal (maf),  did not bring about any s igni f icant  change i n  
the  percent conversion, l iquefac t ion ,  o r  t h e  product o i l  viscosi ty .  Hence, 
experiments w i t h  a l l  the mineral ores  were conducted a t  2.5% concentration. 

The r e s u l t s  of the f i r s t  cycle  l iquefac t ion ,  namely, the percent conversion, lique- 
fac t ion ,  and the product o i l  v i scos i ty  did not show any appreciable change with the 
ca ta lys t s  used. As was discussed e a r l i e r ,  the product o i l  from t h e  f i r s t  cycle 
liquefaction contained only 15% coal-derived o i l ,  and therefore ,  did not cause any 
appreciable change in the  overal l  v i scos i ty  of the product o i l .  

On the  contrary, s ince there was about 30% coal-derived o i l  i n  the second cycle 
product o i l ,  t h e  amount and v iscos i ty  of t h e  former had a grea te r  e f f e c t  on the 
overall  viscosi ty  of the product o i l .  Therefore, the c a t a l y t i c  e f f e c t  of these 
mineral ores  were b e t t e r  re f lec ted  in the r e s u l t s  of the second cycle liquefaction 
than in  the  f i r s t .  

Referring t o  Table IV, i t  was a l s o  seen t h a t  the percent conversion and liquefac- 
t i on  and the  v iscos i ty  of  t h e  product o i l  i n  the second cycle  of l iquefact ion 
obtained using the mineral o res  were much be t te r  than those obtained using no 
ca t a lys t .  The  percent conversion using these mineral ores  was i n  the  range o f  
70-8077 a s  against  60% without any c a t a l y s t .  
range of  54-68% a s  compared t o  43% obtained without any ca ta lys t .  The product 
o i l  viscosi ty  a l s o  showed a marked improvement. 

Molybdenum oxide concentrate ,  when used a s  a c a t a l y s t ,  gave 76.82% conversion and 
63.00% 1 iquefacFion, which compares well w i t h  80.50% conversion and 68.16% lique- 
fact ion obtained using 2.5% commercial Co-Mo c a t a l y s t .  However, the viscosi ty  
of the product o i l  was 66.2 cp a s  compared t o  57.4 cp obtained using the  commercial 
Co-Mo ca ta lys t .  Therefore, t he  performance of molybdenum oxide concentrate a s  a 
c a t a l y s t  in  coal l iquefac t ion  was found t o  be only s l i g h t l y  lower than t h a t  of 
t he  commercial Co-Mo c a t a l y s t .  The lower cos t  of molybdenum oxide concentrate 
a s  compared t o  the commercial Co-Mo c a t a l y s t ,  should more than compensate fo r  i t s  
lower c a t a l y t i c  a c t i v i t y .  

The 70.15% conversion and 59.57% 1 iquefaction obtained using molybdenum sulf ide 
concentrate as c a t a l y s t  were lower t h a t  t h a t  obtained using molybdenum oxide con- 
cen t r a t e .  However the v iscos i ty  of the product o i l  was 60.3 cp a s  against  66.2 
cp t h a t  molybdenum oxide concentrate  yielded. The decrease in the  percent l ique- 
fac t ion  could have resu l ted  i n  a decrease i n  the v iscos i ty  o f  the product o i l .  

Rare ea r th ,  bastnasi te ,  1 imonite, and Falcondridge nickel ore  lumps (FNOL) gave 
percent conversion and 1 iquefact ion ranging from 70-75% and 54-58%, respectively. 
The viscosi ty  of t he  product o i l s  obtained ranged from 66-75 cp, indicat ing t h a t  
the qual i ty  of the product o i l  was infer ior  t o  t h a t  obtained using molybdenum 
oxide and molybdenum s u l f i d e  concentrates. 
conversion and l iquefact ion (v ide ,  Table IV) a l s o  showed t h a t  bas tnas i te  and FNOL 
converted more Of the coal t o  gas than the other  mineral Ores tes ted  i n  t h i s  study. 

The percent l iquefact ion was in the 

The difference between the percent 
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I Hence, i t  cou ld  be i n f e r r e d  t h a t  these m i n e r a l  o res  a t  2.5% c o n c e n t r a t i o n  e x h i b i t e d  
l e s s  c a t a l y t i c  a c t i v i t y  f o r  coa l  l i q u e f a c t i o n .  

I r o n  P y r i t e ,  a by-product o f  coa l -min ing  o p e r a t i o n  gave 71.64% convers ion  and 
59.28% l i q u e f a c t i o n .  Also,  it y i e l d e d  a p r o d u c t  o i l  o f  v i s c o s i t y  60.4 cp which 
was lower  than t h a t  ob ta ined u s i n g  molybdenum o x i d e  concent ra te .  
V i s c o s i t y  i n  t h e  case o f  i r o n  p y r i t e  c o u l d  be due t o  l e s s  c o a l - d e r i v e d  o i l  p ro -  
duced because of t h e  lower  percent  l i q u e f a c t i o n  achieved. A lso ,  t h e  convers ion  
and l i q u e f i c a t i o n  ob ta ined u s i n g  i r o n  p y r i t e  were lower  t h a n  t h e  80.50% conver-  
s i o n  and 68.15% 1 i q u e f a c t i o n  achieved u s i n g  t h e  commercial Co-Mo c a t a l y s t .  
P y r i t e  y i e l d e d  a produc t  o i l  v i s c o s i t y  o f  60.4% cp as compared t o  57.4 cp ob- 
t a i n e d  Using t h e  commercial Co-Mo c a t a l y s t .  

T h i s  lower  

I r o n  

Ef fec t  O f  M i x t u r e  o f  Minera l  Ores on L i q u e f a c t i o n  

A d d i t i o n  o f  l i m o n i t e  t o  t h e  i r o n  p y r i t e  was found t o  c o n s i d e r a b l y  improve t h e  
l i q u e f a c t i o n  ob ta ined u s i n g  t h e  p y r i t e  a lone.  A 1 : l  m i x t u r e  o f  i r o n  p y r i t e  and 
1 i m o n i t e  increased t h e  percent  convers ion  and l i q u e f a c t i o n  t o  80.74% and 68.16%, 
r e s p e c t i v e l y ,  as compared t o  71.64% and 59.28% o b t a i n e d  u s i n g  t h e  p y r i t e  a lone.  
The v i s c o s i t y  of t h e  produc t  o i l  improved t o  54.8 cp f rom 60.4 cp. 
o f  i r o n  p y r i t e  and l i m o n i t e  worked e q u a l l y  w e l l ,  i f  n o t  b e t t e r ,  as t h e  commercial 
Co-Mo c a t a l y s t  i n  t h e  c o a l  l i q u e f a c t i o n  process. 

Thus, a m i x t u r e  

CONCLUSIONS 

The r e s u l t s  o f  t h i s  s tudy  showed t h a t  o res  c o n t a i n i n g  m e t a l s  such as  c o b a l t ,  moly- 
bdenum, and n i c k e l  were c a t a l y t i c a l l y  a c t i v e  f o r  t h e  l i q u e f a c t i o n  o f  coa l ;  t h e  
molybdenum o x i d e  showed t h e  bes t  r e s u l t s .  
found t o  inc rease when used i n  admis tu re  w i t h  l i m o n i t e .  T h i s  i n c r e a s e  i n  
a c t i v i t y  i s  s p e c i a l l y  noteworthy s ince  i r o n  p y r i t e  i s  a v a i l a b l e  i n  l a r g e  amount, 
and a t  present i s  considered t o  be t h e  bes t  a v a i l a b l e  d i s p o s a b l e  c a t a l y s t .  

The r e a c t i v i t y  o f  i r o n  p y r i t e  was 
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EFFECT OF ORGANOMETALLIC CATALYSTS ON COAL 
LIQUEFACTION AND PRODUCT DISTRIBUTION 

Ram K .  Sharma and Gary Moffet t  
Department o f  Physical  Sciences,  Eastern New Mexico Univers i ty ,  

P o r t a l e s ,  New Mexico 88130 

INTRODUCTION 
Coal hydrogenation remains an a t t r a c t i v e  and p o t e n t i a l l y  u s e f u l  source o f  l i q u i d  

f u e l s .  There have been a number of s t u d i e s  on t h e  comparative e f f e c t i v e n e s s  of  var- 
ious c a t a l y s t s  and t h e  r e s u l t s  have been reviewed from t ime t o  t ime (1-5) .  
i c a n t  f ind ing  which has emerged from such s t u d i e s  i s  t h e  importance of  c a t a l y s t  d i s -  
t r i b u t i o n .  For example, i n  t h e  hydrogenation of  Rock Spr ings  c o a l ,  n icke lous  ch lor ide  
was found t o  be an i n e f f e c t i v e  c a t a l y s t  when added a s  a powder, however, it was q u i t e  
e f f e c t i v e  when it was impregnated on coa l  ( 6 ) .  

Because of  t h e i r  compatabi l i ty  with t h e  pas t ing  o i l  which i s  used t o  s l u r r y  coal  
i n  hydrogenation s t u d i e s ,  organometal l ic  compounds would seem t o  be a b l e  t o  d i s p e r s e  
b e t t e r  and t h e r e f o r e  might be expected t o  be more e f f e c t i v e  c a t a l y s t s .  

Coal can be regarded as a highly c r o s s  l inked "polymer" i n  which condensed aro-  
mat ic  r i n g s  a r e  l inked  t o  one another  through hydroaromatic o r  heteroatom l inkages  
( 7 , 8 ) .  
by t r a n s f e r  of hydrogen t o  g ive  s o l u b l e  products  o r  they  may recombine t o  form i n -  
s o l u b l e  chars  ( 9 ) .  The hydrogen which i s  t ransfer red  t o t h e  r a d i c a l  could come from 
coal  i t s e l f ,  donor so lvent  o r  molecular hydrogen. I t  i s  p o s s i b l e  t h a t  some organo- 
m e t a l l i c s  might be a b l e  t o  genera te  an in te rmedia te  under l i q u e f a c t i o n  condi t ions  
which might be an e f f e c t i v e  hydrogen t r a n s f e r  agent (10) .  

l i s h e d .  
f e c t i v e  (11) .  However, a t  higher  temperatures  some organometa l l ics  were found t o  a i d  
coal  l i q u e f a c t i o n  (12) .  Metal naphthenates  of  molybdenum, n i c k e l ,  t i n ,  i r o n  and 
cobal t  produced conversions exceeding 80 percent  a t  500°C, zero t ime a t  temperature  

A s i g n i f -  

On hea t ing ,  weak bonds break leading t o  f r e e  r a d i c a l s  which can be s t a b i l i z e d  

A few r e p o r t s  on t h e  u s e  of  organometal l ics  i n  coa l  l i q u e f a c t i o n  have been pub- 
I t  appears  t h a t  a t  temperatures  l e s s  than 35OoC such c a t a l y s t s  a r e  i n e f -  

( 4 ) .  
In t h e  present  s tudy we have assayed t h e  c a t a l y t i c  a c t i v i t y  of a v a r i e t y  of 

organometal l ic  compounds i n  t h e  l i q u e f a c t i o n  o f  two New Mexico c o a l s .  We have a l s o  
examined t h e i r  e f f e c t  on t h e  propor t ion  o f  asphal tene  and o i l  produced. 

EXPERIMENTAL 
Parr  4022 pressure  r e a c t o r  w i t h  1 l i t e r  T316 s t a i n l e s s  s t e e l  bomb, 2250 wat t  

h e a t e r  and 0-600°C automatic  temperature  c o n t r o l l e r  was used i n  a l l  hydrogenation 
experiments. 
i n  a g l a s s  vesse l  ( l i n e r )  which f i t t e d  snugly i n s i d e  t h e  bomb. 

high v o l a t i l e  coal  from York Canyon seam i n  Raton Formation.n.ere used i n  our s t u d i e s .  
Ult imate  a n a l y s i s  of  t h e  c o a l s  i s  given i n  Table 1. 

I n t o  t h e  g l a s s  conta iner  15g of -60 mesh coa l ,  c a t a l y s t  (1% o f  maf coa l )  and 
45g te t rahydronaphthalene (THN) were placed.  The c o n t a i n e r  was put  i n  t h e  s t e e l  
bomb and t h e  bomb was pressur ized  with hydrogen t o  1500 p s i  a f t e r  f l u s h i n g  t o  r e -  
move a i r .  
e r a t u r e  f o r  t h e  s e l e c t e d  r e a c t i o n  time. 
ing motion of  t h e  pressure  r e a c t o r .  After  t h e  r e a c t i o n ,  t h e  bomb was cooled t o  room 
temperature  and conten ts  f lushed  with benzene and f i l t e r e d .  The f i l t e r - c a k e  was ex- 
t r a c t e d  i n  a soxhle t  e x t r a c t o r  f o r  24 hours ,  d r i e d  and weighed t o  o b t a i n  t h e  weight 
of  unreacted coal  and a s h .  Af te r  d i s t i l l i n g  o f f  benzene from t h e  f i l t r a t e  and t h e  
soxhle t  e x t r a c t ,  pentane was added t o  P r e c i p i t a t e  asphal tene  which was f i l t e r e d  and 
d r i e d  t o  a cons tan t  weight a t  50°C a t  3mm i n  a vacuum oven. 

After  d i s t i l l i n g  pentane from t h e  f i l t r a t e  through a vigreaux column, a s  much 
of THN a s  p o s s i b l e  was removed by d i s t i l l a t i o n  under vacuum (16mm) and an o i l  bath 
temperature  of 12OoC.  A weighed amount of methylnaphthalene (MN) was added t u  t h e  
res idue  which was thinned with chloroform and analyzed by gas  l i q u i d  chro:ratography. 

I n  order  t o  avoid c a t a l y s t  memory e f f e c t s ,  t h e  r e a c t a n t s  were placed 

A sub-bituminous coa l  from Navajo Mine (South Barber Seam 8) and a bituminous 

I t  was then heated t o  t h e  designated temperature  and kept  a t  t h a t  temp- 
The r e a c t a n t s  were kept  mixed by t h e  rock- 
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From the  a r e a s  of  t h e  peaks of THN and MN t h e  amount o f  THN present  was ca lcu la ted  
us ing  a c o r r e c t i o n  f a c t o r  determined previous ly  from a mixture  of known amounts of 
THN and MN. 
amount of THN gave t h e  amount of  o i l  p r e s e n t .  

Percent  Conversion = (maf coa l  - unreacted coa l )  X 100 / maf coa l  
Percent y i e l d  asphal tene  = w t .  o f  asphal tene  X 100 / coal  converted 
Percent  y i e l d  o i l  = w t .  o f  o i l  X 100 / coal  converted 
Percent conversion asphal tene  = wt. o f  asphal tene  X 100 / maf coa l  o r i g i n a l l y  present  
Percent  conversion o i l  = w t .  o f  o i l  X 100 / maf coa l  o r i g i n a l l y  present  

RESULTS AND DISCUSSION 

organometal l ic  compounds o f  pal ladium, rhenium, i r id ium,  molybdenum, rhodium, i ron ,  
c o b a l t ,  t i n  and n icke l  were found t o  be e f f e c t i v e  c a t a l y s t s .  Organometallic com- 
pounds of germanium, tungs ten ,  ga l l ium,  a r s e n i c  had moderate c a t a l y t i c  a c t i v i t y  
whereas t h e  organometa l l ic  compounds of  copper ,  l ead ,  z inc  and manganese had mar- 
g i n a l  o r  no c a t a l y t i c  a c t i v i t y .  

For t h e  York Canyon Mine coa l  (Table 3)  organometal l ic  compounds o f  i r idium, 
rhodium, molybdenum and n icke l  showed good c a t a l y t i c  a c t i v i t y .  Organometallic com- 
pounds of germanium, n i c k e l ,  ga l l ium and antimony were found t o  be moderately a c t i v e  
whereas compounds o f  a r s e n i c ,  copper, l e a d ,  manganese, chromium and zinc had no o r  
marginal c a t a l y t i c  a c t i v i t y .  

Of t h e  o t h e r  c a t a l y s t s  t e s t e d ,  s tannous c h l o r i d e  was found t o  be an exce l len t  
c a t a l y s t  i n  agreement with o t h e r  r e p o r t s  i n  l i t e r a t u r e  and was used a s  a s tandard of 
comparison. Ammonium molybdate on t h e  o t h e r  hand was found t o  have marginal c a t a -  
l y t i c  a c t i v i t y .  

Hydrol iquefact ion of coa l  i s  t h e  
n e t  r e s u l t  of  a complex s e r i e s  of  p a r a l l e l  o r  sequent ia l  r e a c t i o n s  including hydro- 
gena t ion ,  thermal f ragmentat ion,  d i s p r o p o r t i o n a t i o n  and s t a b i l i z a t i o n  of f r e e  r a d i c a l s  
e t c .  I t  was thought t h a t  d i f f e r e n t  c a t a l y s t s  would a f f e c t  many of t h e  above reac t ions  
t o  varying degrees  and t h u s  change t h e  propor t ion  o f  asphal tene ,  o i l  and gas  produced. 

and o i l  and t h e  amount o f  each was determined by t h e  procedures descr ibed i n  t h e  ex- 
per imental  s e c t i o n .  Percent of  t h e  product  found a s  asphal tene  and o i l  a r e  shown i n  
Table 4 .  

o i l  produced i s  1 . 7  whereas f o r  most o f  t h e  a c t i v e  c a t a l y s t s  t h e  r a t i o  i s  1 .8-2 .5 .  
Thus many of  t h e  c a t a l y s t s  produce s l i g h t l y  more asphal tene  than t h e  uncatalyzed hydro- 
gena t ion .  
c a t e s  t h a t  very l i t t l e  gaseous products  a r e  formed i n  hydrogenations a t  38OoC f o r  6 
hours .  

These r e s u l t s  can be accommodated i n  t h e  free r a d i c a l  mechanism of  coa l  l ique-  
f a c t i o n .  A t  h igh temperature  c o a l  substance fragments i n t o  f r e e  r a d i c a l s  which a r e  
s t a b i l i z e d  by t r a n s f e r  o f  hydrogen t o  y i e l d  asphal tene ,  o i l  and gaseous products .  
In t h e  abscence o f  a c a t a l y s t  some of  t h e s e  r a d i c a l s  may combine t o  produce inso luble  
c h a r .  I n  t h e  presence o f  a c a t a l y s t ,  more of  t h e s e  r a d i c a l s  a r e  s t a b i l i z e d  by hy- 
drogen t r a n s f e r  t o  produce s o l u b l e  products .  

f o r  var ious  lengths  o f  t ime i n  t h e  abscence and a l s o  i n  t h e  presence of  molybdenum 
hexacarbonyl a s  a c a t a l y s t .  The r e s u l t s  show (Fig .  1 )  t h a t  t h e  amount of asphal tene 
i n c r e a s e s ,  reaches  a maximum and then decreases  with t ime.  
i n  t h e  i n i t i a l  s t a g e s  of t h e  r e a c t i o n  and i t s  decrease  i n  t h e  l a t e r  s t a g e s  i s  f a s t e r  
i n  t h e  ca ta lyzed  than i n  t h e  uncatalyzed hydrogenation. 
he lps  t o  l iquefy  c o a l ,  it a l s o  h e l p s  t o  convert  asphal tene  i n t o  o i l .  

wi th  time and t h e  i n c r e a s e  i s  f a s t e r  i n  t h e  presence o f  a c a t a l y s t  than i n  i t s  
abscence. 

Di f fe rence  i n  t h e  weight of t h e  vacuum d i s t i l l a t i o n  r e s i d u e  and t h e  

The r e s u l t s  were c a l c u l a t e d  a s  fo l lows:  

Effect  of C a t a l y s t s  on Coal Conversion: For t h e  Navajo Mine coal  (Table 2 )  

Ef fec t  of  C a t a l y s t s  on Product D i s t r i b u t i o n :  

In  our experiments t h e  product  o f  l i q u e f a c t i o n  was p a r t i t i o n e d  i n t o  asphal tene 

I n  uncatalyzed hydrogenation of  York Canyon Mine coa l  t h e  r a t i o  of asphal tene t o  

Also t h e  sum of  asphal tene  and o i l  y i e l d  i s  near ly  100 percent .  This  ind i -  

Ef fec t  of Reaction Time and Temperature: York Canyon Mine coa l  was hydrogenated 

The i n c r e a s e  i n  asphal tene 

Thus a c a t a l y s t  not  only 

P a r a l l e l i n g  above r e s u l t s ,  t h e  amount of  o i l  produced (Fig.  1) a l s o  increases  

The e f f e c t  of  temperature  on t h e  product d i s t r i b u t i o n  i n  some ca ta lyzed  and 
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uncatalyzed hydrogenations i s  shown i n  Fig.  2 .  
produced i n  t h e  e a r l y  s t a g e s  of  t h e  r e a c t i o n  i n  t h e  ca ta lyzed  than i n  t h e  uncatalyzed 
process .  In t h e  l a t e r  s t a g e s  of t h e  r e a c t i o n  asphal tene  is  converted f a s t e r  i n t o  o i l  
and gaseous products i n  t h e  ca ta lyzed  than  i n  t h e  uncatalyzed r e a c t i o n s .  Molybdenum 
hexacarbonyl appears  t o  be a b e t t e r  c a t a l y s t  i n  t h i s  r e s p e c t  than  stannous c h l o r i d e .  

The sum of t h e  percent  of product found t o  be asphal tene  and o i l  (Table 5) de- 
c r e a s e s  with time and wi th  i n c r e a s e  i n  temperature .  This  i n d i c a t e s  t h a t  asphal tene  
and o i l  a r e  being converted i n t o  gaseous products  a t  h igher  temperatures and longer 
r e a c t i o n  t imes .  
shows t h a t  more gaseous products  a r e  formed i n  t h e  former than  i n  t h e  l a t t e r  case ,  
and again molybdenum hexacarbonyl i s  more e f f e c t i v e  i n  t h i s  r e s p e c t  than stannous 
c h l o r i d e .  

A s  noted b e f o r e ,  more asphal tene  i s  

Comparison of  t h e  ca ta lyzed  wi th  t h e  unca ta lyzed  hydrogenations 
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SRC I 1  PROCESSING OF WESTERN COALS WITH ADDED PYRITE 

B. F. Alexander and R. P. Anderson 

The P i t t s b u r g  & Midway Coal Mining Co. 
P. 0. Box 2970 

Shawnee Mission, KS 66201 

I. INTRODUCTION 

A. H i s to ry  o f  t h e  P&M Merriam Laboratory i n  Coal L ique fac t i on  

The P&M Merriam Laboratory began a bench sca le  i n v e s t i g a t i o n  o f  so lvent  r e f i n i n g  of 
coa l  i n  1962. Ea r l y  work was t o  v e r i f y  design concepts and o p e r a b i l i t y  f o r  a one 
t o n  per day process development u n i t  
1963 and operated du r ing  much of  1964 

i n  Kansas City which was b u i l t  dur ing  

I n  1967, bench sca le  s tud ies  resumed a t  Merriam, p r i m a r i l y  t o  support  the design 
e f f o r t  f o r  t h e  50 ton  per  day p i l o t  p l a n t  a t  F t .  Lewis, Washington which operated 
from 1974 u n t i l  1981. Work has cont inued on a l a r g e  v a r i e t y  o f  coal  l i q u e f a c t i o n  
problems since 1967 under sponsorship o f  t h e  O f f i c e  o f  Coal R search, Energy Research 
and Development Admin i s t ra t i on  and the  Department o f  

B. Current A c t i v i t i e s  

The experiments descr ibed i n  t h i s  paper were conducted a t  the Merriam Laboratory 
du r ing  1980 and 81. They were begun under DOE Contract  79ET14800 du r ing  a study on 
the  r e l a t i o n s h i p  between coa l  p roper t i es  and l i q u e f a c t i o n  behavior. Add i t iona l  work 
was c a r r i e d  out du r ing  the  c u r r e n t  con t rac t  (81PC40005) t o  i n v e s t i g a t e  SRC process- 
i n g  c h a r a c t e r i s t i c s  w i t h  d isposab le  c a t a l y s t s  us ing  a l t e r n a t e  coa ls  from d i f f e r e n t  
regions. 

C. Previous Work 

E a r l i e r  s tud ies  had shown subbituminous coa ls  t o  be o f  low r e a c t i v i t y  i n  SRC pro- 
cesses (3,495). 
t o  a lack  o f  i r o n  t o  a c t  as an i n - s i t u  c a t a l y s t .  
work f o r  a v a r i e t y  o f  coa ls  f rom t h e  Rocky Mountain and Great P la ins  Provinces where 
opera t ion  w i thout  added c a t a l y s t  was n o t  poss ib le  a t  normal SRC I 1  cond i t ions .  
Add i t ion  o f  moderate amounts o f  p y r i t e  (4-5 w t  % FeS2, based on c o a l )  resu l ted  i n  
t r o u b l e  f r e e  operat ion,  however, and a t t r a c t i v e  y i e l d s  o f  h igh  q u a l i t y  o i l s .  

The low r e a c t i v i t y  o f  these coa ls  was be l ieved t o  be due p r i m a r i l y  
This was v e r i f i e d  i n  the cur ren t  

D. Factors A f f e c t i n g  t h e  Resu l ts  

The s p e c i f i c  y i e l d s  and produc t  q u a l i t y  ob ta ined i n  these experiments depended on 
the  coal, source and l e v e l  o f  p y r i t e  added and on l i q u e f a c t i o n  cond i t ions .  
these fac to rs  w i l l  be discussed below. 

Each of 

11. EXPERIMENTAL 

A. Bench Scale U n i t  

A l l  o f  the experiments were conducted a t  Merriam us ing  the  bench sca le  u n i t  depicted 
i n  Figure 1. 
s o l i d  and l i q u i d  phases(67. It has produced r e s u l t s  which match c l o s e l y  those 
obtained i n  l a r g e r  sca le  opera t ions .  

Coal was mixed w i t h  recyc led  s o l v e n t  and recyc led  u n f i l t e r e d  coal  s o l u t i o n  and 
charged a t  1800 o r  2250 p s i g  w i t h  a Hills-McCanna pump. 

This u n i t  h s been i n  opera t ion  s ince  1978 and a l lows f o r  recyc le  of 

Pure hydrogen was added a t  
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it the  base Of  the  preheater. The s l u r r y  passed through a 310 cm3 preheater,  where the  
temperature was ra i sed  t o  4OO0C, and 1 l i t e r  d i sso l ve r .  The d i s s o l v e r  was housed i n  
a 6-zone a i r  furnace which al lowed c lose  temperature c o n t r o l  and e i t h e r  an isothermal 
( a t  45OOC and 465OC) o r  s imulated ad iaba t i c  (457°C average) p r o f i l e .  
e f f l uen t  was separated i n t o  f i v e  streams by a system o f  f o u r  e q u i l i b r i u m  f l ash  
vessels operated a t  reac to r  pressure as w e l l  as an atmospheric f l a s h  and d i s t i l l a t i o n  
column. 

B. Run Conditions 

The cond i t ions  used i n  these runs a re  shown i n  Table I. 
pressure of 2250 ps ig ,  used i n  a l l  o f  t he  runs except one, was chosen i n i t i a l l y  t o  
a l l ow  opera t ion  w i t h  a wide v a r i e t y  o f  coa ls .  
cont inued u n t i l  steady s t a t e  was achieved. 
conducted by l i n i n g  ou t  f i r s t  w i t h  p y r i t e  i n  the  feed and then dropping p y r i t e  out. 
Y ie lds  were determined a t  t h e  p o i n t  a t  which opera t ion  cou ld  no longer  be sustained. 

The coa ls  used i n  t h i s  se r ies  o f  experiments a re  l i s t e d  i n  Table 11. 
subbituminous, one h igh  v o l a t i l e  C b i tuminous and two bo rde r l i ne  between these two 
c l a s s i f i c a t i o n s .  A l ow- i ron  P i t t sbu rgh  seam coal  i s  inc luded f o r  comparison. 

Four d i f f e r e n t  p y r i t e s  were used w i t h  the  p roper t i es  shown i n  Table 111. The 
Matheson, Coleman & B e l l  p y r i t e s  were mined i n  Georgia as a d i s c r e t e  minera l .  
were b a l l  m i l l e d  and passed through a 140 mesh screen be fore  use. The Robena py- 
r i t e s  were obtained from the  coa l  c lean ing  opera t ion  o f  t he  U. S. S tee l  Robena Mine, 
Green County, Pennsylvania. 
Palmyra, New Jersey. 

The d i s s o l v e r  

This r a t h e r  generous i 
The runs w i t h  added p y r i t e  were 

The runs w i thou t  added p y r i t e  were 

Two were 

They 

They were f i n e l y  ground by The J e t  Pu lve r i ze r  Company, 

111. RESULTS 

A. E f f e c t  o f  Coal Source 

1. 

The pr imary d i f f e rence  i n  the  SRC I 1  processing o f  western coals w i t h  and w i thou t  
p y r i t e  i s  t h a t  w i t h  p y r i t e  they  can be run, w i thou t  p y r i t e  they  can no t !  
t ha t ,  there  are  dramat ic changes i n  the  y i e l d  pa t te rns ,  as shown i n  Table I V .  
changes shown are minimum values computed a t  t he  t ime when opera t ion  cou ld  no longer  
be sustained w i thou t  add i t i ve .  If the runs w i thou t  a d d i t i v e  cou ld  be l i n e d  out,  t he  
d i f f e rences  would be even grea ter .  

With the  western coals,  t o t a l  o i l  y i e l d  was 15 t o  22 w t  % (based on MAF coa l )  
h igher  when p y r i t e  was added and SRC y i e l d  from 9 t o  12 w t  % lower ,  w i t h  B e l l e  Ayr 
Mine coal  being the  most responsive. 
( t o t a l  conversion increased) by 6 w t  % and f o r  B e l l e  Ayr by 12 w t  %. 
small v a r i a t i o n s  i n  hydrocarbon gas y i e l d s ,  w i t h  two h igher  and two lower w i t h  
add i t i ve .  

The B l a c k s v i l l e  No. 2 coal ,  a r e l a t i v e l y  low i ron ,  low r e a c t i v i t y  eas tern  bituminous 
coa l ,  i s  inc luded f o r  comparison. 
p y r i t e  a d d i t i o n  was about an order  of magnitude less than w i t h  the  western coa ls .  

With Kaiparowits coa l ,  a h ighe r  hydrogen l e v e l  (8.6 vs 7.8 w t  %) was achieved i n  
the  heavy d i s t i l l a t e  (>288OC) from the  ca ta lyzed run. 
however, the  hydrogen l e v e l s  a c t u a l l y  decreased when c a t a l y s t  was added, due t o  the 
l a r g e  increase i n  conversion of  ma te r ia l  i n t o  the  upper end o f  t he  heavy d i s t i l l a t e  
b o i l i n g  range. 
res idue was s i g n i f i c a n t l y  lower w i t h  added p y r i t e  and i t s  s o l u b i l i t i e s  i n  hexane and 
toluene considerably h ighe r  ( lower preasphaltene conten t ) .  

S e n s i t i v i t y  o f  Various Coals t o  P y r i t e  Add i t i on  

Beyond 
The 

For two o f  t he  coa ls ,  I O M  y i e l d  decreased 
There were 

Hydrogen consumption increased by va r ied  amounts. 

1 

The response i n  t o t a l  o i l ,  SRC and I O M  y i e l d s  t o  

With McKinley and Edna coals,  

With a l l  t h e  western coals,  the  fus ion  p o i n t  o f  t he  d i s t i l l a t i o n  
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There were e s s e n t i a l l y  no d i f f e r e n c e s  i n  elemental analyses f o r  any O f  the  products 
f rom the  B l a c k s v i l l e  No. 2 coa l  runs made w i t h  o r  w i thou t  added p y r i t e .  

2. 

The y i e l d s  and hydrogen consumptions r e s u l t i n g  f rom the  SRC I 1  processing o f  f i v e  
d i f f e ren t  coa ls  a t  45OOC average d i s s o l v e r  temperature, 2250 p s i g  and 1.0 hour r e s i -  
dence time w i t h  added p y r i t e  a r e  compared i n  Table V.  

The western coa ls  y i e l d e d  49-57 w t  % t o t a l  o i l  (MAF coal  bas i s )  compared t o  approxi- 
mately 44 w t  % w i t h  Powhatan coa ls  ( a t  457OC and 1800 p s i g )  which are  more t yp i ca l  
of  those used i n  development o f  t he  SRC I 1  process. Kaiparowits and Edna Mine coals 
were a t  t h e  h igh  end o f  t he  range w h i l e  B e l l e  Ayr and McKinley were a t  the  lower end. 

SRC y i e l d s  a l s o  va r ied  w ide ly ,  f rom 18-27 w t  %, I O M  y i e l d s  f rom 2.8-4.6 w t  %, hydro- 
carbon gas y i e l d s  from 12-15 w t  % and hydrogen consumption from 4 1/2 t o  6 1/2 w t  %. 
This  compares t o  about 28  w t  % SRC and 6 w t  % I O M  (MAF bas is )  i n  a convent ional  SRC I 1  
process w i t h  Powhatan coal .  
hydrogen consumptions are  q u i t e  low r e l a t i v e  t o  o i l  y i e l d  compared t o  those f o r  Pow- 
hatan coals. 
5 w t  % hydrogen (again, on a MAF bas is ) .  

B. E f f e c t  of P y r i t e  Source and Level  i n  the  Feed S l u r r y  

1. E f f e c t  o f  P y r i t e  Source 

The r e s u l t s  o f  processing B e l l e  Ayr coal  w i t h  th ree  d i f f e r e n t  p y r i t e  samples are com- 
pared i n  Table V I .  

The Robena P y r i t e  I 1  produced a much grea ter  e f f e c t  than the  o the r  two p y r i t e  samples 
even though on ly  about h a l f  as much was added and the  t o t a l  s o l i d s  l e v e l  i n  the feed 
s l u r r y  was about 5 w t  % lower than i n  the  o the r  runs. To ta l  o i l  y i e l d  was 11.3 w t  % 
h ighe r  based on MF coal ,  than w i th  Matheson, Coleman and B e l l e  (MCB) p y r i t e  wh i le  
SRC, IOM and hydrocarbon gas y i e l d s  were lower by 3.9, 5.0 and 1.3 w t  %, respec t ive ly .  

Add i t i on  o f  MCB p y r i t e  r e s u l t s  i n  a s l i g h t l y  h igher  t o t a l  o i l  y i e l d  and s l i g h t l y  
lower SRC y i e l d  than t h e  Robena P y r i t e  I11 al though t o t a l  conversion t o  p y r i d i n e  
so lub le  ma te r ia l  was l ess .  

Hydrogen consumptions were n e a r l y  t h e  same du r ing  these th ree  runs. 

There were no c l e a r  t rends  i n  t h e  heavy d i s t i l l a t e  and d i s t i l l a t i o n  res idue elemental 
analyses. The res idue from t h e  run  w i t h  Robena P y r i t e  I 1  had the  lowest f us ion  po in t  
and h ighes t  s o l u b i l i t i e s  i n  hexane and to luene ( lowest  preasphaltene conten t )  whi le 
t h a t  f r o m  the  run  w i t h  MCB P y r i t e  I 1  had the  h ighes t  f us ion  p o i n t  and lowest solu- 
b i  1 i t i e s .  

The cond i t ions  f o r  these th ree  experiments were i d e n t i c a l  except f o r  t he  p y r i t e  
sample (and l e v e l )  and feed s l u r r y  s o l i d s  l eve l .  
p les  were ob ta ined from a coa l  c lean ing  opera t ion  w h i l e  the  MCB p y r i t e  was mined 
as a d i s c r e t e  mineral .  

As mentioned e a r l i e r ,  t he  MCB p y r i t e  was b a l l  m i l l e d ,  t he  Robena I 1  was j e t  pu l -  
ver ized  i n  a i r ,  and the  Robena I 1 1  was j e t  pu l ve r i zed  i n  a n i t rogen  atmosphere. 
The a c t i v i t y  of  t h e  a d d i t i v e  appears t o  c o r r e l a t e  w i t h  sur face  are, perhaps as an 
i n d i c a t o r  o f  d i f f e r i n g  sur face  s t ruc tu re .  
b e r  of  samples, however, and Sandia has r e  o r t e d  t h a t  there  i s  no c o r r e l a t i o n  
between sur face  area and p y r i t e  a c t i  v i  t y (78 .  

Comparison o f  Coals w i t h  Added P y r i t e  

It i s  i n t e r e s t i n g  t o  no te  t h a t  t he  hydrocarbon gas and 

These t y p i c a l l y  y i e l d  16 w t  % hydrocarbon gas and consume a l i t t l e  over 

The Robena P y r i t e  I1 and 111 sam- 

The P y r i t e  analyses d i f f e r  somewhat, as shown i n  Table 111. 

Th is  conc lus ion  i s  based on a smal l  num- 
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\ 2. E f fec t  of P y r i t e  Level i n  the  Feed S l u r r y  

The e f f e c t  of i r o n  l e v e l  i n  t h e  feed s l u r r y  on y i e l d s  was determined i n  run  DOE 
350R. 
and a t  7 po in ts  a f t e r  t h e  a d d i t i v e  was dropped from the  fo rmula t ion .  
t h a t  y i e l d s  p l o t t e d  aga ins t  t o t a l  i r o n  i n  the  feed s l u r r y  on a l oga r i t hm ic  sca le  
gave an e s s e n t i a l l y  l i n e a r  r e l a t i o n s h i p ,  as shown i n  Figure 2. 

The a d d i t i o n  o f  1 w t  % p y r i t e  t o  t h e  feed i n  run  DOE 350RA r e s u l t e d  i n  an i r o n  l e v e l  
Of  about 2.5% i n  the e q u i l i b r a t e d  feed s l u r r y .  When p y r i t e  a d d i t i o n  was stopped i n  
run  DOE 350RC, the i r o n  l e v e l  i n  t h e  s l u r r y  dropped t o  about 0.35 w t  % before the  
run  was terminated by a p lug  i n  the  preheater.  As i r o n  concent ra t ion  decreased over 
t h i s  range, t o t a l  o i l  y i e l d  dropped from about 56 t o  28 w t  %, SRC y i e l d  increased 
from 14 t o  28 w t  % and I O M  y i e l d  increased from 1.3 t o  14 w t  %. There was l i t t l e  
e f f e c t  on hydrocarbon gas y i e l d .  

The hydrogen l e v e l  i n  the  heavy d i s t i l l a t e  a l so  dropped o f f  s i g n i f i c a n t l y  ( f rom 8.5 
t o  7.7 w t  %) as i r o n  was worked ou t  o f  t he  system. 
increase i n  d i s t i l l a t i o n  res idue fus ion  p o i n t  ( f rom about 110 t o  190°C). 

C. E f fec t  o f  L iquefac t ion  Condit ions 

1. Temperature E f f e c t  

The e f f e c t  o f  inc reas ing  t h e  average d i s s o l v e r  temperature from 450 t o  465OC w i t h  
th ree  d i f f e r e n t  coals and added p y r i t e  i s  shown i n  Table V I I .  I n  each case the re  
was a s i g n i f i c a n t  increase i n  hydrocarbon gas y i e l d  and hydrogen consumption a t  the  
h igher  temperature, as expected. There were a l s o  decreases i n  o i l  and SRC y i e l d s  
and increases i n  I O M  y i e l d s .  From these r e s u l t s  i t  i s  apparent t h a t  t he  optimum 
temperature f o r  processing these coa ls  w i t h  added p y r i t e  i s  c lose r  t o  45OOC than 
465OC. 

I n  each case, there  were lower hydrogen l e v e l s  i n  t h e  heavy d i s t i l l a t e  and d i s t i l -  
l a t i o n  res idue a t  t h e  h igher  temperature. 
unaffected, 

2, Combined Temperature/Pressure E f f e c t  

The r e s u l t s  o f  processing Edna Mine coal  a t  45OOC and 2250 ps ig  o r  457OC and 1800 
p s i g  a re  compared i n  Table V I I I .  

The r e s u l t s  o f  run DOE 427RA a re  q u a l i t a t i v e  s ince  the  run  was ended a f t e r  t h ree  
days due t o  inc reas ing  s l u r r y  v i s c o s i t y .  
s t i  11 apparent, however. 

The t o t a l  o i l  y i e l d  was h igher  and t h e  I O M  y i e l d  lower a t  450°C and 2250 ps ig .  
run  DOE 427RA could have been l i n e d  out,  t he  d i f f e rences  would probably be more 
pronounced. 
n o t  much d i f f e rence  was observed i n  SRC y i e l d s  and hydrogen consumptions. 

Work i s  planned a t  Merriam t o  f i n d  t h e  optimum cond i t i ons  f o r  processing western 
coa ls  w i t h  added p y r i t e ,  and s p e c i f i c a l l y  t o  i s o l a t e  the  temperature and pressure 
ef fects,  I t  i s  l i k e l y ,  however, t h a t  a t  l e a s t  some o f  t he  improvement was due t o  
the  increased pressure. 

3. Ef fect  o f  S l u r r y  Recycle 

The scope o f  t h i s  paper has been l i m i t e d  t o  SRC I 1  mode operat ion.  
es t ing ,  however, t o  make a t  leaSt.One Comparison t o  SRC I opera t ion  t o  determine the 
e f fec t  o f  r e c y c l i n g  the  added P y r i t e .  

The Y ie lds  were c a l c u l a t e d  du r ing  s teady-s ta te  opera t ion  w i t h  added P y r i t e  
I t was found 

There was a l s o  a s i g n i f i c a n t  

Other product analyses were genera l l y  

The h igher  r e a c t i v i t y  i n  run  DOE 427RB i s  

If 

The gas y i e l d  was h igher  a t  t he  h igher  temperature, as expected, and 

It i s  i n t e r -  

Th is  inc ludes  the  e f f e c t  of t he  h igher  

2 1  



r e s u l t i n g  i r o n  concent ra t ion  i n  t h e  feed s l u r r y  as we l l  as any changes t h a t  take 
place i n  the  p y r i t e  as i t  passes through the  system. 

P y r i t e  a d d i t i o n  was h i g h l y  b e n e f i c i a l  i n  bo th  modes o f  opera t ion  w i t h  B e l l e  Ayr 
coal .  Even w i t h  added p y r i t e ,  however, t h e  SRC I stud ies  w i t h  t h i s  coal  i n d i -  
ca ted  an unsa t i s fac to ry  l e v e l  o f  r e a c t i v i t y .  
minutes residence time, 45OoC, 1500 ps ig ,  39 w t  % coal  concent ra t ion  and 1 w t  % 
p y r i t e  add i t i on ,  t he re  was a 5 w t  % de f i c iency  o f  recyc le  so l ven t  and o v e r a l l  
conversion was poor as i n d i c a t e d  by  a 17 w t  % i nso lub le  organic mat te r  y i e l d .  
Thus, the SRC I stud ies  would i n d i c a t e  t h a t  t h i s  coal  was o f  low r e a c t i v i t y  
even w i t h  1 w t  % added p y r i t e .  

As mentioned prev ious ly ,  d r a m a t i c a l l y  d i f f e r e n t  r e s u l t s  were obtained i n  the  
SRC I 1  mode ( run  DOE 350). 
residence t ime),  the  B e l l e  Ayr coa l  was one o f  t h e  most r e a c t i v e  coa ls  ever 
i nves t i ga ted  a t  t he  Merriam Laboratory.  
and t o t a l  organic res idue y i e l d  (SRC + IOM) was on ly  15 w t  %. 

Under the  cond i t i ons  used, 31 

With 1 w t  % added p y r i t e  (450°C, 2250 p s i g  and 1 h r  

O i l  y i e l d  was 56 w t  % (MF coal  bas is )  

I V .  CONCLUSIONS 

1. Low i ron ,  low rank coa ls  can n o t  be processed a t  normal SRC I 1  cond i t ions  
w i thou t  added c a t a l y s t .  

2. Add i t i on  o f  moderate amounts o f  p y r i t e  (4-5 w t  %, based on c o a l )  r e s u l t s  i n  
a t t r a c t i v e  y i e l d s  o f  h igh  q u a l i t y  p roduc ts  and genera l l y  t roub le - f ree  operat ion.  

3. Py r i t es  f rom d i f f e r e n t  o r i g i n s  and those from the  same o r i g i n  ob ta ined a t  
d i f f e r e n t  t imes may have va ry ing  a c t i v i t y .  The f a c t o r s  i n f l u e n c i n g  the  c a t a l y t i c  
a c t i v i t y  o f  p y r i t e  a re  n o t  w e l l  understood, b u t  i n  our  s tud ies  a c t i v i t y  genera l l y  
increased w i t h  i nc reas ing  sur face  area. 

4. 
t he  i r o n  concent ra t ion  i n  t h e  feed s l u r r y  over a wide range o f  the  va r iab les .  

5. 
The optimum temperature fo r  t h e  coa ls  i n  t h i s  study was c l o s e r  t o  450°C than 465OC 
and y i e l d s  can be expected t o  improve as hydrogen pressure i s  increased. 
i n  the  SRC I 1  mode enhances t h e  e f f e c t  o f  added p y r i t e  on coal  r e a c t i v i t y .  

The y i e l d s  f rom B e l l e  Ayr coa l  a t  SRC I 1  cond i t i ons  vary  w i t h  the  l oga r i t hm o f  

The optimum cond i t i ons  f o r  l i q u e f a c t i o n  probably vary w i t h  the  coal  and ca ta lys t .  

Operating 
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TABLE 1 - 
AVERAGE DISSOLVER 
TEMPERATURE: 450, 465°C ( ISOTHERMAL)  OR 

457 c (SIMULATED AD I ABATI C )  

450°C INLET,  460'C O U T L E l  

PRESSURE : 1800 OR 2250 PSIG 

RESIDENCE TIME: 1.0 HOUR 

COAL CONCENTRATION: 30 WT % IN SLURRY 

HYDROGEN FLOWRATE: 4 WT %, BASED ON SLURRY 

MODE: 

LINE 

BELLE AYR 

(KA I PAROWI TS 

PLATEAU) 
ENERGY 
MCKINLEY 
EDNA 
BLACKSVI LLE 

(52 MSCF/TON OF COAL) 

SRC I 1  ( R E C Y C L E  OF UNFILTERED 

COAL SOLUTION) 

TABLE I 1  
w 

SlAIE SEAM % A M  

WY WYODAK- SUBBITUMINOUS 
ANDERSON 

UT RED HVC BITUMINOUS 
CO WADGE SUB A/HVC BIT, 

SUBBITUMINOUS NM 
co h'ADGE SUB A/HVC BIT. 
WV PITTSBURGH BITUMINOUS 

YELLOW, FUCHSIA, BLUE AND GREEN SEAMS ARE MINED. 
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TABLE I I I  
mES 

MCB' 
PVglTf 

WT % 
FE 43 I 6 1  
S 53 I 0 1  
C 0,09 
H 0,011 

MOLE RATIO WE 2.12 
PURITY, WT % BASED ON FE 94 
AVERAGE PARTICLE S I Z E ,  r M  

BY COULTER COUNTER -- 
BET SURFACE AREA, ll2/~ 2 , o  

MATHESON, COLEMAN AND BELL 

MCB' OBENA ROBENA 
P Y R I T E  B L T W  

41,65 30,20 38,75 
50.11 34,38 41.36 
0,lO 5.81  5,112 
0.09 0,69 0.40 
2.10 1 , 9 9  1.86 

89 65 83 

12  1 . 7  3 . 5  

1,l 5,9 2 ,6  

TABLE I V  
S E N S l T l V l T Y  OF VARIOUS COALS TO PYRITE ADDITION 

CONDITIONS. 
COAL BELLE KAIPAR- Mc- EDNA BLACKS- 

AYR OWITS KINLEY V I L L E  

$&*: 
C l - c 4  + 1 . 8  + 0 ,2  - 0 .9  - 2 ,3  - 0 - 1  
TOTAL OIL +22,0 +16.7 t 2 0 . 3  +14,9 + 2.6 
SRC -12,2 - 9.0 -10.5 - 9.1 - 0.7 
IOM -12,O - 6 . 1  - 6,O - 1 .8  + 0.3 

CHANGE IN MAF 
HVDRoGEN* + 0.1 + 1 ,3  + 2 .2  + 1.8 + 0.7 

* ALL AT  450"C, 2250 PSIG 1.0 HOUR RESIDENCE TIME WITH 30 WT X 

** RUN WITH 1 .86  WT 96 PYRITE I 1 1  IN THE SLURRY COMPARED TO RUN 

COAL I N  THE SLURRY AND 4 WT % HYDROGEN, BASED ON SLURRY. 

WITHOUT ADDED P Y R I T E  AT  P O I N T  WHERE OPERATION CEASED, 
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TABLE V 
PROCESSING OF VARIOUS COALS WITH ADDED PYRITE 

CDNDITIONS- 
COAL BELLE KAIFAR- Mc- EDNA BLACKS- 

AYR OWITS KINLEY V l L L E  

c1-c4 12.7 11.8 12,4 14.8 13,O 
TOTAL OIL 49.5 56.8 49,3 53.9 42.9 
SRC 21.3 17.8 26.5 21.4 36.3 
I OM 2.9 2.8 4,6 4 , l  6.1 

- 
H Y D R O G ~ ~  ONSUMPTION, 
M .% M OAL 4.5 5.4 5,1 6.3 4,8 

ALL AT 450"C, 2250 PSIG, 1,O HR RESIDENCE TIME WITH 30 WT 4; 

COAL AND 1,86 WT L ROBENA PYRITE I l l  IN THE SLURRY AND 

4 WT % HYDROGEN, BASED ON SLURRY, 

TABLE V I  

FFFECT OF PYRIT- 

CONDITIONS' ' 

PYRITE 
ADDITION LEVE;L, 

WT .% COAL* 

FEED 8LuRRY 
TO A L  s L I D S  I N  - 
c1-c4 
TOTAL OIL 

SRC 
I OM 

WT .% MF OAL 
HYDROGEN C ~ N S U M P T  I ON, 

58% 
ROBENA I 1  

2,15 

44.6 

10,8  
55.9 
13,5 
1.3 

5,4 

& 
MCB I I  

4.18 

50,7 

12,l 
44.6 
17,4 
6.3 

5,1 

8% 
ROBENA I l l  

4.26 

49,8 

13.0 
41.6 
19.0 
5.2 

4 , 8  

FOR A 449-450°C 2250 PSIG AND 1 HOUR RESI ENCE TIME 
WITH ! ~ ' w T  L BELLE AYR COAL IN THE SLURRY AND 8 WT % 
HYDROGEN, BASED ON SLURRY. 
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c Q M m l Q x *  

COAL 

PYRITE 

-* 
c1-c4 
TOTAL OIL 
S RC 
I OM 

2imf.B 
BELLE 

AY R 

ROBENA I 1  

+3.5 
-4.3 
-2.2 
+2.0 

+0,9 

& &  
KAIPAR- ENERGY 

FlCB I MCB I 
OWITS 

+4 ,4  t 3 . 3  
-1.7 -2.5 
-4.6 -9,5 
+0.7 +6,2  

t1.0 +0,2 

ALL AT 2250 PSIG AND 1 HOUR RESIDENCE TIME WITH 30 T % 
COAL AND 1.0 WT % ADDED P Y R I T E  I N  THE SLURRY; 4 WT !! 
HYDROGEN, BASED ON SLURRY, 

** RUN AT 465°C COMPARED TO ONE AT 450°C. 

TABLE V I  I I 
COMBINED EFFECTS OF TEMPERATURE AND PRESSURE 

ON THE SRC I 1  PROCESSING OF EDNA COAL 
WITH ADDED PYRITE - 

AVERAGE DISSOLVER TEMP,, " C  
PRESSURE, PSIG - 

C l - C 4  
TOTAL OIL 
S RC 
I OM 

HYDROGIN CONSUMPTION, 
OAL 

tlxxzRA 
457 

1800 

1 4 . 4  
43,5 
20.0 

6 . 2  

4.9 

r!oExm 
450 

2250 

1 2 , 2  
4 6 . 1  
2 1 , 4  
4 .3  

5.1 
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BATCH AUTOCLAVE TEMPERATURE-PRESSURE STUDIES ON THE 
DIRECT CATALYTIC LIQUEFACTION OF VICTORIAN BROWN COAL 

P.J. Cassidy, F.P. Larkins  and W.R. Jackson 

Department of chemistry,  Monash Universi ty  
Clayton, 3168 Victoria, Aus t r a l i a  

INTRODUCTION 

Victorian brown coal  is a low rank,  low ash l i g n i t e  with an elemental  composition 
s i m i l a r  t o  North Dakota l i g n i t e  (see Table 1). 

Table 1: Comparison o f  V i c t o r i a n  Brown Coal and North Dakota Ligni te  

A s  Received Daf b a s i s  

S H O  - C - H - O N  - -2- 
Victor ian 
Morwell C o a l  (1) 

North Dakota 
Ligni te  (2)  

62.5 69.3 5.0 24.5 0.6 0.6 

69.4 4.3 23.1 0.1 2 . 5  25.0 

Previous batch autoclave 
have confirmed t h a t  brown c o a l  i s  s u i t a b l e  f o r  d i r e c t  c a t a l y t i c  hydrogenation 
giving high y i e l d s  of l i q u i d  products.  Furthermore, brown coal  is  an exce l l en t  ion- 
exchange medium primari ly  because a s i g n i f i c a n t  amount of t h e  bound oxygen i s  
present  i n  carboxylic (%2.6 mol kg-’) and phenolic (’L3.2 mol kg-l) funct ional  groups. 
This property h a s  been exp lo i t ed  t o  achieve high d i spe r s ion  of metal c a t a l y s t s  
throughout t h e  coa l .  

The work presented he re  i s  aimed a t  developing c a t a l y s t s  and r eac t ion  condi t ions 
which m a x i m i s e  t h e  conversion t o  a low oxygen r e f i n e r y  feedstock. Product d i s t r ibu t ion  
dependences on reac t ion  temperature (345-460°C : 6MPa H 2 )  and hydrogen pressure 
( 1 - 1 O M P a :  385OC) using i ron ,  t i n  and syne rg i s t i c  i r o n  + t i n  (trace) c a t a l y s t s  a r e  
compared t o  those f o r  un t r ea t ed  Morwell coa l .  

EXPERIMENTAL 

Coal Preparat ion and Hydrogenation 

The coal  and c a t a l y s t s  w e r e  prepared f o r  hydrogenation by t h e  method of Jackson e.3 The coal (3.0 g) w a s  d r i e d  under ni t rogen a t  1 0 5 T  t o  constant  weight and 
s l u r r i e d  (1: 1) with AR grade t e t r a l i n  a s  t h e  vehicle .  The hydrogenations were 
performed i n  a 70 m l  rocking autoclave heated t o  r eac t ion  temperature i n  11 minutes. 
Reaction t i m e  w a s  one hour a t  temperature a f t e r  which the  autoclave w a s  quenched i n  
an ice bath.  

using hydrogen gas  with t e t r a l i n  as t h e  vehicle 

5 

Catalyst  concentrat ions used f o r  t h e  study were as follows: 

Coal Ca ta lys t  Concentration (mmol/kg daf coal)  - 
un t rea t ed  Fe 30 
i ron t r e a t e d  Fe 300 f 40 
t i n  t r e a t e d  Sn 200 f 20  
syne rg i s t i c  i r o n - t i n  
t r e a t e d :  Fe 300 f 40 

Sn 2 0  f 10 
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Product Analysis 

Product gases (co, co2, C H ~ ,  c ~ H ~ ,  c2 H6, c H , c H 
analysed by GLC using a standard gas  mixturz For $aflbratfoA? 
determined i n d i r e c t l y  by d i f f e rence .  
r eac t ion  using CH2C12 and t h e  water produced w a s  determined by azeotropic  
d i s t i l l a t i o n .  
CH2C12 and the  residue d r i ed  a t  105°C under nitogen t o  determine the  t o t a l  
conversion. 
( insoluble  i n  l i g h t  petroleum) and o i l  ( so lub le  i n  l i g h t  petroleum). Elemental 
analyses f o r  C ,  H ,  0 ,  N ,  s were performed by t h e  Austral ian Analyt ical  
Laboratories.  
(Equation 1) 

n-C H , i-C4H10)were 
Hydrogen was ' The l i q u i d  product w a s  removed from t h e  

The insoluble  mate,rial w a s  soxhlet  ex t r ac t ed  f o r  12-15 hours with 

The C H z C 1 2  soluble  ma te r i a l  w a s  f u r t h e r  divided i n t o  asphaltene 1 < 

The d i r e c t  ana lys i s  f o r  oxygen w a s  c r o s s  checked by d i f f e rence  

Wt% 0 = 100 - %C - %H - %S - %N (1 

Acidic oxygen was determined by non aqueous t i t r a t i o n  using t h e  method of Brookes 
and Maher.6 

TEMPERATURE DEPENDENCE 

Total  Conversion 

The temperature dependences of t h e  product d i s t r i b u t i o n s  f o r  un t r ea t ed  i ron ,  t i n  
ana i ron - t in  t r e a t e d  coa l s  a t  GMPa i n i t i a l  hydrogen pressure are shown i n  FIGURES 
1A-D. The t o t a l  conversions a r e  compared i n  FIGURE 2 .  The temperature range 
chosen f o r  study w a s  from 345-460OC. A t  temperatures below 345' conversion w a s  too 
low f o r  meaningful measurements and a t  temperatures above 460° decomposition or 
t e t r a l i n  can become a s i g n i f i c a n t  problem.7t8 

The t o t a l  conversion of untreated coal  i nc reases  s t e a d i l y  from 35% t o  63% 
between 345'C and 425OC then it l e v e l s  o u t  t o  65% a t  460°C. 
r e s u l t s  i n  a rapid increase i n  t o t a l  conversion from 37% a t  345OC t o  63% a t  385OC 
a f t e r  which it increases  s t e a d i l y  t o  72% at  460°C. The t i n  c a t a l y s t  i nc reases  t h e  
conversion dramatically from 43% a t  345°C t o  73% a t  385OC a f t e r  which it increases  
r egu la r ly  t o  81% a t  46OOC. The i ron - t in  c a t a l y s t  is  not  as e f f i c i e n t  as t h e  t i n  
c a t a l y s t  up t o  385OC a s  t H e  conversion i s  only 66% a t  385'C. However, above 385°C 
the conversion rises sharply reaching 85% a t  425OC af ter  which it l e v e l s  out  with a 
maximum of  88% a t  4GO"C. Above 400°C the products from the  t i n  and i ron - t in  coa l s  
are increasingly unstable  with increasiny amounts of CHZC12 insoluble  ma te r i a l  being 
p rec ip i t a t ed  dulriEg product work up. The r e s u l t  i s  reduced t o t a l  conversions a t  
a l l  temperatures compared with f indings using a l a rge r  1 l i t r e  autoclave.  5f9f10 
The r e s u l t s  should the re fo re  be viewed as internal1.y c o n s i s t e n t ,  but  not  d i r e c t l y  
comparable with work i r ,  l a r g e r  autoclaves with d i f f e r e n t  temperature p r o f i l e s .  

Conversion t o  Useful Liquid Products ( O i l  and Asphaltene) 

Between 365 a.nd 425OC the  t h r e e  cacalysed coa l s  c f f e r  s i g n i f i c a n t l y  inproved CA2Cl,, 
snluble  l i&d ( o i l  + asphaltene) y i e l d s  compared t o  un t r ea t ed  coa l  (FIGURE 3 ) .  
A t  341;OC t i n  gives an 8% improvement while t h e  i ron - t in  and i r o n  c a t a l y s t s  o f f e r  no 
improvement over t h e  un t r ea t ed  coa l  y i e l d  of 20% (daf c o a l )  a t  t h a t  temperature. 
In  t h e  region 365"-385OC t i n  continues t o  be superior  g iv ing  4-5% more l i q u i d  product 
than t h e  Fe-Sn, 10-14% b e t t e r  than Fe and 22% more than un t r ea t ed  coa l .  However, 
above 405OC the  y i e ld  of l i q u i d  product from t i n  coal  d e t e r i o r a t e s  s i g n i f i c a n t l y  
from 50% a t  405°C t o  42% a t  460°C. This can be a t t r i b u t e d  t o  increased y i e l d s  of 
hydrocarbon gases and s i g n i f i c a n t  repolymerisation of asphal tenes  during product 
workup. 
0.5 t o  1 .5  9.) 
useful  l i q u i d  products from 4 4 % a t  385OC t o  57% a t  425OC a f t e r  which it decreases 
s l i g h t l y  t o  55% a t  460OC. 

An i ron based c a t a l y s t  

- 

(The t o t a l  o i l  + asphaltene y i e l d  i n  these  small  s c a l e  experiments i s  only 
Above 385'C t h e  Fe-Sn c a t a l y s t  dramatical ly  increases  the  y i e l d  of 

This improvement i n  y i e l d  a t  higher  temperatures i s  due 
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t o  t h e  formation of a more stable product r e l a t i v e  t o  t h e  Sn c a t a l y s t  system while 
the s l i g h t  decrease a t  46OoC can be  a t t r i b u t e d  t o  t h e  increased production of 
hydrocarbon gases and some repolymerisat ion.  The i r o n  c a t a l y s t  smoothly increases 
t h e  l i q u i d  y i e l d  a t  41% a t  405OC and then l e v e l s  ou t .  The l i q u i d  yield 
from untreated coa l  i nc reases  s t e a d i l y  t o  3 7 %  a t  425OC a f t e r  which t h e r e  i s  l i t t l e  
improvement. 

The asphaltene temperature dependence (FIGURES 1A-D) is  s imi l a r  f o r  t h e  four  coals 
with the y i e l d  increasing with temperature t o  a maximum of 405OC f o r  untreated,  
i r o n  and i ron  - t i n  c o a l s  and 3 8 5 ' C  f o r  t i n  t r e a t e d  coa l  a f t e r  which it 
decreases regular ly  with inc reas ing  temperature.  
superior  t o  the o the r  t h r e e  c o a l s  f o r  producing o i l  (FIGURES 1A-D) a t  a l l  
temperatures except i n  t h e  region o f  4 0 0 O C .  
daf coal with the i ron - t in  c a t a l y s t  between 425 ' -46OoC.  
un t r ea t ed ,  i ron and t i n  coa l s  i s  s imilar  reaching a maximum of  30% daf coa l  a t  
460OC.  The m i n o r  v a r i a t i o n s  i n  t h e  t r end  can be a t t r i b u t e d  t o  t h e  formation and 
breakdown of t he  asphal tenes .  
more asphaltenes a t  temperatures below 405OC which a r e  degraded t o  o i l s  a t  higher 
temperatures. 

The i r o n - t i n  c a t a l y s t  i s  c l ea r ly  

The m a x i m u m  o i l  production i s  3 5 - 3 8 %  
The o i l  production fo r  the 

The major e f f e c t  of a l l  t h e  c a t a l y s t s  is t o  produce 

Oxygen Dis t r ibu t ion  i n  t h e  Products  as a Function of Reaction Temperatures 

I n  developing use fu l  c a t a l y s t s  f o r  brown coal  l i que fac t ion  one major ob jec t ive  i s  
t o  achieve a high y i e ld  of low oxygen content  l i q u i d .  It is important t o  know how 
the oxygen i s  d i s t r i b u t e d  i n  the products  and i n  what form ( H 2 0 ,  C 0 2 ,  CO) 
removed from the  coal  system. The oxygen d i s t r i b u t i o n s  fo r  products  from the  four 
coals a re  shown i n  FIGURES 4A-D. 

Generally r a i s i n g  the  r eac t ion  temperature removes more oxygen, p r imar i ly  a s  water. 
I n  a l l  cases  carbon monoxide product ion inc reases  s l i g h t l y  with increased 
temperature while co2 formation appears t o  reach a maximum i n  t h e  region o f  385Oc 
a f t e r  which it decreases  s l i g h t l y  f o r  t h e  t h r e e  catalysed coals .  There i s  no such 
maximum reached i n  the  carbon dioxide produced from t h e  untreated coal .  A s  the 
majority of the carbon dioxide i s  formed a t  l o w  temperatures ( 2 0 0 - 3 0 0 ° C )  by 
decomposition of carboxyl groups,any v a r i a t i o n  on t h i s  l e v e l  i s  probably a 
response t o  changes i n  t h e  equi l ibr ium of  t h e  w a t e r  gas  s h i f t  r eac t ion .  Tin is 
c l e a r l y  t h e  superior  c a t a l y s t  f o r  removing oxygen from t h e  coa l  products with the 
general  order  being 

it i s  

Sn > Fe - Sn Fe > un t rea t ed  

A t  46OOC t i n  has  removed 98% o f  the oxygen, i r o n  and i ron - t in  approximately 80% 
and untreated coal  has  l o s t  on ly  67%. I n  f a c t  l i t t l e  f u r t h e r  oxygen is removed 
from untreated coal above 4 0 5 O C .  The d i s t r i b u t i o n  o f  a c i d  oxygen i n  t h e  CH C 1  
insoluble  res idue is s i m i l a r  f o r  a l l  t h r e e  ca t a lysed  react ions.  
difference i s  that t i n  has  removed s i g n i f i c a n t l y  more non a c i d i c  oxygen from the  
residue a t  lower r eac t ion  temperatures.  The oxygen content i n  the  asphaltene i s  
s i m i l a r  f o r  t he  th ree  c a t a l y s t s ,  reaching a maximum i n  t h e  region of  385 'C and 
decreasing a t  higher  temperatures.  The oxygen l e v e l  i n  the  asphal tenes  from un- 
t r e a t e d  coal  i s  almost i n v a r i a n t  w i th  r e a c t i o n  temperature.  
c a t a l y s t  f o r  the removal of  oxygen from t h e  o i l  f r a c t i o n s  a t  temperatures above 
385OC while t he  i ron  and i r o n - t i n  c a t a l y s t s  have s i m i l a r  a c t i v i t y  and are b e t t e r  
than untreated coa l .  A t  temperatures below 385OC t h e r e  is, i n  a l l  cases ,  an increase 
i n  t h e  oxygen l eve l  i n  t h e  o i l  f r a c t i o n  as t h e  r eac t ion  temperature decreases with 
t h e  t r end  being most marked f o r  t h e  t i n  and i ron - t in  c a t a l y s t s .  
t h a t  the c a t a l y s t s  a r e  breaking carbon-oxygen bonds a t  low reac t ion  temperature 
b u t  do not have t h e  a b i l i t y  to  remove t h e  oxygen completely from t h e  system a t  low 
temperatures.  
syne rg i s t i c  i ron - t in  c a t a l y s t  which f a c i l i t a t e s  t h e  improved bond breaking compared 
t o  the i ron  c a t a l y s t .  
t o  remove t h i s  oxygen from the  o i l .  The inc rease  i n  t o t a l  oAygeninthe o i l  f ract ion 

? 2  The dramatic 

Tin is a l s o  t h e  best  

This suggests 

It  is  a reasonable pr;esumption t h a t  it i s  t h e  t r a c e  of t i n  i n  the  

Increasing the r e a c t i o n  temperature t o  3 8 5 ° C  is  s u f f i c i e n t  
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*' above 385OC f o r  un t r ea t ed ,  i r o n  and i r o n - t i n  c o a l s  suggests t h a t  t hese  c a t a l y s t s  
have d i f f i c u l t y  i n  removing oxygen from c e r t a i n  classes of  oxygen containing 
funct ional  groups. However, t h e  a b i l i t y  of t i n  t o  ca t a lyse  t h e  almost to ta l  
removal of  oxygen does lead t o  problems of product s t a b i l i t y .  
products repolymerise even on s tanding i n  dichloromethane so lu t ion .  It is  poss ib l e  
t h a t  higher  concentrat ions of r e a c t i v e  poly-enes are formed which are not hydro- 
genated i n  the  absence of  i r o n  or o t h e r  metals  capable of ca t a lys ing  l i que fac t ion .  

Some of t h e  der ived 

1 HYDROGEN PRESSURE DEPENDENCE 

1 
\ \  

The hydrogen pressure dependence r e a c t i o n s  w e r e  performed a t  385OC f o r  t h e  fou r  
coa l s  and a t  425OC for the coa l s  with i ron - t in  s y n e r g i s t i c  c a t a l y s t  (see FIGURES 
5 t o  7 ) .  The most s i g n i f i c a n t  f ea tu re  is t h a t  i n  a l l  ca t a lysed  r eac t ions  t h e  to ta l  
conversion (FIGURE 5) increases  with p re s su re  u n t i l  a c r i t i c a l  pressure is  reached 
above which increasing the  hydrogen p res su re  has  a reduced e f f e c t .  
and i ron-t in  c a t a l y s t s  a t  385OC t h e  c r i t i ca l  pressure is 4MPa i n i t i a l  hydrogen 
while for the  t i n  a t  385°C and i r o n - t i n  a t  425OC 6MPa i s  t h e  c r i t i c a l  hydrogen 
pressure.  Furthermore increasing hydrogen pressure r e s u l t s  i n  s i g n i f i c a n t l y  
more asphaltene being produced f o r  t h e  t i n  (385"C) and i ron - t in  ( a t  385OC and 425OC) 
c a t a l y s t s  (FIGURE 6) while it has l i t t l e  e f f e c t  on o i l  production from both 
catalysed and non catalysed c o a l s  a t  385OC (FIGURE 7 ) .  However, a t  425OC t h e  o i l  
production from i ron - t in  coa l  shows a marked hydrogen p res su re  dependence 
(FIGURE 7 )  and these s tud ie s  suggest t h a t  a s u i t a b l e  i n i t i a l  hydrogen pressure 
f o r  obtaining high conversion i n  ca t a lysed  r eac t ions  i s  not  very high e .g .  an 
i n i t i a l  pressure of 6MPa f o r  t h e  i r o n - t i n  system f o r  425°C. 

For t h e  i r o n  

CATALYTIC EFFICIENCY - USEFUL CARBON/HYDROGEN VERSUS OXYGEN REMOVAL 

While developing c a t a l y s t s  t h a t  remove oxygen from brown coa l  i s  a major ob jec t ive  
it is a l s o  important t o  ensure t h a t  t he  maximum amount of carbon and hydrogen from 
the  coa l  be c a r r i e d  through i n t o  the  use fu l  l i q u i d  products ,  i .e .  o i l  and 
asphaltene.  An add i t iona l  view of  conversion then i s  a measure of t h e  percentage 
of carbon and hydrogen c a r r i e d  through t o  t h e  use fu l  products.  
approximately 4% of t h e  carbon is  always l o s t  from t h e  system a s  carbon dioxide 
and carbon monoxide and t h a t  t h e  coa l  con ta ins  %25% oxygen,the maximum y i e l d  of  
carbon and hydrogen can only be 71% of t h e  daf coal .  
view t h e  i ron - t in  c a t a l y s t  converts  75% of t h e  ava i l ab le  carbon and hydrogen i n t o  
l i q u i d  products a t  425T  while t h e  t i n  converts  only 63%, i r o n  53% and untreated 
coal  46%. 

FIGURE 8 compares the  a b i l i t y  of  t h e  ca ta lys t  t o  remove oxygen and t o  convert  t h e  
ava i l ab le  carbon and hydrogen i n t o  use fu l  products.  The most e f f i c i e n t  c a t a l y s t  
w i l l  be c l o s e s t  t o  t he  45 degree l i n e o n  the  coordinate  system. All of t h e  coa l s  l i e  
t o  t h e  l e f t  of t h e  l i n e  which shows t h a t  a l l  four  of  t h e  r eac t ion  systems have a 
preference f o r  t h e  removal of oxygen r e l a t i v e  t o  converting t h e  carbon and hydrogen 
t o  useful  products.  This t r end  is  p a r t i c u l a r l y  t r u e  f o r  high temperature r eac t ions  
where the  s h i f t  t o  t he  l e f t  is  a s soc ia t ed  with g r e a t e r  production o f  hydrocarbon 
gases and, i n  t h e  case of t i n  ca t a lysed  r eac t ions ,  s i g n i f i c a n t  repolymerisation of 
mater ia l  which w a s  i n i t i a l l y  soluble  i n  methylene ch lo r ide .  The exception is  the 
i ron - t in  c a t a l y s t  which l ies very close t o  t h e  l i n e  and a t  one po in t  (corresponding 
t o  425OC) a c t u a l l y  shows a s l i g h t  preference f o r  converting t h e  carbon and hydrogen 
i n t o  l i q u i d  products.  I n  o rde r  o f  c a t a l y s t  e f f i c i e n c y  t h e  four  c o a l s  are ranked 
i n  order ;  

Recognising t h a t  

Considered from t h i s  po in t  o f  

' i r o n  - t i n  > t i n  >> i r o n  > un t rea t ed  

CONCLUSION 

The development of  s u i t a b l e  c a t a l y s t s  and r eac t ion  condi t ions i n  t h e  l i que fac t ion  of 
brown coal i s  a compromise o f  t h e  a b i l i t y  of t h e  c a t a l y s t  t o  f u l f i l l  t h e  following 
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requirements; 

. Remove a l l  of  t h e  o rgan ica l ly  bound oxygen 

- Carry the  m a x i m u m  amount of  carbon and hydrogen through 
t o  t h e  l i q u i d  products  - Minimise production of hydrocarbon gases  

Under t h e  r e a c t i o n  condi t ions chosen f o r  t h i s  s tudy (6MPa i n i t i a l  hydrogen 
pressure and a low (1:l) hydrogen donor solvent  t o  coal r a t i o )  t he  syne rg i s t i c  
i ron - t in  c a t a l y s t  is supe r io r  t o  t h e  o t h e r  t h r e e  coa l s .  It achieves i t s  object ives  
remarkably w e l l  a t  reasonably l o w  r eac t ion  temperatures (425°C) and correspondingly 
low reac t ion  p res su re  (14.6 MPa/2190 p s i  a t  425°C). Under these  condi t ions 75% of 
t h e  ava i l ab le  carbon and hydrogen is  converted t o  l i q u i d  products  and 5% t o  hydro- 
carbon gases.  A l a r g e  proport ion (60%) Of t h e  l i q u i d  product i s  p resen t  a s  o i l  
(X4 soluble)  while 73% of  a l l  oxygen has  been removed as C 0 2 ,  H 2 0  and CO. The t i n  
c a t a l y s t  is supe r io r  a t  removing oxygen (94% a t  46OOC) bu t  produces more hydro- 
carbon gases  and i s  less e f f i c i e n t  a t  ca r ry ing  t h e  ava i l ab le  carbon and hydrogen 
through t o  l i q u i d  products (63% a t  425OC). I t  i s  poss ib l e  t h a t  t h e  t i n  r equ i r e s  
higher hydrogen p res su res  t o  prevent  repolymerisation o f  t h e  unstable  asphaltenes 
a t  these temperatures.  A t  425’C/6MPa hydrogen t h e  i r o n  c a t a l y s t  i s  only 7% b e t t e r  
than untreated coa l  f o r  convert ing ava i l ab le  carbon and hydrogen i n t o  useful  
l i qu ids .  
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TOTAL CONVERSION vs REACTION IEb lPEMTURE FIGURE 2. 
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EFFECT OF CATALYST DISTRIBUTION I N  COAL LIQUEFACTION 

Diwakar Garg and Edwin N. Givens 
Corporate Research and Development Department 

A i r  Products and Chemicals, I n c .  
P . O .  Box 538, Al lentown, PA 18105 

E f f e c t  o f  t h e  mode o f  c a t a l y s t  a d d i t i o n  was s t u d i e d  f o r  t he  l i q u e f a c t i o n  o f  
Eastern Kentucky E l  khorn #2 coal  i n  a con t inuous ly  s t i r r e d  tank  reac to r .  
P a r t i c u l a t e  a d d i t i o n  o f  i r o n  as p y r i t e  s i g n i f i c a n t l y  ca ta l yzed  t h e  coa l  l i que -  
f a c t i o n  reac t i on .  Both coa l  convers ion  and o i l  y i e l d  increased on a d d i t i o n  o f  
p y r i t e  t o  t h e  feed s l u r r y ;  o i l  p r o d u c t i o n  inc reased by more than a f a c t o r  o f  
two bo th  a t  825' and 85OOF. Pyr i te Concent ra t ion  had n e g l i g i b l e  e f f e c t  on 
produc t  d i s t r i b u t i o n ,  b u t  t h e  mode o f  c a t a l y s t  a d d i t i o n  had a b i g  impact on 
coal  l i q u e f a c t i o n .  Impregnat ion o f  coa l  w i t h  one we igh t  pe rcen t  i r o n  gave a 
s i m i l a r  p roduc t  d i s t r i b u t i o n  as ob ta ined w i t h  a d d i t i o n  o f  3 .5  we igh t  percent  
i r o n  i n  the  form o f  p a r t i c u l a t e  p y r i t e .  S i g n i f i c a n t l y  lower hydrocarbon gas 
make and hydrogen consumption were noted w i t h  impregnat ion  over p a r t i c u l a t e  
add i t i on .  SRC s u l f u r  con ten t  was marg ina l l y  h ighe r  w i t h  impregnat ion.  Solvent 
hydrogen conten t  inc reased w i t h  p a r t i c u l a t e  a d d i t i o n  whereas i t  decreased w i t h  
impregnation. 

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

The bas ic  n o n - c a t a l y t i c  process f o r  l i q u e f a c t i o n  o f  coa l  was developed by 
Berg ius l  i n  Germany c i r c a  1912. I n  1925 Brown-coal t a r  was c a t a l y t i c a l l y  
hydrogenated f o r  t h e  f i r s t  t ime w i t h  molybdenum oxide. 
t he  development o f  t he  c a t a l y t i c  hydrogenat ion o f  coa l .  

A number o f  c a t a l y s t s  were s t u d i e d  and repo r ted  t o  g i v e  improved y i e l d  and 
product q u a l i t y 2 .  
s u b s t a n t i a l l y  increased t h e  l i q u e f a c t i o n  performance. Subsequent experiments 
showed t h a t  0.05 percent  molybdenum gave a y i e l d  equal t o  t h a t  ob ta ined w i t h  
two percent  when the  a l k a l i n i t y  o f  coal  was reduced. Because molybdenum was 
expensive and i n  sho r t  supp ly  i n  Germany, i t  was rep laced by i r o n  c a t a l y s t .  
The Germans found t h a t  adding i r o n  as i r o n  s u l f a t e  t o  t h e  feed s l u r r y  improved 
the  l i q u e f a c t i o n  o f  coa l2 .  
ob ta ined as by-product f rom aluminum manufacture was a l s o  shown t o  be a c t i v e  
i n  coal  l i q u e f a c t i o n .  I n  terms o f  i r o n  conten t ,  t w i c e  as much Bayermasse'as 
su l fa te  was needed t o  produce t h e  same r e s u l t s  i n  hydrogenat ion o f  coa l .  I n  
c e r t a i n  cases t h e  a d d i t i o n  o f  s u l f u r  t o  the  system a l s o  improved t h e  c a t a l y t i c  
l i q u e f a c t i o n  e f f e c t  o f  t h e  i r o n 2 .  The i r o n  t o  s u l f u r  r a t i o  i n  the  l i q u e f a c t i o n  
residue suggested t h a t  i r o n  s u l f i d e  (FeS) was t h e  u l t i m a t e  form o f  t h e  i r o n .  
With the advent o f  x - ray  d i f f r a c t i o n  technique the  FeS was found t o  be i n  the  
form o f  p y r r h o t i t e 3 ,  Fel-xS. 

Wright and Severson repo r ted  t h a t  the a d d i t i o n  o f  i r o n  as conta ined i n  the  
residues from coa l  l i q u e f a c t i o n  inc reased the  hydrogen t r a n s f e r  capac i t y  o f  
anthracene o i l  . 4  S e i t z e r 5  magne t i ca l l y  separated t h e  i r o n  s u l f u r  compound 
from Coal l i q u e f a c t i o n  res idues  and used i t  as a c a t a l y s t  i n  subsequent l i q u e -  
fac t i on  reac t i ons .  He found t h a t  the  magne t i ca l l y  separated m a t e r i a l  had, per  

Th is  advance l e d  t o  

Adding two pe rcen t  molybdenum on coa l  as ammoniam molybdate 

Bayermasse, an i r o n  ox ide -con ta in ing  m a t e r i a l  
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/' weight  o f  i r on ,  about t h e  same c a t a l y t i c  e f f e c t  as f e r r o u s  su l fa te .  
more, he found t h a t  t he  magne t i ca l l y  separated m a t e r i a l  ca ta l yzed  t h e  a d d i t i o n  
O f  hydrogen t o  t h e  d i sso l ved  coa l .  

Moroni and F ischer6 ,  who reviewed many papers i n  the  area o f  coa l  minera l  
c a t a l y s i s ,  concluded t h a t  p y r i t e  was a c t i v e  i n  coal  conversion. 
a d d i t i o n  o f  the  coa l  l i q u e f a c t i o n  res idue no r  the  magne t i ca l l y  separated 
res idue de l i nea ted  whether p y r r h o t i t e  had b e t t e r  c a t a l y t i c  a c t i v i t y  than 
P y r i t e .  
t h e  t r u e  c a t a l y t i c  a c t i v i t y  of p y r i t e  and p y r r h o t i t e .  
l i t e r a t u r e  on p y r i t e  and p y r r h o t i t e  c a t a l y s i s  has been made by Garg and Givens.' 

The d i s t r i b u t i o n  o f  c a t a l y s t  i n  the  coal  appears t o  be a c r i t i c a l  f a c t o r  i n  
coa l  conversion. The method o f  app ly ing  the  c a t a l y s t  t o  t h e  coa l  a f f e c t s  t h e  
c a t a l y s t  d i s t r i b u t i o n .  For example, i r o n  s u l f a t e  was shown t o  be much more 
e f f e c t i v e  when impregnated than when mixed mechanical ly.  l 8  Although prolonged 
mix ing  improved t h e  e f fec t i veness  o f  t he  c a t a l y s t ,  t h e  improvement was l e s s  
than gained by impregnat ion.  
as was shown i n  one case i n  which an a t tempt  t o  impregnate coa l  i n - s i t u  d u r i n g  
hydrogenat ion gave poor r e s u l  t s .8  

A reduc t i on  i n  p a r t i c l e  s i z e  o f  the  p y r i t e ,  repo r ted  t o  p l a y  an impor tan t  r o l e  
i n  c a t a l y z i n g  the  coa l  l i q u e f a c t i o n  reac t i on ,  improved the  c a t a l y t i c  a c t i v i t y  
o f  t h e  p y r i t e . 9  
o f  f i n e l y  d i v i d e d  p y r i t e l o  than with hand ground p y r i t e . "  

The con tac t  between c a t a l y s t  and coa l  can be inc reased e i t h e r  by adding f i n e l y  
d i v i d e d  c a t a l y s t  (two t o  th ree  micron s i ze )  o r  imp,regnating i t  on coa l  u s i n g  a 
water so lub le  compound l i k e  i r o n  s u l f a t e  o r  d i spe rs ing  it a t  the  molecu la r  
l e v e l  i n  t h e  r e a c t i o n  m ix tu re  by us ing  the rma l l y  uns tab le  o rgan ic  compounds 
l i k e  i r o n  naphthenate. I n  the  present  paper da ta  a r e  p resented  which show the  
c a t a l y t i c  a c t i v i t y  o f  p y r i t e  and impregnated i r o n  s u l f a t e  i n  coa l  l i q u e f a c t i o n  
The e f f e c t  o f  s imple p a r t i c u l a t e  a d d i t i o n  o f  p y r i t e  i s  compared t o  c a t a l y s t  
impregnat ion.  The c a t a l y t i c  a c t i v i t y  f o r  t h e  coa l  convers ion  reac t i ons  a r e  
r e l a t e d  t o  the  produc t  d i s t r i b u t i o n  i n c l u d i n g  hydrocarbon gas make, o i l ,  
asphaltene and preasphal tene y i e l d s ,  and degree o f  coa l  conversion. A l l  o f  
t he  data repor ted  i n  t h i s  paper r e f e r  t o  r e s u l t s  i n  a cont inuous 100 pounds 
pe r  day coa l  process u n i t .  

Fu r the r -  

Ne i the r  t h e  
\ 

, 
A s i g n i f i c a n t  amount o f  work has been done more r e c e n t l y  t o  determine 

A d e t a i l e d  summary of 

' The method o f  impregnat ion  i s  a l s o  q u i t e  impor tan t  

S i g n i f i c a n t l y  more o i l  p roduc t i on  was repo r ted  w i t h  the  use 

I Experimental 

Ma te r ia l s :  
F loyd  County, Kentucky. 
p a r t i c l e s  and d r i e d  i n  a i r .  
p r i o r  t o  use. The d e t a i l e d  ana lys i s  o f  t he  screened coa l  i s  repo r ted  i n  Table 1. 

A 550-85OoF c u t  o f  S R C - I 1  heavy d i s t i l l a t e  supp l ied  by The P i t t s b u r g  and 
Midway Coal Min ing  Company was used as a process so l ven t .  The chemical ana lys i s  
o f  t h e  process so l ven t  i s  shown i n  Table 2. The s o l v e n t  con ta ined 93.8% 
pentane-soluble o i l s ,  5.0% asphaltenes and 0.4% preasphal tenes. 

The p y r i t e  sample was rece ived from an opera t i ng  mine i n  southwestern 
Pennsylvania. 
99.9% minus 325 U . S .  mesh s i z e  i n  the  presence o f  l i q u i d  n i t rogen .  
ana lys i s  o f  t h e  p y r i t e  i s  g iven  i n  Table 3. 

E lkhorn  #2 was a washed sample taken from a p repara t i on  p l a n t  i n  
The coa l  sample was ground t o  95% minus 200 mesh 

', The coal  was screened th rough a 150 mesh s ieve  

The sample was d r i e d  a t  110°C i n  n i t r o g e n  and then ground t o  
The chemical 

The sample was comprised o f  75% 
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p y r i t e ,  5% carbonaceous o rgan ic  m a t e r i a l  and 20% magnet i te,  quartz2and o t h e r  
inorgan ic  ma te r ia l s .  
m a t e r i a l  was r e l a t i v e l y  non-porous. 

I r o n  su l fa te  (FeS04 . 7H 0) was rece ived  from T e x t i l e  Chemical Company, Reading, 
Pennsylvania. 
The sample conta ined approx imate ly  97% i r o n  s u l f a t e  c r y s t a l s .  

Equipment: 
l i q u e f a c t i o n  u n i t  equipped w i th  a cont inuous s t i r r e d  autoclave. 
s t i r r e d  tank  r e a c t o r  i nsu red  t h a t  s o l v e n t  v a p o r i z a t i o n  matched t h a t  o f  an 
a c t u a l  S R C - I  d i s s o l v e r  and t h a t  coa l  m ine ra l s  d i d  n o t  accumulate. Since the re  
was no s l u r r y  p reheater ,  a l l  o f  t h e  sens ib le  heat had t o  be p rov ided  by res is tance 
heaters  on t h e  reac to r .  Because o f  t h i s  h i g h  heat f l u x ,  t h e  r e a c t o r  w a l l  was 
about 27OF h o t t e r  than t h e  b u l k  s l u r r y .  M u l t i p l e  thermocouples revea led  t h a t  
t h e  s l u r r y  temperature i n s i d e  t h e  r e a c t o r  v a r i e d  by o n l y  9 O F  from top  t o  
bottom. A d e t a i l e d  d e s c r i p t i o n  o f  t h e  r e a c t o r  i s  presented elsewhere. l2 

The products were quenched t o  320°F be fo re  f l o w i n g  t o  a g a d l i q u i d  separa tor  
t h a t  was operated a t  system pressure .  The s l u r r y  was t h r o t t l e d  i n t o  t h e  
produc t  rece ive r  w h i l e  t h e  p roduc t  gases were coo led  t o  recover t h e  produc t  
water  and organ ic  condensate. 
on - l i ne  gas chromatograph. 

Procedure: Coal l i q u e f a c t i o n  runs  were performed a t  825 and 85OoF, 2000 p s i g  
hydrogen pressure,  1000 rpm s t i r r e r  speed, hydrogen feed r a t e  equ iva len t  t o  
5.5 w t . %  o f  the  coal  and a s u p e r f i c i a l  s l u r r y  space v e l o c i t y  o f  1 .5  i nve rse  
hours. The coa l  concen t ra t i on  i n  t h e  feed was 30 wt .%.  I r o n  s u l f a t e  was 
impregnated on t h e  coa l  by d i s s o l v i n g  i t  i n  water and m ix ing  it w i t h  coa l .  
Impregnated coa l  sample was d r i e d  i n  n i t r o g e n  and ground t o  minus 200 mesh 
p r i o r  t o  use. 
o f  coal .  
s l u r r y .  

A t  l e a s t  10 r e a c t o r  volumes o f  t h e  produc t  were d iscarded p r i o r  t o  c o l l e c t i n g  
a p roduc t  sample. A complete sample cons is ted  o f  one 8-oz. sample of p roduc t  
s l u r r y ,  one 1 - l i t e r  sample o f  p roduc t  s l u r r y  as back-up sample, a l i g h t  conden- 
sa te  sample and a p roduc t  gas sample. 

The produc t  s l u r r y  f rom the  cont inuous  r e a c t o r  was so l ven t  separated i n t o  f o u r  
f rac t i ons :  (1 )  pentane-soluble m a t e r i a l  ( o i l ) ,  (2) pentane- inso lub le  and 
benzene-soluble m a t e r i a l  (aspha l tenes) ,  (3) benzene- insoluble and p y r i d i n e -  
so lub le  ma te r ia l  (preasphal tenes),  and (4) p y r i d i n e - i n s o l u b l e  m a t e r i a l .  The 
l a t t e r  con ta ins  i n s o l u b l e  o r g a n i c  m a t e r i a l  ( IOM) and minera l  res idue.  A 
d e t a i l e d  procedure f o r  per fo rming  t h i s  separa t ion  w i l l  be repo r ted  elsewhere. 
The o v e r a l l  coa l  conversion i s  c a l c u l a t e d  as the  f r a c t i o n  o f  o rgan ic  m a t e r i a l  
(moisture-ash-free coa l )  s o l u b l e  i n  p y r i d i n e .  

Resul ts and Discussions 

Effect  o f  P y r i t e  on Coal L i q u e f a c t i o n  - A t  825 and 85OoF, a d d i t i o n  o f  p y r i t e  
inc reased the  coal  convers ion  f rom -85 t o  -92% (Table 5). The p roduc t i on  o f  
hydrocarbon gases, CO + CO 
p roduc t ion  increased by moge than a f a c t o r  o f  two; 12 t o  28% and from 8 t o  27% 

The BET su r face  area o f  the  p y r i t e  was 1.0 m /g and the  

The chemi?al a n a l y s i s  o f  t he  i r o n  s u l f a t e  i s  g iven  i n  Table 4. 

Process s tud ies  were done i n  a cont inuous 100 pound/day coal  
The use o f  a 

The p roduc t  gases were then analyzed by an 

The concen t ra t i on  o f  impregnated i r o n  was 1.0 w t . %  on t h e  bas is  
The concen t ra t i on  o f  p y r i t e  was v a r i e d  f rom 2.5 t o  10 w t . %  o f  feed 

and water ,  marg ina l l y  increased w i t h  p y r i t e .  O i l  
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’\ On a d d i t i o n  of p y r i t e  a t  825 and 85OoF, r e s p e c t i v e l y .  
ten% decreased and asphal tenes remained apparent ly  unchanged. The a d d i t i o n a l  
converted coa l  and preasphal tenes w i t h  p y r i t e  ended up i n  the  o i l  f r a c t i o n .  
Hydrogen consumption increased from 0.64 t o  1.68% and f r o m  0.53 t o  2.41% on 
a d d i t i o n  o f  p y r i t e  a t  825 and 85OoF, r e s p e c t i v e l y .  
of 0.5% hydrogen was consumed i n  reduc ing  the  added p y r i t e .  
ana lys i s  o f  coa l  l i q u e f a c t i o n  res idue  showed a complete convers ion  of  p y r i t e  

unchanged i n  the  absence o f  p y r i t e  b u t  inc reased i n  i t s  presence. 

I n  summary, t he  a d d i t i o n  o f  p y r i t e  t o  coa l  d u r i n g  l i q u e f a c t i o n  improved con- 
vers ion  o f  coa l  and preasphal  tenes, increased p roduc t i on  o f  o i l  and hydrocarbon 
gases, promoted rehydrogenat ion o f  t he  process so l ven t  and increased consumption 
o f  hydrogen. 
conversion o f  preasphal  tenes and increased p roduc t i on  o f  hydrocarbon gases and 
hydrogen consumption. 
tenes marg ina l l y  decreased w i t h  i nc reas ing  temperature.  

E f f e c t  o f  P r i t e  Concent ra t ion  on Coal L i q u e f a c t i o n  - Conversion o f  coa l  and 
p roduc t i on  zf hydrocarbon gases remained t h e  same upon inc reas ing  the  p y r i t e  
concent ra t ion  from 2.5 t o  10 w t .  percent .  (Table 6, F igures  1 and 2). The 
p roduc t i on  o f  CO + EO2, water and o i l  shown i n  Table 6 and F igures  2 and 3 
increased s l i g h t l y  as p y r i t e  concen t ra t i on  increased. 
same and preasphal tenes decreased w i t h  i nc reas ing  concen t ra t i on  o f  p y r i t e  
(F igure  4). 
t r a t i o n  increased as shown i n  Table 6 and F igu re  5. 

o f  p y r i t e  from 2.5 t o  10 w t . %  o f  feed s l u r r y  had no s i g n i f i c a n t  e f f e c t  on 
1 i q u e f a c t i o n  o f  E l  khorn #2 coa l .  

Produc t ion  of preasphal-  

Also,  an a d d i t i o n a l  amount 
X-ray d i f f r a c t i o n  

/ t o  p y r r h o t i t e .  SRC s u l f u r  con ten t  remained t h e  same. O i l  hydrogen con ten t  

I nc reas ing  r e a c t i o n  temperature i n  the  presence o f  p y r i t e  increased 

The convers ion  o f  coa l  and p roduc t i on  o f  o i l  and asphal- 

Asphaltenes remained the  

Hydrogen consumption inc reased s i g n i f i c a n t l y  as t h e  p y r i t e  concen- 
SRC s u l f u r  con ten t  p l o t t e d  

I i n  F igure  6 a l s o  marg ina l l y  increased. F i n a l l y ,  i nc reas ing  t h e  concen t ra t i on  

E f f e c t  o f  I r o n  Impregnat ion on Coal L i q u e f a c t i o n  - Conversion o f  coa l  was no t  
s i g n i f i c a n t l y  a f f e c t e d  by impregnat ion  a t  bo th  825 and 85OoF. The p roduc t i on  
o f  hydrocarbon gases decreased cons iderab ly  w i t h  i r o n  impregnat ion  w h i l e  o i l  
p roduc t i on  increased by over a f a c t o r  of  two a t  bo th  temperatures (Table 7). 
Asphaltene y i e l d  was unchanged b u t  preasphal tene y i e l d  decreased cons iderab ly  
w i t h  i r o n  impregnat ion.  X-ray d i f f r a c t i o n  ana lys i s  o f  coa l  l i q u e f a c t i o n  
res idue showed a complete convers ion  o f  i r o n  s u l f a t e  t o  p y r r h o t i t e .  Hydrogen 
consumption and SRC s u l f u r  con ten t  were n o t  s i g n i f i c a n t l y  a f f e c t e d  by i r o n  
impregnat ion.  
decreased w i t h  i r o n  impregnat ion a t  bo th  825 and 85OoF. 
n a t i o n  s i g n i f i c a n t l y  reduced t h e  hydrocarbon gases and preasphal tenes p roduc t i on  
and increased t h e  o i l  p roduc t ion .  

Comparison o f  I r o n  Impregnated Versus P a r t i c u l a t e  A d d i t i o n  - The l i q u e f a c t i o n  
o f  coa l  impregnated w i t h  one w t . %  i r o n  based on coa l  i s  compared w i t h  a d d i t i o n  
o f  3.5 w t %  p a r t i c u l a t e  i r o n  i n  t h e  form of p y r i t e  t o  c o a l - o i l  s l u r r y .  
o f  coal  was s l i g h t l y  lower w i t h  i r o n  impregnat ion compared t o  p y r i t e  a d d i t i o n .  
I r o n  impregnat ion gave s i g n f i c a n t l y  lower hydrocarbon gases p roduc t i on  and 
hydrogen consumption (Table 8, F igures  7 and 8). 
phal tenes p roduc t i on  w i t h  i r o n  impregnat ion  were comparable t o  t h a t  ob ta ined 
by p y r i t e  add i t i on .  SRC s u l f u r  con ten t  was m a r g i n a l l y  h ighe r  w i t h  i r o n  
impregnat ion.  O i l  hydrogen conten t  was improved w i t h  p y r i t e ,  whereas i t  
decreased w i t h  i r o n  impregnat ion.  

O i l  hydrogen con ten t  was main ta ined w i t h o u t  any a d d i t i v e  b u t  
F i n a l l y ,  i r o n  impreg- 

\, 

Conversion 

O i l ,  asphal tenes and preas- 
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The above data emphasize the  importance o f  t h e  method o f  c a t a l y s t  d i s t r i b u t i o n  
i n  coal  l i q u e f a c t i o n .  The e f fec t i veness  o f  a metal  c a t a l y s t  can be enhanced 
s i g n i f i c a n t l y  by i nc reas ing  t h e  i n t i m a t e  con tac t  between c a t a l y s t  and coa l .  
The mode of  c a t a l y s t  d i s t r i b u t i o n  t h e r e f o r e  determines t h e  amount o f  c a t a l y s t  
requ i red  f o r  t he  reac t i on .  

Conclusion 

A d d i t i o n  of p y r i t e  s i g n i f i c a n t l y  ca ta l yzes  t h e  coa l  l i q u e f a c t i o n  reac t i on .  
improves coal conversion, inc reases  o i l  and gases p roduc t i on ,  inc reases  hydrogen 
consumption and rehydrogenates the  process so l ven t .  
o f  p y r i t e  does no t  s i g n i f i c a n t l y  a l t e r  t h e  coal  l i q u e f a c t i o n  reac t i on .  
o f  c a t a l y s t  a d d i t i o n  i s  very  impor tan t  i n  coa l  l i q u e f a c t i o n .  
a c a t a l y s t  depends on the  l e v e l  o f  i n t i m a t e  con tac t  o f  c a t a l y s t  w i t h  coa l .  
Therefore,  t h e  concen t ra t i on  o f  t h e  metal  c a t a l y s t  can be g r e a t l y  reduced 
w i t h o u t  a f f e c t i n g  p roduc t  d i s t r i b u t i o n  by i n s u r i n g  e f f i c i e n t  con tac t  between 
c a t a l y s t  and coa l .  The r e d u c t i o n  i n  c a t a l y s t  l o a d i n g  w i l l  e v e n t u a l l y  inc rease 
the  o v e r a l l  th roughput  o f  t h e  p l a n t ,  d r a s t i c a l l y  reduce t h e  l o a d  i n  t h e  s o l i d -  
l i q u i d  separa t ion  u n i t ,  and improve the  o v e r a l l  process economics. 

I t  

Changing t h e  concen t ra t i on  
Mode 

The a c t i v i t y  o f  
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CATALYTIC HYDROPYROLYSIS OF COAL 
TO DISTILLATE OILS 
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C a l i f o r n i a  I n s t i t u t e  of Technology 
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Pasadena,  C a l i f o r n i a  91103 

INTRODUCTION 

Coal i s  predominant ly  a r o m a t i c  i n  n a t u r e  and d e f i c i e n t  i n  hydrogen. It 
c o n t a i n s  only  about  4.5-5.0 p e r c e n t  hydrogen a s  compared t o  c rude  o i l s  which 
c o n t a i n  11-13 percent  hydrogen. Coal  t h e r e f o r e ,  can be  conver ted  t o  a c r u d e  
o i l  type l i q u i d  e i t h e r  by removing carbon from i t  o r  by adding hydrogen t o  i t .  
P y r o l y s i s  p r o c e s s e s  come under  t h e  f i r s t  c a t e g o r y  which produce l a r g e  quant i -  
t ies  of  carbon r i c h  c h a r  and s m a l l  q u a n t i t i e s  of hydrogen r i c h  t a r .  
p r a c t i c a l  c o n d i t i o n s  of p y r o l y s i s  , t a r  y i e l d  v a r i e s  between 20 and 25 p e r c e n t  
w i t h  char  y i e l d  of about  50 p e r c e n t .  P y r o l y s i s  t a r s  a r e  poor i n  q u a l i t y  and 
r e q u i r e  c a t a l y t i c  hydro t rea tment  f o r  convers ion  t o  r e f i n e d  products .  

Under 

The y i e l d  and q u a l i t y  of t a r  can  b e  improved by c a r r y i n g  o u t  c o a l  pyroly-  
s is  under hydrogen p r e s s u r e .  I n  h y d r o p y r o l y s i s ,  hydrogen improves t a r  y i e l d  
by s t a b i l i z i n g  r e a c t i v e  f ragments  formed from c o a l  d u r i n g  p y r o l y s i s .  I n  t h e  
absence of hydrogen, some of  t h e  r e a c t i v e  f ragments  undergo polymer iza t ion  
and condensat ion r e a c t i o n s  forming c h a r .  Hydrogen a l s o  improves tar q u a l i t y  
by promoting hydrocracking and h y d r o r e f i n i n g  $istar d u r i n g  t h e  p y r o l y s i s  
process .  In most of the h y d r o p y r o l y s i s  work, l i g h t  o i l s  c o n t a i n i n g  most ly  
BTX a r e  produced i n  low y i e l d s  of 10-20 p e r c e n t .  The hydropyrolys is  p r o c e s s e s  
o p e r a t e  a t  v e r y  h i g h  tempera tures  of 700-1000°C where t h e  pr imary t a r  under- 
goes e x t e n s i v e  hydrocracking  forming BTX and g a s .  

The y i e l d  and q u a l i t y  o f  t a r  c a n  be  f u r t h e r  improved by c a r r y i n g  o u t  
hydropyrolys is  a t  medium t e m p e r a t u r e s  of 500-600°C in t h e  presence  of a c a t a l y s t  
thab  promotes hydrogenafhon and hydrocracking  r e a c t i o n s .  Though work on pyroly- 
s is  and hydropyrolys is  
about  c a t a l y t i c  h y d r o p y r o l y s i s .  Schroeder  p a t e n t e d  a c a t a l y t i c  hydrogenat ion 
process  where h e  claimed t h a t  a b i tuminous  c o a l  impregnated w i t h  ammonium 
molybdate y i e l d e d  30-60 p e r c e n t  l i g h t  o i l  a t  800°C and 2000 p s i  p r e s s u r e .  
Friedman e t  a l l 2  hydrogenated a New Mexico c o a l  impregnated w i t h  one p e r c e n t  
molybdenum i n  t h e  form of ammonium molybdate  i n  f i x e d  and f l u i d  beds.  Most 
of t h e  exper imenta l  work w a s  done a t  600-900°C under  a p r e s s u r e  of 6000 p s i .  
Most of t h e  c o a l  was conver ted  t o  g a s  w i t h  a l i q u i d  y i e l d  of less t h a n  20 per- 
c e n t .  But h igh  y i e l d  of c o a l  l i q u i d  of up t o  57 p e r c e n t  was obta ined  when t h e  
hydrogenat tyn  was c a r r i e d  o u t  a t  480°C under  a p r e s s u r e  of 6000 p s i .  
and Fa l lon  
700°C and 1500 p s i  p r e s s u r e  i n  a f r e e  f a l l  t u b u l a r  r e a c t o r .  
product  was r e p o r t e d  t o  b e  abouf418-25 p e r c e n t  b u t  t h e  c a t a l y s t  d i d  n o t  a f f e c t  
t h e  convers ion .  F r a n k l i n  e t  a1 s t u d i e d  t h e  e f f e c t  of m i n e r a l  m a t t e r  on rap id  
p y r o l y s i s  and h y d r o p y r o l y s i s  of  a bituminous c o a l  and found no s i g n i f i c a n t  
e f f e c t  by i r o n - s u l f u r  m i n e r a l s  a t  a hydrogen p r e s s u r e  of about  1000 p s i .  
t h i s  p a p e r ,  t h e  r e s u l t s  of  c a t a l y t i c  h y d r o p y r o l y s i s  of c o a l  i n  a hanging baske t  
r e a c t o r  and a f l u i d  bed r e a c t o r  are d e s c r i b e d .  Refined d i s t i l l a t e  o i l s  a r e  
obta ined  from c o a l  a t  medium t e m p e r a t u r e s  and p r e s s u r e s  i n  t h e  p r e s e n c e  of a 
hydrocracking c a t a l y s t .  

of  c o a l  was d o n e l y x t e n s i v e l y ,  very  l i t t l e  i s  known 

Ste inberg  
hydropyrolyzed a l i g n i t e  impregnated w i t h  ammonium molybdate  a t  

The y i e l d  of l i q u i d  

I n  
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I 

\ EXPERIPIENTAL 

The exper imenta l  work w a s  done i n  a Hanging Basket  Reac tor  (HBR) sys tem 
shown i n  F igure  1 and a F l u i d i z e d  Bed Reactor  system shown i n  F i g u r e  2.  
Hanging Basket Reac tor  c o n s i s t s  of a h igh  p r e s s u r e  v e s s e l  of 2" i . d .  and 4' 
long provided w i t h  a h e a t e r  a t  t h e  bottom and a b a s k e t  a t  t h e  top.  The b a s k e t  
hangs from a s h a f t  connected t o  a v a l v e  and c a r r i e s  a c r u c i b l e .  The HBR w a s  

t u r e s  c o n t a i n i n g  one gram of c o a l  and t h r e e  grams of c a t a l y s t  were taken  i n  
t h e  c r u c i b l e  and t h e  system was p r e s s u r i z e d  and h e a t e d  t o  t h e  d e s i r e d  condi-  
t i o n s .  A f t e r  t h e  system c o n d i t i o n s  were s t a b i l i z e d ,  t h e  c r u c i b l e  w a s  lowered 
t o  t h e  h o t  zone and kept  t h e r e  f o r  d i f f e r e n t  p e r i o d s  of t i m e  and t h e n  r a i s e d  
t o  t h e  o r i g i n a l  p o s i t i o n .  The lowering and r a i s i n g  o p e r a t i o n s  t a k e  2-3 
seconds.  A f t e r  t h i s  o p e r a t i o n ,  t h e  system w a s  cooled ,  d e p r e s s u r i z e d  and t h e  
c r u c i b l e  w a s  t aken  o u t  of t h e  system. The weight  l o s t  by c o a l  dur ing  t h e  
r e a c t i o n  w a s  t aken  a s  t h e  convers ion .  Some experiments  were a l s o  done w i t h  
50 and 100 grams of c o a l  i n  a 1-l i tre Magnedrive Autoclave under  s imula ted  
c o n d i t i o n s  of t h e  HBR work t o  p r e p a r e  bulk  q u a n t i t y  of l i q u i d  product  f o r  
a n a l y s i s .  

The 

\ designed f o r  a p r e s s u r e  of 7000 p s i  a t  a tempera ture  of 500°C. P h y s i c a l  mix- ' 

The F l u i d  Bed Reactor  System was des igned  f o r  a working p r e s s u r e  of 4000 
p s i  a t  a maximum tempera ture  of 700°C. It c o n s i s t s  of a f l u i d  bed r e a c t o r  of 
1.5" i . d .  and 4 '  h e i g h t ,  two hydrogen h e a t e r s ,  t h r e e  c o o l e r s ,  two l i q u i d  c o l l e c -  
t i o n  b o t t l e s ,  a s team i n j e c t i o n  system, a f l o w  c o n t r o l  v a l v e ,  a dry  g a s  meter 
and a pump t o  c i r c u l a t e  c h i l l e d  water t rough t h e  c o o l e r s .  The f l u i d  bed 
r e a c t o r  has  a l i n e r  of  1.25" i . d .  and 3.5' h e i g h t  which i s  provided w i t h  a 
p e r f o r a t e d  d i s c  a t  t h e  bottom t o  suppor t  t h e  c o a l - c a t a l y s t  mix ture .  The system 
is f u l l y  ins t rumented  w i t h  c o n t r o l l e r s ,  i n d i c a t o r s  and r e c o r d e r s  f o r  tempera- 
t u r e ,  p r e s s u r e ,  Ap and g a s  f low.  The r e a c t o r  system w a s  housed i n  a h i g h  
p r e s s u r e  c e l l  and opera ted  from o u t s i d e  a t  t h e  c o n t r o l  pane l .  

\ The f l u i d  bed r e a c t o r  was opera ted  i n  a b a t c h  mode w i t h  hydrogen f lowing 
through i t  cont inuous ly .  A p h y s i c a l  m i x t u r e  of c o a l  and c a t a l y s t  was p laced  
i n  t h e  l i n e r  which w a s  t h e n  i n t r o d u c e d  i n t o  t h e  r e a c t o r .  The s i z e  of c o a l  and 
c a t a l y s t  and f l u i d i z a t i o n  v e l o c i t y  were predetermined u s i n g  a g l a s s  f l u i d  bed 
r e a c t o r  a t  ambient tempera ture .  F l u i d i z a t i o n  s t u d i e s  w i t h  c o a l - c a t a l y s t  mix tures  

mixing a t  v e l o c i t i e s  of 0.25 t o  0 . 5  f t . / s e c .  which g i v e  g a s  phase  r e s i d e n c e  
times of 6-12 seconds f o r  a c o a l - c a t a l y s t  f l u i d  bed h e i g h t  of 3 ' .  A f t e r  t h e  
i n t r o d u c t i o n  of t h e  l i n e r  i n t o  t h e  r e a c t o r ,  t h e  system w a s  f l u s h e d  w i t h  n i t r o g e n ,  
p r e s s u r i z e d  and c l o s e d  t o  t h e  atmosphere.  The hydrogen h e a t e r s  were hea ted  t o  
t h e  d e s i r e d  tempera ture  and t h e  n i t r o g e n  i n  t h e  system w a s  rep laced  by hydrogen 
through a bypass  l i n e .  Flow of hydrogen through t h e  bypass  was cont inued  u n t i l  
t h e  d e s i r e d  g a s  f low and tempera ture  were a t t a i n e d .  A t  t h a t  s t a g e ,  t h e  hot  
hydrogen f low was d i v e r t e d  through t h e  r e a c t o r  where i t  came i n t o  c o n t a c t  w i t h  
t h e  c o a l  and c a t a l y s t  and f l u i d i z e d  t h e  mixture .  The r e a c t i o n  was c a r r i e d  o u t  
f o r  1 0  t o  30 minutes .  A t  t h e  end of  t h e  r e a c t i o n  p e r i o d ,  t h e  hydrogen f low was 
d i v e r t e d  back through t h e  bypass  and was r e p l a c e d  by n i t r o g e n .  
t i o n ,  c h i l l e d  water was c i r c u l a t e d  through t h e  c o o l e r s .  The l i q u i d  product  was 
condensed i n  t h e  c o o l e r s  and was c o l l e c t e d  i n  t h e  c o l l e c t i o n  b o t t l e s .  The g a s  
was le t  o u t  i n t o  t h e  atmosphere through t h e  g a s  meter where i t s  volume w a s  
recorded .  The s o l i d  char  remained i n  t h e  l i n e r  w i t h  t h e  c a t a l y s t .  

1 showed t h a t  c o a l  and c a t a l y s t  p a r t i c l e s  of 35-150 mesh f l u i d i z e  w e l l  w i t h  good 

During t h e  opera-  

A bi tuminous c o a l  from Utah w a s  used i n  t h e  HBR work. The a n a l y s i s  of t h e  
c o a l  i s  g iven  i n  Table  1. AWyoming subbi tuminous and a Kentucky bi tuminous c o a l  
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were used i n  t h e  FBR work. The a n a l y s i s  of t h e  c o a l s  i s  g iven  i n  Table  2 .  

Prereduced tungs t en  d i s u l f i d e  (WS2) of -200 mesh s i z e  was used in t h e  HBR 
experiments .  A commercial c a t a l y s t  c o n t a i n i n g  s u l f i d e s  of c o b a l t  and 
molybdenum suppor t ed  on s i l i c a - a l u m i n a  was used i n  t h e  FBR exper iments .  
c a t a l y s t  was ground t o  60-140 mesh s i z e  b e f o r e  u s e .  The a n a l y s e s  of c o a l s ,  
c o a l  l i q u i d s  and gases  were done by s t a n d a r d  methods. 

RESULTS AND DISCUSSION 

The 

The  Hanging Basket Reactor  experiments  were done wi th  and wi thou t  t h e  
c a t a l y s t  a t  450-550°C under a p r e s s u r e  of 2000-4000 p s i .  The e f f e c t  of reac-  
t i o n  time and t empera tu re  on c o a l  conve r s ion  i s  shown i n  F i g u r e  3 .  The 
conve r s ion  increased  wi th  t empera tu re  and t i m e .  I n  t h e  c a s e  of n o n - c a t a l y t i c  
exper iments ,  a maximum conver s ion  of 43 p e r c e n t  was ob ta ined  a t  550*C and 
4000 p s i  p r e s s u r e .  The a d d i t i o n  of c s t a l y s t  i n c r e a s e d  t h e  conve r s ion  s i g n i f i -  
c a n t l y .  Coal conve r s ion  of over  90 pe rcen t  was ob ta ined  a t  550°C and 4000 
p s i  p r e s s u r e .  The d a t a  show' t h a t  adequate  c a t a l y t i c  e f f e c t  can be ob ta ined  
i n  coa l  conve r s ion  when c o a l  and c a t a l y s t  are p r e s e n t  i n  a p h y s i c a l  m i x t u r e  
a t  high tempera tures ,  h igh  p r e s s u r e s  and h igh  c a t a l y s t - c o a l  r a t i o s .  The d a t a  
a l s o  show t h a t  high c o a l  conve r s ions  can be ob ta ined  i n  c a t a l y t i c  hydropyrol- 
y s i s  a t  s h o r t  r e a c t i o n  times of l e s s  than 10  minutes .  

The e f f e c t  of hydrogen p r e s s u r e  and r e a c t i o n  t i m e  on c o a l  conversion a t  
550°C is shown i n  F igu re  4 .  Hydrogen p r e s u r e  d i d  n o t  a f f e c t  t h e  n o n - c a t a l y t i c  
conversion b u t  i n c r e a s e d  t h e  c a t a l y t j c l $ o n v e r s i o n  s i g n i f i c a n t l y .  
repor ted  i n  t h e  e a r l i e r  p u b l i c a t i o n s  9 t h a t  hydrogen p r e s s u r e  i n c r e a s e d  con- 
v e r s i o n  i n  t h e  n o n - c a t a l y t i c  hydropyro lys i s  of c o a l .  But most of t h e  publ ished 
work was c a r r i e d  o u t  a t  lower p r e s s u r e s  and t h u s  can n o t  be compared wi th  t h e  
d a t a  ob ta ined  i n  t h e  p r e s e n t  work. I t  is t h e r e f o r e  concluded from t h e  d a t a  of 
F i g u r e  4 t h a t  hydrogen p r e s s u r e  i n c r e a s e s  c o a l  conve r s ion  i n  n o n - c a t a l y t i c  
hydropyro lys i s  on ly  a t  p r e s s u r e s  lower than  2000 p s i  b u t  i t  does n o t  a f f e c t  t h e  
conve r s ion  a t  p r e s s u r e s  of 2000 p s i  o r  h ighe r  u n l e s s  a c a t a l y s t  i s  p r e s e n t .  
The p r e s s u r e  e f f e c t  i n  c a t a l y t i c  hydropyro lys i s  appea r s  t o  b e  s i m i l a r  t o  t h e  
e f f e c t  observed i n  c a t a l y t i c  hydrogena t ion  of c o a l .  

I t  was 

9 1 7  

S i g n i f i c a n t  d i f f e r e n c e s  were observed i n  t h e  n a t u r e  of l i q u i d  and gaseous 
products  ob ta ined  i n  t h e  HBR work. Table  3 c o n t a i n s  t h e  a n a l y s i s  of l i q u i d  
and gaseous products .  The p roduc t  ob ta ined  i n  t h e  n o n - c a t a l y t i c  work was a very 
h igh  b o i l i n g  l i q u i d  and con ta ined  l a r g e  q u a n t i t i e s  of p r e a s p h a l t e n e ,  a s p h a l t e n e ,  
s u l f u r  and n i t r o g e n .  
con ta ined  s u b s t a n t i a l  amounts of l i g h t  and middle  o i l s .  
a s p h a l t e n e ,  s u l f u r  and n i t r o g e n  c o n t e n t  of t h e  p roduc t  was ve ry  low. 
p e r t i e s  of t h e  c a t a l y t i c  l i q u i d  product  i n d i c a t e  t h a t  t h e  pr imary l i q u i d  formed 
from c o a l  underwent h y d r o r e f i n i n g  and hydrocracking i n  t h e  p re sence  of t h e  
c a t a l y s t  y i e l d i n g  a r e f i n e d  d i s t i l l a b l e  o i l .  
hydropyro lys i s  t h e  conve r s ion  of c o a l  t o  l i q u i d  product  t a k e s  p l a c e  by a two 
s t e p  r e a c t i o n  mechanism shown i n  F igu re  5. 
c o a l  undergoes the rma l  breakdown forming a n  i n t e r m e d i a t e  p roduc t  c o n s i s t i n g  of 
r e a c t i v e  fragments .  Some of t h e  fragmented c o a l  mo lecu le s  undergo s t a b i l i z a t i o n  
forming tar and some of t h e  fragments  undergo po lymer i za t ion  and condensa t ion  
r e a c t i o n s  forming coke o r  c h a r .  
f ragmentedcoal  molecules  and s t a b i l i z e  them b e f o r e  they  undergo po lymer i za t ion  
and condensa t ion  r e a c t i o n s  which l e a d  t o  coke o r  c h a r  format ion .  

On t h e  o t h e r  hand, t h e  c a t a l y t i c  p roduc t  was l i g h t e r  and 

The p ro -  
The p r e a s p h a l t e n e ,  

The d a t a  s u g g e s t  t h a t  i n  c a t a l y t i c  

I n  p y r o l y s i s ,  t h e  o r g a n i c  m a t t e r  of 

I n  h y d r o p y r o l y s i s ,  hydrogen r e a c t s  w i th  t h e  

T a r  y i e l d  
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t h e r e f o r e  i n c r e a s e s  i n  h y d r o p y r o l y s i s  when compared t o  j u s t  p y r o l y s i s  Of Coal. 
I n  cata! .yt ic  h y d r o p y r o l y s i s ,  t h e  pr imary c o a l  l i q u i d  a p p e a r s  t o  be forming due 
to p y r o l y s i s  and c a t a l y t i c  hydrogenat ion  of  c o a l  
t u r n  undergoes c a t a l y t i c  hydrocracking  forming a l i g h t e r  l i q u i d  product .  

The pr imary  c o a l  l i q u i d  i n  

I t  i s  concluded from t h e  foregoing  d i s c u s s i o n  on c a t a l y t i c  hydropyrolys is  
\ t h a t  p h y s i c a l  c o n t a c t  between c o a l  and a s o l i d  c a t a l y s t  p r o v i d e s  adequate  ' c a t a l y t i c  e f f e c t  t o  g e t  h i g h  c o a l  convers ion  of up t o  90 p e r c e n t .  

undergoes l i q u e f a c t i o n  and t h e  l i q u e f i e d  c o a l  undergoes re f inement  i n  a s i n g l e  
s t e p ,  thus  producing good q u a l i t y  l i g h t  and middle  o i l s .  Though n o t  d i s c u s s e d  
i n  t h i s  paper ,  c a t a l y s t  t o  c o a l  r a t i o s  of 3 t o  1 were found t o  provide  adequate  
c a t a l y t i c  e f f e c t  and t o  reduce  agglomera t ion  of  caking  c o a l s  when t h e  s i z e  of 

o i l s  i n  h igh  y i e l d s  from caking  bi tuminous c p a l s  i r ~  a s i n g l e  s t e p  by c a t a l y t i c  
hydropyrolys is  under  t h e  c o n d i t i o n s  used i n  t h e  HBR work. The HBR system does 
n o t  have any p o t e n t i a l  f o r  u s e  a s  a p r a c t i c a l  system t o  l i q u e f y  c o a l  on a 
l a r g e  s c a l e  i n  a cont inuous  manner. An e v a l u a t i o n  of s e v e r a l  p r a c t i c a l  r e a c t o r  
systems l e d  t o  t h e  c o n c l u s i o n  t h a t  a f l u i d i z e d  bed r e a c t o r  is t h e  most s u i t a b l e  
f o r  t h i s  a p p l i c a t i o n .  

The c o a l  

, c o a l  was >200 mesh. It i s  t h e r e f o r e  f e a s i b l e  t o  produce r e f i n e d  d i s t i l l a t e  

, 

The r e s u l t s  of t h e  F l u i d i z e d  Bed Reactor  System a r e  g i v e n  i n  Tables  4-6. 
Table 4 c o n t a i n s  t h e  test c o n d i t i o n s  used i n  t h e  FBR work. The s i z e  of c o a l  
and c a t a l y s t  and f l u i d i z a t i o n  v e l o c i t y  were determined from f l u i d i z a t i o n  s t u d i e s  
made i n  a g l a s s  f l u i d  bed r e a c t o r  a t  ambient tempera ture  and a tmospher ic  pres -  
s u r e  w i t h  n i t r o g e n  a s  t h e  f l u i d i z i n g  gas .  The tempera ture  and p r e s s u r e  were 
s e l e c t e d  from t h e  HBR work. Table  5 c o n t a i n s  t h e  m a t e r i a l  b a l a n c e  of FBR work. 
The y i e l d  of l i q u i d  product  from t h e  subbi tuminous c o a l  was a b o u t  33 p e r c e n t  a s  
compared t o  about  43 p e r c e n t  from t h e  bi tuminous c o a l .  The hydrogen consump- 
t i o n  was 2 .5  and 3.8 p e r c e n t  r e s p e c t i v e l y .  It is c o n c e i v a b l e  t h a t  t h e  l i q u i d  
product  y i e l d  can b e  improved under  opt imal  p r o c e s s i n g  c o n d i t i o n s .  Table  6 
c o n t a i n s  t h e  p r o p e r t i e s  of l i q u i d  Droducts .  The c o a l  l i q u i d s  c o n t a i n  s m a l l  
amounts of s u l f u r  and benzene i n s o l u b l e s  and l a r g e  q u a n t i t i e s  of  l i g h t  and 
middle  o i l s .  The l i q u i d  from t h e  subbi tuminous c o a l  c o n t a i n s  75  p e r c e n t  d i s -  
t i l l a t e  and t h e  l i q u i d  from t h e  bi tuminous c o a l  c o n t a i n s  86 p e r c e n t  d i s t i l l a t e  
b o i l i n g  up t o  a tempera ture  of 450°C. 
and r e f i n i n g  of l i q u e f i e d  c o a l  took p l a c e  i n  a s i n g l e  s t e p  i n  t h e  FBR which i s  
i n  conformity w i t h  t h e  HBR d a t a .  The data a l s o . s u p p o r t  t h e  two s t e p  r e a c t i o n  
mechanism shown i n  F i g u r e  5 .  

' 

The d a t a  i n d i c a t e  t h a t ,  c o a l  l i q u e f a c t i o n  
\ 

\ 
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Table 1. Anrlyrlr of U l a h  Coal  

\ 

f 

I 

46.8 

46.5 

6.1 

n i . 2 2  

5.9s 

1.61 

P.41 

5.18 

P r o ~ m ~ ; ; ~ h m ~ ; ; s .  ut.% Subblluninous C o a l  Bitvninom Coal 
( U p n 1 " g )  (Kentucky 1 6  and e l l )  

voldlliel 43.22 4 6 . 4 3  

F l ied  Carbon : 50.55 4 4 . 1 1  

A l h  6.21 5 . 4 0  

Ul t lna te  Analyrir. NL.: 
7 0 F i a r l r )  

C*,bO" 70.21 73.46 

HYd,C.ge" 4.94 5 . 3 0  

h i t r o g e n  1.05 1.21 

S u l f u r  0.71 3.35 

0XY9P"  16.86 1.30 
(EY dlfterence) 

Table I. A n d l y l l l  o f  HBU Products 

l E . O  

72.0 

10.0 

11.0 

24.0 

16.0 

25.0 

1 . 2 6  

1 . 3 0  

3 . 0  

28.0 

6Y.0 

2 8 . 0  

4 0 . 0  

1l.U 

15.u 
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Table 4. FER Test  C o n d i t i o n s  

Ut. o f  coal i n  each t e s t .  g 

Ut. o f  c a t a l y s t  i n  each t e s t .  g 

Sire of c o a l .  Tyler mesh 

S i z e  of c a t a l y s t ,  T y l e r  msh 

F I  u i d i  zat  i o n  v e l o c i t y  , fl . I s e c .  

Temperature. "C 

Pressure,  PSI 

React ion t ime,  min. 

I n p u t .  0. 

Coal 

Hydrogen 

TUTAL 

o u t p u t .  9. 

L i q u i d  

G a s  
( I n c l u d e s  H ~ S  and f:n3) 

Water 

Solid 

T a b l e  5. FER M a t e r i a l  Balance 
(ddf Coal)  

Subbi tuntinous 
Coal 

100.0 

2.5 

102.5 

32.6 

12.3 

3.5 

5 4 . 1  

T a b l e  6. A n a l y s i s  o f  FER L i q u i d  Product  

Sp. g r . ,  25°C 

Sulfur. Wt.: 

N i t rogen.  Ut.: 

L i g h t  o i l ,  k t . t  
(-200T) 

( 2 0 0 - ~ 5 0 " C )  
Middle d i s t i l l a t e .  Wt.: : 

Benzene i n s o l u b l e s .  ht.; : 

S u b b i t m i n o u s  
Coal 

1.02 

0.31 

1.04 

15.0 

60.0 

9.1 

130 

145 

35-60 

60-140 

0.45 

550 

2000 

20 

Bi tuminous 
Coal 

100.0 

i . 8  

103.e 

~ 

4 2 . 7  

11.0 

5.3 

3E.8 

m i  t u n i  nous 
Coal 

1.m 

0.41 

1.11 

17.0 

69.0 

6.1 
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THE APPLICATION OF FT-IR AND SOLID STATE 1 3 C  NMR 
TO THE CHARACTERIZATION OF A SET OF VITRIXITE CONCENTRATES 

D.W. Kuehn, A.Davis,  R.W. Snyder ,  M. S t a r s i n i c  and P.C. P a i n t e r  

The Pennsylvania  S t a t e  U n i v e r s i t y ,  U n i v e r s i t y  Pa rk ,  PA 16802 

J .  Havens and J .L .  Koenig 

Case Western Reserve  U n i v e r s i t y ,  C leve land ,  Ohio 44106 

INTRODUCTION 

I n  a r ecen t  rev iew of c o a l  s t r u c t u r e  Neavel (1) remarked t h a t  c o a l  i s  analagous 
t o  f r u i t c a k e  i n  t h a t  i t  i s  an  a g g r e g a t e  o f  d i f f e r e n t  and d i s t i n g u i s h a b l e  components. 
Consequent ly ,  t h e  c h a r a c t e r i z a t i o n  of c o a l  s t r u c t u r e  ( o r  f o r  t h a t  matter, f r u i t -  
cake)  demands a r e c o g n i t i o n  and i n v e s t i g a t i o n  o f  t h e  s e p a r a t e  components, 
macera ls .  For  most U . S .  c o a l s  t h e  major macera l  t ype  p r e s e n t  i s  v i t r i n i t e ,  s o  
t h a t  an  unders tanding  of many s t r u c t u r e / p r o p e r t y  r e l a t i o n s  w i l l  u l t i m a t e l y  depend 
on a knowledge of t h e  s t r u c t u r e  of t h i s  mace ra l .  A s  p a r t  of a s y s t e m a t i c  s t u d y  
o f  t h e  v a r i a b i l i t y  o f  c o a l  p r o p e r t i e s  w i t h i n  a s i n g l e  seam, a set of v i t r i n i t e  
c o n c e n t r a t e s  has been ob ta ined  from samples t a k e n  from t h e  Lower K i t t a n i n g  seam (2). 
Th i s  seam is p a r t i c u l a r l y  i n t e r e s t i n g  because  o f  i t s  b road  e x t e n t  and t h e  r ange  
of envi ronments  by which i t  i s  though t  t o  have  been  a f f e c t e d .  However, even 
though t h e  f a r  from t r i v i a l  t a s k  o f  o b t a i n i n g  and s t o r i n g  t h e s e  macera l  concen- 
t r a t e s  under optimum c o n d i t i o n s  h a s  been accomplished ( 2 ) ,  t h e r e  remains  t h e  
formidable  t a s k  o f  s t r u c t u r a l  c h a r a c t e r i z a t i o n .  

Because of t h e  he t e rogeneous ,  n o n - c r y s t a l l i n e ,  l a r g e l y  i n s o l u b l e  n a t u r e  of 
c o a l ,  i t  i s  p r a c t i c a l l y  imposs ib l e  t o  app ly  t h e  t r a d i t i o n a l  methods of o r g a n i c  
and p h y s i c a l  chemis t ry  t o  s t r u c t u r a l  c h a r a c t e r i z a t i o n  work. Such methods e s sen -  
t i a l l y  r e l y  on  t h e  s e p a r a t i o n  and i d e n t i f i c a t i o n  o f  t h e  c o n s t i t u e n t  s imple  mole- 
c u l e s  of a complex sys tem.  I n  f a c t ,  f o r  c o a l  i t  i s  a n o t o r i o u s l y  d i f f i c u l t  t a s k  
t o  o b t a i n  r e l i a b l e  d a t a  on even t h e  most fundamenta l  p r o p e r t y ,  t h e  ave rage  
molecu la r  weight  and t h e  molecu la r  weight  d i s t r i b u t i o n  of  t h e  macromolecular 
c o n s t i t u e n t s .  Consequent ly ,  t h e  most u s e f u l  i n fo rma t ion  concern ing  c o a l  s t r u c t u r e  
t h a t  w e  can reasonably  expec t  t o  o b t a i n  is  a q u a n t i t a t i v e  i d e n t i f i c a t i o n  of t h e  
molecu la r  t ypes  o f  hydrocarbons  p r e s e n t  ( eg  a r o m a t i c  and a l i p h a t i c  carbon)  and 
t h e  t y p e  and d i s t r i b u t i o n  o f  s p e c i f i c  f u n c t i o n a l  groups ( a l i p h a t i c  CH,  CH and 
CH3; p h e n o l i c  OH, a l k y l  OH,  c a rbony l  e t c ) .  
s p e c t r o s c o p i c  methods a r e  un ique ly  capab le  of e l u c i d a t i n g .  

2 It is p r e c i s e l y  t h i s  i n fo rma t lon  t h a t  

Spec t roscop ic  t echn iques  have been wide ly  a p p l i e d  t o  t h e  s t u d y  of c o a l ,  b u t  
have m e t  w i t h  only  l i m i t e d  s u c c e s s  (3-6). Advances i n  s p e c t r o s c o p i c  in s t rumen t -  
a t i o n  however,  shou ld  a l l o w  us  t o  o b t a i n  new i n s i a h t s  i n t o  c o a l  s t r u c t u r e .  Of 
p a r t i c u l a r  s i g n i f i c a n c e  i s  t h e  r e c e n t  a p p l i c f s i o n  of F o u r i e r  t r ans fo rm i n f r a r e d  
(FT-IR) spec t roscopy  (7-17) and s o l i d  s t a t e  C NMR s p e c t r o s c o p y ,  u s i n g  magic- 
a n g l e  s p i n n i n g  i n  con junc t ion  w i t h  c r o s s - p o l a r i z a t i o n  and h i g h  power decoup l ing  
(18-21). I n  t h i s  communication w e  w i l l  c o n s i d e r  t h e  i n i t i a l  r e s u l t s  o f  app ly ing  
t h e s e  two t echn iques  t o  t h e  set  of v i t r i n i t e  c o n c e n t r a t e s  mentioned above. 

SAMPLE CHARACTERISTICS 

A set  o f  24 v i t r i n i t e  c o n c e n t r a t e s  were s e l e c t e d  f o r  i n i t i a l  s t u d y .  These  
samples  have been c h a r a c t e r i z e d  by a number o f  methods and an e x t e n s i v e  body of 
b a s i c  d a t a  h a s  been r e p o r t e d  ( r e f e r e n c e  2 and subsequen t  r e p o r t s )  Space does  
n o t  p e r m i t  r ep roduc t ion  of a l l  o f  t h i s  d a t a  h e r e .  
o u t  t h e  c r i t i c a l  impor tance  of r e p o r t i n g  r e f l e c t a n c e  v a l u e s  and t h e  p e t r o g r a p h i c  
a n a l y s i s  of c o a l s  on which s t r u c t u r a l  s t u d i e s  a r e  per formed.  

However, Meavel (1) has  po in t ed  

Accord ingly ,  a p l o t  

55 



of  r e f l e c t a n c e  a s  a f u n c t i o n  of ca rbon  c o n t e n t  of t h e  c o n c e n t r a t e s  used i n  t h i s  
s tudy  is shown i n  F i g u r e  1. P e t r o g r a p h i c  a n a l y s i s  of t h e  c o n c e n t r a t e s  demonstrated 
t h a t  m o s t  were 95-96% v i t r i n i t e  w i t h  one o r  two h i g h e r  (up t o  98%) and one odd 
sample t h a t  was s i g n i f i c a n t l y  lower  (88% v i t r i n i t e ) .  

TYPE OF INFORMATION THAT CAN BE OBTAINED FROM FT-IR AND I 3 C  NMR 

Both FT-IR and 1 3 C  NMR have a l r e a d y  been used t o  o b t a i n  v a l u a b l e  informat ion  
concern ing  c o a l  s t r u c t u r e .  However, i n  many ways t h e s e  t echn iques  a r e  s t i l l  be ing  
developed and i t  should  be  p o s s i b l e  t o  o b t a i n  new in fo rma t ion  a s  in s t rumen t s  and 
methodology a r e  improved. I n  t h i s  s e c t i o n  w e  w i l l  b r i e f l y  d e s c r i b e  t h e  type  of 
complementary in fo rma t ion  t h a t  can be ob ta ined  from each method and a n t i c i p a t e  
a r e a s  where  w e  b e l i e v e  advances  can  be made. 

Typ ica l ly ,  i n f r a r e d  spec t r socopy  is s e n s i t i v e  t o  s p e c i f i c  f u n c t i o n a l  groups. 
The s p e c t r a  of t h r e e  of t h e  v i t r i n i t e  c o n c e n t r a t e s ,  chosen s o  a s  t o  r ep resen t  
samples o f  d i f f e r e n t  r ank ,  a r e  p r e s e n t e d  i n  F i g u r e  2 .  Four r e g i o n s  of t h e  spectrum 
have  been used t o  o b t a i n  q u a n t i t a t i v e  in fo rma t ion ;  t h e  0-H s t r e t c h i n g  r eg ion  nea r  
3400 cm -1, t h e  a romat i c  C-H s t r e t c h i n g  modes between 3100 and 3000 cm-l, the 
a l i p h a t i c  C-H s t r e t c h i n g  modes between 3000 and 2800 c m - l ,  and t h e  a romat i c  C-H 
out-of-plane bending modes between 900 and 700 cm-l. 

The c e n t r a l  problem wi th  i n f r a r e d  s p e c t r o s c o p i c  s t u d i e s  of c o a l  is t h e  
absence  of r e l i a b l e  e x t i n c t i o n  c o e f f i c i e n t s  ( r e l a t i n g  band i n t e n s i t i e s  t o  the  con- 
c e n t r a t i o n  of t h e  co r re spond ing  f u n c t i o n a l  group) .  Usua l ly ,  t h e  i n t e g r a t e d  in- 
t e n s i t y  i n  an e n t i r e  r eg ion  o f  t h e  spec t rum ( f o r  example t h e  a l i p h a t i c  C-H s t r e t c h -  
i n g  modes) i s  used and t h e  e x t i n c t i o n  c o e f f i c i e n t s  of i n d i v i d u a l  bands are thus 
averaged. 
work o r  on p ro ton  magnet ic  r e sonance  s t u d i e s  of c o a l  e x t r a c t s .  
Solomon (16 ,17 )  has  equated  t h e  c o n c e n t r a t i o n  of hydrogen c o n t a i n i n g  f u n c t i o n a l  
groups t o  t h e  t o t a l  hydrogen de termined  by e l emen ta l  a n a l y s i s  i n  o r d e r  t o  o b t a i n  
e x t i n c t i o n  c o e f f i c i e n t s .  We have  p r e v i o u s l y  d i scussed  t h e  problems a s s o c i a t e d  wi th  
i n f r a r e d  a n a l y s i s  (22 ,23 ) ,  t h e  most c r i t i c a l  of which would appear  t o  be  t h e  use 
of e n t i r e  r eg ions  of t h e  spec t rum r a t h e r  t han  i n d i v i d u a l  bands.  
t h e r e  i s  no v i a b l e  a l t e r n a t i v e  t o  t h i s  approach ,  b u t  one p o s s i b i l i t y  is t o  use 
wel l -def ined  curve  r e s o l v i n g  methods.  We have p r e v i o u s l y  r e p o r t e d  (22 ,23)  the 
u s e  of such procedures  i n  d i s t i n g u i s h i n g  t h e  p roduc t s  of a c e t y l a t i o n .  
allowed u s  t o  s e p a r a t e l y  de t e rmine  p h e n o l i c  OH, a l k y l  OH and NH groups .  
r e c e n t l y  a p p l i e d  t h e s e  methods t o  t h e  a romat i c  C-H ou t -of -p lane  bending  modes 
between 900 and 700 cm-l. 
o f  t h e  a n a l y s i s  o f  v i t r i n i t e  c o n c e n t r a t e s .  

C a l i b r a t i o n  h a s  i n  t h e  p a s t  most o f t e n  been based on model compound 
More r e c e n t l y ,  

It may be t h a t  

This  has 
We have 

These r e s u l t s  w i l l  b e  cons ide red  below i n  t h e  con tex t  

I n  most of t h e  s o l i d  s t a t e  I 3 C  NMR r e s u l t s  r e p o r t e d  t o  d a t e ,  i n c l u d i n g  those  
u t i l i z i n g  magic a n g l e  s p i n n i n g  and c r o s s - p o l a r i z a t i o n  (18-21), on ly  two broad 
bands a r e  u s u a l l y  d i s c e r n e d ,  one f o r  a romat i c  carbon and one f o r  a l i p h a t i c .  
c a r e f u l  examinat ion  of t h e s e  s p e c t r a  r e v e a l s  t h e  p re sence  of s h o u l d e r s ,  b u t  t h e  
s i g n a l  t o  n o i s e  r a t i o  i s  such  t h a t  t hey  a r e  n o t  w e l l  de f ined .  N e v e r t h e l e s s ,  t h e  
s p e c t r a  a l l o w  u s e f u l  e s t i m a t e s  of t h e  deg ree  of a r o m a t i c i t y ,  f , t o  be ob ta ined .  
We have r e c e n t l y  a p p l i e d  t o  c o a l  s t u d i e s  a spec t romete r  w i t h  a a s  t i c  f i e l d  of 
3.5T, approximate ly  2 .5  t imes  t h e  f i e l d  s t r e n g t h  f o r  which most C s p e c t r a  of 
s o l i d  c o a l s  have been r e p o r t e d .  The r e s u l t i n g  i n c r e a s e  i n  s e n s i t i v i t y  and 
p o t e n t i a l  r e s o l u t i o n  a r e  c o n s i d e r a b l e ,  a s  demonst ra ted  by t h e  spec t rum of a v i t -  
r i n i t e  c o n c e n t r a t e  shown i n  F i g u r e  3.  Shou lde r s  a r e  c l e a r l y  v i s i b l e  on bo th  t h e  
a romat i c  and a l i p h a t i c  peaks and can  be  r e a d i l y  a s s igned  us ing  a p p r o p r i a t e  polymer 
model compounds. 
s i m i l a r i t i e s  between t h e  i n f r a r e d  s p e c t r a  o f  c e r t a i n  pheno l i c  r e s i n s  and c o a l  (22).  
These m a t e r i a l s  should  a l s o  be  an impor t an t  a i d  i n  a s s i g n i n g  s h o u l d e r s  i n  t h e  
a romat i c  and a l i p h a t i c  r e sonances  of c o a l s .  The spec t rum of a s imple  phenol- 
formaldehyde r e s i n  and a phenol/dihydroxynaphthalene-formaldehyde copolymer a r e  
a l s o  p re sen ted  i n  F igu re  3. Based on t h e  known s t r u c t u r e  of t h e s e  polymers a 

A 

i9 

We have  p r e v i o u s l y  r e p o r t e d  t h e  s u r p r i s i n g  bu t  s a t i s f y i n g  
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number of  ass ignments  can  b e  made. 
carbons  d i r e c t l y  a t t a c h e d  t o  hydroxy l  groups  r e s o n a t e  n e a r  153  ppn and t h i s  a g r e e s  

T h i s  ass ignment  can a l s o  b e  conf i rmed by a c e t y l a t i o n  s t u d i e s .  
spec t rum of  a c o a l  b e f o r e  and a f t e r  a c e t y l a t i o n  i s  p r e s e n t e d  i n  F i g u r e  4 ,  t o g e t h e r  
w i t h  a d i f f e r e n c e  spectrum. 

ance  n e a r  170 ppm and t h e  methyl  r e sonance  n e a r  22 .2  ppm c h a r a c t e r i s t i c  o f  t h e  
a c e t y l  groups  in t roduced  i n t o  t h e  c o a l  can  b e  c l e a r l y  d i s t i n g u i s h e d  and used i n  
con junc t ion  w i t h  FT-IR s t u d i e s  of t h e  same samples  t o  o b t a i n  q u a n t i t a t i v e  d a t a .  

For  example,  i n  t h e  model compounds a romat i c  

~ w e l l  w i t h  a low f i e l d  s h o u l d e r  on t h e  a romat i c  r e sonance  of v i t r i n i t e  c o n c e n t r a t e s .  
. The 1 3 C  NMR 

A n e g a t i v e  peak  c e n t e r e d  n e a r  155 ppm i n d i c a t e s  t h e  
, l o s s  of carbon a t t a c h e d  t o  p h e n o l i c  OH groups .  Fur thermore ,  t h e  ca rbony l  reson- 

The p o t e n t i a l  of s u i t a b l e  polymer ic  m a t e r i a l s  as models f o r  c o a l  i s  c l e a r l y  
o u t s t a n d i n g .  However, b e f o r e  p roceed ing  t o  a d i s c u s s i o n  o f  some of t h e  r e s u l t s  
of t h e  a n a l y s i s  of v i t r i n i t e  c o n c e n t r a t e s  w e  wish t o  draw a t t e n t i o n  t o  a n o t h e r  
procedure  t h a t  should  b e  ex t r eme ly  u s e f u l  i n  r e s o l v i n g  s h o u l d e r s  on t h e  broad  
a romat i c  and a l i p h a t i c  resonances  of c o a l  macerals. We a r e  p r e s e n t l y  on ly  j u s t  
s t a r t i n g  t o  apply  t h i s  method t o  c o a l  s t u d i e s ,  b u t  p r e l i m i n a r y  r e s u l t s  are 
s u f f i c i e n t l y  i n t e r e s t i n g  t o  r e p o r t  h e r e .  
d i f f e r e n t i a t e  among carbons  c o n t r i b u t i n g  t o  t h e  broad  a romat i c  and a l i p h a t i c  
resonances  (21) .  
a de lay  b e f o r e  t h e  beg inn ing  o f  a q u i s i t i o n  d u r i n g  which t h e  p ro ton  p u l s e  i s  
swi tched  o f f  ( 2 4 ) .  The p ro tona ted  ca rbons  dephase  p r e f e r e n t i a l l y  d u r i n g  t h i s  
p e r i o d ,  l e a v i n g  only  t h e  nonprotonated  carbons  t o  c o n t r i b u t e  t o  t h e  accumulated 
f r e e  i n d u c t i o n  decay. 
5 t h a t  b o t h  t h e  a l i p h a t i c  and t h e  h i g h  f i e l d  s i d e  o f  t h e  a romat i c  resonance  c o n s i s t  
o f  p ro tona ted  carbons .  T h i s  t ype  o f  i n fo rma t ion  should  p rove  ex t r eme ly  v a l u a b l e  
i n  con junc t ion  wi th  FTIR s t u d i e s ,  where bands  due t o  v a r i o u s  a l i p h a t i c  groups  
(CH, CH2 and CH3) and a r o m a t i c  hydrogen ar rangements  ( lone  C-H, two a d j a c e n t  C-H 
e t c . )  can  be  observed .  
s e rved  i n  t h i s  spectrum. These a r i s e  when t h e  magic-angle r o t a t i o n  r a t e  i s  less 
than  t h e  chemical s h i f t  a n i s o t r o p y ,  a s  is a lmost  a lways  t h e  case  f o r  t h e  a romat i c  
resonances  of coa l .  The c o n t r i b u t i o n  of t h e s e  s idebands  can  be  accounted  f o r  by 
v a r i o u s  methods,  b u t  r e c e n t l y  a p u l s e  sequence  h a s  been in t roduced  which a l lows  
e l i m i n a t i o n  of f i r s t  o r d e r  S idebands  (25) .  Both t h i s  p u l s e  method and a c o r r e c t i o n  
based on t h e  observed i n t e n s i t y  of t h e  h igh  f i e l d  a r o m a t i c  s ideband  have  been 
a p p l i e d  t o  c o a l  s t u d i e s .  The a romat i c  ca rbon  f r a c t i o n  f a  w a s  de te rmined  t o  b e  t h e  
same. 

i. 

It i s  p o s s i b l e  t o  use  p u l s e  sequences  t o  

F igu re  5 shows t h e  a p p l i c a t i o n  of a sequence  which i n c o r p o r a t e s  

It can  b e  s e e n  from t h e  d i f f e r e n c e  spec t rum shown i n  F igu re  

It shou ld  b e  no ted  t h a t  weak s p i n n i n g  s idebands  are ob- 

ANALYSIS OF VITRINITE CONCENTRATES 

Our i n i t i a l  a i m  i n  t h e s e  s t u d i e s  i s  t o  c o r r e l a t e  t h e  c o n c e n t r a t i o n  of v a r i o u s  
f u n c t i o n a l  groups  t o  r a n k  pa rame te r s .  I n  p r e l i m i n a r y  work w e  p l o t t e d  t h e  area of 
bands a s s igned  t o  s p e c i f i c  f u n c t i o n a l  groups  a g a i n s t  %C (dmmf). A t y p i c a l  r e s u l t  
i s  shown i n  F igu re  6 ,  where t h e  area of t h e  1770 cm-l band i n  t h e  a c e t y l a t e d  
v i t r i n i t e  c o n c e n t r a t e s  h a s  been  used. T h i s  band area is a measure of t h e  concen- 

\ t r a t i o n  of pheno l i c  OH groups  ( 2 2 ,  23) .  We found much less s c a t t e r  when our  
s p e c t r o s c o p i c  d a t a  was p l o t t e d  a g a i n s t  r e f l e c t a n c e ,  as i l l u s t r a t e d  i n  F igu re  7. It 

'I can  b e  s e e n  t h a t  t h e  c o n c e n t r a t i o n  o f  p h e n o l i c  hydroxy l  groups  d r o p s  o f f  i n  an  
a lmost  l i n e a r  f a sh ion  w i t h  i n c r e a s i n g  rank  o f  t h e  c o a l .  
r e p r e s e n t i n g  a l k y l  OH c o n c e n t r a t i o n  (22, 23) d i s p l a y s  p r e c i s e l y  t h e  same behav io r ,  
b u t  i t s  i n t e n s i t y  is a lmost  e x a c t l y  h a l f  of t h e  1770 cm-1 band. 
of t h e  1770 c m - l  band a g a i n s t  t h e  1740 cm-1  band i s  l i n e a r ) .  Convers ion  f a c t o r s  

concen t r a t ion , (measu red  a s  % 0 a s  OH) f o r  t h e  lowes t  rank  c o a l  shown i n  F i g u r e  7 
i s  about  6%. 

A band a t  1740 cm-l 

(In f a c t ,  a p l o t  
) 
, r e l a t i n g  t h e  i n t e n s i t i e s  of t h e s e  bands  have  been de termined  (26) and t o t a l  OH 

I n  o r d e r  t o  de te rmine  t h e  c o n c e n t r a t i o n  of a l i p h a t i c  and a romat i c  CH groups  as 
a f u n c t i o n  of rank  e q u i v a l e n t  e x t i n c t i o n  c o e f f i c i e n t s  need t o  b e  de te rmined .  Values  
are a v a i l a b l e  i n  t h e  l i t e r a t u r e  and w e  have  a p p l i e d  s imilar  c a l i b r a t i o n  procedures .  
We have l i t t l e  f a i t h  i n  t h e  r e s u l t s ,  however. There  a r e  a number of r easons  f o r  
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t h i s ,  t h e  most impor t an t  o f  which i s  t h a t  e n t i r e  a r e a s  of t h e  spec t rum a r e  used 
f o r  measuring a l i p h a t i c  and a r o m a t i c  areas, as w e  no ted  i n  t h e  i n t r o d u c t i o n  t o  t h i s  
work. As t h e  bands  i n  t h e s e  r e g i o n s  may each  b e  independen t ly  r e l a t e d  t o  rank  
parameters  c o n s i d e r a b l e  sca t te r  i n  t h e  r e s u l t s  can  be  a n t i c i p a t e d .  Th i s  i s  pre- 
cisely what we obse rve ,  as sham i n  F i g u r e  8. The a l i p h a t i c  C-H s t r e t c h i n g  and 
a romat i c  ou t -of -p lane  bend ing  modes (900-700 cm-l) form a lmost  a " sca t t e r - sho t ' '  
p a t t e r n .  Of cour se  t h i s  b e h a v i o r  could  r e p r e s e n t  incompetent  sample p repa ra t ion  
and e r r o r s  i n  methodology on o u r  p a r t ,  b u t  t h e  ev idence  i n d i c a t e s  o the rwise .  The 
a romat i c  C-H s t r e t c h i n g  mode shows a n i c e  c o n s i s t e n t  t r e n d  t o  i n c r e a s i n g  va lues  
w i t h  i n c r e a s i n g  rank .  ( U n f o r t u n a t e l y ,  because  t h i s  band i s  weak it i s  no t  t he  most 
u s e f u l  f o r  q u a n t i t a t i v e  work) .  Fur thermore ,  i f  w e  cons ide r  i n d i v i d u a l  bands ,  
c a r e f u l l y  cu rve  r e s o l v e d  u s i n g  p r e c i s e l y  d e f i n e d  c r i t e r i a  (22 ,23) ,  t h e n  a r e l a t i o n -  
s h i p  to  r a n k  of a l i p h a t i c  and a r o m a t i c  C-H groups  t o  r a n k  emerges. 
F i g u r e g  shows t h e  i n t e n s i t y  of t h e  2853 cm-' mode, r e p r e s e n t i n g  a l i p h a t i c  CH2 
groups ,  as a f u n c t i o n  of f e f l e c t a n c e .  
d e c r e a s e s  w i t h  i n c r e a s i n g  rank .  S i m i l a r l y ,  c e r t a i n  bands i n  t h e  a romat i c  C-H 
ou t -of -p lane  bending  r e g i o n  i n c r e a s e  i n  i n t e n s i t y  a s  a f u n c t i o n  of t h e  rank  of 
v i t r i n i t e  rank ,  as shown i n  F i g u r e  lQ u s i n g  t h e  753 cm-' band ( 4 a d j a c e n t  a romat ic  
C-H groups)  as an  example. 
r e s u l t s  observed  u s i n g  i n t e g r a t e d  i n t e n s i t i e s  o f  e n t i r e  s p e c t r a l  r e g i o n s  makes 
a major c o n t r i b u t i o n  t o  p o o r l y  d e f i n e d  b e h a v i o r  as a f u n c t i o n  o f  rank .  However, 
i f  w e  cons ide r  i n d i v i d u a l  bands a s s i g n e d  t o  s p e c i f i c  f u n c t i o n a l  g roups ,  a p a t t e r n  
of behav io r  emerges. 

For  example, 

The c o n c e n t r a t i o n  of t h e s e  groups  c l e a r l y  

Consequent ly ,  w e  can  conclude  t h a t  t h e  sca t te r  i n  the  

One o t h e r  r eason  f o r  t h e  s c a t t e r  i n  t h e  r e s u l t s  ob ta ined  by p l o t t i n g  t h e  in- 
t e g r a t e d  i n t e n s i t y  of t h e  a r o m a t i c  C-H ou t -of -p lane  bending modes became apparent  
from our cu rve - re so lv ing  work. A l so  shown i n  F i g u r e l o i s  a p l o t  of t h e  i n t e n s i t y  
of a band n e a r  830 c m - l  as a f u n c t i o n  o f  r e f l e c t a n c e .  C l e a r l y ,  t h i s  band behaves 
d i f f e r e n t l y  t o  t h e  753 cm-l band. 
spectrum of a t y p i c a l  v i t r i n i t e  c o n c e n t r a t e  i s  shown i n  F i p r e 1 1 .  
p o s i t i o n s  and h a l f  w id ths  of t h e  bands  were  i n i t i a l l y  w e l l  d e f i n e d  u s i n g  d e r i v a t i v e  
t echn iques ,  as d i scussed  p r e v i o u s l y  (22 ,23 ) ,  so t h a t  w e  can b e  r easonab ly  con- 
f i d e n t  t h a t  t h e  bands  shown i n  F i g u r e  1 1 a c t u a l l y  e x i s t  and a r e  no t  a r t i f a c t s  of 
t h e  curve  r e s o l v i n g  p rocedure ) .  Bands a t  801, 815 and 864 ( a s s igned  t o  3 ad jacen t ,  
2 a d j a c e n t  and l o n e  a romat i c  C-H g roups ,  r e s p e c t i v e l y )  d i s p l a y  t h e  same t r end  wi th  
r ank  a s  t h e  753 cm- l  band shown i n  F i g u r e  10. However, t h e  785 cm-l band d i sp layed  
behav io r  s imilar  t o  t h e  830  c m - l  band. We s u g g e s t  t h a t  t h e s e  bands have  a t  least  
a p a r t i a l  c o n t r i b u t i o n  f rom CH2 r o c k i n g  modes t h a t  are expec ted  t o  appea r  i n  t h i s  
r e g i o n  o f  t h e  spec t rum.  
a l l o w  u s  t o  a s s i g n  t h e s e  modes w i t h  more c e r t a i n t y .  However, i f  w e  p l o t  t h e  t o t a l  
i n t e n s i t y  o f  t h e  a r o m a t i c  ou t -of -p lane  bend ing  modes, less t h e  c o n t r i b u t i o n  of the  
830, 785 cm-I  bands ,  a g a i n s t  r e f l e c t a n c e ,  a good c o r r e l a t i o n  t o  rank  emerges, a s  
shown i n  F igu re  1 2 .  

The cu rve  r e so lved  900-700 cm-l r e g i o n  of t h e  
(The i n i t i a l  

We are p r e s e n t l y  s y n t h e s i z i n g  pheno l i c  r e s i n s  t h a t  w i l l  

One r e s u l t  o f  t h e s e  s t u d i e s  i s  t h a t  t h e r e  i s  c l e a r l y  an i n c r e a s e  i n  a romat ic  
C-H and loss  of pheno l i c  OH as a f u n c t i o n  of i n c r e a s e  i n  rank. I n  f a c t ,  t h e s e  two 
t r e n d s  are r e l a t e d ,  as shown i n  F i g u r e 1 3 ,  where t h e  a r e a  of t h e  a c e t y l a t e d  pheno l i c  
OH band (1770 cm-l) i s  p l o t t e d  a g a i n s t  t h e  t o t a l  a r e a  o f  t h e  900-700 c m - 1  
ou t -of -p lane  modes ( l e s s  t h e  c o n t r i b u t i o n  of t h e  830, 785 cm-l bands ) .  Of course ,  
t h e r e  is n o t  s imply  a s t r a i g h t  r ep lacemen t  o f  p h e n o l i c  OH by a romat i c  C-H w i t h  
i n c r e a s i n g  r ank ,  as t h e  1 3 C  NMR r e s u l t s  show an i n c r e a s i n g  degree  of a r o m a t i c i t y  
w i t h  r e f l e c t a n c e ,  as shown i n  F i g u r e  14 .  (At t h e  t i m e  o f  w r i t i n g  n o t  a l l  of t h e  
samples had been c h a r a c t e r i z e d  by NMR). 

Although t h e s e  r e s u l t s  demons t r a t e  t h e  t r e n d s  i n  t h e  c o n c e n t r a t i o n  of s p e c i f i c  
f u n c t i o n a l  groups i n  v i t r i n i t e  c o n c e n t r a t e s  as a f u n c t i o n  of r ank ,  t h e r e  is 
obv ious ly  a d d i t i o n a l  work r e q u i r e d  t o  comert i n f r a r e d  band i n t e n s i t i e s  t o  a quan- 
t i t a t i v e  measure of s p e c i f i c  f u n c t i o n a l  roups .  I n  t h i s  r e s p e c t  w e  are pur su ing  
t h e  use  o f  polymer model compounds and ''C NMR p u l s e  methods,which shou ld  p rov ide  the  
necessa ry  d a t a .  It w a s  shown above  t h a t  t h e  c o n t r i b u t i o n  of p r o t o n a t e d  carbons  t o  
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t h e  NMR spec t rum can b e  de te rmined  by such  methods,  a l l o w i n g  a q u a n t i t a t i v e  d e t e r -  
mina t ion  of a romat ic  C-H. 
t h e  a romat i c  C-H ou t -of -p lane  bending  modes. 

T h i s  can  t h e n  b e  used  t o  c a l i b r a t e  t h e  i n t e n s i t i e s  of 
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Figure 2 .  FT-IR spectra of  t h r e e  vitrinite concentrates  obtained on d Digilnh FTS 158 inStlYment 
(LOO scans at 2 cm-l resolution). 
XC dmf. PSMC 72 8 8 . 7 4 2 C  drnrnf). 

Top co borrom. PSMC 67 (83.2% C drnmf). PSMC 6 8  (87 .04  
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CHARACTERIZATION OF FRACTIONATED COAL 
LIQUIDS BY 13C NMR AND FTIR SPECTROSCOPY 

K. S. S e s h a d r i  and D. C. Cronauer  

Gulf Research  L Development Company 
P. 0. Box 2038 

P i t t s b u r g h ,  Pennsylvania  15230 

INTRODUCTION 

Coal  l i q u i d s  d e r i v e d  from s o l v e n t  r e f i n e d  p r o c e s s e s  a r e  complex mixtures of 
w i d e l y  d i f f e r i n g  compounds w i t h  a h i g h  p r o p o r t i o n  of nonpolar  a r o m a t i c  compounds. 
The remainder  is made up of p o l a r  compounds. A :.::owledge of t h e s e  compounds i s  of 
importance f o r  upgrading  c o a l  l i q u i d s  and producing u s e f u l  chemica ls .  

Computer -ass i s ted  Nuclear  Magnetic Resonance and I n f r a r e d  Spectroscopy have 
opened up new p o s s i b i l i t i e s  f o r  a f a i r l y  d e t a i l e d  c h a r a c t e r i z a t i o n  of c o a l  l i q u i d s .  
The p r e s e n t  t r e n d  has  been to  depend more on 13C NMR spectrum which i s  o f t e n  
conges ted  w i t h  m u l t i p l e  s i g n a l s .  Direct o b s e r v a t i o n  o f  '%  and 1 5 N  nuclei  and 
d e r i v i t i z a t i o n  of c o a l  l i q u i d s  to s i l i c o n  and f l u o r i n e  d e r i v a t i v e s  followed by the  
o b s e r v a t i o n  o n  29Si and 19F n u c l e i  a r e  on t h e  hor izon .  The r e s u l t s  of s p e c t r o s c o p i c  
t e c h n i q u e s ,  d e s p i t e  their s o p h i s t i c a t i o n ,  is  of l i t t l e  va lue  u n l e s s  a s s i s t e d  by 
chromatographic  methods c a p a b l e  of s e p a r a t i n g  c o a l  l i q u i d s  i n t o  f r a c t i o n s  t h a t  d i f f e r  
a c c o r d i n g  t o  t h e i r  chemica l  f u n c t i o n a l i t y .  

S e v e r a l  chromatogra h i c  s e p a r a t i o n  schemes a r e  d e s c r i b e d  i n  l i t e r a t u r e  
i n c l u d i n g  SARA(1) and SESC.(& I n  t h e  l a t t e r  technique  t h e  c o a l  l i q u i d  is e l u t e d  
from s i l i c a  g e l  a s  t h e  s t a t i o n a r y  phase  w i t h  a sequence of s o l v e n t s .  we have 
expanded upon t h e  a n a l y s i s  of combining SESC and s p e c t r o s c o p i c  techniques .  P a i n t e r  
and Coleman(3) have examined t h e  I R  s p e c t r a  of f r a c t i o n s  of whole coa l  l i q u i d  
o b t a i n e d  by SESC. However, more d e t a i l e d  s t r u c t u r a l  i n f o r m a t i o n  can be obtained when 
t h e  whole c o a l  l i q u i d  i s  f i r s t  s e p a r a t e d  i n t o  l i g h t ,  middle and heavy d i s t i l l a t e  and 
bot toms fo l lowed by SESC s e p a r a t i o n  and s p e c t r o s c o p i c  a n a l y s i s .  We have taken t h i s  
approach ,  and t h e  r e s u l t s  on middle  and heavy d i s t i l l a t e  c u t s  a r e  r e p o r t e d  here .  

EXPERIMENTAL 

The c o a l  l i q u i d  used i n  this work was from the  Ft. Lewis SRC-I1 f a c i l i t y  
(Tacoma, W A ) .  The nominal  run c o n d i t i o n s  w i t h  Powhatan No.  5 c o a l  were 455'C, a 
s p a c e  time of 60 min, and a hydrogen p r e s s u r e  of 1250 p s i .  The d i s t i l l a t e  y i e l d  
(C5-9000F) w a s  a b o u t  40%, and t h e  c o n v e r s i o n  of o r g a n i c  m a t t e r  to  p y r i d i n e  s o l u b l e s  
a b o u t  95%. The l i q u i d  was d i s t i l l e d  i n t o  l i g h t  d i s t i l l a t e  (C5-3800F), middle d i s t i l -  
l a t e  (380-550°F), heavy d i s t i l l a t e  (550-9OO0F), and r e s i d u e  (>900°F) .  Fur ther  
s e p a r a t i o n  of t h e s e  f r a c t i o n s  was by u s i n g  F1sher .S-662 s i l i c a  g e l  of 60- 
200 mesh. 

The 13C NMR s p e c t r a  of t h e  f r a c t i o n s  were recorded on a Varian FT-80A 
s p e c t r o m e t e r .  ' The s o l v e n t ,  COC13,, w a s  used as a f i e l d - f r e q u e n c y  lock ,  and chemical  
s h i f t s  a r e  i n  ppm downf ie ld  from i n t e r n a l  "MS. S p e c t r a  of some of t h e  f r a c t i o n s  were 
o b t a i n e d  with C r (  111) a c e t y l a c e  t o n a t e  and by s u p p r e s s i n g  n u c l e a r  Overhausser 
enhancement. I n f r a r e d  s p e c t r a  were r e c o r d e d  on  a N i c o l e t  Model 7199 Four ie r  
t r a n s f o r m  s p e c t r o m e t e r .  Each spec t rum was o b t a i n e d  by t h e  co-addi t ion  of 
100 i n t e r f e r o g r a m s  a t  2 cm-l r e s o l u t i o n  and as t h i n  f i l m s  between KBr windows. 

RESULTS AND DISCUSSION 

The r e l a t i v e  q u a n t i t i e s  of t h e  middle and heavy d i s t i l l a t e  ( M D ,  HD) 
f r a c t i o n s  are g iven  i n  T a b l e  I a l o n g  w i t h  the  e l e m e n t a l  a n a l y s i s  of t h e  f i r s t  four HD 
f r a c t i o n s .  The 13C NMR and FTIR s p e c t r a  of i n d i v i d u a l  f r a c t i o n s  a r e  examined i n  t h e  
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f o l l o w i n g  s e c t i o n s  to d e m o n s t r a t e  t h e  e f f e c t i v e n e s s  of  combining t h e s e  two 
sPectrOsCoP’c techniques  w i t h  chromatographic  s e p a r a t i o n .  

F r a c t i o n  1MD (50.5% of Middle D i s t i l l a t e )  

I The 13C NMR and FTIR s p e c t r a  of t h i s  f r a c t i o n  a r e  shown i n  F i g u r e s  1 and 2 
r e s p e c t i v e l y .  Aromatic r i n g  C-C v i b r a t i o n s  r e s u l t  i n  IR a b s o r p t i o n s  near  1600 cm- 
and 1500 cm-’. The r e l a t i v e  i n t e n s i t y  of t h e  former depends on t h e  n a t u r e  of s u b s t i -  
t u t i o n  on the  r i n g .  Here, t h e  1600 cm-l band is  of low i n t e n s i t y  ( v i d e  i n f r a )  and 
t h e  i n d i c a t i n g  that t h i s  f r a c t i o n  i s  composed of  nonpqlar  
aroma t i c  Compounds. 

3300 cm-’ r e g i o n  i s  f l a t ,  

C e r t a i n  f e a t u r e s  of the carbon spec t rum,  i n  p a r t i c u l a r  m u l t i p l e  s i g n a l s  
between 124.0-127.0 ppm, among which t h e  s i g n a l  a t  125.7 ?pm be ing  most i n t e n s e ,  
s u g g e s t  t h a t  naphtha lene  and a l k y l  n a p h t h a l e n e s  a r e  t h e  doininant nonpolar  compounds. 
The s i g n a l s  due to q u a t e r n a r y  carbons  a r e  i n  t h e  132.0-137.0 reg ion  wi th  a prominent  
s i g n a l  a t  135.1 pprn. The s h i e l d i n g  of br idgehead  or methyl-bear ing carbon atoms i n  
1 ,8-dimethyl ,  2 ,3-dimethyl ,  and 2-methyl n a p h t h a l e n e s  i s  135.2 or 135.4 ppm.(4)  
T h e r e f o r e ,  a s u b s t i t u t i o n  p a t t e r n  is e s t a b l i s h e d  by t h e  s i g n a l  a t  135.1 ppm and the  
I R  spectrum is i n  agreement  w i t h  t h i s  p a t t e r n .  Out-of-plane hydrogen v i b r a t i o n a l  
f r e q u e n c i e s  i n  a l k y l b e n z e n e s  i n  t h e  900-670 cm-’ r e g i o n  c o r r e l a t e s  w e l l  w i t h  the  
number of a d j a c e n t  h drogen atoms i n  t h e  r i n g ,  and t h i s  c o r r e l a t i o n  is a l s o  a p p l i c -  
a b l e  to  naphthalene.r5)  Bands a t  735 ern-', 780 cm-’, and 805 cm-’ can  be a s s i g n e d  to 
4, 3, and 2-adjacent  hydrogen wagging v i b r a t i o n s .  The s i g n a l s  a t  25.6 ppm, 21.5 ppm, 
and 19.2 ppm i n  t h e  carbon spec t rum a r e  due to  methyl  c a r b o n s  i n  l,E-DIMeN, 2 - M e N ,  
and 1-MeN,  r e s p e c t i v e l y . ( 4 )  

The s i g n a l s  a t  14.0, 22.0, 29.0, and 32.0 pprn a r e  due to  s h o r t - c h a i n  
a l k a n e s .  The s i g n a l  a t  14.2 ppm is  d e f i n i t e l y  a d o u b l e t ,  and t h e  l e s s  i n t e n s e  of t h e  
d o u b l e t  a long with t h e  s i g n a l  a t  20.9 ppm c o u l d  be a s s i g n e d  to methyl  c a r b o n s  i n  
lI2-dimethy1naphthalene. T e t r a l i n  and homologs of t e t r a l i n  a r e  a l s o  p o s s i b l e ,  
account ing  f o r  s i g n a l s  n e a r  29.0 pprn and 23.0 ppm.(6) 

F r a c t i o n  2MD (3.0% of Middle D i s t i l l a t e )  

The carbon and t h e  I R  s p e c t r a  of t h i s  f r a c t i o n  a r e  shown i n  F i g u r e s  3 
and 4, r e s p e c t i v e l y .  T h i s  f r a c t i o n ,  has  a v e r y  low p o p u l a t i o n  of sp3  carbons .  , I n  
a d d i t i o n ,  the  carbon spec t rum has  a s i g n a l  a t  118.9 ppm, s u g g e s t i n g  a s t r u c t u r e  w i t h  
carbon atoms i n  the v i c i n i t y  of an oxygen n u c l e i .  S i n c e  t h e  I R  spectrum has  no 
ev idence  f o r  p h e n o l i c  compounds, a r o m a t i c  e t h e r  is a p o s s i b i l i t y .  The s i g n a l s  a t  
118.9, 123.1, 129.7, and 157.3 ppm and t h e i r  r e l a t i v e  i n t e n s i t i e s  favor  d i p h e n y l  
e t h e r .  The o t h e r  s i g n a l s  a t  141.2, 128.7, 127.2, and 127.1 ppm have been a s s i g n e d  t o  
b iphenyl .  About 62% of t h i s  f r a c t i o n  is d i p h e n y l  e t h e r  and the b a l a n c e  i s  
b iphenyl .  

The s i g n a l s  i n  t h e  I R  spec t rum a l s o  s u p p o r t  the  presence  of d i p h e n y l  e t h e r  
and a h igh  a r o m a t i c i t y  of t h e  f r a c t i o n .  The i n t e n s e  s i g n a l  a t  1238 cm-’ is due t o  
asymmetr ic  4 - 0 - C -  s t r e t c h .  I n  a r o m a t i c  e t h e r s ,  the  C-0 bond has  double  bond c h a r a c -  
t e r  due t o  resonance  and,  t h e r e f o r e ,  h i g h e r  f o r c e  c o n s t a n t  than  a l i p h a t i c  C-0 
bond. (5)  The s i g n a l  due to  the e t h e r  l i n k a g e ,  t h e r e f o r e ,  a p p e a r s  about  200 cm-’ 
h i g h e r  than i n  a l i p h a t i c  e t h e r s .  Other  f e a t u r e s  of t h e  I R  spectrum are i n  agreement  
w i t h  the low p o p u l a t i o n  of sp3  carbons .  

F r a c t i o n  3MD (8.7% of Middle D i s t i l l a t e )  

The carbon and t h e  I R  s p e c t r a  of t h i s  f r a c t i o n  a r e  shown i n  F i g u r e s  5 
and 6, r e s p e c t i v e l y .  The I R  spec t rum h a s  a broad a b s o r p t i o n  due t o  hydroxyl  
s t r e t c h i n g  near  3300 cm-l w i t h  a narrower band a t  3409 cm-‘. They a r e  due t o  f r e e  
and hydrogen-bonded N H  groups  and hy,:cogen-bonded p h e n o l i c  hydroxyl  groups.  
T h e r e f o r e  t h i s  f r a c t i o n  has  p h e n o l i c  and p y r r o l e - t y p  compounds. 
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made 
l i t e  

TO unders tand  the s p e c t r a  of t h i s  and the subsequent  f r a c t i o n ,  re ference  is 
of carbon and I R  s p e c t r a  of a l k y l  phenols  and i n d o l e s  a v a i l a b l e  in 

The s h i e l d i n g  of carbon n u c l e i  i n  phenols  b e a r i n g  t h e  -OH group e x t e n d s ,  
from 155.0-152.0 ppm, and t h e  e x a c t  l o c a t i o n  depends on the p o s i t i o n  Of the methyl 
s u b s t i t u t i o n .  The carbon spec t rum of  this f r a c t i o n  h a s  s i g n a l s  i n  the  153.5- 
151.0 ppm r a n g e ,  s u g g e s t i n g  t h e  p r e s e n c e  of 2-, 2 ,s- ,  and 4-methylphenols. S i g n a l s  , 
around 15.5 and ’5.2 ppm s u p p o r t  t h i s  c o n c l u s i o n .  A s t r o n g  band a t  752 Cm-’ i n  t h e  
I R  spectrum can be c o r r e l a t e d  w i t h  t h e  v i b r a t i o n s  of four a d j a c e n t  Unsubs t i tu ted  
a r o m a t i c  H atoms. The band a t  805 cm-’  c o r r e l a t e s  w i t h  two a d j a c e n t  hydrogen wag or  
4-methylphenol. 

Other  t e s  of compounds t h a t  can be expec ted  i n  this f r a c t i o n  a r e  i n d o l e s  
and benzofurans .  (% The s h i e l d i n g  o€ q u a t e r n a r y  carbons  i n  benzofuran  and methyl- 
benzofurans  a r e  i n  t h e  155.0-154.0 ppm range.  Here this r e g i o n  has  no absorp t ions .  
Moreover, f u r a n s  and a r y l e t h e r s  i n  our  exper iments  a r e  e l u t e d  a long  w i t h  nonpolar  
a romat ics .  S e v e r a l  f e a t u r e s  of  t h e  carbon spec t rum a g r e e  w e l l  w i t h  indole  and 
m e t h y l i n d o l e s .  P a r t  of  t h e  a r o m a t i c  r e g i o n  of the  carbon spectrum can be d i v i d e d ,  
i n t o  f i v e  r e g i o n s :  ( 1 )  130.0-126.9 ppm, ( 2 )  124.2-119.6 ppm, ( 3 )  116.6-113.5 ppm, 
( 4 )  111.1-108.7 ppm, and ( 5 )  103.0-100.3 ppm. Many of t h e  s i g n . i l s  i n  these f i v e  
r e g i o n s  a r e  due to  i n d o l e s .  The s i g n a l s  i n  t h e  f o u r t h  and t h e  f i f t h  reg ions  a r e  
p a r t i c u l a r l y  d i a g n o s t i c  of i n d o l e s .  They a r e  due to carbons  w i t h  an i n t e r v e n i n g  
c a r b o n  to n i t r o g e n .  The s i g n a l s  i n  t h e  second r e g i o n  a r e  due to  carbons  i n  the  s i x -  
membered r i n g  of t h e  i n d o l e s  and,  s i n c e  t h e  s h i e l d i n g  of  t h r e e  of  them can be 
e x p e c t e d  i n  t h i s  r e g i o n ,  this r e g i o n  is conges ted .  I n d o l e s ,  a t  l e a s t  those  f o r  which 
s h i e l d i n g  d a t a  are a v a i l a b l e , ( 8 )  d o  n o t  c o n t r i b u t e  t o  t h e  t h i r d  r e g i o n ,  and s i g n a l s  
i n  t h i s  r e g i o n  a r e  due t o  p h e n o l i c  compounds. The s h i e l d i n g  of one of the quaternary  
c a r b o n s  i n  i n d o l e s  f a l l s  i n  t h e  f i r s t  r e g i o n  and t h a t  of t h e  o t h e r  q u a t e r n a r y  carbon 
is  near  136.0 ppm. The spec t rum shown i n  F igure  5 was o b t a i n e d  with a s h o r t  pu lse  
d e l a y .  T h e r e f o r e ,  t h e  c o n t r i b u t i o n  to t h e  i n t e n s i t y  i n  t h e  f i r s t  r e g i o n  a s  w e l l  a s  
t h e  reg ion  around 136.0 ppm is margina l .  N e v e r t h e l e s s ,  the f i r s t  r e g i o n  has numerous 
s i g n a l s ,  and t h e y  a r e  indeed  from p r o t o n a t e d  carbon atoms of p h e n o l i c  compounds. 
Judging from the i n t e n s i t y  d i s t r i b u t i o n  i n  t h e  carbon spec t rum,  p h e n o l i c  and the 
p y r r o l i c  compounds a r e  a p p r o x i m a t e l y  i n  e q u a l  amounts. 

I n  t h e  s a t u r a t e d  r e g i o n  of t h e  spec t rum,  a s t r o n g  s i g n a l  is observed a t  
14.0 ppm. This  s i g n a l  i s  due to  CH3 carbons ,  and p a r t  of i ts  i n t e n s i t y  could be due 
t o  t h e  CH3 carbon i n  2-methyl indole .  T h i s  is a r e a s o n a b l e  s t r u c t u r e  s i n c e  i n  t h e  
correspondj .7  f r a c t i o n  of HD, c a r b a z o l e  has  been recognized ,  and opening  up of an 
a r o m a t i c  rirhg could  r e s u l t  i n  a l k y l i n d o l e s  and p o s s i b l y  2-methyl indole .  r 

F r a c t i o n  4MD (23.7% of Middle D i s t i l l a t e )  

The carbon and the I R  s p e c t r a  of t h i s  f r a c t i o n  a r e  shown i n  F igures  7 
and  8, r e s p e c t i v e l y .  The broad  a b s o r p t i o n  i n  t h e  3300 cm-’ r e g i o n  of t h e  I R  spectrum 
is  due to hydroxyl  s t r e t c h i n g  v i b r a t i o n .  The band maximum i s  a t  3320 cm-’  and it 
d r o p s  to t h e  pase l i n e  a t  a l m o s t  3600 cm-’.  The broad a b s o r p t i o n  is p r i m a r i l y  due to  
hydrogen-bonded phenol ic -hydroxyl  groups.  Bands due t o  N-H s t r e t c h i n g  v i b r a t i o n s  
a l s o  appear  i n  t h i s  r e g i o n  of  the spectrum. However, the carbon spectrum of t h i s  
f r a c t i o n  has  no a b s o r p t i o n  a round 110.0 o r  102.0 ppm, r u l i n g  o u t  a p p r e c i a b l e  amounts 
p y r r o l i c  n i t r o g e n .  T h e r e f o r e ,  p h e n o l i c  compounds a r e  the major c o n s t i t u e n t s  of t h i s  ’ 
f r a c t i o n .  

The a r o m a t i c  r e g i o n  is a g a i n  d i v i d e d  i n t o  a p p r o p r i a t e  r e g i o n s  to understand 
t h e  types  of p h e n o l i c  compounds, namely: ( 1 )  156.0-151.0 ppm; ( 2 )  140.0-139.0’PPm; 
(3) 130.0-127.0 ppm; ( 4 )  123.0-120.0 ppm; ( 5 )  117.2-115.9 ppm; and ( 6 )  114.0- 
111.0 ppm. The s h i e l d i n g  of C-2 (C-6) i n  phenol  is 115.4 ppm. However, i n  m-cresol 
r e l a t i v e  to  phenol ,  the s h i e l d i n g  of  C-2 is s h i f t e d  downf ie ld  by a b o u t  0.8 PPm; 
whereas ,  due to t h e  para s h i e l d i n g  e f f e c t  of t h e  CH3 group,  C-6 is s h i f t e d  u p f i e l d  t o  
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112.5 ppm. m-Cresol ,  3 ,5-dimethylphenoL (3,5-DMP), and s i m i l a r  S t r u c t u r e s  are 
r e s p o n s i b l e  f o r  t h e  s i x t h  r e g i o n .  The s i g n a l  a t  116.4 ppm c a n  a l s o  be a s s o c i a t e d  
With t h e s e  s t r u c t u r e s .  In  t h e  t w o  model compounds mentioned above,  t h e  s h i e l d i n g  o f  
carbon b e a r i n g  t h e  CH3 group i s  a t  139.3 and 139.0 ppm, r e s p e c t i v e l y ,  and indeed  two 
s i g n a l s  a t  139.8 and 139.5 ppm a r e  observed  i n  t h e  second r e g i o n .  The s h i e l d i n g  of 
CH3 c a r b o n s  i n  m-cresol ,  3,5-DMP, and p - c r e s o l  are n o t  p e r t u r b e d  by t h e  -OH group 
r e l a t i v e  t o  t h e  cor responding  CH3 c a r b o n s  i n  methylbenzenes.  The S i g n a l s  a t  21.2 and 
20.4 ppm s u g g e s t  phenols  w i t h  - C H ~  groups ,  one or t w o  c a r b o n s  away from t h e  carbon 
o e a r i n g  t h e  -OH group. ‘Fny f i r s t  r e g i o n  can be s u b d i v i d e d  i n t o  a S i n g l e t  a t  155.3 
and a group of s i g n a l s  from 154-153 ppm. The s h i e l d i n g  of C-OH carbon i n  phenol ,  
m-creso l ,  3 , 5 - t 1 ~ e  i s  155.0, 155.0 and 155.4 ppm, r e s p e c t i v e l y .  I n  o r t h o -  and p a r a -  
c r e s o l s ,  i n  2,6-DMP, i n  2- isopropylpheno1,  and i n  2 - s - b u t y l p h e n o 1 ,  t h e  s h i e l d i n g  
1s s h i f t e d  u p f i e l d  by a b o u t  -2.8 ppm. T h e r e f o r e ,  p a r t  of t h e  s i g n a l s  i n  t h e  f i r s t  
group s u g g e s t  t h e  presence  of t h e s e  compounds. The s h i e l d i n g  of  o t h e r  q u a t e r n a r y  
carbon atoms i n  0 - c r e s o l  and 2.6-DMP i s  a t  124.0 and  123.8 ppm, and s i g n a l s  w i t h  
reduced  i n t e n s i t y  are observed  n e a r  124.0 ppm. Most of t h e  i n t e n s i t i e s  i n  t h e  f i f t h  
r e g i o n  a r e  due to  t w o  s i g n a l s  a t  115.4 and 115.5 ppm. These s i g n a l s  a r e  due t o  C-2 
and C-6 p r o t o n a t e d  carbons  and a r e  a r i s i n g  from o r t h o -  and p a r a - c r e s o l s .  Other  
d i a g n o s t i c  s i g n a l s  i n  t h e  carbon spectrum a c e  t h o s e  n e a r  15.5 ppm. The s h i e l d i n g  of 
CH3 carbon i n  t h e  immediate v i c i n i t y  of t h e  OH group i s  s h i f t e d  u p f i e l d  r e l a t i v e  t o  
t h a t  of CH3 c a r b o n s  i n  t o l u e n e  or m-xylene. T h e r e f o r e ,  t h e s e  s i g n a l s  a r e  i n  a g r e e -  
ment w i t h  t h e  presence  of  2,6-DMP and o - c r e s o l .  S h i e l d i n g  of o t h e r  c a r b o n s  i n  t h e  
s t r u c t u r e s  mentioned above a r e  around 120.0 and 129.0 ppm, and r e s o n a n c e s  have been 
observed  i n  thes . -  r e g i o n s .  

Most of t h e  prominent  s i g n a l s  have been  a s s i g n e d  t o  s p e c i f i c  carbons  i n  
p h e n o l i c  compounds. However, t h e  unass igned  s i g n a l s  a round 146.3, 136.4, and 
28.7 ppm are conspicuous.  The s i g n a l  a t  28.7 ppm i s  i n t e n s e  and c o u l d  be due t o  CH3 
c a r b o n s  i n  2- t -butylphenol .  The s i g n a l  a t  136.4 ppm c o u l d  a l s o  be a s s o c i a t e d  wi th  
t h i s  s t r u c t u r e .  The s i g n a l s  around 146.3 ppm a r e  a s s i g n e d  t o  q u a t e r n a r y  c a r b o n s  i n  
d i p h e n o l s .  These ass ignments  a r e  t e n t a t i v e .  

The carbon spec t rum h a s  a s s i s t e d  i n  d e c i d i n g  t h e  l o c a t i o n  of methyl  groups  
r e l a t i v e  t o  t h e  OH group.  A d d i t i o n a l  proof  and Other  p e r t i n e n t  i n f o r m a t i o n  can  be 
d e r i v e d  from t h e  I R  spectrum. The C-C v i b r a t i o n  of an a r o m a t i c  r i n g  can  be d i v i d e d  
i n t o  1600 cm-’  and 1500 cm-’ v i b r a t i o n s .  The 1500 cm-’  r e g i o n  has  s e v e r a l  
components, depending on t h e  number of a l k y l  s u b s t i t u t i o n s .  More i m p o r t a n t l y ,  the 
1600 c m - ’  v i b r a t i o n  i s  l e s s  i n t e n s e  t h a n  t h e  1500 cm-’ v i b r a t i o n s .  However, with 
e l e c t r o n  donor  OK a c c e p t o r  groups ,  t h e  i n t e n s i t y  of t h e  former v i b r a t i o n  i s  enhanced 
due t o  t h e  d i p o l e  moment change provided  by d i f f e r e n t  groups .  The 1600 cm-’  band of 
t h i s  f r a c t i o n  i s  more i n t e n s e  compared t o  t h e  same band i n  t h e  spec t rum of 
f r a c t i o n  1 ,  due t o  t h e  O H  g r o u p  on t h e  a r o m a t i c  r i n g .  

The O H  deformat ion  and C-0 s t r e t c h  f r e q u e n c i e s  i n  t h e  c a s e  of p h e n o l s  a r e  
c l o s e  t o  each  o t h e r  and,  t h e r e f o r e ,  t h e y  a r e  s t r o n g l y  c o u p l e d . ( 5 )  They f a l l  above 
1100 cm-l and e x t e n d  u p  t o  1330 cm-’ .  A broad  a b s o r p t i o n  is  observed  i n  t h i s  reg ion  
due t o  t h e  r e s e n c e  of numerous phenols .  However, a w e l l  r e s o l v e d  s i g n a l  i s  observed 
a t  1156 c m -  which 1 s  p r o b a b l y  due t o  C-0 s t r e t c h  i n  a 3 - s u b s t i t u t e d  phenol .  P . .  

The s i g n a l s  i n  t h e  650-850 c m - ’  r e g i o n  a r e  due  t o  out -of -p lane  H v i b r a t i o n s  
and r i n g  bending  v i b r a t i o n s .  The band a t  696 cm-l h a s  been a s s i g n e d  t o  r i n g  pucker- 
i n g  mode and t h e  o t h e r  t h r e e  bands t o  out -of -p lane  C-H v i b r a t i o n s .  The s i g n a l  a t  
776 c m - ’  c a n  be a s s i g n e d  t o  a phenol  w i t h  t h r e e  a d j a c e n t  H atoms. I n  t h e  s t r u c t u r e s  
t h a t  have a l r e a d y  been c o n s i d e r e d ,  t w o  a d j a c e n t  H a toms and  a n  i s o l a t e d  H atom a r e  
p o s s i b l e .  The wagging v i b r a t i o n s  of t h e s e  hydrogen atoms a r e  r e s p o n s i b l e  f o r  t h e  
bands a t  856 ,  836, and 816 cm-’. 

I n  t h i s  f r a c t i o n  we have i d e n t i f i e d  cresols and x y l e n o l s  as major compon- 
e n t s .  A small p e r c e n t a g e  of phenol  c a n n o t  be r u l e d  o u t .  T h i s  f r a c t i o n  h a s  14% of 
p h e n o l i c  oxygen e s t i m a t e d  from t h e  c a r b o n  spectrum. Among phenols ,  c r e s o l s  and 
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x y l e n o l s  a r e  i n  e q u a l  amounts--40% and 48%, r e s p e c t i v e l y - - a n d  a b o u t  10% of phenol  
i t s c l f .  

F r a c t i o n  5MD (2.4% of  h i d d l e  D i s t i l l a t e )  

The carbon spec t rum of t h i s  f r a c t i o n  i s  shown i n  F igure  9. An unusual  
f e a t u r e  of t h e  carbon spec t rum,  i s  t h e  s i g n a l s  a t  156.0-159.0 ppm. The?e s i g n a l s  
a l o n q  w i t h  s i g n a l s  i n  t h e  152.0-146.0 ppm, an i s o l a t e d  s i g n a l  a t  136.7 ppm w i t h  
s a t e l l i t e s  i s  a s t r o n g  i n d i c a t i o n  t h a t  p y r i d i n e  and m e t h y l p y r i d i n e s  a r e  Present  i n  
t ? . i s  f r a c t i o n .  The c a r b o n  spec t rum a l s o  s u g g e s t s  t h e  p r e s e n c e  of carbon n u c l e i  i n  
t h e  v i c i n i t y  of t h e  O H  group. The s i g n a l s  a t  115.8 and 112.3 ppm a r e  d i a g n o s t i c  of , 
p h e n o l i c  compounds. F u r t h e r  u p f i e l d  t h e r e  a r e  prominent  s i g n a l s  a t  107.2, 107.0, 
103.1, 102.7 ppm. These a r e  p r o b a b l y  due t o  carbon n u c l e i  i n  t h e  complexes of  
p h e n o l i c  and b a s i c  n i t r o g e n  compounds. 

F r a c t i o n  1W (50 .7% of  Heavy D i s t i l l a t e )  

T h i s  f r a c t i o n ,  which i s  ye l low i n  c o l o r ,  t u r n s  c loudy on r e f r i g e r a t i o n ,  , 
s u g g e s t i n g  t h e  p r e s e n c e  of waxy m a t e r i a l s .  The carbon spectrum has  a p p r o p r i a t e  
s i g n a l s  to  s u b s t a n t i a t e  t h e  p r e s e n c e  of a l k a n e s .  NO a t t e m p t  was made t o  a s s i g n  t h e  
o t h e r  s i g n a l s  to s p e c i f i c  c a r b o n  n u c l e i .  However, t h e  spectrum h a s  two s i g n a l s  
around 111.5 ppm and a g r o u p  around 156.0 ppm which a r e  d i a g n o s t i c  of d ibenzofuran  
( D B F ) . ( l O )  S i n c e  more t h a n  one s i g n a l  h a s  been observed  i n  t h e s e  r e g i o n s ,  DBF and 
a l k y l  d e r i v a t i v e s  of DBF a r e  p o s s i b l e .  S u b j e c t  t o  t h i s  ass ignment ,  t h e  weight  
p e r c e n t  of oxygen i n  t h i s  f r a c t i o n  w a s  o b t a i n e d  from t h e  carbon spectrum ( 0 . 3 2 % )  
a g r e e i n g  f a i r l y  w e l l  w i t h  t h e  r e s u l t s  of e l e m e n t a l  a n a l y s i s  ( 0 . 5 4 % ) .  This  f r a c t i o n  
h a s  an e q u a l  amount of s u l f u r ,  t h a t  c o u l d  be p r e s e n t  a s  d ibenzoth iophene .  

F r a c t i o n  2HD ( 2 4 . 5 %  of Heavy D i s t i l l a t e )  

The carbon spec t rum of t h i s  f r a c t i o n  i s  shown i n  F i g u r e  10. Unlike t h e  
c a r b o n  spectrum of t h e  p r e v i o u s  f r a c t i o n ,  o n l y  a l i m i t e d  number of s i g n a l s  a r e  
o b s e r v e d ,  p a r t l y  due t o  t h e  h i g h  a r o m a t i c i t y  (92 .5%)  of t h e  f r a c t i o n .  S i g n a l s  a t  
131.9, 130.1, and 130.9 ppm a r e  due  t o  q u a t e r n a r y  carbons .  The former two have been 
a s s i g n e d  t o  phenanthrene  and t h e  l a t t e r  t o  pyrene.  The o t h e r  s i g n a l s  i n  t h e  spectrum 
s u p p o r t  t h e s e  s t r u c t u r e s .  Weak s i g n a l s  i n  t h e  spectrum a r e  due t o  hydroaromatic  
hydrocarbons d e r i v e d  from p h e n a n t h r e n e  and pyrene ,  

The s i g n a l  a t  131.9 and  130.9 ppm a r e  of e q u a l  i n t e n s i t y .  However, f o u r  
c a r b o n s  of pyrene  c o n t r i b u t e  t o  t h e  i n t e n s i t y  of t h e  l a t t e r  s i g n a l ;  whereas ,  two 
c a r b o n s  of phenanthrene  a r e  a t  131.9 ppm. T h e r e f o r e ,  phenanthrene i s  twice a s  
abundant  a s  pyrene  i n  t h i s  f r a c t i o n .  

The low f requency  r e g i o n  (900-700 cm-’) of t h e  I R  spectrum i s  i n  agreenent  
w i t h  t h e  carbon spectrum. Bands i n  t h i s  r e g i o n  a r i s e  from C-H wagging v i b r a t i o n .  
The v i b r a t i o n a l  f r e q u e n c i e s  of C-H bonds a p p r o x i m a t e l y  p a r a l l e l  t o  t h e  long a x i s  of 
t h e  molecule  a r e  n e a r  7 4 0  cm-l, and t h o s e  of C-H bonds approximate ly  p e r p e n d i c u l a r  t o  
t h e  long  a x i s  a r e  n e a r  8 5 0  c ~ I I ” . ‘ ~ ~ )  A l s o  due t o  a n g u l a r  c o n d e n s a t i o n ,  a 
c h a r a c t e r i s t i c  band i s  o b s e r v e d  between t h e s e  t w o  r e g i o n s .  The bands a t  744 cm-l and 
736 cm-’ a r e  a s s i g n e d  t o  C-H bonds p a r a l l e l  t o  t h e  long  a x i s  i n  phenanthrene  and 
p y r e n e ,  and t h o s e  a t  860  cm-’ a n d  8 4 0  c m - ’  a r e  a s s i g n e d  t o  C H  bonds p e r p e n d i c u l a r  t o  
t h e  long  a x i s .  The band a t  8 1 0  cm-l which i s  c h a r a c t e r i s t i c  of C-H bending v i b r a t i o n  
i n  a n g u l a r  po lynuclear  a r o m a t i c  hydrocarbons  s u p p o r t s  t h e  t w o  s t r u c t u r e s  t h a t  we have 
s e l e c t e d  t o  a s s i g n  s i g n a l s  i n  t h e  c a r b o n  spectrum. 

F r a c t i o n  3HD (13 .2% of Heavy D i s t i l l a t e )  

The carbon and t h e  I R  s p e c t r a  of  t h i s  f r a c t i o n  a r e  shown i n  F i g u r e s  1 1  
and 12,  r e s p e c t i v e l y .  The IR s p e c t r u m  h a s  a broad a b s o r p t i o n  a t  3300 c m - ’  and a 
nar rower  band a t  3410 cm-’, s u g g e s t i n g  t h a t  t h i s  is ana logous  i n  composi t ion  t o  
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f r a c t i o n  2MD; t h a t  i s ,  it h a s  a s t r u c t u r e  wi th  N-H l i n k a g e  and p h e n o l i c  compounds. 
The carbon Spectrum h a s  s i g n a l s  a t  110.6, 119.20, 120.22, 123.2, 125.7, and 
139.6 ppm. T h i s  
f r a c t i o n  is  very  a r o m a t i c  (93.1%) and ,  t h e r e f o r e ,  i t  i s  n o t  s u r p r i s i n g  t h a t  one of  
t h e  major components of t h i s  f r a c t i o n  i s  c a r b a z o l e .  The s i g n a l s  a t  139.6 and 
123.2 pprn appear  with reduced  i n t e n s i t y  because  t h e y  a r i s e  from q u a t e r n a r y  c a r b o n s .  

These match e x a c t l y  w i t h  t h e  r e s o n a n c e s  observed  f o r  c a r b a z o l e . ( l O )  

From t h e  i n t e n s i t y  of t h e  s i g n a l  a t  110.6 ppm, t h e  p e r c e n t a g e  of n i t r o g e n  
i S  2.3% compared t o  3.27% from t h e  e l e m e n t a l  a n a l y s i s ,  T h e r e f o r e ,  most Of t h e  
n i t r o g e n  i n  t h i s  E r a c t i o n  i s  accounted  f o r  hy c a r b a z o l e .  S i n g n a l s  n e a r  115.8 ppn and 
weak s h o u l d e r s  to s i g n a l s  at 110.6 ppm and 120.2 ppm s u g g e s t  t h e  p r e s e n c e  of hydroxy 
a r o m a t i c  Compounds. However, i n  t h e  absence  of s h i e l d i n g  d a t a  f o r  hydroxy a r o m a t i c  
compounds wi th  t h r e e  or more r i n g s ,  ass ignment  of t h e s e  s i g n a l s  t o  s p e c i f i c  carbon 
n u c l e i  h a s  n o t  been p o s s i b l ~ .  

F r a c t i o n  4HD (7 .8% of Heavy D i s t i l l a t e )  

The carbon and t h e  I R  s p e c t r a  of t h i s  f r a c t i o n  a r e  shown i n  F i g u r e s  13  
and 14, r e s p e c t i v e l y .  The a r o m a t i c i t y  of t h i s  f r a c t i o n  is  much l e s s  (61 .5%)  t h a n  
t h a t  of t h e  p r e v i o u s  f r a c t i o n s .  

The a r o m a t i c  r e g i o n  of t h e  spectrum i s  d i v i d e d  i n t o  f o u r  r e g i o n s :  
( 1 )  157.0-150.0 ppm; ( 2 )  147.0-132.0 ppm; ( 3 )  132.0-125.0 ppm; and ( 4 )  120.0- 
109.0 ppm. The f i r s t  r e g i o n  h a s  t h r e e  w e l l  d e f i n e d  s i g n a l s  a t  156.9, 156.2, and 
154.7 ppm. The broad a b s o r p t i o n  n e a r  3300 cm-’  and t h e  enhanced i n t e n s i t y  of 
1600 cm-’ r e l a t i v e  t o  t h e  1450 cm-’ band i n  t h e  I R  spec t rum i n d i c a t e  t h e  p r e s e n c e  of 
hydroxy a r o m a t i c  compounds. The s h i e l d i n g  of carbon-bear ing  O H  groups  i n  p h e n o l s  a r e  
i n  t h e  155-152 pprn r e g i o n ,  whereas  i n  n a p h t h o l s  and 9-hydroxyphenanthro l ,  t h e  
s h i e l d i n g  of t h e  c o r r e s p o n d i n g  carbon i s  s h i f t e d  u p f i e l d  t o  153.0-151.0 ppm i n  
cKl3 .  If t h i s  t r e n d  s h o u l d  c o n t i n u e ,  t h e  carbon j e c t r u m ,  f o r  example,  of hydroxy- 
benzanthracene ,  should  have a s i g n a l  n e a r  151.0 ppm. T h e r e f o r e ,  s i g n a l s  around 
156.0 ppm a r e  somewhat s u r p r i s i n g .  T h i s  f r a c t i o n  h a s  1 .3% n i t r o g e n ,  and i f  t h i s  
n i t r o g e n  is p r e s e n t  a s  b a s i c  n i t r o g e n ,  hydroxy b a s i c  n i t r o g e n  h e t e r o c y c l i c s ,  l i k e  
hydroxypyr id ines ,  have c a r b o n s  w i t h  s h i e l d i n g s  n e a r  156.0 ppm. T h i s  p o s s i b i l i t y  i s  
u n l i k e l y  s i n c e  hydroxypyr id ines  and 8-hydroxyquinol ine do n o t  have c a r b o n s  w i t h  
chemica l  s h i f t s  n e a r  114.3 ppm. T h e r e f o r e ,  t h e  n i t r o g e n  i s  p r e s e n t  a s  p y r r o l i c  
n i t r o g e n ,  a l t h o u g h  t h e r e  a r e  no pronounced ev idences  b o t h  i n  t h e  c a r b o n  and t h e  I R  
s p e c t r u m  f o r  t h e  N-H l i n k a g e .  

The I R  spec t rum h a s  t w o  w e l l  d e f i n e d  s i g n a l s  a t  730 cm-’ and 905  cm-’  which 
a r e  c h a r a c t e r i s t i c  of C-H waggii ; v i b r a t i o n  i n  p o l y n u c l e a r  a r o m a t i c  hydrocarbons  with 
f o u r  o r  more condensed r i n g s .  The 730 cm-’  i s  a s i n g l e t ,  e x c e p t  f o r  a weak s h o u l d e r  
su  g e s t i n g  t h a t  PNAs a r e  s p a r s e l y  s u b s t i t u t e d .  T h e r e f o r e ,  t h e  major  p o r t i o n  of the 
sp’ c a r b o n s  a r e  i n  t h e  hydroaromat ic  r i n g s ,  and t h e  hydroaromat ic  s t r u c t u r e s  account  
f o r  t h e  group of s i g n a l s  i n  t h e  second r e g i o n .  The s i g n a l s  i n  t h e  t h i r d  and the  
f o u r t h  r e g i o n  a r i s e  from c a r b o n s  w e l l  removed from t h e  O H  g r o u p  and t h o s e  i n  t h e  
immediate v i c i n i t y  of t h e  OH group,  r e s p e c t i v e l y .  

These o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  hydroxyaromat ic  compounds i n  t h i s  
f r a c t i o n  have p a r t i a l l y  hydrogenated t h r e e  or more condensed r i n g s .  I t  is  l i k e l y  
t h a t  i n  such s t r u c t u r e s  t h e  s h i e l d i n g  of a r o m a t i c  carbon b e a r i n g  t h e  O H  group i s  near  
156.0 ppm and n o t  a t  151.0 ppm a s  i n  9-phenanthrol .  

SUMMARY 

The r e s u l t s  p r e s e n t e d  h e r e  amply d e m o n s t r a t e  t h a t  t h e  combined r e s u l t s  
of  13C NMR and  FTIR s p e c t r o s c o p y  can  p r o v i d e  a weal th  of i n f o r m a t i o n  n o t  o n l y  a b o u t  
t h e  f u n c t i o n a l  groups  i n  c o a l  l i q u i d s ,  b u t  a l s o  d e t a i l s  r e g a r d i n q  t h e  s t r u c t u r e  of 
moelcules  c a r r y i n g  t h e s e  groups .  
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The f i r s t  t w o  f r a c t i o n s  of SESC a r e  homogeneous; they  c o n t a i n  nonpolar  
a r o m a t i c  compounds. Inc luded  i n  t h i s  c a t e g o r y  a r e  t h e  d i a r y 1  e t h e r s ,  benzofurans,  
and benzoth iophenes .  The r e s t  of t h e  f r a c t i o n s  a r e  he te rogeneous .  A l l  of them t o  a 
g r e a t e r  or lesser e x t e n t  c o n t a i n  hydroxyaromat ic  compounds. Hoxever, f r a c t i o n  3 i s  , 
h i g h l y  homogeneous, c o n t a i n i n g  main ly  p h e n o l i c  compounds. The p r e s e n c e  of phenol ic  
compounds d o e s  n o t  i n t e r f e r e  w i t h  t h e  i d e n t i f i c a t i o n  of o t h e r  f u n c t i o n a l  groups i n  
f r a c t i o n s  3 and 5 due t o :  ( 1 )  t h e i r  l o w  c o n c e n t r a t :  m and ( 2 )  h igh  r e s o l u t i o n  of 
a b s o r p t i o n s  i n  t h e  13C NMR spec t rum.  
a c c o r d i n g  t o  t h e  carbon and I R  s p e c t r o s c o p i c  r e s u l t s  a r e  summarized i n  Table  2. 

The t y p e  of f u n c t i o n a l  groups  i n  e a c h  f r a c t i o n ,  , 
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Table  1 

FRACTIONS OF MIDDLE AN0 HEAVY DISTILLATE OF 
COAL LIQUID AND ELEMENTAL ANALYSIS OF HO 

F r a c t i o n  E l u e n t  W t %  of  MD 

1 Hexane 50.5 
2 k x a n e  + B e n z e n e ( l 5 % )  3.0 
3 Chloroform 8.7 
4 Chloroform + E t h e r ( 4 % )  23.7 
5 E t h e r  + E t O H ( 3 % )  2.4 

L o s s e s  ( V o l a t i l e s )  11.7 
100.0 

1 
2 
3 
4 
5 

Losses 

F r a c t i o n  

1 and 2 

3 

4 

5 

W t %  of HD 

50.7 90.60 
24.5 92.18 
13.2 81.92 

7.8 82.25 
2.9 

H 

8.11 
5.91 
7.16 
7.40 

- S - N - 0 - 
0.54 0.00 0.54 
0.31 0.10 0.47 
3.69 3.27 0.23 
5.54 2.03 0.12 

0.9 
100.0 

Table  2 

TYPES OF COMPOUNDS I N  THE FRACTIONS OF MD AND HD 

Type of Compounds 

Nonpolar  a r o m a t i c s ,  d i a r y 1  e t h e r s ,  
b e n z o f u r a n s ,  and benzoth iophenes .  

Mainly n o n b a s i c  N compounds; hydroxy 
aroma t i c  compounds. 

Hydroxy a r o m a t i c  compounds. 

B a s i c  N compounds; hydroxy a r o m a t i c  
compounds. 
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OXIDATION ANI) FORUTION OF DEPOSIT PRECURSORS I N  HYDROCARBON FUELS 

Frank R. Mayo, S.E. B u t t r i l l ,  Jr., Bosco Lan,  G.A. St. John,  and David Dul in  

SRI I n t e r n a t i o n a l ,  Menlo P a r k ,  C a l i f o r n i a  94025 

The o b j e c t  of t h i s  r e s e a r c h  is t o  d e t e r m i n e  t h e  mechanism of d e p o s i t  format ion  
i n  hydrocarbon f u e l s ,  and t h u s  t o  p r e d i c t  and  t o  p r e v e n t  d e p o s i t  f o r m a t i o n  (1) .  
d e p o s i t s  c a u s e  c l o g g i n g  of f i l t e r s  and h o t  f u e l  l i n e s .  
d e p o s i t s , i n s o l u b l e  i n  hydrocarbons ,  a r i s e  f rom f u r t h e r  c o n d e n s a t i o n  of s o l u b l e  d e p o s i t  
p r e c u r s o r s  ( 2 ) .  
p r o d u c t s  of t h e s e ,  formed i n  s t e p w i s e  r e a c t i o n s .  When t h e i r  m o l e c u l a r  w e i g h t s  and 
oxygen c o n t e n t s  become h i g h  enough,  t h e y  p r e c i p i t a t e  from s o l u t i o n  (3) e i t h e r  on long 
s t o r a g e  o r  q u i c k  h e a t i n g .  what o x i d a t i o n  p r o d u c t s  a r e  most  l i k e l y ,  
t o  condense;  i s  t h e  c o n d e n s a t i o n  a r a d i c a l  o r  n o n r a d i c a l  r e a c t i o n ,  o r  b o t h ;  what f u e l s  
o r  f u e l  components a r e  most l i k e l y  t o  form p r e c u r s o r s ;  and how can  t h e  r e a c t i o n s  be  
prevented?  

The 
Our premise  is t h a t  such  

The p r e c u r s o r s  are t h e  o x i d a t i o n  p r o d u c t s  of t h e  f u e l s  and condensa t ion  

The problems are: 

T h i s  p a p e r  d e s c r i b e s  ou r  p r o g r e s s  i n  a p p l y i n g  f i e l d  i o n i z a t i o n  mass spec t romet ry  
(FIMS) t o  t h e s e  problems.  W e  s t a r t e d  w i t h  a 110. 2 home h e a t i n g  o i l  (Fue l  C) t o  r e p r e s e n t  
an u n s t a b l e  j e t  t u r b i n e  f u e l ,  t h e n  used  n-dodecane as a s i m p l e  and common f u e l  
component. 

EXPERIMENTAL 

A s  r e c e i v e d ,  Fue l  C w a s  brown and c o n t a i n e d  s o  much material of h i g h  molecular  
weight  and low s o l u b i l i t y  t h a t  i t  could  n o t  be used t o  f o l l o w  t h e  development  o f  addi -  
t i o n a l  f u e l  p r e c u r s o r s .  It was t h e r e f o r e  d i s t i l l e d  a t  2.3 kPa (17  t o r r )  i n  a C l a i s e n  
f l a s k  w i t h  a Vigreux  neck.  A l i q u o t s  of t h e  d i s t i l l a t e  (10 mL) were o x i d i z e d  by shaking  
them w i t h  a i r  i n  100-mL f l a s k s  i n  a b a t h  a t  130°C. Gas samples  of 70 UL w e r e  withdrawn 
through a septum and ana lyzed  f o r  Oz/N2 by g a s  chromatography on a 183 x 0.32-cm 
s t a i n l e s s  s t e e l  column a t  O°C and 30 ml/min H e  f low rate. 
13X molecular  s i e v e .  

The column w a s  packed w i t h  

Pure 99% n-dodecane was o b t a i n e d  from P h i l l i p s  Chemical Company and d i s t i l l e d  a t  
2.3 kPa. The f i r s t  and l a s t  t e n t h s  were  r e j e c t e d .  

Two mass s p e c t r o m e t e r s  were used:  In one ,  t h e  whole 5-VL f u e l  sample w a s  i n j e c t e d  
through 
The sample v a p o r i z e s  immedia te ly  and e n t e r s  t h e  f i e l d  i o n i z a t i o n  s o u r c e  through a g l a s s  
l e a k .  
and g i v e s  a m o l e c u l a r  p r o f i l e  of t h e  f u e l  sample.  A second FIMS system was used  t o  an- 
a l y z e  d e p o s i t  p r e c u r s o r s .  A 0.5-mL sample o f  F u e l  C was s p i k e d  w i t h  a n  i n t e r n a l  s tand-  
a r d ,  10 lJg o f  decacyclene(molecu1ar  w e i g h t  4 5 0 ) ,  t h e n  vacuum-evaporated t o  < l o 0  UL. A 
5 - N  sample o f  t h e  c o n c e n t r a t e  was p l a c e d  i n  a s t a n d a r d  mass s p e c t r o m e t e r  sample h o l d e r  
i n  t h e  s o l i d s  probe  of t h e  mass s p e c t r o m e t e r .  The probe  was c o o l e d  t o  -5OoC, i n t r o d u c e d  
i n t o  t h e  mass s p e c t r o m e t e r  vacuum sys tem,  and  them warmed t o  30" w i t h  c o n t i n u o u s  pumping 
to remove most of t h e  remain ing  v o l a t i l e  components. 
i o n  source .  
and decacyclene  i n t e r n a l  s t a n d a r d ,  w a s  c o l l e c t e d  w i t h  t h e  PDP 11/10 computer  system. 
r e s u l t i n g  FIMS s p e c t r a  r e p r e s e n t  t h e  composi t ion  of t h e  l e a s t  v o l a t i l e  components o f  
t h e  f u e l  sample i n c l u d i n g  i m p u r i t i e s .  The c o n c e n t r a t i o n s  of i n d i v i d a u l  d e p o s i t  p re-  
c u r s o r s  a r e  c a l c u l a t e d  by comparing t h e i r  i n t e n s i t i e s  i n  t h e  FI  spec t rum w i t h  t h a t  of 
t h e  decacyclene  s t a n d a r d .  

a septum i n t o  an e v a c v n t - l  0.5-L g l a s s  expans ion  b u l b  of t h e  b a t c h  i n l e t  system. 

F i e l d  i o n i z a t i o n  of t h i s  m i x t u r e  produces  m o l e c u l a r  i o n s  from e a c h  f u e l  component 

The probe  was t h e n  mated t o  t h e  
The f i e l d  i o n i z a t i o n  spec t rum o f  t h e  r e s i d u e ,  i n c l u d i n g  d e p o s i t  p r e c u r s o r s  

The 

Samples of o x i d i z e d  dodecane  were a n a l y z e d  s i m i l a r l y ,  e x c e p t  t h a t  t h e  i n t e r n a l  
I n  g e n e r a l ,  t h e  o x i d a t i o n  p r o d u c t s  con- s t a n d a r d  was p e r y l e n e  (molecular  w e i g h t  252). 
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t a i n e d  unoxid ized  f u e l ,  which cou ld  n o t  be e n t i r e l y  removed wi thou t  l o s s  of  some ox ida -  
,, t i o n  p roduc t s .  

RESULTS 

\$ m. The molecu la r  weight  p r o f i l e  of F u e l  C shows t h a t  t h e  major  components 
are a l k a n e s  w i t h  10 t o  1 4  C a toms,  w i t h  a preponderance  of a l k y l b e n z e n e s  w i t h  3 t o  5 
s ide -cha in  C a toms a t  t h e  low molecu la r  weight  end ,  a l i c y c l i c s  u p  t o  C , ,  a t  t h e  h i g h  
end, and sma l l  p r o p o r t i o n s  of a wide v a r i e t y  of hydrocarbons  over  t h e  whole r ange .  

Tab le  1 summarizes t h e  r e s u l t s  of one  o x i d a t i o n  of d i s t i l l e d  Fue l  C ;  t hey  show 
s t e a d y  i n c r e a s e s  i n  r a t e  of oxygen a b s o r p t i o n  ( a u t o c a t a l y s i s )  and  i n  c o n c e n t r a t i o n  o f  
less  v o l a t i l e  m a t e r i a l s .  

TABLE 1. OXIDATION OF VACUUN-DISTILLED FUEL C AT 130°C 

Time a t  130°C (min.)  0 255 430 7 01 

O2 consumed (mmol / l i t e r )  0 6.55 13.1 32.2 
Per  minutea x 1 0 2  2.6 3.7 7 . 0  

Depos i t  P recu r so r  Prop r t i e s  
1 4  132  2450 2600 Concen t r a t ion  (ppm) - 

Number Av. Mol. I d t . ,  M 435 388 355 318 

Weight Av. Mol. W t . ,  P1 496 440 419 38 1 

F5 

- 

:During preceding  i n t  e r v a  1. 
Based on t o t a l  materials found by FIMS. 

F i g u r e s  1 and 2 summarize FDIS d a t a  a f t e r  t h e  f i r s t  two o x i d a t i o n  p e r i o d s  i n  
Tab le  1. The o r d i n a t e  and t h e  numbers i n  t h e  upper l e f t  c o r n e r s  of  t h e  f i g u r e s  are 
t h e  pe rcen tage  of t h e  summed i o n  i n t e n s i t i e s .  Most of  t h e  m a t e r i a l  o f  molecular  weight  
% 250 co r re sponds  t o  i n c o r p o r a t i o n  of one  t o  f o u r  a toms of oxygen i n t o  f u e l  mo lecu le s  

, ( p r e c u r s o r  monomers), r e t a i n e d  because  t h e y  are much less v o l a t i l e  t han  t h e  f u e l .  Most 
of t h e  m a t e r i a l  w i t h  molecu la r  we igh t s  between 300 and 450 r e p r e s e n t s  combina t ions  of 
monomer p r e c u r s o r s  (d imers) .  M a t e r i a l  o f  i n t e r m e d i a t e  molecu la r  weight  presumably  

\ r e p r e s e n t s  condensa t ion  of monomer p r e c u r s o r s  and t h e i r  f r agmen t s  formed by c l e a v a g e  of 
a l k o x y  r a d i c a l s .  The f i g u r e s  show t h a t  t h e  development of monomer p r e c u r s o r s  and dimer 
p r e c u r s o r s ,  l i k e  t h e  ra te  of oxygen a b s o r p t i o n ,  i s  a u t o c a t a l y t i c .  Development of  t r i m e r s  
can  a l s o  be seen .  

During t h e  l a s t  o x i d a t i o n  pe r iod ,  t h e  s o l u t i o n  became l i g h t e r  and a d a r k  brown 
p r e c i p i t a t e  formed on t h e  r e a c t o r  w a l l s .  During t h i s  p e r i o d ,  t h e  c o n c e n t r a t i o n  of  
p recu r so r  monomers i n c r e a s e d  s h a r p l y  ( t h e s e  may be t h e  o x i d a t i o n  p r o d u c t s  that d o n ' t  
condense e a s i l y ) ,  and t h e  c o n c e n t r a t i o n s  of d imers  and trimers appear  t o  d e c r e a s e  
p e r c e p t i b l y  (compared w i t h  t h e  decacyc lene  s t a n d a r d ) ,  pe rhaps  because  t h e y  have grown 
and s e p a r a t e d  from t h e  f u e l  mix tu re .  

\ 

The p r e c i p i t a t e  t h a t  formed, a f t e r  washing w i t h  hexane and d r y i n g ,  weighed a b o u t  
3 mg/g of i n i t i a l  f u e l .  Acetone  e x t r a c t i o n  of t h i s  r e s i d u e  gave  0.137 mg of e x t r a c t / g  
i n i t i a l  f u e l ;  i t s  M i n  N-dimethylformamide was % 600. It t h e r e f o r e  a p p e a r s  t h a t  t h e  
d e p o s i t s  p r e c i p i t a t g  more because  Of t h e i r  oxygen and he teroa tom c o n t e n t s  t h a t  because  
of t h e i r  h igh  molecu la r  we igh t s .  

' /  
Although t h e  r e s e a r c h  d e s c r i b e d  above p r o v i d e s  e x c e l l e n t  ev idence  f o r  t h e  d e p o s i t  

fo rma t ion  by s t e p w i s e  condensa t ion  of d e p o s i t  p r e c u r s o r s ,  t h e  d a t a  g i v e  u s  l i t t l e  
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i n d i c a t i o n  of t h e  chemica l  s t r u c t u r e s  o r  mechanisms invo lved .  However, t h e r e  i s  an  in-  
d i c a t i o n  i n  F i g u r e  2 of a problem t h a t  becomes much more obv ious  w i t h  n-dodecane. A l l  
t h e  p r i n c i p a l  canponen t s  should  have  even  mass numbers,  a s  w i l l  a l l  compounds of C ,  H ,  
and 0 ( b u t  n o t  N ) .  However, 1.1%. o f  n a t u r a l  C i s  "C, and so f o r  any  C I 2  compound, 
a b o u t  13% of  t h e  molecu le s  w i l l  c o n t a i n  one  "C. The re fo re ,  a l l  t h e  major peaks w i l l  
have  an obv ious  s a t e l l i t e  w i t h  mass  number one  u n i t  g r e a t e r .  F i g u r e  2 shows t h a t  t h e  
ox id ized  p r o d u c t s  have more t h a n  t h e  expec ted  1 2  t o  20% of m a t e r i a l s  w i t h  odd mass 
numbets ( i n  t h e  spaces  between t h e  peaks  w i t h  even  m a s s  numbers).  Odd mass numbers i n  
C, H, and 0 compounds, excep t  t h a t  d u e  t o  "C, mean t h a t  f r a g m e n t a t i o n  of p a r e n t  
mo lecu le s  h a s  occur red  i n  t h e  FINS. 

n-Dodecane. To e l i m i n a t e  t h e  multicomponent problem w i t h  F u e l  C ,  we  i n v e s t i g a t e d  
t h e  o x i d a t i o n  o f  n-dodecane. Because  t h e  e x t e n t s  of  e v a p o r a t i o n  v a r i e d  b e f o r e  t a k i n g  
FINS d a t a ,  t h e  a b s o l u t e  c o n c e n t r a t i o n s  o f  p r o d u c t s  v a r y  c o n s i d e r a b l y  i n  t h e  t h r e e  s p e c t r a .  
Dodecane (mass number 1 7 0  and its s a t e l l i t e  a t  171) predominated  i n  t h e  FIMS c o n c e n t r a t e s  
b u t  are i r r e l e v a n t  and  n e g l e c t e d  i n  t h i s  d i s c u s s i o n .  T a b l e  2 t h e r e f o r e  l i s ts  the 1 2  
s t r o n g e s t  o t h e r  peaks  f o r  each  spec t rum i n  o r d e r  of t h e i r  r e l a t i v e  i n t e n s i t i e s .  

Table  2-A shows t h a t  w i t h  t h e  u n t r e a t e d  o x i d a t i o n  p roduc t ,  t h e  t h r e e  s t r o n g e s t  
peaks ,  and 7 of t h e  12  s t r o n g e s t ,  h a v e  odd mass  numbers. These  m u s t  r e p r e s e n t  mo lecu le  
f r agmen t s ,  uncommon from hydrocarbons ,  and so we examined t h e  FIMS of known 3 4 o d e c a n o l  
and  2-dodecanone. The dodecano l  shows l i t t l e  of  t h e  pa ren t  i o n  (186), bu t  i t  decomposes 
i n  t h e  FIMS t o  g i v e  six p r i n c i p a l  s i g n i f i c a n t  p roduc t s :  50 mol % i s  dodecy l  (169 by 
loss  of OH); 20% i s  decy loxy  (157 b y  l o s s  of e t h y l ) ;  18% is dodecene  (168 by l o s s  of 
w a t e r ) ;  13% i s  dodecanone (184 by l o s s  of H2); 5% i s  dodecyloxy (185 by l o s s  of H ) ;  
and 4% is undecyloxy (171 by l o s s  of me thy l ) .  The second and l a s t  p r o d u c t s  are p robab ly  
s p e c i f i c  f o r  3-dodecanol,  l e a v i n g  d o d e c y l  a s  t h e  p r i n c i p a l  p roduc t  from mixed dodecano l s .  
2-Dodecanone i s  r e l a t i v e l y  s t a b l e .  The  p a r e n t  peak (184) and i t s  I3C s a t e l l i t e  (185) 
compr i se  ' 90% of t h e  obse rved  i o n s .  An e f f o r t  was made t o  avo id  f r a g m e n t a t i o n  by  
a c e t y l a t i n g ,  m e t h y l a t i n g ,  o r  b e n z o y l a t i n g  pu re  h ighe r  a l c o h o l s  bu t  o n l y  6 - t r i d e c y l  benzo- 
a t e  gave  mos t ly  t h e  p a r e n t  peak. 

I n  t h e  f i r s t  o x i d a t i o n  of dodecane  i n  Tab le  2,  120 .6  mmol of  dodecane  absorbed  
1 .35  mmole oxygen, 1 .12  mol %, i n  22 .3  h a t  130". P a r t  of t h e  p roduc t  w a s  s u b j e c t e d  t o  
FINS d i r e c t l y ,  p a r t  was h e a t e d  f o r  one  hour a t  1 8 0 ° C  i n  t h e  absence  of oxygen t o  d e s t r o y  
pe rox ides .  A major  p o r t i o n  was t r e a t e d  w i t h  aqueous  K I  and a c e t i c  a c i d  t o  decompose 
pe rox ides ;  t h e  l i b e r a t e d  i o d i n e  co r re sponded  ro  34% y i e l d  o f  hydrope rox ide  on t h e  oxygen 
abso rbed .  P a r t  of t h e  KI - t r ea t ed  p r o d u c t s  was then  hea ted  f o r  one  hour a t  180' i n  t h e  
absence  of a i r ,  and a n o t h e r  was benzoy la t ed  w i t h  20% e x c e s s  benzoyl  c h l o r i d e  i n  p y r i d i n e .  
Even a f t e r  p u r i f i c a t i o n ,  benzo ic  a c i d ,  benzo ic  anhydr ide  and  benzoyl  i o n s  gave ma jo r  
FIMS peaks,  which a r e  n e g l e c t e d .  

I n  t h e  o x i d a c i o n  p r o d u c t s ,  t h e  1 8 2  and 183  peaks  a r e  p robab ly  f r agmen t s  from 
dodecy l  hydrope rox ides  because  t h e i r  p r o p o r t i o n s  d e c r e a s e  upon h e a t i n g  and a r e  succeeded 
by a l c o h o l - d e r i v e d  peaks  a t  169  and 185. The 184  p a r e n t  peak f o r  dodecanone i s  l i t t l e  
changed on h e a t i n g .  
must come on ly  from a l c o h o l  i n  t h e  hea ted  product .  The new 203 peak i n  t h e  hea ted  
sample a r i s e s  from p e r o x i d e s  w i t h  > 2  oxygen atoms. Mass numbers 194  t o  203 and 213 t o  
217 a r e  c l o s e l y  r e l a t e d  p r o d u c t s  co r re spond ing  t o  g a i n  o r  l o s s  o f  H a toms by a l c o h o l s  
and ke tones ;  t h e  b o r d e r l i n e  between t h e  p a r e n t  compounds i s  fuzzy .  
s i d e r a t i o n s  must f a v o r  t h e  h i g h e r  oxygen compounds i n  t h e  d a t a  observed  f o r  C , z  produc t s .  

The 1 6 9  peak is a s s o c i a t e d  wi th  bo th  a l c o h o l  and hydrope rox ide  b u t  

V o l a t i l i t y  con- 

Tab le  2-A shows o t h e r  e f f e c t s  of h e a t i n g ;  t h e  appea rance  of  b u t y l ,  p e n t y l  and 
h e x y l  r a d i c a l s  (57, 71 ,  85) i n  t h e  FIMS of  t h e  hea ted  sample and t h e  d i sp lacemen t  of 
t h e  196 ,  197, and 217 peaks  from t h e  1 2  most prominent  p r o d u c t s  a f t e r  h e a t i n g .  
s m a l l  r a d i c a l s  can  come from c l e a v a g e  i n  t h e  FIMS of a l c o h o l s  o r  hydrope rox ides  i n  t h e  
unhea ted  o x i d a t i o n  p r o d u c t s ,  

The  
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aenk- 
ing 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 

5 
10 
11  
12 

No oxidation 

decanol decanme 
3-Do- Z-DO- 

169 184 
1 57a 185 
168 1 a2 
131 122 
184 183 
195, 150 
171 155 
373 170 
186 186 
183 136 
182 156 
198 108 

B. 

r ' i r s t  oxidation 
Un- &ate$ KI + K I  + denzo- 

t rea ted  t o  180 C AcOH heatir.g ylated 

d 183 169 1 a2 182 290d 
165 1 83 183 264' 98 
159 184 16gb 296' 184 

1 a2 203 370b 328' 19Sd 
185 198 256 256b 194 

370 
169 18qd 

147 57 

A. &inkin$ f o r  a l l  mass nmbers  

1 8 4  185 311b 183 182 

198 182 1 a5 
2; 7 159 198 256' 20 j  
370 85 297; 266' 30Zd 
196 71 283, 21 3c 185 
99 58 371J 156 183 

Ranking f o r  mass numbers~337 only. 

370 
385 
399 
37 1 
537 
367 
369 
353 
355 
450 
436 
366 

397f 
335 
359 
353 
367 
371 
355 
366 
370 

351 
369 

338 

370 
37 1 
385 
399 
337 
469 
355 
353 
339 
367 
338 
366 

450' 
466 
436 
366 
385 
3 37 
340 
33e 
365 
399 
451 
367 

Seconde 
oxidn. 

?gP 

168 
182 
185 
157 
143 
125 

Suggested ident i f ica t ions  of ions above: 

smaller fragments 186 Dodecanol 
171 and below, C11H230 and 185 Uodecyl-0 338 Diiner, C24H50 

168 Dodecene 154 t o  232, mostly C12 350 t o  466, dimer + 0 
165 Dodecyl compounds containing + fragnents 
la2 Dodecenone 2 t o  4 G atoms 
1 a4 Dodocanone 506 Tr iner ,  C7@74 

a Specif ic  products from 3-dodecanol. 

e In  20 hours a t  l3OoC. 7.25 g, 42.6 m o l .  of n-dodecane absorbed 0.503 m o l  O,, 
2.12 mol 5. 
The remainder of the  product was then t rea ted  with 20:. excess PhxP for 6 hours 
a t  25' and then d i s t i l l e d  a t  1.7 kPa (13 t o r r )  t o  remove PhjP and its oxide. 
Therefore, t h i s  sample should not contain high-boiling products. 

iiould ranX 13 i n  Par t  A. 

b Specif ic  f o r  XI. 
Appear o r  aersist a f t e r  heating K I  product. Fecul iar  t o  benzoylation product. 

Hydroperoxide corres?onding t o  24.8/. of the  07 absorbed was found. 

Peak height was 2/3 of that of t h e  196 pe&. 
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b u t  Table  2-A i n d i c a t e s  t h a t  t h e y  come m o s t l y  f rom C12 a l c o h o l s  formed d u r i n g  hea t ing :  
H B 
b 

R - ~ - R I  R- + 

Thus, 3 -dodecano l  a p p a r e n t l y  gave  me thy l  and e t h y l  r a d i c a l s .  The s h o r t  r a d i c a l s  
p robab ly  d o  n o t  come from s h o r t  a l c o h o l s ,  which would be l o s t  d u r i n g  c o n c e n t r a t i o n .  

The K I  t r e a t m e n t  of  t h e  o x i d a t i o n  p r o d u c t s  was expec ted  t o  decompose hydroper- 
o x i d e s  t o  a l c o h o l s  w i t h o u t  fo rming  f r e e  r a d i c a l s  or  byproduc t s .  However, t h e  r e s u l t s  
i n d i c a t e  many byproduc ts, p e r h a p s  traces exagge ra t ed  by  FPIS. 

I n  compar ison  w i t h  t h e  K I  r e d u c t i o n ,  t h e  t r i p h e n y l p h o s p h i n e  r e d u c t i o n  of  t h e  
second o x i d a t i o n  p roduc t s  g i v e s  more p r o d u c t s  t h a t  are more t y p i c a l  of dodecano l s  
(168, 169, 185) and t h u s  may be  a c l e a n e r  r e d u c t i o n .  However, t h e  absence  of peaks  
above  190 i n  t h e  t r i p h e n y l p h o s p h i n e  p r o d u c t s  i s  p robab ly  due  t o  d i s t i l l a t i o n  b e f o r e  
FINS. 

The 370-371 peaks  a p p e a r  i n  s e v e r a l  m i x t u r e s  i n  Tab le  2-A and are prominent i n  
a l l  t h e  m i x t u r e s  i n  Tab le  2-B, e x c e p t  i n  t h e  K I  + h e a t  group.  They d o  n o t  s u r v i v e  hea t -  
i n g  a f t e r  K I  t r e a t m e n t ,  bu t  t h e y  s u r v i v e  b e n z o y l a t i o n  and s o  are n o t  a s s o c i a t e d  w i t h  
hydroxyl  groups ,  even  though m a s s  number 370 c o r r e s p o n d s  t o  a d imer  g l y c o l .  

The hea ted  p r o d u c t s  are similar t o  t h e  K I  p roduc t s ,  c o n t a i n i n g  c o n s i d e r a b l e  
m a t e r i a l  of mass  numbers 169, 182-185, and 198-199. However, t h e  hea ted  p r o d u c t s  con- 
t a i n  more low mass number f r a g m e n t s  and  t h e  K I  p r o d u c t s  g i v e  more i o n s  w i t h  mass number 
>256. Heat ing  t h e  K I  p r o d u c t s  r e s u l t s  in appea rance  o r  d i s a p p e a r a n c e  i n  Tab le  2-A of 
a l l  p roduc t s  of mass number >256. Thus, s u b s t a n t i a l  changes  occur  upon h e a t i n g  t h e  K I  
p roduc t ,  even though t h e r e  are no p e r o x i d e s  l e f t ,  and hence  n o n r a d i c a l  r e a c t i o n s  as w e l l  
a s  r a d i c a l  r e a c t i o n s  may l e a d  t o  polymer ic  p r e c u r s o r s .  

I n t e r p o s i n g  t h e  K I  t r e a t m e n t  b e f o r e  h e a t i n g  makes t h e  dodecanone ,peak  (182) most 
impor t an t ,  weakens o r  e l i m i n a t e s  s e v e r a l  peaks  (57, 58, 71, 85, 185, 199, and 203) and 
fo rms  s e v e r a l  new ones, m o s t l y  >250. 

The benzoy la t ed  KI - t r ea t ed  p roduc t  c o n t a i n s  more dodecy l  benzoa te  (290) t h a n  
a n y t h i n g  else,  and  e s t a b l i s h e s  hydrope rox ide  and a l c o h o l  a s  t h e  major  p r imary  p roduc t s .  
The absence  of t h e  168 and 169 peaks  shows t h a t  b e n z o y l a t i o n  of a l c o h o l  was e s s e n t i a l l y  I 

comple te .  The 182, 184, and 185 peaks  that p e r s i s t  p robab ly  come from dodecanones,  bu t  
i n  t h e  KI- t rea ted  p roduc t ,  t h e y  and t h e  183 peak may a l s o  come from dodecano l s .  

Table  2-B show t h e  r e l a t i v e  i o n s  c o n c e n t r a t i o n s  from d i m e r i c  p roduc t s .  The most 
prominent  a l s o  appea r  i n  T a b l e  2-A.  These  p r o d u c t s  appea r  i n  g r o u p s  co r re spond ing  t o  
t h e  dimer (338) a d  p r o d u c t s  c o n t a i n i n g  1. 2 ,  and 3 a d d i t i o n a l  oxygen a toms (near  354, 
370, 386, and maybe 4 0 2 )  minus a few hydrogen a toms f o r  f o r m a t i o n  of k e t o n e s  o r  a lkoxy  
r a d i c a l s  i n s t e a d  of a l c o h o l s .  S t a r t i n g  a t  abou t  m a s s  number 399, most of t h e  h i g h e r  
mass numbers must r e p r e s e n t  two  dodecane  r e s i d u e s  p l u s  oxygen p l u s  a d d i t - o n a l  carbon-  
c o n t a i n i n g  f r agmen t s .  No tr imeric f r agmen t s  (506 o r  above)  have been observed ,  probably  
because  of p r e c i p i t a t i o n  or v o l a t i l i t y  l i m i t a t i o n s .  
caused  by low y i e l d s  wi th  dodecane ,  because  t r i m e r s  were observed  w i t h  F u e l  C .  

However, t h e i r  absence  may a l s o  be 

We now c o n s i d e r  t h e  mechanism by which monomers a r e  conve r t ed  i n t o  d i m e r i c  pro- 
d u c t s .  The s i m p l e s t  condensa t ion  of  dodecane  by h e a t i n g  w i t h  a hydrope rox ide  would be: 

2RH + R02H- Rz + ROH + H,O (3) 

The molecu la r  weight  o f  t h e  C2,. dimer  i s  338, bur none of t h i s  w a s  found i n  an  o x i d a t i o n  
c o n t a i n i n g  s u f f i c i e n t  a i r .  
mass numbers c l o s e  t o  370, 385, and 399. Thus, t h e  dodecane  o x i d a t i o n  p roduc t s  have  

I n s t e a d ,  t h e  C Z s  p r o d u c t s  found-had  2 t o  4 oxygen a toms and 
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I 

condensed d u r i n g  o x i d a t i o n  (whatever t h e  mechanism) even  though t h e  p a r e n t  dodecane  con- 
C e n t r a t i o n  i s  50 t i m e s  g r e a t e r  t t a n  t h a t  of t h e  o x i d a t i o n  p roduc t s .  However, t h e  337 
ion ,  formed by  l o s s  of a hydrogen a tom from t h e  d imer ,  becomes a minor  p roduc t  when t h i s  
o x i d a t i o n  product  i s  hea ted  and a major  p roduc t  i n  t h e  hea ted  p o r t i o n  of t h e  o x i d a t i o n  
i n  Tab le  2-B. 

9 

I n  t h e  u n t r e a t e d  o x i d a t i o n  p roduc t s ,  t h e  f o u r  most prominent  peaks  i n  Tab le  2-B 
? correspond t o  a dimer p l u s  two or three oxygen a toms and e i t h e r  a f o u r t h  oxygen atom o r  

an  a d d i t i o n a l  carbon atom. 
t i m e ,  may have been d e p l e t e d  i n  oxygen, and t e n d s  t o  c o n t a i n  d imer  u n i t s  w i th  fewer 
oxygen a toms and more f r a g m e n t s  c o n t a i n i n g  a d d i t i o n a l  carbon a toms (436, 450).  

The  b x i d a t i o n  i n  Tab le  2 ,  which abso rbed  less oxygen i n  more 

Comparing t h e  l a s t  tm columns of T a b l e  2-B shows t h a t  h e a t i n g  pe rox ide - f r ee  m i x -  
t u r e s  t o  180" formed more compounds of molecu la r  weight  >400. Thus,  t h e r e  i s  a condensa- 
t i o n  o r  coup l ing  r e a c t i o n  t h a t  does  n o t  depend on hydrope rox ides ,  b u t  p robab ly  i n v o l v e s  
o t h e r  f u n c t i o n a l  g roups .  

SUMMARY AND CONCLUSIONS 

O u r  expe r imen ta l  r e s u l t s  w i l l  now be used  t o  f o r m u l a t e  a g e n e r a l  p i c t u r e  of  d e p o s i t  
fo rma t ion .  Oxygen i s  r e q u i r e d  t o  produce d e p o s i t s  from hydrocarbon f u e l s ,  e x c e p t  a t  
p y r o l y s i s  t empera tu res .  
o x i d a t i o n ,  and coup l ing  of t h e s e  o x i d a t i o n  p r o d u c t s  t o  d i m e r i c  p roduc t s .  A l l  of t h e s e  
a r e  a t  f i r s t  s o l u b l e  i n  f u e l ,  bu t  a s  o x i d a t i o n  and condensa t ion  c o n t i n u e ,  t h e  p r o d u c t s  
become i n s o l u b l e  a t  mo lecu la r  we igh t s  a round 600. The i n s o l u b l e  p r o d u c t s  formed i n  
s t o r a g e  p robab ly  remain  s o l u b l e  i n  good s o l v e n t s  (e .g . ,  a c e t o n e ) ,  bu t  when f u e l  c o n t a i n -  
ing  s o l u b l e  d e p o s i t  p r e c u r s o r s  i s  hea ted ,  e s p e c i a l l y  w i t h  a l i t t l e  oxygen, o x i d a t i o n  

, and condensa t ion  become r a p i d  and p r e c i p i t a t e s  form on t h e  w a l l s .  These  p r e c i p i t a t e s  
may a t  f i r s t  be s o l u b l e  i n  a c e t o n e  bu t  e v e n t u a l l y  become i n t r a c t a b l e .  The o x i d a t i o n s  
a r e  a lmos t  c e r t a i n l y  c o n v e n t i o n a l  f r e e  r a d i c a l  cha in  r e a c t i o n s ;  t h e  coup l ing  of monomer 
u n i t s  p robab ly  i n v o l v e s  b o t h  a f r e e  r a d i c a l  coup l ing  mechanism l i k e  R e a c t i o n  3 ,  and a 
n o n r a d i c a l  condensa t ion  ( e .g . ,  a l d o l  ( 4 ) ) ,  i n  unknown p r o p o r t i o n s .  N i t rogen  and s u l f u r  
compounds c o n c e n t r a t e  i n  t h e  p r e c u r s o r s  and d e p o s i t s  because  t h e y  are more r e a c t i v e  i n  
o x i d a t i o n  and condensa t ion ,  a n d  p robab ly  l ess  s o l u b l e  i n  f u e l  ( 5 ) .  Whether t h e  e f f e c t s  
of some v e r y  r e a c t i v e  f u e l  components a r e  s t o i c h i o m e t r i c  o r  c a t a l y t i c  r ema ins  t o  be  
de t e rmined .  

For a g iven  hydrocarbon,  t h e  p r o c e s s  g o e s  ma in ly  th rough  monomer 

' 

P r o d u c t s  and f r agmen t s  between 190  and  338 (d imer)  m a s s  number must c o n t a i n  a t  
l e a s t  two oxygen atoms. Because pe rox ide  l i n k s  are n o t  expec ted  t o  s u r v i v e  FIMS, most 

7 produc t s  i n  t h i s  r ange  c o n t a i n  two or more oxygen- func t iona l  g roups .  The i r  p r o p o r t i o n  
i s  d i f f i c u l t  t o  e s t i m a t e  w i t h  FIHS because  of  v o l a t i l i t y  d i f f e r e n c e s ,  b u t  t h e  work of 
J ensen  e t  a l .  ( 6 )  on  t h e  l i qu id -phase  o x i d a t i o n  of hexadecane a t  120  t o  180°C shows t h a t  

f u n c t i o n s .  
c o u p l i n g  and condensa t ion  r e a c t i o n s .  

' a t  l e a s t  a q u a r t e r  of t h e  hydrocarbon molecu le s  a t t a c k e d  c o n t a i n s  two o r  more oxygen 
Such p r o d u c t s  are  more r e a c t i v e  than  monofunc t iona l  compounds i n  r a d i c a l -  

A t  130°C i n  a i r ,  dodecane  o x i d i z e s  much f a s t e r  t h a n  F u e l  C; i t  a b s o r b s  abou t  13.2 
mmol of oxygen/mol f u e l  i n  10 hour s ,  compared w i t h  abou t  3.82 mmol f o r  F u e l  C i n  20 hours .  
Fue l  C o x i d i z e s  a t  a c o n s t a n t  r a t e  wh i l e  t h e  r a t e  f o r  dodecane  i s  a u t o c a t a l y t i c .  How- 
e v e r ,  by  FIMS and observed  d e p o s i t  fo rma t ion ,  dodecane  p roduces  fewer  p r e c u r s o r s  and no 
v i s i b l e  d e p o s i t s .  Exper iments  w i t h  s e v e r a l  D i e s e l  f u e l s  ( t o  be  d e s c r i b e d  e l sewhere )  show 
l i t t l e  c o r r e l a t i o n  between o x i d a t i o n  rate and gum f o r m a t i o n ,  a s  measured by ASTM-D2274 
b e f o r e  d i s t i l l a t i o n .  P a r a f f i n s  u s u a l l y  predominate  i n  f u e l s ,  b u t  t h e  gum f o r m a t i o n  
a p p a r e n t l y  depends  on t h e  n a t u r e  and amounts of  o t h e r  hydrocarbons ,  N and S compounds, 
and f u e l  h i s t o r y .  

FLMS h a s  been v e r y  u s e f u l  f o r  comparing f u e l  compos i t ions ,  and f o r  s e e i n g  t h e  
development of Fuel  C d e p o s i t  p r e c u r s o r s  a t  1 3 O O C .  R e s u l t s  w i t h  dodecane  have been d i s -  
courag ing .  The p r i n c i p a l  C l z  o x i d a t i o n  p r o d u c t s ,  a l c o h o l s  and  hydrope rox ides ,  f ragment  
i n  t h e  mass spec t romete r  and  g i v e  s i m i l a r  peaks  t h a t  o v e r l a p  ke tone  peaks ,  p robab ly  i n  

81 



d i f f e r e n t  p r o p o r t i o n s ,  s o  t h a t  t h e  pr imary  p r o d u c t s  and t h e i r  subsequent  changes  have 
been hard t o  i d e n t i f y .  Y i e l d s  of d i m e r i c  and t r i m e r i c  p r e c u r s o r s  have been s u r p r i s i n g l y  
low. F u r t h e r ,  t h e  r e l a t i v e  c o n c e n t r a t i o n s  of d i f f e r e n t  compounds i n  t h e  same mixture  
and of t h e  same compound i n  d i f f e r e n t  m i x t u r e s  depend somewhat on  t h e  e v a p o r a t i o n  b e f o r e  
t h e  FIMS is t a k e n .  

With enough oxygen, t h e  C-C c o u p l i n g  r e a c t i o n  would be i n h i b i t e d  and t h e  product  
would be  u n s t a b l e  R,O,. Hence gum and d e p o s i t  f o r m a t i o n  may proceed b e s t  n e a r  the  
minimum oxygen c o n c e n t r a t i o n  t h a t  p e r m i t s  o x i d a t i o n .  Some such  measurements  d e s e r v e  
a h i g h  p r i o r i t y .  
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SUPERCRITICAL CARBON D I O X I D E  EXTRACTION OF RETAINED P Y R I D I N E  FROM 

PYRIDINE EXTRACTS 

Barbara  F. Smi th ,  C l i f f o r d  G .  V e n i e r ,  Thomas G .  S q u i r e s ,  

J u l i a n a  C. S h e i ,  and J a c q u e l i n e  D .  Hunt 

Ames Labora tory* ,  Iowa S t a t e  U n i v e r s i t y ,  Ames, Iowa 50011 

INTRODUCTION 

Solvent  e x t r a c t i o n  of c o a l  is  q u i t e  a t t r a c t i v e  t o  t h e  o r g a n i c  chemis t  as a 

means of o b t a i n i n g  a c o a l  model which ( a )  i s  d i r e c t l y  r e l a t e d  t o  c o a l ,  ( b )  i s  devoid 

of c o m p l i c a t i n g  m i n e r a l  mat ter ,  and ( c )  i s  s o l u b l e  i n  a t  l e a s t  one s o l v e n t .  P y r i d i n e  

i s  one of t h e  b e s t  common s o l v e n t s  f o r  c o a l s  w i t h  a carbon c o n t e n t  of less than  90% 

( 1 , 2 ) .  It has  been used e x t e n s i v e l y  f o r  b i tuminous  c o a l s ,  t y p i c a l l y  a f f o r d i n g  

e x t r a c t i o n  y i e l d s  of 15-30%. 

U n f o r t u n a t e l y ,  t h e  u s e  of p y r i d i n e  as a n  e x t r a c t a n t  s u f f e r s  t h e  major  

d i s a d v a n t a g e  t h a t  s i g n i f i c a n t  amounts  of p y r i d i n e  are r e t a i n e d  i n  c o a l  e x t r a c t s .  

C o l l i n s ,  e t .  a1.(3)  show t h a t  w h i l e  o n l y  0.24% of t h e  e x t r a c t  weight  is i r r e v e r s i b l y  

bound p y r i d i n e ,  f u l l y  11.8% by weight  of p y r i d i n e  c a n n o t  be removed under  h i g h  

vacuum (0.133 Pa) i n  48 h o u r s ,  and r e p e a t e d  benzene washing o n l y  lowers  t h e  pyr id ine  

c o n t e n t  t o  8 .85% i n  a n  I l l i n o i s  No. 6 c o a l  e x t r a c t .  

Having q u a l i t a t i v e l y  o b s e r v e d  t h a t  a t  l e a s t  some of t h e  r e t a i n e d  p y r i d i n e  was 

removed from c o a l  e x t r a c t s  by s u p e r c r i t i c a l  carbon d i o x i d e  (SC-C02), we proceeded t o  

t es t  t h e  f e a s i b i l i t y  of SC-CO2 e x t r a c t i o n  as a means of p r e p a r i n g  p y r i d i n e  f r e e  coa l  

e x t r a c t s .  

EXPERIMENTAL 

S u p e r c r i t i c a l  C 0 7  e x t r a c t i o n :  P y r i d i n e  e x t r a c t  ( s l g )  was placed i n  a 15x0.4 cm. 

s t a i n l e s s  s t e e l  column c o n t a i n i n g  5 p m  f r i t s  on e i t h e r  end and 300 ul. of w a t e r  was 

added t o  the  e x t r a c t .  The column was main ta ined  a t  40°C ( t h e  c r i t i c a l  tempera ture  of 

C02 i s  31.3OC); t h e  precolumn C02 p r e s s u r e  was 112 a t m  ( 1 1 . 4  MPa); 

of 1 2  a t m  (1 .2  MPa) was measured a c r o s s  t h e  column; and an e x i t  f l o w  rate of 

a p p r o x i m a t e l y  one ml /sec .  ( a t m o s p h e r i c  p r e s s u r e )  was main ta ined  f o r  4 h o u r s .  A 

s p i r a l  g l a s s  tube  connec ted  t o  t h e  e x i t  v a l v e  c o l l e c t e d  any n o n - v o l a t i l e  m a t e r i a l  

t h a t  w a s  removed by C02 from t h e  c o a l  e x t r a c t .  

a p r e s s u r e  drop 

*Operated f o r  t h e  U . S .  Department  of  Energy by Iowa S t a t e  U n i v e r s i t y  under  Cont rac t  

No. W-7405-Eng-82. T h i s  r e s e a r c h  w a s  s u p p o r t e d  by t h e  A s s i s t a n t  S e c r e t a r y  f o r  F o s s i l  
Energy,  O f f i c e  of Coal Mining.  
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E x t r a c t i o n  of c o a l  w i t h  p y r i d i n e :  E x t r a c t s  were o b t a i n e d  by u l t r a s o h i c a l l y  

mixing c o a l  wi th  f i v e  t i m e s  i t s  weight  of p y r i d i n e  f o r  30 m i n u t e s  a t  room t e m p e r a t u r e  

w i t h  a Branson S o n i f i e r  350 (20 kHz w i t h  a n  o u t p u t  power of 350 e l e c t r i c a l  watts t o  

t h e  c o n v e r t e r )  ( 4 ) ;  f i l t e r i n g  t h e  m i x t u r e  through a 0.5um T e f l o n  m i l l i p o r e  pad;  

c o n c e n t r a t i n g  t h e  f i l t r a t e  on a r o t a r y  e v a p o r a t o r  and f r e e z e  d r y i n g  t h e  c o n c e n t r a t e  

wi th  t h r e e  t imes  i t s  volume of benzene o v e r n i g h t  a t  a p r e s s u r e  of 1.33 Pa (5). 

Oxygen was excluded a t  a l l  t i m e s .  

RESULTS AND DISCUSSION 

F i g u r e  1 shows t h e  d i f f e r e n c e  spec t rum g e n e r a t e d  by s u b t r a c t i n g  t h e  i n f r a r e d  

spec t rum of t h e  C02-washed e x t r a c t  from t h a t  of t h e  unwashed p y r i d i n e  e x t r a c t  of 

Western Kentucky #9 c o a l  from t h e  Ames Coal  L i b r a r y .  The s h a r p  spec t rum s t a n d i n g  o u t  

above t h e  background i s  unambiguously t h a t  of p y r i d i n e  ( s e e  T a b l e  l), c o n f i r m i n g  t h a t  

t h e  major d i f f e r e n c e  b e f o r e  and a f t e r  t h e  C 0 2  washing i s  t h e  amount of p y r i d i n e  i n  

t h e  sample.  A s m a l l  amount of an  o i l  which i s  p r i m a r i l y  a l i p h a t i c  i n  n a t u r e  was a l s o  

recovered  i n  t h e  e l u e n t  from t h e  washing ( s e e  T a b l e  3 f o r  w e i g h t s ) .  

, 

WAVENUMBER. un-l 

Figure 1. Difference Infrared Spectrum of the 
Pyridine Extract of a Western Kentucky No. 9 
Coal Before and Ate? Washing v i t h  Supercritical 
Carbon Dioxide. 

T a b l e  I .  

Difference 
Spectrum 
(Fiq. I )  Pyridinea 

Infrared Absorption Maxima (cm-I) 

I593 
1479 
I442 

1213 
I I48 
I067 
103 

1003 

740 
703 
679 
616 

1583, 1572 
1482 

1439 
1218 
1148 
1068 
1030 

992 
749 
700 --- 
605 

'A. R .  Katritzky and P. J. Taylor. "Infrared . .  
Spectroscopy of Heterocycles," i n  Physical 
Methods in Heterocyclic Chemistr , vol. 4 ,  
Academic Press. New York.1. pp. 266- 
434. 

-- 
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The chemica l  a n a l y s e s  of coals, e x t r a c t s  and C02-washed e x t r a c t s  a r e  i n  Table 

2. Note t h a t  t h e  amount of n i t r o g e n  i n  t h e  sample i s  a n  i m p o r t a n t  i n d i c a t i o n  of 

e x c e s s  p y r i d i n e .  Assuming t h a t  p y r i d i n e  i s  t h e  o n l y  n i t r o g e n  c o n t a i n i n g  compound 

which would be l o s t  i n  t h e  c a r b o n  d i o x i d e  washing,  t h e  r e t a i n e d  p y r i d i n e  can be 

expressed  as e q u a t i o n  1. 

%Nabs - %Next 

% p y r i d i n e  = x 100 1) 
%Npyr - %Next 

where %Nabs is  t h e  n i t r o g e n  found,  % N  

c o n t e n t  of p y r i d i n e  (17.72%) and %Next i s  t h e  n i t r o g e n  c o n t e n t  

of t h e  p y r i d i n e  f r e e  extract  

i s  t h e  n i t r o g e n  
PYr 

However, t h e  v a l u e  of  t h e  numera tor  i n  e q u a t i o n  1 is v e r y  s e n s i t i v e  t o  t h e  e x a c t  

c h o i c e  of %Next and t h i s  means t h a t  t h e  % p y r i d i n e  cannot  be a c c u r a t e l y  

c a l c u l a t e d  o r  used as a r e l i a b l e  b a s i s  f o r  comparing samples .  By e x p r e s s i n g  t h e  

d i f f e r e n c e  i n  p y r i d i n e  l e v e l s  between t h e  e x t r a c t  b e f o r e  and a f t e r  C02 washing a s  A %  

p y r i d i n e ,  we o b t a i n  e q u a t i o n  2 ,  which is r e l a t i v e l y  independent  of t h e  %Next .  

b e f o r e  a f t e r  

%Nabs - %Nabs 
A %  p y r i d i n e  = x 100 

%Npyr  - %Next 

T a b l e  3 shows t h e  v a l u e s  f o r  A %  p y r i d i n e ,  t h e  weight  p e r c e n t  of a small amount of a 

h i g h l y  a l i p h a t i c  o i l  which was c o - e x t r a c t e d ,  and t h e  g r a v i m e t r i c a l l y  measured weight 

l o s s e s  due t o  t h e  e x t r a c t i o n  w i t h  CO2.  The amount of p y r i d i n e  removed by t h e  carbon 

d i o x i d e  e x t r a c t i o n  (8.5 t o  10.2%) is i n  good agreement  w i t h  C o l l i n s '  f i n d i n g  t h a t  8.8 

t o  11.6% p y r i d i n e  i s  r e t a i n e d  by t h e  e x t r a c t  bu t  n o t  i r r e v e r s i b l y  bound t o  i t .  

The removal of p y r i d i n e  from t h e  s o l i d  e x t r a c t  i s  a n a l o g o u s  t o  t h e  s e l e c t i v e  

e x t r a c t i o n  of a l k a l o i d s  from p l a n t  materials wi th  s u p e r c r i t i c a l  CO2(6). 

c a s e s  water  is as e s s e n t i a l  f o r  t h e  e x t r a c t i o n  of n i t r o g e n o u s  b a s e s  ( e . g .  c a f f e i n e  

from c o f f e e  b e a n s ( 7 ) ,  n i c o t i n e  from t o b a c c o  l e a v e s ( 8 ) ) ,  as i t  i s  f o r  t h e  e x t r a c t i o n  

of  p y r i d i n e  from c o a l  e x t r a c t s .  When d r y  c o a l  e x t r a c t s  a r e  washed wi th  s u p e r c r i t i c a l  

C02, even f o r  ex tended  p e r i o d s  of t i m e ,  i n f r a r e d  s p e c t r a  show t h a t  p y r i d i n e  h a s  been 

o n l y  p a r t i a l l y  removed. 

I n  many 

I 

One i n t r i g u i n g  p o s s i b i l i t y  i s  t h e  p y r i d i n e  removed under  d r y  c o n d i t i o n s  is t h a t  

p y r i d i n e  which c a n  be removed by benzene washing and t h a t  w e t  ca rbon d i o x i d e  removes 

t h e  more t i g h t l y  bound n o n - e x t r a c t a b l e  p y r i d i n e .  

8 6  
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TABLE 2. Chemical Analyses of Samplesa 

ILLINOIS 16 WESTERN KENTUCKY //9 
\ Coalb Extract CO?-Washed Extracts Coalb Extract COJ-Washed Extracts - -  

Exp. 1 Exp. 2 Exp. 1 E X ~ .  2 

1 C 78-82 80.93 79.02 79.30 82.39 81.86 80.97 80.99 

H 5.50 6.45 6.19 6.08 5.83 6.45 6.33 6.27 
N 1.59 2.91 1.52 1.53 1.91 3.67 2.22 2.09 

S 2.29 2-08 2.07 1.98 2.37 1.50 1.89 1.80 
org 

aAnalyses by Galbraith Laboratory, Knoxville, TN. 
bDmmfc; % mineral matter = 1.13 (%Ash) + 0.47 (%Spyr) + 0.5(%C1), and 

%Corg = %Cdry - 0.014(%Ash) - 0.0055(%Spyr), and 
%Horg = %H - 0.013(%Ash) + 0.02(%Spyr). dry 

'Given, P. H. and Yarzab, R. F., in Karr, C., Jr., ed., Analytical Methods for Coal 
and Coal Products, Volume 11, Academic Press, New York, NY, 1978, Chapter 20. 

TABLE 3 .  Results of Carbon Dioxide Extraction of Pyridine Extract 

Source Coal A% Pyridinea % Oil Extracted % Weight Lossb 

Ill. No. 6 (1) 8.6 2 . 3  11.2 

Ill. No. 6 (2) 8.5 2.3 12.2 

W. Kent. No. 9 (1) 9.3 
W. Kent. No. 9 ( 2 )  10.2 

0 . 2  

0.6 
13.3 

13.9 

aCalculated according to equation 2, assuming %Next = 1.5 for Ill. No. 6 and 2.0 

bBased on weight of sample before and after C02 extraction. 
for W. Kent. No. 9. 
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The e f f e c t i v e n e s s  of s u p e r c r i t i c a l  carbon d i o x i d e  f o r  removing p y r i d i n e  m y  be 

due  t o  one  o r  a l l  of t h e  f o l l o w i n g  e x p l a n a t i o n s :  

(1)  S u p e r c r i t i c a l  carbon d i o x i d e  can  p e n e t r a t e  t h e  i n t e r i o r  of t h e  s o l i d  

e x t r a c t  more e f f e c t i v e l y  t h a n  l i q u i d  benzene;  

( 2 )  Carbon d i o x i d e  h a s  t h e  a b i l i t y  t o  d i s p l a c e  p y r i d i n e  whereas  benzene cannot ;  

( 3 )  The e x t r a c t i n g  a g e n t  is a c t u a l l y  c a r b o n i c  a c i d ,  n o t  carbon d i o x i d e ,  and t h e  

p r o c e s s  is a n  a c i d - b a s e  e x t r a c t i o n .  

Our r e s u l t s  s u g g e s t  t h a t  t h e  c a r b o n i c  a c i d  e x t r a c t i o n  of t h e  b a s i c  p y r i d i n e  i s  t h e  

most  s a t i s f y i n g  e x p l a n a t i o n .  

1. 

2 .  

3. 
4 .  

5.  

6 .  

7 .  

8. 
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REACTION-INDUCED TEMPERATURE DEVIATIONS DURING 
COAL DEVOLATILIZATION IN A HEATED GRID 

J .  D. Freihaut, M. F. Zabielski and D. J. Seery 

United Technologies Research Center 
East Hartford, CT 06118 

INTRODUCTION 

Previous investigations in this laboratory using a heated grid apparatus have 
indicated: 

1. Tar yields and the thermal sensitivity of tar yields obtained in primary 
(pressure 5 torr, disperse phase of particles 5 100 pm) devolatiliza- 
tion conditions are distinguishing characteristics of the devolatilization 
behavior of coal (1). 

2. The evolution of coal nitrogen reflects the evolution of coal mass as char, 
tar or light gas during primary devolatilization. Via coupling to the tar 
yield, the evolution of coal nitrogen becomes a distinguishing feature of 
primary devolatilization (2) .  

3 .  Increasing the thermal drive (simultaneously varying apparent heating rate 
and final temperature) did little to alter the total volatile yield but 
aid alter the distribution of volatiles. The most significant changes 
observed with variations in apparent heating rates from 10’ C/sec to 
103/sec and final temperatures of 600 C and above related to the tar frac- 
tion of the volatiles yield ( 1 , 2 ) .  

A major limitation of the experimental design of these previous experiments 
was the coupling between the heating rate and final temperature. In addition, no 
effort was made to determine if the devolatilization process itself significantly 
influences the temperature history of the sample. To gain further insight into the 
primary devolatilization process, particularly with respect to the tar yields, a 
new control circuit was designed to permit any heating rate from 800 C/sec to 
4 x l o 3  C/sec to any final temperature in the 300 to 1100 C range. 
cuit, the effects of sample characteristics on local heating of the grid were 
examined to assess the influence of devolatilization on programmed heating rates. 

With this cir- 

In addition to gaining further insight into the tar evolution process it is 
desirable to address such questions as: 

1. Can the primary devolatilization process significantly alter the temper- 
ature history of the devolatilizing coal mass? 

2. Do coals of varying rank characteristics show the same thermal requirement 
characteristics when subjected to the same rapid heating conditions? 
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EXPERIMENTAL DESIGN 

Reactor-Analysis System 

Figures  1 and 2 d i s p l a y  t h e  r eac to r -ana lys i s  system. P rov i s ions  a r e  made t o  
monitor one t o  t h r e e  thermocouples,  a pres su re  t r ansduce r ,  and t h e  I R  a c t i v e  l i g h t  
gases  evolved du r ing  a d e v o l a t i l i z a t i o n  experiment.  The tempera ture ,  t o t a l  pres- 
s u r e  and l i g h t  gas  d a t a  genera ted  are r e a l  t ime d a t a .  

Power t o  t h e  g r i d  is  provided by a programmable power supply  (Harr i son  Model 
62698) opera ted  i n  one of two modes. I n  t h e  v o l t a g e  programmed mode, t h e  vol tage  
d e l i v e r e d  t o  t h e  g r i d  i n  any i n s t a n t  is determined by a v o l t a g e  and time s e l e c t i o n  
system (VATS), which w i l l  be desc r ibed  i n  d e t a i l  e l sewhere .  Up t o  f i v e  s t e p  func- 
t i o n  increments ,  bo th  p l u s  and minus, i n  t h e  g r i d  v o l t a g e  can be made. The dura t ion  
of t h e  increments  a r e  independent ly  s e l e c t a b l e .  The response  t ime of t h e  power 
supply  is 20 msec o r  l e s s .  

I n  t h e  c u r r e n t  program mode t h e  sc reen  is  fo rced  t o  conduct a cons t an t  cu r ren t .  
The v o l t a g e  a c r o s s  t h e  s c r e e n  f l o a t s  t o  main ta in  t h e  cons t an t  c u r r e n t  condi t ion  
I n  the  c u r r e n t  and t i m e  s e l e c t  (CATS) mode, t he  h e a t i n g  r a t e  and f i n a l  temperature 
of t he  sc reen  a r e  coupled a s  p rev ious ly  noted ( 1 , 2 ) .  F igu res  3 and 4 d i sp lay  
t y p i c a l  tempera ture  vs  t ime p l o t s  ob ta ined  wi th  each c o n t r o l  system. 

For synchron iza t ion ,  t h e  FTIR i s  t h e  mas ter  and a l l  o t h e r  e l e c t r o n i c  c i r c u i t s  
(VATS, CATS, h igh  speed camera, so l eno id  v a l v e ,  e t c . )  a r e  s l a v e s .  

A t t e m p t s  t o  monitor t h e  real t ime tempera ture  of t h e  g r i d  by p l ac ing  small  
(-75-100 wn d i a )  thermocouple beads between t h e  f o l d s  of t he  g r i d  produced incon- 
s i s t e n t  r e s u l t s  p a r t i c u l a r l y  f o r  hea t ing  r a t e s  of 2 l o3  C/sec and f i n a l  temperatures 
2 800 C .  Vol tages  were f r e q u e n t l y  induced a c r o s s  the  thermocouple bead/ leads  a s  
were ind ica t ed  by d i s c o n t i n u i t i e s  i n  t h e  temperature-time cu rves .  I n  t he  worst 
ca se ,  measured p o t e n t i a l s  ( thermal  p lus  induced) exceeded t h e  maximum a l lowable  f o r  
chromel-alumel thermocouples.  

Consequently,  t he  tempera ture  of t h e  g r i d  system was monitored by spot  welding 
t h e  beads t o  t h e  unders ide  of t h e  bottom f o l d  of t h e  g r i d .  Even i n  t h i s  ca se ,  ca re  
had t o  be taken  t o  i n s u r e  a s ingle-spot  weld, as i t  w a s  observed t h a t  welds with 
two o r  more c o n t a c t  p o i n t s  aga in  produced spur ious  v o l t a g e s  a c r o s s  the  bead. One 
t o  t h r e e  thermocouples a t t a c h e d  a t  d i f f e r e n t  p o i n t s  t o  t h e  g r i d  could be monitored. 
Although sampling r a t e s  of 2 kHz a r e  p o s s i b l e  w i t h  t h e  d a t a  a c q u i s i t i o n  system, 
thermocouple sampling r a t e s  of 500 Hz were commonly used. F igu res  3 and 4 show 
t y p i c a l  tempera ture  ve r sus  time p l o t s  f o r  b lank  sc reen  runs  wi th  t h e  VATS and CATS 
system r e s p e c t i v e l y  . 

The pressure was monitored in t he  d e v o l a t i l i z a t i o n  system wi th  a capac i tance  
manometer. The r e a l  t i m e  sampling r a t e  of t h i s  dev ice  is  l i m i t e d  t o  1 2 5  Hz. This 
was found adequate  t o t r a c k  t h e  o v e r a l l  l i g h t  gas  e v o l u t i o n  i n  r e a l  t ime. 

The l i g h t  gas evo lu t ion  was monitored i n  r e a l  time by a Nico le t  FTIR i n  t h e  
r ap id  scan mode. The r a p i d  scan  f e a t u r e  of t h i s  dev ice  a l low c o l l e c t i o n  of da t a  
over  t h e  complete wavenumber range of t h e  d e t e c t o r  a s  f a s t  a s  every  120 msec a t  
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8 cm-I r e so lu t ion .  
high r e s o l u t i o n  (0.5 cm-l) scanning of t h e  c e l l  immediately fo l lowing  the  devola- 

The amounts of i d e n t i f i e d  gaseous s p e c i e s  a r e  determined by 

\ t i l i z a t i o n  process .  

T rans fe r  rates between the  d e v o l a t i l i z a t i o n  c e l l  and I R  c e l l  were determined 
by s l i g h t l y  p re s su r i z ing  t h e  d e v o l a t i l i z a t i o n  c e l l  w i th  gas  s t anda rds  and a c t i v a t i n g  
the so lenoid  va lve  (Fig.  2 ) .  The rate of gas  t r a n s f e r  from t h e  d e v o l a t i l i z a t i o n  
chamber t o  t h e  1 R  c e l l  w a s  determined t o  be f a s t  compared t o  t h e  r a t e  of e v o l u t i o n  
a t  the  hea t ing  r a t e s  used i n  t h i s  s tudy .  

High speed f i lms  (2 msec/frame) were made of t h e  d e v o l a t i l i z a t i o n  p rocess  f o r  
Some runs.  I n  these  cases  t h e  camera was focused e i t h e r  upon t h e  g l a s s  w a l l s  of 
t he  g r i d  chamber o r  upon a K B r  d i s k  suspended about 0 .L  cm above p a r t  of t he  c o a l  
sample  w i th in  the  g r i d .  The purpose of t h e  f i l m  w a s  t o  monitor t h e  r e a l  t i m e  evolu- 
t i o n  of t h e  t a r  spec ie s  r e l e a s e d  by fo l lowing  t h e  v i s i b l e  condensation and bu i ldup  
of t h e  t a r s  on a t r a n s p a r e n t  s u r f a c e .  Under low ambient p re s su re  cond i t ions  
(<< 1 t o r r )  t he  t a r  molecular spec ie s  a r e  p rope l l ed  i n  a l i n e  of  s i g h t  pa th  away 
from the  d e v o l a t i l i z i n g  c o a l  and immediately condense upon s t r i k i n g  a coo l  s u r f a c e .  

\ 

Procedure 

325 mesh s t a i n l e s s  s t e e l  s c reen  ( -  7.5 cm long)  i s  fo lded  such t h a t  a s c r e e n  
sandwich ( -  1.00  cm wide) i s  formed. A f i n e  chromel-alumel thermocouple (75-100 
um) bead is  spot-welded t o  t h e  unders ide  of t h e  bottom f o l d  a t  t h e  c e n t e r  of t h e  
screen .  For some runs  second or t h i r d  beads a r e  welded approximately 1 . 5  cm o f f  of 
s c reen  c e n t e r ,  aga in  t o  t h e  unders ide  of t h e  bottom f o l d  of t h e  g r i d .  The sc reens  
a r e  p r e f i r e d  f o r  t h e  fo l lowing  reasons :  (1)  t o  o b t a i n  a cons t an t  t a r e  weight ;  ( 2 )  
t o  ob ta in  nea r ly  cons t an t  r e s i s t i v i t y  and e m i s s i v i t y ;  (3)  t o  determine t h e  exac t  
c o n t r o l  s e t t i n g s  needed t o  produce a g iven  blank sc reen  hea t ing  r a t e ,  f i n a l  t e m -  
p e r a t u r e ,  and time a t  a f i n a l  tempera ture .  

Af te r  t h e  p r e f i r i n g ,  t he  sc reen  i s  loaded wi th  10-25 mg of -1OW325 mesh coa l .  
The coa l  i s  vacuum d r i e d  a t  105 C ove rn igh t .  The sample i s  p laced  i n  approximately 
2 cm l eng th  of the s t r i p  us ing  t h e  c e n t e r  thermocouple a s  t h e  marker f o r  t h e  sample 
cen te r .  I n  t h e  case  of t h e  two thermocouple runs  t h e  o u t e r  thermocouple r e s i d e s  
about 0.5 cm from t h e  bulk of t h e  sample  a r e a .  The "loaded" sc reen  i s  r epos i t i oned  
i n  the  r e a c t o r .  The r e a c t o r  i s  evacuated  and t h e  d e v o l a t i l i z a t i o n  experiment i s  
performed. 

The manner of apply ing  power t o  t h e  g r i d  as w e l l  as t h e  temperature monitoring 
d i f f e r  s i g n i f i c a n t l y  from o the r  r e c e n t  s t u d i e s  us ing  hea ted  g r i d  techniques  f o r  
r ap id  hea t ing  (3 ,4 ,5 ) .  For example, a l though o t h e r  s t u d i e s  r e p o r t  spot  welding a 
thermocouple t o  the  g r i d ,  t he  weld i s  such  t h a t  t h e  bead is appa ren t ly  pos i t i oned  
between the  f o l d s  of t h e  g r i d  (5 ) .  Upon power a p p l i c a t i o n ,  t he  thermocouple i s  
forced t o  fo l low programmed temperature t r a j e c t o r y  by a monitoring-feedback system. 
I n  a d d i t i o n ,  l i t t l e  work h a s  been r epor t ed  for vacuum cond i t ions  d e s p i t e  t h e  f a c t  
t h a t  i t  i s  w e l l  e s t a b l i s h e d  t h a t  d e v o l a t i l i z a t i o n  under ambient p re s su re  r e s u l t s  
i n  numerous secondary r e a c t i o n s  f o r  t a r  s p e c i e s  formed i n  t h e  primary, thermal  
d e v o l a t i l i z a t i o n  of t h e  c o a l  (1,6,7). 

91 



RESULTS AND OBSERVATIONS 

Sample-Induced Temperature Dev ia t ions  

Figure 5 d i s p l a y s  a series of c e n t e r  thermocouple temperature  p r o f i l e s  obtained 
w i t h  samples of an Appalachian p rov ince ,  h i g h  v o l a t i l e  bituminous c o a l  u s ing  the  
VATS c o n t r o l  c i r c u i t .  I n  comparing t h e  p r o f i l e s  t o  corresponding blank sc reen  r e f -  
e r ence  runs (Fig.  3)  t h e  d e v i a t i o n s  i n  t h e  temperature- t ime pa th  o'f t h e  thermocouple 
are obvious. 

Figure 6 d i s p l a y s  a series of c e n t e r  thermocouple temperature  p r o f i l e s  obtained 
w i t h  samples of a Rocky M t .  p rov ince ,  h igh  v o l a t i l e  bituminous c o a l  u s ing  t h e  CATS 
c o n t r o l  c i r c u i t .  Again t h e  sample-induced temperature  d e v i a t i o n s  become obvious 
when comparing t h e  p r o f i l e s  t o  t h e  corresponding blank s c r e e n  r e fe rences  (Fig.  4 ) .  

The Local Nature  of t h e  Temperature Dev ia t ions  
I 

Figure 7 d i s p l a y s  t empera tu re  p r o f i l e s  f o r  c e n t e r  and edge thermocouples i n  
blank and sample loaded s c r e e n s ,  r e s p e c t i v e l y .  The cu rves  i n d i c a t e  t h a t  t h e  
"thermal loading" of t h e  s c r e e n  by t h e  sample i s  a l o c a l  e f f e c t .  Runs performed 
wi th  no s a m p l e  over  t h e  c e n t e r  thermocouple bu t  w i th  5-10 mg of sample placed 
around t h e  edge thermocouple p o s i t i o n s  gave s i m i l a r  r e s u l t s  bu t  f o r  o p p o s i t e  thermo- 
coup les ,  i . e . ,  t h e  c e n t e r  thermocouple w i t h  no sample load reproduced t h e  blank 
s c r e e n  temperature-time p l o t  w h i l e  t h e  edge thermocouple produced a p l o t  s i m i l a r  
t o  t h e  p rev ious ,  loaded c e n t e r  thermocouple p l o t .  The r e s u l t s  i n d i c a t e  t h a t  t h e  
sample in t roduces  a s i g n i f i c a n t  thermal  load  i n  t h e  immediate a r e a  of t h e  screen 
such t h a t  t h e  l o c a l ,  sample-loaded s c r e e n  cannot  fo l low t h e  programmed sc reen  
temperature.  

Phys ica l  Loading of t h e  Local Screen 

Seve ra l  t y p e s  of experiments  were performed t o  a s c e r t a i n  t h e  i n f l u e n c e  of t h e  
phys ica l  c h a r a c t e r i s t i c s  of t h e  sample on t h e  programmed temperature  p r o f i l e .  I n  
t h e s e  t e s t s ,  samples w i t h  low v o l a t i l e  ma t t e r  c o n t e n t s  were employed. F igu re  8 
d i s p l a y s  s e v e r a l  blank and sample loaded temperature  p r o f i l e s  f o r  an a n t h r a c i t e  
c o a l .  Figure 9 shows b lank ,  c o a l  loaded and r e s u l t a n t  cha r  loaded temperature pro- 
f i l e s  fo r  a h igh  v o l a t i l e ,  Appalachian p rov ince  bituminous c o a l .  The cu rves  
obtained w i t h  samples of low v o l a t i l e  m a t t e r  c o n t e n t  i n d i c a t e  t h a t  t h e  phys ica l  
p r o p e r t i e s  of t h e  sample such as h e a t  c a p a c i t y  and e m i s s i v i t y  do indeed c o n t r i b u t e  
t o  t h e  l o c a l  thermal  load ing  of t h e  sc reen .  This  p e r t u r b a t i o n  of t h e  phys ica l  
s t a t e  of t h e  s c r e e n  is man i fe s t ed  by a g radua l  d e v i a t i o n  from t h e  programmed 
h e a t i n g  r a t e  and lower f i n a l  t empera tu res  achieved.  I n  no c a s e  d i d  t e s t s  w i th  low 
v o l a t i l e  ma t t e r  con ten t  produce temperature  p r o f i l e s  such a s  those shown i n  Fig.  5 
and 6 .  The temperature-time p a t h s  observed w i t h  c o a l s  of apprec i ab le  v o l a t i l e  
m a t t e r  a r e  d i f f e r e n t  i n  c h a r a c t e r  t han  t h e s e  observed wi th  n o n v o l a t i l e  samples.  
d rop  i n  edge thermocouple temperature  (F ig .  7 )  i n d i c a t e s  t h e  sc reen  i s  a t t empt ing  
t o  reach thermal  equ i l ib r ium by thermal  conduct ion under pseudo-steady s t a t e  con- 
d i t  i o n s .  

The 
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Devolatilization-Induced Temperature Dev ia t ions  

While F ig .  5 shows v a r i a t i o n s  wi th  programmed f i n a l  tempera ture  f o r  a p a r t i c -  
u l a r  c o a l ,  Fig.  10  shows c e n t e r  thermocouple tempera ture  p l o t s  f o r  c o a l s  of va ry ing  
rank us ing  the  VATS system. 
g r e a t e r  l oad ing  e f f e c t  than  c o a l s  of lower o r  h ighe r  rank. A s  noted above , the  d i p  
i n  t h e  thermocouple tempera ture  occur s  a s  t h e  VATS system swi t ches  t h e  power ou tpu t  
of t h e  supply  from t h e  h igh  ou tpu t  ( tempera ture  ramping state) t o  t h e  lower o u t p u t ,  
t empera ture  hold s ta te .  The tempera ture  a t  t h e  t i m e  of t h e  swi t ch ing  i s  lower and 
t h e  r e s u l t a n t  d i p  i s  g r e a t e r  f o r  t h e  h igh  v o l a t i l e  bituminous c o a l s .  S imi l a r  
behavior  occurs  f o r  lower f i n a l  t empera ture  runs  wi th  t h e  VATS system ( s e e  Fig.  5) .  
I n  t h e s e  cases however t h e  "warp" i n  t h e  tempera ture  p a t h  i s  no t  as seve re .  A s  
no ted  above,such thermocouple behavior  is  n o t  observed f o r  non-vo la t i l e  samples.  

The h igh  v o l a t i l e  bituminous c o a l s  appear  t o  have a 

F igure  11 shows c e n t e r  thermocouple p l o t s  f o r  900 C f i n a l  t empera tures  r u n s  
f o r  c o a l s  of vary ing  rank us ing  t h e  CATS system. 
ming i n  t h e  CATS system, t h e  in s t an taneous  thermal power gene ra t ion  i s  d i f f e r e n t  
from t h e  VATS system dur ing  t h e  main phase of d e v o l a t i l i z a t i o n  p rocess .  Conse- 
quen t ly ,  t he  c h a r a c t e r s  of t h e  tempera ture  p l o t s  are d i f f e r e n t  t han  t h e  correspond- 
i n g  VATS p l o t s  f o r  t h e  same f i n a l  tempera tures  (See F igs .  1 0  and 1 1 ) .  The h igh  
v o l a t i l e  bituminous c o a l s  aga in  d i s p l a y  a g r e a t e r  l oad ing  e f f e c t  on t h e  sc reen  than 
lower or h ighe r  rank  coa l s .  However, t h e  warp i n  t h e  tempera ture  p l o t s  are n o t  as 
seve re  a s  t hose  observed i n  t h e  VATS system. 

Due t o  cons t an t  c u r r e n t  program- 

Figure  6 d i s p l a y s  tempera ture  curves  obta ined  wi th  a Rocky M t .  p rovince ,  h igh  
v o l a t i l e  bituminous c o a l  f o r  d i f f e r e n t  f i n a l  t empera ture  runs  us ing  t h e  CATS system. 
The v a r i a t i o n  i n  t h e  c h a r a c t e r  of t h e  tempera ture  p r o f i l e  w i th  programmed h e a t i n g  
c h a r a c t e r i s t i c s  is appa ren t .  I t  i s  t o  be noted  t h a t  t h e  product d i s t r i b u t i o n  
v a r i e d  s i g n i f i c a n t l y  wi th  h e a t i n g  cond i t ions  a l though  t o t a l  y i e l d  does n o t ,  a s  pre- 
v i o u s l y  r epor t ed  (1 ,2 ,6 ,7 ) .  

I t  i s  apparent  from the  c h a r a c t e r  of t h e  cu rves  p re sen ted  t h a t  t h e  devo la t i l i za -  
t i o n  p rocess  has a s i g n i f i c a n t  e f f e c t  o n - t h e  tempera ture  h i s t o r y  of t h e  l o c a l  
s c r e e n  complex. The a c t u a l  temperature-time p a t h  fo l lowed i s  h igh ly  dependent on 
t h e  d e v o l a t i l i z a t i o n  c h a r a c t e r i s t i c s  of t h e  c o a l  sample as  w e l l  a s  t h e  programmed, 
r e s i s t i v e  h e a t i n g  of the sc reen .  That i s  t h e  observed thermocouple tempera ture  
pa th  i s  t h e  r e s u l t a n t  of t h e  coupled r e s i s t i v e  h e a t i n g  and d e v o l a t i l i z a t i o n  process .  

Tar and Light  Gas Release R e l a t i v e  t o  t h e  Thermocouple Temperature H i s t o r y  

F igu res  6 and 1 2  i n d i c a t e  t h e  t a r  and l i g h t  hydrocarbon ( a l i p h a t i c s )  r e l e a s e  
r e l a t i v e  t o  t h e  thermocouple tempera ture  h i s t o r y .  I n  F ig .  1 2  t h e  t a r  y i e l d s  
obta ined  f o r  va r ious  power-on times were obta ined  by s i x  independent runs  f o r  t h e  
times shown. The d a t a  i n d i c a t e  t h a t  t h e  tempera ture  and s p e c i e s  e v o l u t i o n  p r o f i l e s  
are reproducib le  and t h a t  t h e  tempera ture  d e v i a t i o n s  are induced by t h e  devo la t i l i za -  
t i o n  process .  

The d a t a  f o r  t h e  h igh  v o l a t i l e  bituminous c o a l s  shown i n  F igs .  6 and 12  
i n d i c a t e  t h a t  t h e  t a r  and l i g h t  hydrocarbon gases  do n o t  evolve  s imul taneous ly  a s  
has  been p rev ious ly  assumed (8).  The onse t  of t h e  t a r  release precedes  t h e  
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hydrocarbon l i g h t  gas  e v o l u t i o n  f o r  high v o l a t i l e  bituminous c o a l s .  
the  d a t a  of F ig .  12  show 
t a r  y i e l d  h a s  evolved whi le  on ly  14% of t h e  t o t a l  CH4 y i e l d  has  evolved. 
t a r  y i e ld  r e p r e s e n t s  - 39% (dry  b a s i s )  of t h e  p a r e n t  c o a l ,  t h e  d e v o l a t i l i z a t i o n  
process  is n e a r l y  40% complete b e f o r e  s i g n i f i c a n t  CH4 e v o l u t i o n  occurs .  

For example, 
t h a t  a t  1.5 sec  i n t o  a run  n e a r l y  50% of t h e  p o t e n t i a l  

Since the  

To v e r i f y  i n  r e a l  t i m e  t h e  r e l a t i v e  r e l e a s e  t imes ,  h igh  speed f i lms  of t h e  t a r  
r e l e a s e  p r o c e s s  were made i n  the  manner desc r ibed  above. Seve ra l  Appalachian and 
Rocky M t .  p rovince  h igh  v o l a t i l e  bituminous c o a l s  were examined. Frame-by-frame 
inspec t ion  of t hese  f i lms  were compared t o  t h e  r a p i d  scan  i n f r a r e d  da ta  and r e a l  
time p res su re  and tempera ture  d a t a .  For t h e  c o a l s  t e s t e d :  

I 

1. The tar  r e l e a s e  was more c l o s e l y  a s s o c i a t e d  wi th  t h e  i n i t i a l  temperature 
d e v i a t i o n s .  

I 

2 .  The onse t  of t h e  tar r e l e a s e  precedes  t h e  onse t  of t h e  l i g h t  hydrocarbon 
release. I 

3 .  The l i g h t  hydrocarbon gas  evo lu t ion  occurs  mainly i n  t h e  secondary t e m -  
p e r a t u r e  rise. 

4. Rocky M t .  p rovince  h igh  v o l a t i l e  bituminous c o a l s  d i sp l ayed  more over lap  
i n  t h e  tar and l i g h t  g a s  evo lu t ion  than t h e  Appalachian province  high 
v o l a t i l e  bituminous coa l s .  

Discussion and Summary 

The r e s u l t s  c l e a r l y  demonst ra te  t h a t  t h e  d e v o l a t i l i z a t i o n  process  has a con- 
s i d e r a b l e  i n f l u e n c e  on t h e  t ime-temperature h i s t o r y  of t h e  l o c a l  sc reen  i n  immediate 
con tac t  with t h e  sample .  Phys i ca l  p r o p e r t i e s  of t h e  s a m p l e  load  (e .g .  hea t  capacity,  
emis s iv i ty )  cannot account f o r  t he  c h a r a c t e r  o r  magnitude of t h e  non-steady s t a t e  
temperature d e v i a t i o n s  t h a t  a r e  observed wi th  v o l a t i l e  samples.  With r e spec t  t o  
t h e  c o a l  p a r t i c l e s ,  t h e  d i r e c t  imp l i ca t ion  is  t h a t  t h e  tempera ture  pa th  i s  t h e  re- 
s u l t a n t  of s e v e r a l  components: t he  r e s i s t i v e  hea t ing  of t h e  g r i d ,  t h e  phys ica l  
p r o p e r t i e s  of t h e  samples, t h e  d e v o l a t i l i z a t i o n  p r o p e r t i e s  of t h e  sample.  Once t h e  
range  of d e v o l a t i l i z a t i o n  tempera tures  of a p a r t i c u l a r  c o a l  is  achieved ,  t h e  p r i -  
mary d e v o l a t i l i z a t i o n  p rocess  appea r s  t o  dominate t h e  temperature-time t r a j e c t o r y .  
Because the  hea t  requirement of t h e  primary d e v o l a t i l i z a t i o n  a f f e c t s  t h e  tempera- 
t u r e  t r a j e c t o r y  of t he  c o a l  par t ic le ,  a r e a l  t i m e  model of primary c o a l  devo la t i l i za -  
t i o n  must n e c e s s a r i l y  inc lude  a c o n s i d e r a t i o n  of t h i s  requirement.  I n  a d d i t i o n ,  
t h e  d a t a  appears  t o  i n d i c a t e  t h a t  t h e  hea t  requirement v a r i e s  w i th  t h e  rank  char- 
a c t e r i s t i c s  of t h e  coa l .  

For a t r a n s i e n t  p rocess  such  a s  r a p i d  c o a l  d e v o l a t i l i z a t i o n  t h e  a b s o l u t e  
magnitude of t h e  hea t  r equ i r ed  t o  vapor i ze  t h e  v o l a t i l e  components need no t  be l a r g e  
t o  r e s u l t  i n  a s i g n i f i c a n t  d e v i a t i o n  from a programmed h e a t i n g  rate o r  a ca l cu la t ed  
hea t ing  rate of a n o n v o l a t i l e  p a r t i c l e .  A modest hea t  requirement coupled t o  a 
s u f f i c i e n t l y  f a s t  primary d e v o l a t i l i z a t i o n  p rocess  can cause  apprec i ab le  changes i n  
t h e  temperature t r a j e c t o r y  of a p a r t i c l e  (9,lO). 

The r e s u l t s  i n d i c a t e  t h a t  t h e  t a r  r e l e a s e  i s  c l o s e l y  coupled i n  time t o  the  
devolatilization-induced t empera ture  d e v i a t i o n s  dur ing  primary d e v o l a t i l i z a t i o n .  
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’ The onse t  of t h e  t a r  r e l e a s e  s i g n i f i c a n t l y  p recedes  t h e  s lower l i g h t  hydrocarbon 
gas  evo lu t ion .  
a s s o c i a t e d  wi th  the  energy r e q u i r e d  t o  overcome in t e rmolecu la r  a t t r a c t i v e  f o r c e s  
(van de r  Wad ,  hydrogen bonds, dipole-dipole  i n t e r a c t i o n s )  t h a t  e x i s t  among t h e  mix 
of molecular  spec ie s  p r e s e n t  i n  t h e  c o a l .  
ment i s  m e t ,  r ap id ly  supplying a d d i t i o n a l  t he rma l  energy can r e s u l t  i n  thermal  
c rack ing  of t h e  primary t a r s ,  dec reas ing  t h e  t a r  y i e l d  w h i l e  i n c r e a s i n g  l i g h t  g a s  
y i e l d s  (See Fig.  6 and Ref. 1,Z). 

Thus t h e  r a p i d  d e v o l a t i l i z a t i o n  hea t  requirement  appea r s  t o  be 

Once t h e  d e v o l a t i l i z a t i o n  hea t  r equ i r e -  
1 

A q u a n t i t a t i v e  real t ime model of c o a l  d e v o l a t i l i z a t i o n  r e q u i r e s  a q u a n t i t a t i v c  

Pro- 
e s t i m a t e  of t h e  primary d e v o l a t i l i z a t i o n  h e a t  requirement  as w e l l  a s  r e a l  t i m e  d a t a  
on t h e  primary t a r  r e l e a s e  r a t e s  and t h e i r  s u s c e p t i b i l i t y  t o  thermal  c rack ing .  
v i s i o n s  a r e  being made t o  monitor  t h e  real t i m e  power d e l i v e r e d  t o  t h e  g r i d  as 
we l l  a s  t h e  r e a l  t ime e v o l u t i o n  of pr imary tars. 

\, 
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TRACE ELEMENT DISTRIBUTION IN THE THREE TON PER 
DAY H-COAL PROCESS DEVELOPMENT UNIT 

H. B. Booher, J. W. Adkins, A. W. Wells, and H. Schultz 

U. 5. Depar tmen t  of Energy 
Pittsburgh Energy Technology Cen te r  

P. 0. Box 10940 
Pittsburgh, PA 15236 

Introduction 

Cur ren t  research in coal  conversion has identified a number of 
processes t h a t  potentially could produce clean burning fuel  f rom coal.  
The shift ing of combustion sources  f rom oil t o  coal has  accen ted  t h e  
need fo r  a clean burning fuel  oil derived f rom coal. Scient is ts  have 
studied possible degradation of t h e  environment  by t racking t r a c e  
e l emen t s  in coal  burning power plants ,  in coa l  l iquefaction pilot  
plants of various sizes,  and in bench sca l e  units (1,2,3,4,5). A study 
made  of t he  Savannah River coal-  f i red power plant has given insight 
into t r a c e  element  buildup in t h e  environment surrounding t h e  plant  
(1). The Synthane (coal gasification) process was s tudied,  uti l izing 
isotope dilution Spark Source Mass Spectrometry (SSMS) (2). 
Determinat ion of t r a c e  me ta l s  in Solvent Refined Coal  by means of 
INAA (Instrumental  Neutron Activation Analysis) revealed much 
lower elemental  concentrat ions in t h e  SRC product than in t h e  f eed  
coal  (3,4). The t r a c e  e l emen t  studies of t he  Synthoil 1 / 2  ton per  day 
coal  l iquefaction Process Development Unit also showed t h a t  t r a c e  
e l emen t  concentrat ions a r e  lower in the  product oil (CLP) than in t h e  
f eed  coal (5,6). In order  t o  fu r the r  our knowledge of t h e  f a t e  of t h e  
t r a c e  me ta l s  in coal  hydro-liquefaction processes,  a study was  
conducted of t he  H-Coal Process Development Unit (PDU) located in 
Trenton,  N. J. 

Experimental  

In the  H-Coal process,  dried pulverized coal,  c lean oil tank mater ia l ,  
and hydroclone overflow a r e  r eac t ed  with hydrogen a t  pressures up t o  
3500 psig and t empera tu res  up t o  8 5 O O F  (7). The PDU is unique in 
t h a t  a substantial  amount  of t h e  liquid products are recycled t o  t h e  
slurry mix tank so equilibrium conditions can be maintained. The 
products of t h e  process a r e  t h e  atmospheric  overhead, which is a 
l ight dist i l late mater ia l ,  and t h e  vacuum sti l l  bottoms. The vacuum 
st i l l  bot toms is a viscous ma te r i a l  t h a t  becomes a semiliquid upon 
cooling. The severi ty  of t he  r eac to r  conditions de t e rmines  t h e  
relat ive <.nounts  of t h e  individual products made (7). The r eac to r  
design uses t h e  fluidized bed concept  (8). Since the ca t a lys t  is in 
cons t an t  motion, spen t  ca t a lys t  may be  ex t r ac t ed  and fresh ca t a lys t  
injected into t h e  r eac to r  while t h e  PDU is in operation. Figure 1 
shows t h e  flow diagram of the  HRI PDU 8130 unit. 

A sampling exercise  was conducted a t  t he  H-Coal PDU in Trenton, 
N.J., t h e  goal of which was t o  obtain representat ive,  uncontaminated 
samples  for t r a c e  e l emen t  character izat ion.  Fac to r s  considered in 
planning t h e  sampling of t h e  plant included t ransportat ion of t h e  
t r a c e  clean containers  t o  t h e  sampling s i te ,  t ransportat ion of t h e  
samples  back t o  PETC, environmental  conditions a t  t he  plant,  and t h e  
PDU design. The flow r a t e s  and process s t r eams  sampled a r e  l is ted 
in Table 1. The f eed  coal for  t h e  run sampled was Burning S ta r  
Illinois No. 6. 
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All liquid samples  w e r e  co l lec ted  in s o f t  glass conta iners  wi th  teflon 
lid spacers  where  required.  Coal  samples  were  taken  in polyethylene 
bags whose tops  were  sealed with rubber bands. The coal filled bags 
were  placed in t a r ed  one-gallon paint cans  t h a t  were then  sealed. 
Cleaning the  so f t  glass conta iners  was accomplished by de tergent  
washing, rinsing with distilled water ,  soaking in dilute hydrochloric 
acid,  rinsing wi th  deionized distilled wa te r ,  and a i r  drying. All liquid 
samples  were  drawn directly into t h e  hea ted  c lean  so f t  glass con- 
tainers.  Sample t empera tu res  of up t o  500oF were  encountered  when 
tak ing  some of t h e  liquid samples;  so t h e  conta iners  had to  be hea ted  
t o  prevent  cracking. The head spaces  of t he  precleaned sample  
conta iners  w e r e  purged with nitrogen t o  prevent exposure of t he  bulk 
samples  t o  a i r  a f t e r  t h e  samples  were  taken. 

Elemental  analyses per formed on  a wide variety of coals has  shown 
t h e  presence of over  half t h e  e l emen t s  in the  periodic t ab le  (10). 
Sample inhomogeneity (5) and complex  coa l  ma t r i ces  (2) play an 
impor tan t  role in t h e  precision of analysis. Atomic absorption 
spectroscopy, both f l ame  and f lameless ,  has  been employed 
successfully for  the  analyses of coal and coal by-products (11,12) and 
was therefore  se l ec t ed  fo r  th i s  study. To obviate possible matrix 
effects, t h e  method of s tandard  additions vias used, along with 
deuterium a r c  background correction. Small amounts  of s tandard  
solutions of t h e  e l emen t s  of in te res t  were  added t o  sepa ra t e  aliquots 
of t h e  sample  for  e a c h  e lement .  The to t a l  concent ra t ion  of each  
e l emen t  a f t e r  t he  addition was in no case  more  than th ree  t imes  the  
concent ra t ion  in the  original solution. Absorbance readings obtained 
f o r  t h e  sample  and t h e  th ree  additions were en tered  into a desk top  
calculator programmed t o  ca lcu la te  a correlation coef f ic ien t ,  an 
in te rcept ,  and  a slope by t h e  method of l inear least  squares.  
Concent ra t ion  levels in the  original sample  were ca lcu la ted  using 
these  values plus the  sample  weights,  volumes, e t c .  This method was 
used with all samples.  Method blanks were  car r ied  through all s teps  
of t h e  sample prepara t ion  with each  s e t  of samples.  

Analysis of 1 9  coals in one study (10) and 11 coals in another (13) 
showed t r ace  e l emen t  concent ra t ions  varied widely be tween coals 
f rom the  wes tern  and  the  eas t e rn  United S ta tes .  Details of sample 
preparation in the  de te rmina t ion  of t r a c e  e l emen t s  in coal and  coal-  
derived mater ia l s  have  been previously described (9). Briefly the  
sample  is ashed and ex t r ac t ed  with dilute hydrochloric acid or dilute 
nitric acid. Remaining residues a r e  dissolved using a fusion pro- 
cedure .  The dissolved a sh  is then  combined with the  acid ex t rac t .  
Four aliquots of t he  combined solution a r e  taken ,  standard solution is 
added to th ree  of t h e  aliquots, and t h e  solutions a r e  analyzed as  
described above. 

Experience has  shown t h a t  t h e  concent ra t ion  of chromium, copper,  
manganese,  and nickel in coal is usually g rea t e r  than one par t  per 
million. The e x a c t  concent ra t ion  of each  of these  e l emen t s  in a 
specific coal depends largely on the  geographic origin and  t h e  type  of 
coal. 

Cadmium is usually p re sen t  in coa l  a t  concent ra t ion  levels below one 
par t  per million (9). Lead concent ra t ions  a r e  normally much higher. 
Although f l ame  A A  is quite sensit ive t o  cadmium (0.025 ug /ml  for 
1% absorption), t h e  sensit ivity for lead is only 0.5 pg /ml  for  1% 
absorption. Solvent ex t r ac t ion  was used t o  increase  t h e  sensit ivity of 
t he  Pb de termina t ion  by increasing i ts  concentration. Iodide 
complexes o f  Pb and  C d  were  fo rmed  in ascorbic acid media, 
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followed by ex t rac t ion  into MIBK (Methyl lsobutyl Ketone).  Acidified 
MIBK was used t o  establish t h e  ins t rumenta l  base line. Blank 
solutions were car r ied  through all  s teps  of the  analytical  procedure.  

Discussion 

The recover ies  of t he  de te rmined  t r ace  e lements ,  a s  indicated by the  
ma te r i a l  balances around the  slurry mix tank  and t h e  product 
separa t ion  unit, demons t r a t e  the  success  of t he  sampling procedures 
and analytical  methods  employed in th i s  study. The t r a c e  e l emen t s  
en ter ing  the  PDU a r e  accounted  for  within t h e  precision of t he  da t a  
presented. Mater ia l  ba lances  (i.e., t o t a l  input versus to ta l  output) 
ranged from 69% t o  137% and a r e  shown in Table 11. Incomplete 
recover ies  of Cu, Cr, Mn, and  Pb may be indicative of an e lementa l  
buildup in the  process s t r e a m s  analyzed. S ta t i s t ica l  analysis of t he  
available d a t a  do not ind ica te  such  a buildup, although fu r the r  work 
may need to  be done in this area.  
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Table I. HRI PDU #130 PROCESS STREAMS A N D  FLOW RATES 

Process S t r eams  

Feed Coal  

Hydroclone Overflow 

Clean Oil Tank Material  

Slurry Mix 

Hydroclone Underflow 

Atmospheric Still Overhead 

Atmospheric Still Bottoms (COT) 

Injected Feed Water 

Sour Water 

\'acuum Still Overhead (COT) 

Atmospheric Still Bottoms (product) 

1 

Vacuum Still Overhead (product) 

1 Vacuum Still Bottoms 

Atmospheric Still Bot toms 
(hydroclone) 

Overhead Flash Material  

Makeup Oil 

PERIOD 1 4 A  

Lb/Hr* 

335.2 

359.3 

321.7 

1 , 0 1 6  

278.3 

49 .9  

250.7 

2.3 

33.1 

44.8 

8 .5  

1.0 

2 3 4 . 1  

6 0 . 0  

89.8 

34.8 

K9/Hr 
1 5 2 . 0  

163 .0  

1 4 5 . 9  

4 6 0 . 9  

126.2 

2 2 . 6  

113 .7  

1.0 

15.0 

20.3 

3 . 9  

0.5 

106.2 

27.2 

40.8 

1 5 . 8  

Nature  of SamDles 

Plant grind (98% through 
-50 mesh) 

Viscous oil held a t  500OF 
(ash  = 9.3%) 

Comb. of vacuum sti l l  
overhead & a tmospher ic  
still bo t toms 

Mixture of feed  coal,  
a tmospher ic  still  bottoms, 
vacuum sti l l  overhead, 
& hydroclone overhead 
(ash  = 7.2%) 

Viscous oil held a t  S O O O F  
(ash  = 13.7%) 

Light oil 

Liquid feed  to  the  clean 
oil t ank  

Tap water  

Comb.  of feed  wa te r  and 
wa te r  genera ted  in the  
PDU 

Liquid feed  to  the  clean 
oil t ank  

Sample s t r eam out le t  
used f o r  continuous 
sampling 

Sample s t r eam out le t  
used fo r  continuous 
sampling 

Product of run 130-88 
period 1 4 A  

Liquid f eed  t o  the  
hydroclone 

Very l ight oil 

Oil used when the  PDU 
is not a t  equilibrium 

*Feed Ra tes  a s  supplied by plant personnel. 
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Table 11. RECOVERIES OF TRACE ELEMENTS IN THE H-COAL PDU. 

#130 R U N  130-88  PERIOD 1 4 A  

(Weight in mg) 

cu 
Slurry M i x  Tank 

Inputs 2 ,900  

outputs 2 ,900  

% Recovery 102 

Product Separation Uni t  

Inputs 2 ,900  

outputs 2 , 9 0 0  

YO Recovery 97 

Complete Plant 

Inputs 1 ,400  

outputs 1,000 

YO Recovery 7 6  

Cr - 

6,100 
6 ,600  

109 

6 ,600  

5 ,909  

69 

2 !  90? 

2 ,300  

8 1  

ivl n - 

17 ,200  

21,000 
120 

21  , 000 

19 ,700  

94  

9 ,300  

9 ,800  

105 

Ni - 

3,500 

3 ,500  

100 

3,500 

3,500 

101 

1 ,600  

1 ! 400 

85 

Pb - 

3 ,300  

3 , 2 0 0  

98 

3 , 2 0 0  

2,900 

90 

1 , 7 0 0  

1 ,200  

69 

Cd - 

40 

46 

113 

46 

56 

122 

27 

36 
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Appendix 

TRACE ELEMENT ANALYSIS OF PROCESS STREAMS 

From H R I  PDU 1130 PERIOD 14A 

' PROCESS STREAMS: 

Feed Coal  

Hydroclone Overflow 

Clean  O i l  Tank k l a t e r i a l  

S l u r r y  Mix 

Hydroclone Underflow 

Atmospheric S t i l l  
Overhead 

ugfgm 

Cd - Pb - N i  - Mn - C r  - c u  

8.9 19 61 11 11 0.18 

8.4 20 48 12 9.6 0.08 

0.6 0.2 0.9 0.1 0.1 0.002 

6.2 14 45 7.7 7.0 0.10 

9.9 2 2  92 13 11 0.34 

0.036 0.022 0.015 0.017 0.003 0.04-2 

- 

Atmospheric S t i l l  1.1 0.2 0.8 0.1 0.068 SO. 01-' 
I Bottoms 

Vacuum S t i l l  Overhead 0.4 0.003 0.01 ~0.01-~ 0.019 s O . O l - '  
\ 

\ 
I n j e c t e d  Feed Water 0.028 50.006 0.007 0.001 _<0.001 0.01-2 

Sour  k 'a te r  1.2 0.029 0.021 0.032 sO.001 0.004 
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AN ANALYSIS OF KEROGEN DISTRIBUTION I N  GREEN R I V E R  OIL SHALE 

\ 

John F. Patzer ,  11 
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G u l f  Research & Development Company 

P i t t s b u r g h ,  Pennsylvania 15230 

ABSTRACT 

The c l a s s i f i c a t i o n  o f  Green R i v e r  o i l  sha les  th rough  d e n s i t y  

s e p a r a t i o n  techniques r e v e a l s  some new i n s i g h t s  i n t o  t h e  n a t u r a l l y  o c c u r r i n g  

d i s t r i b u t i o n  o f  kerogen i n  shale.  Twelve Colorado sha les  and one Utah shale,  

c o v e r i n g  a range o f  sources and grades, were c l a s s i f i e d  i n t o  f r a c t i o n s  of  

v a r y i n g  kerogen c o n t e n t  t h rough  heavy-media d e n s i t y  separa t i on .  A n a l y s i s  of 

t h e  separa t i on  da ta  r e v e a l s  t h a t  t he  sha les  a l l  have a l i n e a r  r e l a t i o n s h i p  

between t h e  en r i ched  grade kerogen c o n t e n t  and t h e  we igh t  f r a c t i o n  o f  t o t a l  

kerogen recovered i n  t h e  e n r i c h e d  grade. The s lope  o f  t h e  l i n e a r  r e l a t i o n s h i p  

c o r r e l a t e s  w i t h  t h e  o r i g i n a l  sha le  kerogen con ten t .  The c o r r e l a t i o n  p r o v i d e s  

a power fu l  t o o l  f o r  a p r i o r i  p r e d i c t i o n  o f  t h e  r e s u l t s  f o r  any c l a s s i f i c a t i o n  

1 

J 

\ process which opera tes  on d e n s i t y  separa t i on .  The e x i s t e n c e  o f  such a l i n e a r  

r e l a t i o n s h i p  i m p l i e s  t h a t  t h e  n a t u r a l l y  o c c u r r i n g  d i f f e r e n t i a l  mass 

d i s t r i b u t i o n  f u n c t i o n  f o r  kerogen i n  sha le  i s  an i n v e r s e  r e l a t i o n  between 

we igh t  f r a c t i o n  o f  sha le  and kerogen c o n t e n t  o f  t h e  f r a c t i o n ,  i.e., kerogen- 

l e a n  f r a c t i o n s  a r e  p resen t  i n  much g r e a t e r  q u a n t i t y  t han  k e r o g e n - r i c h  

f r a c t i o n s .  Another aspect  o f  t h e  d i s t r i b u t i o n  f u n c t i o n  i s  t h e  e x i s t e n c e  o f  

c l e a r l y  de f i ned ,  sharp c u t - p o i n t s  which c o n t a i n  t h e  e n t i r e  d i s t r i b u t i o n  w i t h i n  

a range o f  kerogen c o n t e n t  dependent upon the  o r i g i n a l  s h a l e  grade. 
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The Green R i v e r  o i l  s h a l e  f o r m a t i o n  comprises one o f  t h e  l a r g e s t  

o s s i l  f u e l  energy r e s e r v e s  i n  t h e  wor ld .  Commercial development o f  t h i s  

source i s  very l i k e l y  t o  become a r e a l i t y  w i t h i n  t h e  nex t  f i v e  t o  t e n  years.  

I n i t i a l  development w i l l  a lmost  c e r t a i n l y  use c u r r e n t  r e t o r t i n g  technology.  

However, f u l l  s c a l e  development w i l l  p r o b a b l y  occu r  o n l y  a f t e r  second 

genera t i on  techno logy ,  now i n  development i n  many research  l abs ,  reaches 

commercial v i a b i l i t y .  Knowledge and unders tand ing  about how kerogen i s  

d i s t r i b u t e d  w i t h i n  t h e  sha le  f o r m a t i o n  w i l l  a i d  i n  deve lop ing  more s e l e c t i v e ,  

v i a b l e  processes f o r  recove ry  o f  t h e  energy con ta ined  i n  t h e  kerogen. 

G u l f  has been i n t e r e s t e d  f o r  seve ra l  yea rs  i n  t h e  p o t e n t i a l  

p o s s i b i l i t y  o f  s e l e c t i v e l y  d i s c a r d i n g  very l ean  sha les  p r i o r  t o  r e t o r t i n g .  I f  

t h e  economic c o s t  o f  such s e l e c t i v e  r e j e c t i o n  were low enough, t h e  r e d u c t i o n  

i n  shale volume r e t o r t e d  f o r  e q u i v a l e n t  o i l  p r o d u c t i o n  c o u l d  y i e l d  p o t e n t i a l  

b e n e f i t s  t h rough  lowered c a p i t a l  and o p e r a t i n g  c o s t s  f o r  a r e t o r t  and, 

p o s s i b l y ,  t h rough  lessened env i ronmen ta l  impact  because l e s s  sha le  would be 

processed, 

The c o r r e l a t i o n  between sha le  d e n s i t y  and F i s c h e r  Assay y i e l d  has 

been known f o r  many y e a r s . l r 2  F i g u r e  1, due t o  Smi th, l  shows t h e  expected 

F i s c h e r  Assay as a f u n c t i o n  o f  d e n s i t y .  The e x i s t e n c e  o f  such a c o r r e l a t i o n  

r e s u l t s  from t h e  wide s e p a r a t i o n  between kerogen and m ine ra l  m a t t e r  d e n s i t y  i n  

s h a l e ,  about 1070 kg/m3 and 2720 kg/m3, r e s p e c t i v e l y ,  and t h e  narrowness o f  

t h e  m ine ra l  m a t t e r  d e n s i t y  range. Smi th2 developed t h e  r e l a t i o n s  

(GPT) = (31.563 (DT)2 - 0.205998 (DT)  + 326.624 

2 
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, 

\ 
t o  desc r ibe  t h e  i n t e r r e l a t i o n s h i p s  between t h e  sha le  d e n s i t y  and sha le  o r g a n i c  

\ con ten t .  Equat ion  ( 1 )  i s  t h e  l eas t - squares  r e p r e s e n t a t i o n  o f  t h e  c o r r e l a t i o n  

shown i n  F i g u r e  1. Equat ions  ( 2 )  t o  ( 5 )  a r e  d e r i v e d  from s imp le  m a t e r i a l  

balance cons ide ra t i ons .  A b e s t  f i t  t o  numerous da ta  r e q u i r e s  t h e  m i n e r a l  

ma t te r  d e n s i t y ,  D, = 2720 kg/m3, and t h e  o r g a n i c  d e n s i t y ,  Do = 1050 t o  

1070 kg/m3. 

Heavy-Media Separa t i on  

The r e l a t i o n  between d e n s i t y  and o rgan ic  con ten t  p r o v i d e s  t h e  b a s i s  

f o r  a separa t i ons  scheme based upon d e n s i t y   difference^.^>^ Twelve Co lorado 

sha les  and one Utah sha le ,  as shown i n  Table I ,  were separa ted  by heavy-media 

techn iques  a t  t h e  I n s t i t u t e  o f  M i n e r a l  Research, Mich igan Techno log ica l  
I U n i v e r s i t y .  The sha les  rep resen t  a v a r i e t y  o f  grades, rang ing  from 16.5 t o  

44.2 GPT, and a v a r i e t y  o f  p a r t i c l e  s i z e s .  

? 
The seDara t ions  were per fo rmed i n  b o t h  b a t c h  and cont inuous  c i r c u i t  

ope ra t i ons  as s c h e m a t i c a l l y  dep ic ted  i n  F i g u r e  2. The sha le  sample w a s  

immersed i n  a b a t h  o f  g i v e n  d e n s i t y  and separa ted  i n t o  s i n k - a n d - f l o a t  f r a c -  

t i o n s .  The s i n k  f r a c t i o n  was c o l l e c t e d .  The f l o a t  f r a c t i o n  was immersed i n  a 

b a t h  o f  lower  d e n s i t y  and s p l i t  i n t o  s i n k - a n d - f l o a t  f r a c t i o n s .  The procedure  

was performed a t  l e a s t  t w i c e ,  and as many as f i v e  t imes,  on the  va r ious  

sha les .  An a i r  pycnometer was used t o  de termine t h e  d e n s i t y  o f  each separa te  

f r a c t i o n  produced by t h e  s i n k / f l o a t  ope ra t i on .  The o r i g i n a l  sample d e n s i t y  

was then back -ca l cu la ted  from t h e  i n d i v i d u a l  f r a c t i o n  d e n s i t i e s .  The heavy- 

media separa t i ons  exper iments  p rov ide  cumu la t i ve  we igh t  f r a c t i o n  d i s t r i b u t i o n  

curves  as a f u n c t i o n  of s p e c i f i c  g r a v i t y ,  as d e p i c t e d  i n  F i g u r e  3 f o r  sha les  D 
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and I .  The r e l a t i v e l y  l e a n  s h a l e  D and r e l a t i v e l y  r i c h  sha le  I have 

d i s t i n c t l y . d i f f e r e n t  c u m u l a t i v e  d i s t r i b u t i o n  cu rves .  As i s  expected f rom t h e  

r e l a t i o n  between F i s c h e r  Assay and d e n s i t y ,  t h e  r i c h e r  sha le  c o n t a i n s  I 

cons ide rab ly  more l ower  d e n s i t y  m a t e r i a l  t han  t h e  l e a n e r  shale. 

The heavy-media s e p a r a t i o n s  were ana lyzed  on t h e  b a s i s  o f  s p l i t t i n g  

t h e  o r i g i n a l  sample i n t o  two f r a c t i o n s ,  a r i c h  s h a l e  f r a c t i o n  and a l ean  shale 

f r a c t i o n ,  as d e p i c t e d  i n  F i g u r e  4. f o r  

each s p l i t  was determined by c a l c u l a t i n g  t h e  d e n s i t y  o f  each s p l i t  and u s i n g  

Equat ion (2 ) .  

The we igh t  f r a c t i o n  o r g a n i c ,  [ X i ) ,  

I 

A measure o f  t h e  e f f i c i e n c y  o f  t h e  s e p a r a t i o n  process,  i .e.,  t h e  

a b i l i t y  t o  s e l e c t i v e l y  separa te  r i c h  f rom l e a n  sha les ,  i s  ob ta ined  by 

p l o t t i n g  ( X z j 1 ,  versus t h e  o r g a n i c  recove ry  i n  t h e  r i c h  f r a c t i o n ,  

as shown i n  F i g u r e  5. An enr ichment  p l o t ,  such as F i g u r e  5, i s  a conc ise  

s tatement  about  t h e  a b i l i t y  t o  pe r fo rm a s e p a r a t i o n  and t h e  economic b e n e f i t  

o f  doing so. When t h e  s e p a r a t i o n s  o p e r a t i n g  parameter ,  i n  t h i s  case, d e n s i t y ,  

i s  a cont inuous v a r i a b l e ,  i t  i s  p o s s i b l e  t o  draw a con t inuous  performance 

c u r v e  which d e s c r i b e s  t h e  s e p a r a t i o n s  p o t e n t i a l  f o r  t h e  m i n e r a l .  The shape 

and p r o p e r t i e s  of  t h e  performance cu rve  w i l l  be determined s o l e l y  by t h e  

d i s t r i b u t i o n  of t h e  v a r i a b l e  under c o n s i d e r a t i o n .  C l e a r l y ,  a ve ry  s teep s lope  

i n  t h e  R>0.90 range i s  d e s i r a b l e  f o r  a t r u l y  e f f i c i e n t  s e p a r a t i o n  process. 

The r e s u l t s  o f  t h e  heavy-media s e p a r a t i o n  exper iments a r e  shown i n  

F i g u r e  6. Four  separa te  pane ls  a r e  shown o n l y  f o r  c l a r i t y .  The exper imen ta l  

da ta  p o i n t s  a r e  i n d i c a t e d  by open symbols. The l i n e s  a r e  t h e  r e s u l t  o f  l i n e a r  

l eas t - squares  r e g r e s s i o n  of t h e  da ta .  The most remarkable f e a t u r e  o f  F i g u r e  6 

i s  t h a t  a l l  of t h e  da ta  can be  adequa te l y  rep resen ted  by t h e  l i n e a r  

r e p r e s e n t a t i o n  

( X t ) l  = mR + b 
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I Table I 1  prov ides  t h e  c a l c u l a t e d  va lues f o r  t h e  s lopes  and t h e  c o r r e l a t i o n  

c o e f f i c i e n t  f o r  t h e  reg ress ion .  , T h e  goodness o f  t h e  l i n e a r  f i t  i s  i n d i c a t e d  
I by t h e  range o f  c o r r e l a t i o n  c o e f f i c i e n t s ,  0.95 t o  0.99. 

\ 

\ 

upon 

dens 

a l s o  

r e 1  a 

The a b i l i t y  t o  make an a p r i o r i  p r e d i c t i o n  o f  t h e  s lope  based o n l y  

knowledge o f  t h e  feed sha le  o r g a n i c  c o n c e n t r a t i o n ,  o r  e q u i v a l e n t l y ,  

t y ,  would a l l o w  p r e d i c t i o n  o f  heavy-media s e p a r a t i o n  r e s u l t s .  I t  would 

p r o v i d e  a method f o r  heavy-media process c o n t r o l .  F i g u r e  7 shows a 

i o n  between t h e  s lope  and feed sha le  we igh t  f r a c t i o n  o rgan ic ,  g i v e n  by 

m = 0.671 - 10.21 (lo) + 28.423 (R:)2 ( 8 )  

The equa t ion ,  o b t a i n e d  f rom a q u a d r a t i c  l e a s t - s q u a r e s  r e g r e s s i o n ,  i s  o n l y  a 

marg ina l  f i t  t o  t h e  data.  However, i t  p rov ides  a reasonable e s t i m a t e  f o r  

e n g i n e e r i n g  purposes. 

W i th  a p r i o r i  knowledge o f  t h e  s lope ,  i t  i s  p o s s i b l e  t o  p r e d i c t  

d e n s i t y  s e p a r a t i o n s  r e s u l t s .  The i n t e r c e p t .  b, i s  o b t a i n e d  f rom 

b = (lo - m) a t  R = 1 ( 9 )  

F i g u r e  8 d e p i c t s  a comparison between t h e  a c t u a l  and p r e d i c t e d  s e p a r a t i o n s  

r e s u l t s  f o r  sha les  D and I .  The l i n e a r  f i t  c o r r e l a t i o n  u s i n g  t h e  c o e f f i c i e n t s  

p r e d i c t e d  by (8 )  and (9 )  reproduce t h e  exper imen ta l  l eas t - squares  r e l a t i o n s  

w i t h i n  an average e r r o r  o f  9% and a maximum d e v i a t i o n  o f  19%. Thus, i t  i s  

p o s s i b l e  t o  make reasonable a p r i o r i  p r e d i c t i o n s  o f  heavy-media r e s u l t s .  

Kerogen D i s t r i b u t i o n  i n  Shale 

The l i n e a r  r e l a t i o n  between we igh t  f r a c t i o n  o r g a n i c  i n  t h e  

sha le  and kerogen recove ry  can be used t o  o b t a i n  some b a s i c  i n f o r m a t  

t h e  d i s t r i b u t i o n  o f  kerogen i n  o i l  shale.  Assuming t h a t  t h e  w i g h t  

e n r i c h e d  

on about 

f r a c t i o n  
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organ i  i can be r e p r e s e n t e d  as a c o n t i n u o u s  v a r i a b l e ,  a d i f f e r e n t i a l  weight  

j 
f r a c t i o n  d i s t r i b u t i o n  f u n c t i o n  can be d e f i n e d  by 

I 

J-0 -0 
X X f ( ? )  d? = ? ( e x p e c t e d  va lue )  

w w  w w w 

where f(?) d p  r e p r e s e n t s  t h e  d i f f e r e n t i a l  s h a l e  mass between o rgan ic  

c o n t e n t  X The upper  l i m i t  on X i s  r e a d i l y  o b t a i n a b l e  f rom 

t h e  l i n e a r  r e l a t i o n  ( 7 )  as ( X  ) 

w w  
-0 -0 

W w w  W 
-0 

and ? t d p  . 
= b a t  R = 0. 

w max 

The f u n c t i o n a l  f o r m  of t h e  d i f f e r e n t i a l  s h a l e  mass d i s t r i b u t i o n  

f u n c t i o n  can be o b t a i n e d  by b a c k - c a l c u l a t i n g  fi as a f u n c t i o n  o f  (p) .  f r om 

( 7 )  by i n c r e m e n t i n g  R i n  even s t e p s ,  as 
w 1  

i 

z f .  
J j = l  

t o  o b t a i n  
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The average kerogen c o n c e n t r a t i o n  o f  t h e  sample, ( k o ) ,  i s  a known and t h e  

va lues o f  m and b a r e  p r e s c r i b e d  th rough  t h e  l i n e a r  c o r r e l a t i o n .  I n  t h e  l i m i t  

as i + -, one o b t a i n s  t h e  con t inuous  d i f f e r e n t i a l  sha le  mass d i s t r i b u t i o n  
f u n c t i o n  

f ( Y o )  = A/ ($ )  

by t h i s  procedure. 

The f i n a l  two unknowns f o r  t he  d i f f e r e n t i a l  d i s t r i b u t i o n  f u n c t i o n ,  A 

t h rough  a p p l i c a t i o n  o f  t h e  n o r m a l i z a t i o n  and and ($)min, a r e  o b t a i n e d  

expected va lue p r o p e r t i e s  o f  t h e  d i s t r i b u t i o n  f u n c t i o n ,  

-0 f (To)  dT0 = A en [ ( X w ) m a x /  (?)min] = I ( 9 m a x  

( T O )  
w min 

w w  I 

Note t h a t  t h e  n o r m a l i z a t i o n  p r o p e r t y  i m p l i e s  t h a t  t h e r e  a l s o  e x i s t s  a 

p r a c t i c a b l e  minimum n a t u r a l l y  o c c u r r i n g  grade o f  sha le  p resen t  i n  any g i ven  

depos i t .  F i g u r e  9 shows t h e  d i f f e r e n t i a l  we igh t  f r a c t i o n  d i s t r i b u t i o n  

f u n c t i o n  f o r  20 GPT and 35 GPT shales based upon the  p r e d i c t i v e  c o r r e l a t i o n  o f  

113 



equa t ions  (8)  and ( 9 ) .  Al though  F i g u r e  9 shows v e r y  sharp c u t - o f f  p o i n t s  i n  

t h e  d i s t r i b u t i o n ,  n a t u r a l l y  o c c u r r i n g  d i s t r i b u t i o n s  a r e  l i k e l y  t o  have some 

t a i l i n g  e f f e c t s .  

A l though  a s t r a i g h t - l i n e  r e l a t i o n  between we igh t  f r a c t i o n  kerogen 

con ten t  and we igh t  f r a c t i o n  kerogen recove ry  has t h e  un ique  r e p r e s e n t a t i o n  i n  

d i f f e r e n t i a l  sha le  mass d i s t r i b u t i o n  f u n c t i o n  space g i v e n  by Equa t ion  (16), 
t h e  a c t u a l  d i s t r i b u t i o n  o f  kerogen i n  sha le  m igh t  d i f f e r  somewhat from t h e  

i n v e r s e  p r o p o r t i o n a l  r e l a t i o n s h i p .  Th is  r e s u l t s  because t h e  s t r a i g h t - 1  i n e  

r e l a t i o n  i s  an i n f e r e n c e  f rom leas t - squares  r e g r e s s i o n  o f  t h e  da ta  and because 

t h e  l eas t - squares  r e g r e s s i o n s  a r e  not p e r f e c t ,  i.e., c o r r e l a t i o n  c o e f f i c i e n t  

equal t o  one. I n  o r d e r  t o  v a l i d a t e  the  d i f f e r e n t i a l  d i s t r i b u t i o n  f u n c t i o n ,  i t  

i s  impor tan t  t o  examine t h e  c u m u l a t i v e  we igh t  f r a c t i o n  da ta  o f  t h e  heavy-media 

separa t i ons  exper iments i n  d i f f e r e n t i a l  manner. Because o f  t h e  smal l  number 

of  data p o i n t s  a v a i l a b l e  pe r  sample, such d i f f e r e n t i a l  d i s t r i b u t i o n s  a re  o n l y  

crude r e p r e s e n t a t i o n s  o f  t h e  a c t u a l  d i s t r i b u t i o n .  

F 

F i g u r e  10 p r e s e n t s  t h e  h i s tog ram of w e i g h t  f r a c t i o n  kerogen f o r  

sha le  D no rma l i zed  so t h a t  t h e  area under  t h e  b a r s  equa ls  one. Such a 

h i s tog ram i s  an approx ima t ion  t o  t h e  d i f f e r e n t i a l  d i s t r i b u t i o n  f u n c t i o n .  The 

p l o t t e d  h i s tog ram i s  s i m i l a r  t o  t h e  d e r i v e d  i n v e r s e  p r o p o r t i o n a l  d i s t r i b u t i o n  

f u n c t i o n .  However, some t a i l i n g  which i s  e v i d e n t  a t  t h e  l e a n e r  grades o f  

s h a l e  i n d i c a t e s  t h a t  a r i v a l  d i s t r i b u t i o n  f u n c t i o n ,  t h e  l o g  normal 

d i  s t  r i  bu t i  on f u n c t i o n  g i v e n  by I 

\ 

c o u l d  a l s o  approx imate t h e  d i s t r i b u t i o n .  

The i n v e r s e  p r o p o r t i o n a l  d i s t r i b u t i o n  f u n c t i o n  i s  d e s c r i b e d  by the  

parameters A ,  (x:)max and (i:)min which a r e  d i r e c t l y  de te rm inab le  and 

r e l a t e d  i n  a fundamenta l ,  p h y s i c a l  manner t o  t h e  sh’ale. The l o g  normal 

d i s t r i b u t i o n  has two parameters,  E and u which have no r e a d i l y  de te rm inab le  
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p h y s i c a l  r e l a t i o n  t o  shale.  They can be determined i n  a reasonable manner, 

however, by assuming t h a t  95% o f  t h e  sha le  has kerogen c o n t e n t  l e s s  t h a n  

t h e  (:i)max p r e d i c t e d  by t h e  a p r i o r i  method, Equat ions ( 7 ) .  (8)  and ( 9 ) .  
F i g u r e  11 c o n t r a s t s  t h e  p r e d i c t e d  i n v e r s e  p r o p o r t i o n a l  and l o g  normal 

d i f f e r e n t i a l  d i s t r i b u t i o n  f u n c t i o n s  f o r  a 20.6 GPT shale.  The two 

d i s t r i b u t i o n s  a re  s i m i l a r ,  w i t h  r a p i d  r i s e  t o  a maximum i n  kerogen c o n t e n t  and 

t a i l i n g  o f f  toward r i c h e r  shales.  The l o g  normal d i s t r i b u t i o n  i s  more 

d i f f u s e ,  w i t h  g r e a t e r  t a i l i n g  a t  b o t h  t h e  r i c h  and l e a n  ends of  t h e  

d i s t r i b u t i o n .  '\ 

\ F i g u r e  12 shows t h e  p r e d i c t e d  enr ichment  p l o t  f o r  a 20.6 GPT sha le  

w i t h  t h e  i nve rse  p r o p o r t i o n a l  and l o g  normal d i f f e r e n t i a l  d i s t r i b u t i o n  

f u n c t i o n s  as parameters. A heavy v e r t i c a l  ba r  i s  drawn a t  R.0.20 t o  emphasize 

t h a t  t h i s  was t h e  s m a l l e s t  va lue  on t h e  absc i ssa  which was o b t a i n e d  i n  t h e  

exper imen ta l  s tudy.  The s a l i e n t  f e a t u r e  o f  

R<0.20, b o t h  d i s t r i b u t i o n s  c o u l d  e a s i l y  g i v e  

s t r a i g h t  l i n e s ;  s i g n i f i c a n t  c u r v a t u r e  i n  t h e  

va lues o f  R<0.20. Thus, i t  i s  d o u b t f u l  

r e a d i l y  d i s t i n g u i s h  between t h e  two d i s t r i  b u t  

F i g u r e  12 i s  t h a t  f o r  va lues of 

l eas t - squares  r e p r e s e n t a t i o n s  as 

og normal d i s t r i b u t i o n  occurs a t  

t h a t  t h e  exper imen ta l  data can 

ons. 

The i n v e r s e  p r o p o r t i o n a l  d i s t r i b u t i o n  i s ,  however, t h e  recommended 

d i s t r i b u t i o n  f u n c t i o n  f o r  d e s c r i b i n g  a s h a l e  resource  f o r  t h r e e  reasons. 

F i r s t ,  t h e  parameters which d e f i n e  t h e  d i s t r i b u t i o n  have r e a l ,  p h y s i c a l  

meaning which r e a d i l y  d e f i n e  what i s  p resen t  i n  a sha le  depos i t .  Second, t h e  

f u n c t i o n a l  form o f  t h e  i n v e r s e  p r o p o r t i o n a l  d i s t r i b u t i o n  i s  more e a s i l y  worked 

w i t h  i n  a n a l y t i c a l  equa t ions  than  i s  t h e  f u n c t i o n a l  form o f  t h e  l o g  normal 

d i s t r i b u t i o n .  F i n a l l y  as demonstrated i n  F i g u r e  13, t h e  i n v e r s e  p r o p o r t i o n a l  

d i s t r i b u t i o n  f u n c t i o n  p r o v i d e s  e x c e l l e n t  agreement w i t h  e x p e r i m e n t a l  

.\ 
1 

-l 

I observa t i ons .  
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NOMENCLATURE 

b 

DO 

Dm 

DT 
GPT 

rn 

R 

x: 

x; 

xJ 
io 

xo 
W 

i n t e r c e p t  i n  l i n e a r  r e l a t i o n  

kerogen ( o r g a n i c )  d e n s i t y ,  kg/m3 

m i n e r a l  d e n s i t y ,  kg/m3 

o i l  sha le  d e n s i t y ,  kg/m3 

o i l  sha le  F i s c h e r  Assay, g a l / t o n  

s lope  i n  l i n e a r  r e l a t i o n  

we igh t  f r a c t i o n  o r g a n i c  recove ry  

volume f r a c t i o n  kerogen ( o r g a n i c )  i n  s h a l e  I 

volume f r a c t i o n  m i n e r a l  i n  s h a l e  

we igh t  f r a c t i o n  kerogen ( o r g a n i c )  i n  s h a l e  

we igh t  f r a c t i o n  m i n e r a l  i n  s h a l e  

average we igh t  f r a c t i o n  kerogen ( o r g a n i c )  

p o i n t  we igh t  f r a c t i o n  kerogen ( o r g a n i c )  

we igh t  f r a c t i o n  o f  shale 

subsc r i  p t s  

1 r i c h e d  f r a c t i o n  f r o m  heavy-media s e p a r a t i o n  

2 

i increment  i ndex  

j i nc remen t  i ndex  

l ean  f r a c t i o n  f rom heavy-media s e p a r a t i o n  
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TABLE I 

OIL SHALES USED FOR HEAVY MEDIA SEPARATION 

A 

B 

C 

0 

E 

F 
G 

H 

I 

J 

K 

L 

M 

GPT 

16.5 

19.2 

19 3 

22.0 

22 2 

22.6 

26.7 

29 8 

30.9 

32.1 

36.1 

38.7 

M.2  

__ s s  

0.20-0.64 

0.64-5.08 

0 64-5.08 

0.64-7.62 

0.64-1.91 

0.64-7.62 

0.64-5.08 

0.64-7.62 

0.64-5.08 

0 64-7.62 

0.64-5.08 

0.M-15.2 

am-15.2 

E 
C-a TRACT. MAHOGANY ZONE 

ANVIL  POINTS MINE. 0 TO +20 FT. MAHOGANY MARKER 

C - a  TRACT. MAHOGANY ZONE 

RIFLE MINE. COMPOSITE BEDS A. B, C. E, F. 0. H. I. J 

RIFLE MINE, COMPOSITE BEDS A, B. C. E. F. G. H, I. J 

RIFLE MINE, BEDS A. 8. C 

ANVIL POINTS MINE, -20 TO -40 FT. MAHOGANY MARKER 

RIFLE MINE. BEDS E. F 

ANVIL POINTS MINE, 0 TO -20 FT. MAHOGANY MARKER 

RIFLE MINE, BEDS G. n. I ,  J 

HELL'S COLE CANYON, UTAH, MAHOGANY ZONE 

HORSE DRAW CREEK, R-3 ZONE, USBM 96" SHAFT 

HORSE DRAW CREEK, R 4  ZONE. USBM 9 6  SHAFT 
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TABLE I I  

LINEAR REGRESSION OF HEAVY MEDIA SEPARATION RESULTS 

SHALE 
A 

B 
C 

D 

E 

F 

G 

H 

I 

J 

K 
L 
M 

lXLll - mR + b 

S= 

-0.116 

-0.157 

4,083 
-0.174 

-0.151 

-0.105 

-0.250 

-0.274 

-0.301 
-0.268 

-0.262 

-0.083 

-0.132 

CORRELATION 
COEFFICIENT 

-1.000 

-0.977 

-0.995 

-0.895 

-0.997 

-0.997 

-0.996 

-0.887 

-0.968 
-0.882 

-0.593 
-0.049 

-0.086 

Flgure 1 
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Flour. 2 

HEAVY MEDIA OIL SHALE SEPARATIONS 
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OIL SHALE BENEFICATION ANALVSIS 

Flpur. I 

HEAVT-YEOIA SEPARATION OF OIL SHALE A I  A FUNCTIOI 
OF SPECIFIC ORAVITT 

CUIULAIIVE WEIOIT nhcTiom DI~TRISUTIOII emve 101 

1.0 1 

- 0.8 - 
1 
: 0.8 - 

f O.' - 

9 0.1 - 
5 

0.0 . 

fIOY'. 8 

TTPICAL EWRlCHMEnT PLOT FOR OIL $WALE 8EIEFICI&TIOI(  

119 



0.. 0.a 0.1 a,* 0.1 0.8 0.1 0.. 

*mu.. m 

C O Y I A I I ¶ O N  BETWEEM ACTUAL AND PRCDICTCD RESULT8 
FOR HEAV? YEOlA SEPARATION OF SWALE 

Plgur. 1 

SLOPE OF LINEAR SENEFICIATION LOUATION 

48  A fUWCTlON OF F E E 0  SHALE KLROOEN CONTINT 
/ 

F10.r. 9 
DIFFEILNTIAL DISTRIBUTION FUNCTIOM 

120 



6.0 

: 4.c 

f 3.0 

1 .0  

1.0 

Fig",. 10 

AREA MORYALIIED n l s i ~ m ~ u  OF 
WEIGHT FRACTION XEROGEN FOR SHALE 0 

0 I O  0 10 O S 0  0 40 

W.lpM Fr.cl lm I.lO9.n. 

d 

Flwr. ?1  

PREDICTED ENRlCWYEWT PLOT FOR 1O.e OPT 0.111 SHALE 

\ 
I \ '  ' ' ' ' ' ' ' ' 1 

riw. 
CUYULATIVE WEIGHT FRACTION O l l T R l S Y I l O M  
CURVE FOR SHALE A S  A FYWCIION OF WEIGHT 

FRACTION KEROGEN 

121 



CHARACTERIZATION OF OIL SHALE 
BY FTIR SPECTROSCOPY 

D. C. Cronauer 

Gulf Research and Development Company 
P.O. Drawer 2038, P i t t s b u r g h ,  PA 15230 

R. W. Snyder and P. C .  P a i n t e r  

Polymer Science Sec t ion  
The Pennsylvania  State  Univers i ty  

U n i v e r s i t y  Park,  PA 16802 

INTRODUCTION 

The o p t i c a l  advantages and d a t a  handl ing  c a p a b i l i t i e s  of F o u r i e r  transform in-  
f r a r e d  (FT-IR) ins t ruments  have l e d  t o  a resurgence  of t h e  use of i n f r a r e d  spec t ro-  
scopy f o r  t h e  c h a r a c t e r i z a t i o n  of energy r e l a t e d  m a t e r i a l s .  Most of t h e  work t h a t  
has  so  f a r  been r e p o r t e d  has  involved t h e  c h a r a c t e r i z a t i o n  of c o a l .  Methods f o r  t h e  
q u a n t i t a t i v e  de te rmina t ion  of  minera l  matter (1-5) and v a r i o u s  s t u d i e s  of  the  
organiccomponents of  c o a l  (6-13) have been publ i shed .  The only paper ( t o  our know- 
ledge)  concerning t h e  a p p l i c a t i o n  of FT-IR t o  t h e  s tudy  of  s h a l e  w a s  repor ted  by 
Solomon and Miknis (14 ) .  These a u t h o r s  cons idered  t h e  a n a l y s i s  of b o t h  t h e  minera l  
and organic  components. However, theyrepor ted  a number of problems wi th  the 
minera logica l  a n a l y s i s  of  c e r t a i n  s h a l e s ,  p a r t i c u l a r l y  t h e  de te rmina t ion  of t h e  car -  
bonates  p r e s e n t  i n  samples from Colorado. The a n a l y s i s  of  t h e  o r g a n i c  component was 
confined t o  t h e  a l i p h a t i c  C-H s t r e t c h i n g  reg ion  of t h e  spectrum n e a r  2900 cm-l. Un- 
f o r t u n a t e l y ,  t h e s e  bands a r e  o f t e n  a l l  t h a t  is d e t e c t a b l e  of  t h e  o r g a n i c  component 
i n  t h e  i n f r a r e d  s p e c t r a  of s h a l e s .  

I f  FT-IR i s  t o  provide  f u r t h e r  i n s i g h t  i n t o  s h a l e  s t r u c t u r e  and composition, 
some of  t h e  problems a s s o c i a t e d  w i t h  m i n e r a l o g i c a l  a n a l y s i s  i s i l l h v e t o b e  so lved .  
terms of t h e  c h a r a c t e r i z a t i o n  of t h e  o r g a n i c  component, s t u d i e s  of kerogen should 
provide  more informat ion  concerning chemical  s t r u c t u r e  than allowed by an a n a l y s i s  
of whole s h a l e .  I n  t h i s  communication we w i l l  cons ider  pre l iminary  r e s u l t s  of 
spply ing  FT-IR t o  t h e s e  p a r t i c u l a r  problems. 

In 

FT-IR ANALYSIS OF MINERAL MATTER I N  SHALE 

The q u a l i t a t i v e  i d e n t i f i c a t i o n  of t h e  major minera l  components p r e s e n t  i n  a 
number of s h a l e  samples us ing  d i s p e r s i v e  i n f r a r e d  techniques  was r e p o r t e d  by Estep 
e t  a1 (15). In most of t h e  s h a l e s  cons idered  t h e  major minera l  s p e c i e s  were car-  
bonates  and t h e  c l a y s  i l l i t e  and montmor i l lon i te .  Because of  t h e  o v e r l a p  of t h e  
bands of t h e s e  components, a q u a n t i t a t i v e  a n a l y s i s  could n o t  be performed. We have 
d iscussed  i n  a number of p u b l i c a t i o n s  t h e  advantages and u t i l i t y  of FT-IR i n  t h e  
a n a l y s i s  o f  such complex multicomponent systems (1-5). E s s e n t i a l l y ,  a l i b r a r y  of 
t h e  s p e c t r a  of minera l  s t a n d a r d s ,  s t o r e d  i n  d i g i t a l  form on d i s k  o r  magnetic tape,  
is used t o  ana lyze  t h e  s h a l e  ( o r  c o a l  low temperature  ash)  under c o n s i d e r a t i o n .  
The spectrum of t h e  s t a n d a r d  is  s u b t r a c t e d  from t h a t  of t h e  s h a l e .  The s u b t r a c t i o n  
parameter t h a t  r e s u l t s  i n  t h e  complete e l i m i n a t i o n  of t h e  bands of t h e  p a r t i c u l a r  
m i n e r a l  being s u b t r a c t e d  then  provides  a measure of  t h e  weight  f r a c t i o n  of t h a t  
minera l  p resent  i n  t h e  s h a l e .  There a r e  some s u b t l e t i e s  t o  t h e  method t h a t  can be 
a p p l i e d ,  such as t h e  use of l e a s t - s q u a r e s  s p e c t r a l  f i t t i n g  programs ( 4 ) ,  b u t  t h e  
method is  r e l a t i v e l y  s t r a i g h t f o r w a r d  and w i l l  be  demonstrated below. However, 
b e f o r e  proceeding t o  t h i s  i l l u s t r a t i o n  i t  is  necessary  t o  emphasize t h e  c r i t i c a l  i m -  
por tance  of  sample p r e p a r a t i o n .  

In i n i t i a l  work (1) w e  ground s a m p l e s  i n  a Wig-L-Bug i n  t h e  presence of  300 mg 
of KBr, SO t h a t  s tandard  i n f r a r e d  p e l l e t s  could be  subsequent ly  pressed .  Optimum 

1 2 2  



g r i n d i n g  times were determined f o r  our  p a r t i c u l a r  g r i n d i n g  equipment. 
h p o r t a n t  t o  n o t e  t h a t  absorbance v a l u e s  i n  t h e  f i n a l  s p e c t r a  of  minera ls  and 
s h a l e  should be l e s s  than 1 .0 ,  t o  ensure  a l i n e a r  r e l a t i o n s h i p  between t h e  amount 
Of m a t e r i a l  i n  t h e  i n f r a r e d  beam and t h e  i n t e n s i t y  of  t h e  a b s o r p t i o n  bands (Beer- 
Lambert law). This  i n  t u r n  r e q u i r e s  t h e  use  of an  a c c u r a t e  micro-balance, s i n c e  
optimum r e s u l t s  are u s u a l l y  obta ined  wi th  between 0 . 1  and 0.2 mg of  sample f o r  
c l a y s  and between 0.3 t o  0 . 5  mg f o r  most o t h e r  minera ls .  
n a t u r a l l y  dependant on t h e  type of equipment used and could be  as long a s  30 mins 
f o r  o l d  equipment o r  a s  l i t t l e  as 45 s e c s  f o r  new, more v i c i o u s ,  ins t ruments .  

Recently a problem w i t h  t h i s  method of sample p r e p a r a t i o n  a s  appl ied  t o  t h e  
hard minera ls  has  been poin ted  o u t  t o  us  by E l l i o t t  and co-workers (16). The ab- 
s o r p t i o n  va lues  f o r  minera ls  such a s  q u a r t z  and dolomi te  can be  d r a m a t i c a l l y  in-  
creased by pregr inding  t h e  minera l  w i t h  j u s t  a smal l  amount of K B r  ( 2 5  mg) fol lowed 
by f u r t h e r  gr inding  wi th  t h e  rest of t h i s  a l k a l i  h a l i d e  (275  mg). However, t h i s  
procedure produced less s a t i s f a c t o r y  r e s u l t s  f o r  t h e  c l a y s ,  presumably due t o  
agglomerat ion and subsequent  poor mixing of t h e s e  m a t e r i a l s  under severe  g r i n d i n g  
condi t ions .  Consequently, our  procedure has  been modified t o  account  f o r  t h e s e  

It i s  
' 

The g r i n d i n g  t i m e  w a s  
\ 

.. r e s u l t s  in t h e  fo l lowing  manner. 

1) Clays are prepared us ing  t h e  method o u t l i n e d  above. With t h e  new model 
Wig-L-Bug only 45 seconds of  g r i n d i n g  a r e  r e q u i r e d .  

2 )  Quar tz  and carbonate  samples a r e  prepared by f i r s t  g r i n d i n g  the  m i n e r a l  
with 25 mg of  KBr f o r  30 seconds.  
procedure) is then  added t o  t h e  c a p s u l e  and t h e  material is ground f o r  
another  30 seconds.  

The rest of  t h e  KBr (275 mg i n  o u r  

Because of t h e  preponderance of 'hard '  minera ls  i n  most s h a l e  s a m p l e s ,  t h e  
l a t t e r  method was used i n  sample p r e p a r a t i o n .  Our i n i t i a l  s t u d i e s  i n d i c a t e  t h a t  
t h e  problems encountered by Solomon and Miknis (14) i n  de te rmining  carbonates  i n  

' s h a l e  could ( a t  l e a s t  i n  p a r t )  be  due t o  sample p r e p a r a t i o n  problems. Carbonate  
minera ls  have s t r o n g  bands near  1400 cm-l, b u t  d i f f e r e n t  s p e c i e s  a r e  more c l e a r l y  
d i f f e r e n t i a t e d  by t h e  c h a r a c t e r i s t i c  bands n e a r  880 and 720  cm-1. The peak 
p o s i t i o n s  of four  d i f f e r e n t  carbonate  samples are l i s t e d  i n  Table  1. Figure  1 
compares t h e  i n f r a r e d  s p e c t r a  of two d i f f e r e n t s h a l e s .  The s t r o n g  bands a t  882 and 
729 cm-1 i n d i c a t e  t h a t  t h e  most p r e v a l e n t  carbonate  p r e s e n t  is dolomite .  We 
o r i g i n a l l y  considered t h a t  it would be a s t r a i g h t f o r w a r d  t a s k  t o  s u b t r a c t  t h e  bands 
of t h i s  minera l  thereby  r e v e a l i n g  t h e  presence  of o t h e r  c a r b o n a t e s ,  which could 

' then be analyzed. 
, t h e r e  still  remained c o n s i d e r a b l e  a b s o r p t i o n  a t  882 c m - l .  

bands i n  t h i s  reg ion ,  b u t  a t  d i f f e r e n t  f r e q u e n c i e s  ( s e e  Table  1 ) .  One p o s s i b l e  
, explana t ion  is t h e  presence of isomorphous c a t i o n  s u b s t i t u t i o n  i n  t h e  dolomi te .  It 

has  been shown t h a t  Fe can r e p l a c e  Mg i n  t h e  dolomi te  s t r u c t u r e  i n  cont inuous ly  
v a r i a b l e  propor t ions  t o  g i v e  a n k e r i t e .  (17)  The spectra of a n k e r i t e  samples w e  
had a v a i l a b l e ,  however, showed frequency s h i f t s  as w e l l  a s  i n t e n s i t y  changes com- 
pared t o  t h e  spectrum of dolomite .  F i n a l l y ,  a t  t h e  moment w e  were about t o  abandon 
t h i s  problem i n  d e s p a i r ,  we found t h a t  t h e  sample p r e p a r a t i o n  procedure recommended 
f o r  hard minerals  by E l l i o t t  e t  a 1  (16) provided a s o l u t i o n  t o  t h e  a n a l y s i s  of  
sha le .  
t a i n e d  them i n  t h e  form of l a r g e  p a r t i c l e s .  Pregr inding  i n  t h e  presence of t h e  rest 
of t h e  KBr, r e s u l t e d  i n  a change o f  t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  882 and 729 cm-l 
bands, a s  shown i n  F igure  2.  
of t h e  two dolomite  samples from t h a t  of t h e  s h a l e  a r e  shown i n  F igure  3.  It can 
be Seen t h a t  t h e  s u b t r a c t i o n  of t h e  dolomite  prepared  accord ing  t o  E l l i o t t  e t  a 1  
(16) worked very w e l l  l e a v i n g  carbonate  bands t h a t ,  i n  f a c t ,  corresponded t o  one 
of our  a n k e r i t e  s t a n d a r d s .  Consequently, w e  b e l i e v e  i t  is  now p o s s i b l e  t o  o b t a i n  
a good q u a n t i t a t i v e  a n a l y s i s  of  minera l  matter in s h a l e ,  b u t  t h e  importance of 
c a r e f u l  and reproducib le  s a m p l e  p r e p a r a t i o n  procedures  i n  such a n a l y s i s  cannot b e  
overemphasized. 

' 

However, we found t h a t  i f  t h e  729 cm-I band w a s  s u b t r a c t e d  o u t  
Other  carbonates  have 

We had a l r e a d y  preground o u r  s h a l e  samples i n  t h e  Wig-L-Bug as w e  had ob- 

The d i f f e r e n c e  s p e c t r a  obta ined  by s u b t r a c t i n g  each 
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FT-IR d e t e r m i n a t i o n  of t h e  m i n e r a l o g i c a l  composi t ion of a set of s h a l e  samples 
(Green River s h a l e ,  Mahogany Zone) is now be ing  performed. 
presented  i n  Table  2 ,  b u t  are a t  t h e  time of w r i t i n g  incomplete  i n  t h a t  t h e  a n a l y s i s  
of the c l a y  component could n o t  be performed. 
i s  shown i n  F igure  4 and t h e  c l a y  component is  c h a r a c t e r i z e d  by a s t r o n g  band near  
1040 cm-1 and a second weak band n e a r  470 cm-l. 
i l l i t e  o r  montmor i l lon i te  s t a n d a r d  i n  our  s p e c t r a l  l i b r a r y  t h a t  provided a match i n  
terms of  band p o s i t i o n s  and r e l a t i v e  i n t e n s i t i e s .  We a r e  p r e s e n t l y  a t tempt ing  t o  
s e p a r a t e  t h i s  c l a y  from t h e  s h a l e  i n  order  t o  o b t a i n  t h e  c o r r e c t  "s tandard".  

The i n i t i a l  r e s u l t s  a r e  

A spectrum of one of t h e  s h a l e  samples 

Unfor tuna te ly ,  w e  could not  f i n d  an 

I 

The n e c e s s i t y  of usinp, minera l  s t a n d a r d s  f o r  a n a l y s i s  may a t  f i r s t  s i g h t  seem 
a major  d i sadvantage  of  t h e  FT-IR method. However, a l l  o t h e r  techniques  (eg x-ray 
d i f f r a c t i o n )  f o r  q u a n t i t a t i v e  a n a l y s i s  a l s o  r e l y  on s t a n d a r d s  f o r  c a l i b r a t i o n .  A t  
least w i t h  i n f r a r e d  s u b t r a c t i o n  methods s u b t l e  d i f f e r e n c e s  i n  t h e  c h a r a c t e r  and 
composition of a p a r t i c u l a r  m i n e r a l  i n  a s h a l e  r e l a t i v e  t o  a "s tandard" can become 
apparent .  
t h a t  of a s h a l e  is i l l u s t r a t e d  i n  Figure 5. I f  t h e  882 cm band is subt rac ted  t o  
t h e  b a s e l i n e ,  a s  shown i n  t h e  d i f f e r e n c e  spectrum i n  t h i s  f i g u r e ,  t h e  725 cm-1 band 
is s l i g h t l y  n e g a t i v e ,  i n d i c a t i n g  over  s u b t r a c t i o n  of t h i s  band. However, subt rac t -  
i o n  based on t h e  e l i  i n a t i o n  of t h e  882 cm-I band is probably c o r r e c t ,  s i n c e  the  
very s t r o n g  1450 om-' band i s  e l i m i n a t e d  by t h i s  procedure.  The complete d i f f e r e n c e  
spectrum i s  shown i n  F igure  4 and i t  can be seen t h a t  wi th  t h e  1450 cm-1 band sub- 
t r a c t e d  a weak absorbance c e n t e r e d  near  1460 cm- l  remains and t h i s  band can be 
assigned t o  CH bending modes of t h e  o r g a n i c  component. 
of t h e  7 2 8  ban3 between t h e  spectrum of  t h e  dolomi te  p r e s e n t  i n  t h e  s h a l e  and t h a t  
of t h e  s t a n d a r d  i s  probably due t o  the  presence of  a smal l  amount of i r o n  i n  the 
dolomite l a t t i c e .  FT-IR can only be  used t o  q u a n t i t a t i v e l y  determine major mineral  
components, b u t  t h e  s e n s i t i v i t y  of the spectrum t o  such s u b t l e  e f f e c t s  i n d i c a t e s  
t h e  r e l a t i v e  ease of s e l e c t i n g  t h e  c o r r e c t  s t a n d a r d .  
minera l  n a t u r a l l y  l e a d s  t o  obvious ly  d i s t o r t e d  d i f f e r e n c e  s p e c t r a .  However, the  
a n a l y s i s  w i l l  only be  a s  good as t h e  s t a n d a r d s  a v a i l a b l e ,  and we a r e  p r e s e n t l y  ex- 
t ending  o u r  minera l  l i b r a r y  t o  i n c l u d e  a number of  dolomite  and a n k e r i t e  samples so 
a s  t o  cover a range of  composi t ions.  

FT-IR ANALYSIS OF KEROGEN 

For example, t h e  s u b t r a c t i o n  of t h e  spectrum of-? dolomite  sample from 

The d i f f e r e n c e  i n  i n t e n s i t y  

S u b t r a c t i o n  of t h e  wrong 

1 

Solomon and Miknis (14) demonstrated t h a t  t h e  a l i p h a t i c  C-H c o n t e n t ,  as measured 
by t h e  i n t e n s i t y  of  t h e  C-H s t r e t c h i n g  mode near 2920 cm-l, c o r r e l a t e d  reasonably 
w e l l  w i t h  o i l  y i e l d .  We have determined similar r e s u l t s  i n  i n i t i a l  s t u d i e s .  Figure 
6 shows the  a l i p h a t i c  CH s t r e t c h i n g  reg ion  of t h r e e  s h a l e  s a m p l e s .  The p l o t s  have 
been made on  t h e  same absorbance s c a l e ,  a l though t h e  b a s e l i n e s  have been o f f s e t  f o r  
c l a r i t y .  The o i l  y i e l d  of t h e  samples decreased  i n  t h e  samples going from t h e  top 
spectrum A t o  t h e  bottom C ,  t h e  v a l u e s  be ing  3 3 . 6 ,  20.3  and 14.2 g a l l o n s  p e r  ton,  
r e s p e c t i v e l y .  Not s u r p r i s i n g l y ,  t h e  i n t e n s i t y  of t h e  CH s t r e t c h i n g  modes is pro- 
p o r t i o n a l l y  h igher  i n  t h e  sampifs  y i e l d i n g  t h e  l a r g e s t  q u a n t i t y  of o i l .  
t h e  peak h e i g h t  of t h e  2920 cm bands a g a i n s t  y i e l d  o r ,  a s  shown i n  F igure  7 ,  organic  

carbon content ,  shows a roughly l i n e a r  r e l a t i o n s h i p  (more s c a t t e r  i s  observed i n  the  
p l o t  of absorbance a g a i n s t  o i l  y i e l d ,  and our  r e s u l t s  are s i m i l a r  i n  t h i s  r e s p e c t  to 
those  obtained by Solomon and Miknis ( 1 4 ) ) .  S ince  Kerogen is  a multi-component 
system we would a n t i c i p a t e  some v a r i a t i o n s  i n  t h e  width a t  h a l f  h e i g h t  of t h e  bands 
from sample t o  sample. 
a r e a s  (from curve-resolved s p e c t r a ) .  Determinat ions of t h i s  type  should c e r t a i n l y  
prove a u s e f u l  t o o l  f o r  a s s a y i n g  o i l  s h a l e s ,  b u t  i n  terms of s t r u c t u r a l  charac te r -  
i z a t i o n  i t  n e c e s s i t a t e s  t h e  use o f  c a r e f u l ,  wel l -def ined curve r e s o l v i n g  techniques 
and w e  have d i s c u s s e d  such methods i n  terms of t h e  a n a l y s i s  of c o a l ( l 8 ) .  Der iva t ive  
methods a r e  used t o  determine t h e  number o f  curves  i n  a s p e c t r a l  p r o f i l e  and a l s o  
provide  i n i t i a l  e s t i m a t e s  of t h e  v a l u e s  o f  v a r i o u s  band parameters  (peak p o s i t i o n ,  
width a t  ha l f -he ight )  used i n  t h e  subsequent  curve r e s o l v i n g  process .  I f  these  
procedures  a r e  fol lowed we can have a high degree  o f  conf idence  i n  t h e  r e s u l t s .  
r e s o l u t i o n  of  t h e  C-H s t r e t c h i n g  r e g i o n  i n t o  f i v e  bands i s  shown i n  F igure  8. A l l  

' 

A p l o t  of 

Consequent ly ,  we a r e  a l s o  i n  t h e  process  of determining peak 

The 
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O f  t h e s e  bands can be r e a d i l y  i d e n t i f i e d  from w e l l - e s t a b l i s h e d  group f requencies .  
The bands a t  2924 and 2855 cm- a r e  t h e  asymmetric and symmetric s t r e t c h i n g  modes 
( r e s p e c t i v e l y )  of methylene u n i t s ;  t h e  bands a t  2956 and 2872 cm-I a r e  t h e  
a s m e t r i c  and symmetric s t r e t c h i n g  modes of methyl groups;  t h e  2895 cm-I band has  
a c o n t r i b u t i o n  from lone C-H groups,  b u t  over tone  and combinat ions of bending modes 
near  1450 cm-l a l s o  absorb a t  t h i s  f requency.  Curve r e s o l v i n g  of t h z  C-H s t r e t c h -  
i n g  reg ion  has  proved very  s u c c e s s f u l ,  w i t h  a s t a n d a r d  d e v i a t i o n  o f  - .2  f o r  t h e  
i n i t i a l  set of  o i l  s h a l e  samples. 

If w e  ob ta ined  v a l u e s  o f  t h e  e x t i n c t i o n  c o e f f i c i e n t s ,  r e l a t i n g  i n d i v i d u a l  band 

It has  been shown t h a t  
i n t e n s i t i e s  t o  t h e  c o n c e n t r a t i o n  of t h e  corresponding f u n c t i o n a l  groups,  t h e n  w e  
would have a t  our  d i s p o s a l  u s e f u l  s t r u c t u r a l  in format ion .  
p a r a f f i n  s t a n d a r d s  can be  used t o  o b t a i n  e x t i n c t i o n  c o e f f i c i e n t s  f o r  t h e  a n a l y s i s  of  
petroleum f r a c t i o n s  (19.20). However, i n  o r d e r  t o  be  a b l e  t o  u s e  e x t i n c t i o n  co- 
e f f i c i e n t s  from long cha in  p a r a f f i n s  (which can be  r e a d i l y  prepared  as K B r  p e l l e t s ,  
u n l i k e  t h e  s h o r t e r  cha in  m a t e r i a l ) ,  we  must determine whether t h e  kerogen is 
s u f f i c i e n t l y  s a t u r a t e d  and c o n t a i n s  sequences of  CH2 u n i t s ,  so t h a t  e x t i n c t i o n  co- 
e f f i c i e n t s  can be t r a n s f e r r e d  w i t h  minimal e r r o r .  

This knowledge can b e  determined from t h e  700 t o  900 cm-I r e g i o n  of t h e  
spectrum, where c h a r a c t e r i s t i c  bands can be  ass igned  to a l i p h a t i c  CH 
and aromat ic  C-H out-of-plane bending modes. 
kerogen obta ined  from one of  o u r  Green River  s h a l e  samples is shown i n  F i g u r e  9 ,  
where i t  is  compared t o  t h e  spectrum of a kerogen obta ined  from a Rio Blanco s h a l e .  
These samples w e r e  prepared a t  Gulf RCD by consecut ive ly  washing t h e  whole s h a l e  
wi th  HC1,  HF and HCL a c i d s  t o  remove t h e  minera l  components. 
kerogen from Green River  s h a l e  is dominated by a band a t  724 cm 
of  t h e  CH 
Consequenzly, w e  can have a h igh  degree  of  conf idence  i n  apply ing  e x t i n c t i o n  
c o e f f i c i e n t s  determined from v a r i o u s  p a r a f f i n s  t o  t h e  a n a l y s i s  o f  t h i s  s h a l e .  
However t h e  Rio Blanco s h a l e  a l s o  d i s p l a y s  over lapping  bands n e a r  730, 745 and 
820 cm-i c h a r a c t e r i s t i c  of 3 ,2  and lone CH2 groups,  r e s p e c t i v e l y .  This  s h a l e  would 
n o t  seem t o  be a c a n d i d a t e  f o r  a n a l y s i s  based on e x t i n c t i o n  c o e f f i c i e n t s  determined 
from long  chain p a r a f f i n s .  
have a small c o n t r i b u t i o n  from aromat ic  bending modes, and more work is  necessary  
t o  s o r t  o u t  such r e l a t i v e  c o n t r i b u t i o n s .  We a r e  s t i l l  i n  t h e  p r o c e s s  of apply ing  
t h e  e x t i n c t i o n  c o e f f i c i e n t s  determined from p a r a f f i n s  t o  t h e  a n a l y s i s  of o u r  Green 
River  s h a l e  samples ,  bu t  t h e s e  r e s u l t s  c l e a r l y  demonstrate  a number of impor tan t  
p o i n t s .  
reg ion  of t h e  spectrum of s h a l e  r e v e a l s  impor tan t  s t r u c t u r a l  in format ion .  I n  
a d d i t i o n ,  t h e  d i f f e r e n c e s  i n  t h e  s p e c t r a  of v a r i o u s  s h a l e s  i n  t h i s  r e g i o n  o f  t h e  
spectrum sugges ts  t h a t  a s i n g l e  s e t  of e x t i n c t i o n  c o e f f i c i e n t s  w i l l  probably n o t  
prove adequate  f o r  a n a l y s i s  of a l l  s h a l e s .  
have t o  be  determined accord ing  t o  t h e  sequence d i s t r i b u t i o n  of  CH2 u n i t s  and t h e  
presumably corresponding degree  of branching  of  t h e  a l i p h a t i c  s t r u c t u r e  p r e s e n t .  

F i n a l l y ,  i t  is  important  t o  b r i e f l y  i n d i c a t e  t h a t  o t h e r  types  of  s t r u c t u r a l  

rocking  modes 2 This reg ion  of  t h e  spectrum o f  a 

$f spectrum o f  t h e  
, c h a r a c t e r i s t i c  

rocking mode of sequences of f o u r  o r  more methylene u n i t s  (21). 

I n c i d e n t a l l y ,  t h e  bands a t  820 cm-l and 745 c m - l  could 

The most important  of  t h e s e  is  t h a t  an  examinat ion of  t h e  CH2 rocking  

I n s t e a d  a range of v a l u e s  w i l l  probably 

informat ion  can be  obta ined  from t h e  i n f r a r e d  spectrum of  kerogen.  
t h e  spectrum of  a kerogen from Green River  s h a l e  and it can be  seen t h a t  t h e r e  
is a complex of bands between 1800 and 1500 cm-l. 
a lmost  c e r t a i n l y  due t o  c a r b o x y l i c  a c i d  groups,  b u t  high frequency s h o u l d e r s  due t o  
o t h e r  carbonyl  s t r u c t u r e s  are apparent  ( p o s s i b l y  e s t e r s )  and a s t r o n g  band near  
1630 cm-I  i s  a l s o  i n t r i g u i n g .  
could ie due t o  a romat ic  s t r u c t u r e s ,  a h i g h l y  conjugated hydrogen bonded carbonyl  
o r  COO groups. FT-IR s t u d i e s  of  a c i d  and a l k a l i  washed m a t e r i a l  and methylated 
samples ( t o  conver t  COOH groups t o  e s t e r s )  should c l a r i f y  t h e s e  assignments  and 
a l low f u r t h e r  s t r u c t u r a l  in format ion  t o  be  obta ined .  

F igure  10  shows 

The band n e a r  1700 cm-1 is 

By analogy w i t h  t h e  spectrum of  c o a l  (13) t h i s  band 
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TABLE 1 

CHARACTERISTIC BANDS IN THE FTIR SPECTRA OF CARBONATES. 

Bands 
Origin cm-1 

Hancock County, Illinois 876 
727 
713 

Eiginvin Twp., Ontario 

Nova Scotia 

Unknown Origin 

TABLE 2 

882 

a73 

729 

741 

a77 
713 

MINERALOGIC ANALYSIS OF GREEN RIVER SHALE SAMPLES 
WEIGHT % OF WHOLE SHALE 

Microcline Quartz Dolomite Calcite Aragonite 

10 15 22 15 15 

15 15 35 - - 

a 15 25 10 9 

10 16 30 9 14 

15 15 20 15 11 

12 15 27 a 14 

12 17 35 7 10 

10 16 34 9 15 

5 16 28 15 11 

10 i a  35 10 - 
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Figure 9: A. FT-IR spectrum (950-700 C m l )  o f  kerogen from R i O  Blanc0 
shale. 8. FT-IR spectrum of kerogen from Green River shale. 

Figure 1 0 :  FT-IK spectrum of kerogen from Green River s l ~ s l e  
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THE KINETICS OF THE THERMAL DECOMPOSITION OF MOROCCAN OIL 
SHALE BY THERMOGRAVIMETRY 

Deepak S .  Thakur and H. Er ic  N u t t a l l  
Department of Chemical and Nuclear Engineering, 

The University of New Mexico, Albuquerque, New Mexico 87131 
and 

C .  Y .  Cha 
Science Appl ica t ions ,  Inc . ,  

Golden, Colorado 80401. 

ABSTRACT 

The k i n e t i c s  of t h e  thermal decomposition of Moroccan o i l  s h a l e  have been 
s tud ied  by isothermal and non-isothermal thermogravimetry. 
c a r r i e r  gas flow r a t e  and hea t ing  r a t e  on kerogen decomposition have been 
examined. 
been analyzed by the  Coats-Redfern technique while t he  i so thermal  TG da t a  have 
been co r re l a t ed  by using t h e  i n t e g r a l  method of k i n e t i c  a n a l y s i s .  A j o i n t  u s e  
of isothermal and non-isothermal TG measurements have shown t h a t  t h e  o i l  s h a l e  
decomposition involves two ccnsecut ive  r eac t ions  with bitumen a s  an intermedi- 
a t e  product. 
energy of 40 kJ/mole while the  py ro ly t i c  bitumen decomposes i n t o  products with 
an  a c t i v a t i o n  energy of 60 kT/mole. 
parameters,  v i z . ,  a c t i v a t i o n  energy and r e a c t i o n  order  (n = 1)  e t c . ,  obtained 
under both isothermal and non-isothermal cond i t ions  s u b s t a n t i a t e s  the  v a l i d i t y  
of t he  f i r s t  order r a t e  equat ion .  The f a c t  t h a t  t h e  k i n e t i c  parameters remain 
unchanged with v a r i a t i o n s  i n  hea t ing  r a t e  (K/min) i n d i c a t e s  t h a t  these  parame- 
t e r s  a r e  probably i n s e n s i t i v e  t o  t h e  e f f i c i e n c y  of hea t  t r a n s f e r  between t h e  
sample and surroundings.  However, t h e  low a c t i v a t i o n  energy f o r  bitumen 
decomposition i n d i c a t e s  c e r t a i n  m a s s  t r a n s f e r  l i m i t a t i o n s  such a s  d i f f u s i o n  of 
organic  matter through the  minera l  carbonate mat r ix .  

The e f f e c t s  of 

The weight-loss d a t a  obtained under non-isothermal condi t ions  have 

Kerogen decomposition i n t o  bitumen proceeds with an a c t i v a t i o n  

A c l o s e  agreement between t h e  k i n e t i c  
’\ 

’ 
\ 

INTRODUCTION 

Morocco has moderate depos i t s  of o i l  sha l e  which can  be explo i ted  using 
American processing technology. To da te ,  U. S .  p rocesses  a r e  based on the  
thermal treatment of t h e  sha le  t o  decompose kerogen i n t o  the  des i r ed  o i l  pro-  
duct.  The key s t e p  i n  the  thermal treatment is the  py ro lys i s  s t age  and 
involves  the  k i n e t i c  rate of kerogen decomposition and the  corresponding 
formation of o i l .  Because o i l  sha l e s  have d i f f e r i n g  o r i g i n s  and a r e  foilnd 
i n  d i f f e r i n g  geologica l  environments, i t  i s  not  s u r p r i s i n g  t h a t  they behave 
d i f f e r e n t l y  when subjec ted  t o  py ro lys i s  condi t ions .  This s tudy  was i n i t i a t e d  
t o  inves t iga t e  the  py ro lys i s  k i n e t i c s  of Moroccan o i l  s h a l e .  
t r i c  ana lys i s  (both i so-  and non-isothermal) w a s  used t o  determine the  k i n e t i c  
parameters f o r  kerogen decomposition. The present  r e s u l t s  w i l l  be compared 
with t h e  l i t e r a t u r e  d a t a  on Jordan and Colorado o i l  s h a l e .  

Thermogravime- 
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Inso luble  organic  ma t t e r  i n  o i l  s h a l e  i s  c a l l e d  kerogen. The thermal 
decomposition of t he  kerogen is  by f a r  t h e  s i m p l e s t  method f o r  ex t r ac t ing  o i l  
from sha le .  Numerous a t tempts  [Hubbard and Robinson 1950; A l l r ed ,  1966; 
Dericco and Barr ick ,  19561 dea l ing  with t h e  mechanistic and k i n e t i c  points of 
view have been made t o  understand the  processes  occurr ing  dur ing  o i l  sha le  
pyro lys i s .  Hubbard and Robinson [1950] have employed an i so thermal  technique 
t o  obta in  t h e  py ro lys i s  r a t e  d a t e  on powdered samples. One of the sources of 
error i n  l so thermal  methods i s  the  t i m e  requi red  f o r  t h e  sample t o  reach the  
r eac t ion  temperature.  Braun and Rothman [1975] have shown t h a t  t he  o i l -  
production k i n e t i c s  can be  explained more exac t ly  by inc luding  a thermal 
induction period i n  t h e  a n a l y s i s  of s a t a  obtained by Hubbard and Robinson 
[1950]. Non-isothermal thermogravimetric a n a l y s i s  has come i n t o  wide use i n  
the  last  decade f o r  s tudying  py ro lys i s .  
method over t h e  c l a s s i c a l  i so thermal  method. F i r s t ,  t h i s  method eliminates 
t h e  e r r o r s  introduced by the  thermal induct ion  period. Second, i t  p e r m i t s  a 
rapid scan of t he  whole tempera ture  range of i n t e r e s t .  Her11 and Arnold 
[1976] have s tud ied  t h e  decomposition of Chattanooga Black s h a l e  by non- 
isothermal TG while Haddadin, et  a 1  [1974, 19801, have employed TGA and DTA 
t o  inves t iga t e  t h e  k i n e t i c s  of Jordan o i l  s h a l e  py ro lys i s .  The thermal de- 
composition of Colorado o i l  s h a l e  has been a sub jec t  of many s t u d i e s  [Granoff 
and Nu t t a l l ,  1977; Campbell e t  a1 1978; Rajeshwar, 19811. 

There a r e  c e r t a i n  advantages of t h i s  

Recently, Behnisch, et  a 1  [1980], have pointed out  t h a t  a combined 
k i n e t i c  ana lys i s  of i so thermal  and non-isothermal TG measurements is an effec- 
t i v e  method f o r  determining t h e  most probable k i n e t i c  mechanism of a decompo- 
s i t i o n  process of a polJmer. The k i n e t i c s  of Moroccan o i l  s h a l e  decomposition 
has ,  t he re fo re ,  been s tud ied  by i so thermal  and non-isothermal thermogravi- 
m e t r y .  The weight-loss d a t a  analyzed by Coats-Redfern technique [1964] shows 
t h a t  t h e  kerogen decomposition proceeds i n  t w o  consecutive s teps  v i a  bitumen 
a s  an in te rmedia te .  The k i n e t i c s  of Moroccan o i l  s h a l e  decomposition w i l l  be 
compared w i t h  t h a t  of Jordan and Colorado o i l  s h a l e  decomposition. 

EXPERIMENTAL SECTION 

The o i l  sha l e  used i n  t h e  p re sen t  s tudy  o r ig ina t ed  from Timhadit S i t e ,  
Morocco. Chemical a n a l y s i s  of t h e  o i l  s h a l e  is given i n  Table 1. The samples 
were crushed and sieved t o  pass  through a 200 mesh screen;  t h e  samples were 
used without f u r t h e r  t rea tment .  

A DuPont 951 thermogravimetric balance in t e r f aced  wi th  a DuPont 990 ther- 
mal analyzer was used t o  ob ta in  t h e  weight-loss d a t a  a s  a func t ion  of time and 
temperature. Two kinds of experiments were performed. The f i r s t  was t o  obtain 
non-isothermal k i n e t i c s  of o i l  s h a l e  decomposition while t h e  second one was 
performed under i so thermal  cond i t ions .  

In t h e  f i r s t  se t ,  a known weight of sample (about 25 mg) was subjected t o  
Decomposition was ca r r i ed  a l i n e a r  hea t ing  r a t e  i n  a dry stream of n i t rogen .  

ou t  by hea t ing  the  sample from ambient temperature t o  900°C. 
of 1, 2 ,  5 ,  10, 20 and 50"C/min were employed. 
curves were obtained i n  each case .  
sample was introduced i n t o  t h e  furnace  maintained i so thermal ly  a t  a des i red  
temperature. 
t en  times longer than  t h e  sample pan. The i so thermal  kerogen decomposition 
was ca r r i ed  ou t  a t  325, 375, 4 1 0 ,  425, 450, and 475OC. 

The hea t ing  r a t e s  
The weight-loss da ta  and DTG 

I n  t h e  second set of experiments, t h e  

End e f f e c t s  were considered n e g l i g i b l e  a s  t h e  furnace  w a s  about 
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The fraction of kerogen pyrolyzed, a was defined by the expression: 

where Wo = initial weight of the sample (mg), 

W = weight of the sample at "t" min (mg), 
W: = weight of the sample after complete pyrolysis of 

kerogen (mg) . 
Each run was duplicated in order to minimize the error. 

Kinetic Expressions: 

The general expression for the decomposition of a solid [Blazek, A .  
19731 is given by 

- da = kf(a), 
dt 

where a = fractional conversion at time t, 

k = specific rate constant, 

f(a) = (1 -a ) in first order reactions. 

Equation ( 2 )  can be written as follows by substituting k in terms of 
activation energy and frequency factor. 

- da = 2 . exp(-E/RT) . (1 - a), 
dt 

where 2 = frequency factor (min-'), 

E = activation energy (J/g mole), 

R = gas constant ( J / g  mole K), 

T = temperature ( K ) .  

(3 )  

For non-isothermal decomposition of solids, Equation (3) can be modi- 
fied by introducing heating rate as follows 

da dT - dT * eXp(-E/RT) - (1 - a) 
or 

( 4 )  

- da = - exp(-E/RT) (1 - a)  , 
dT 8 

(5) 

whei-e f3 = dT/dt. 

In the present study, two procedures were followed to evaluate the 
activation energy. 
involved regression analysis. 

The first was a graphical method while the second 
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The g raph ica l  method developed by Coats and Redfern [1964] was used 
here.  The kerogen decomposition was considered t o  be f i r s t  o rde r  i n  kero- 
gen concent ra t ion  [Rajeshwar, 1981; Campbell, e t  a1 19781. I n  t h i s  case ,  
a p l o t  of 

aga ins t  1 / T  should r e s u l t  i n  a s t r a i g h t  l i n e  of s lope  E / R .  

I n  t h e  second method, Equation (5) was rearranged and in t eg ra t ed  to  
give 

o r  

Equation ( 7 )  can be w r i t t e n  a s  follows 

Equation ( 8 )  i s  of t he  form 

y = a + bx, 
where 

ZR 
B 

a = m - ,  

b = - E / R  , 
and 

x = 1 / T  

(9) 

With the  a i d  of repea ted  r eg res s ion  a n a l y s i s ,  t he  va lues  o f  s lope  and 
i n t e r c e p t  can be computed. 
made to c a l c u l a t e  y (Equation (10)). 
values  of E from Equation (12) ,  and a and b were redetermined from t h e  
regress ion .  
s a t i s f i e d .  

I n  t h e  f i r s t  s t e p ,  an i n i t i a l  guess of E was 
Next, y was cor rec ted  f o r  ca l cu la t ed  

The i t e r a t i o n  w a s  continued u n t i l  t h e  accuracy of E and 2 w a s  

For t h e  i so thermal  decomposition of kerogen, Equation (2 )  w a s  i n t eg ra t ed  
t o  give 
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A p l o t  of [- i n ( 1  - a ) ]  a g a i n s t  t y i e l d s  a s t r a i g h t  l i n e  wi th  s lope  equal  t o  
k.  
by Braun and Rothman [1975]. 

The va lues  of t used he re  inc lude  the  induct ion  per iod  to a s  suggested 

RESULTS AND DISCUSSION I 

Themogravimetric Data 
I 

4 The weight l o s s  da t a  were obtained on powdered o i l  s h a l e  samples under 
non-isothermal and i so thermal  condi t ions .  The o i l  s h a l e  decomposition was 
ca r r i ed  out using a smal l  sample s i z e  and a t h i n  platinum f o i l  boa t  i n  order  
t o  ob ta in  a s teady  s ta te  condi t ion  I n  non-isothermal TGA, 
t he  sample was heated from ambient temperature t o  900°C wi th  hea t ing  r a t e s  
ranging from 1 t o  50°C/min. The i so thermal  TGA was c a r r i e d  o u t  i n  the  t e m -  
pe ra tu re  range of 325 t o  475°C. The r e s u l t s  obtained under non-isothermal 
and isothermal Conditions a r e  comparable and they sugges t  t h a t  t he  kerogen 
decomposition proceeds v i a  bitumen a s  an in te rmedia te .  F i r s t ,  t h e  non- 
isothermal TG r e s u l t s  a r e  presented followed by t h e  r e s u l t s  obtained under 
isothermal condi t ions .  

1') 
i n  a s h o r t  t i m e .  

Figure 1 presen t s  the  weight-loss d a t a  f o r  Moroccan o i l  sha l e  a s  a 
func t ion  of temperature a t  var ious  hea t ing  r a t e s .  
of t h i s  f i g u r e ,  which a r e  worth mentioning he re ,  a r e  as fo l lows:  F i r s t ,  
t he  t o t a l  kerogen conten t  i n  Morroccan o i l  sha l e  was found t o  be about 9 
Percent;  (wt) of t he  t o t a l  sha l e  weight. Below 200"C, approximately 0.5 t o  
0.75 percent weight-loss was observed, which represented  the  mois ture  con- 
t e n t  of the  sha le .  The carbonate decomposition commenced a t  temperatures 
above 525°C depending upon the  hea t ing  r a t e  and gave a weight-loss of about 
25 t o  26 percent.  Second, and a more important observa t ion ,  was regarding 
the  e f f e c t  of hea t ing  r a t e  on t o t a l  weight-loss.  A complete decomposition 
of kerogen was e f f ec t ed  a t  500°C wi th  a hea t ing  r a t e  of 1 K/min whi le  only 
50 percent of t h e  t o t a l  kerogen was found t o  decompose a t  500°C when a rate 
of 50"C/min was used. I n  t h e  l a t t e r  case ,  a temperature of 600°C was 
requi red  t o  achieve  t h e  complete decomposition of kerogen i n t o  o i l .  This 
d i f f e rence  can be explained by the  f a c t  t h a t  t h e  higher t h e  hea t ing  r a t e  
t he  sho r t e r  i s  t h e  exposure of sample t o  a p a r t i c u l a r  temperature.  However, 
a s  w i l l  be shown i n  the  l a t e r  p a r t  of t h i s  s e c t i o n ,  t h e  v a r i a t i o n  i n  hea t ing  
r a t e  didnot a l t e r  t he  k i n e t i c  parameters.  

The important f e a t u r e s  

Figure 2 i l l u s t r a t e s  t y p i c a l  DTG curves corresponding t o  the  da t a  shown 
i n  F igure  1 f o r  hea t ing  r a t e s  of 2 ,  5, 10 and 50 K/min. Three s a l i e n t  
f e a t u r e s  of t h i s  f i g u r e  are t o  be noted. F i r s t ,  t he re  is a s h i f t  i n  rate 

50 K/min. 
the  e f f e c t  of hea t ing  r a t e s  (Figure 1). 
t o  those obtained by H e r r e l l  and Arnold [1976], and Chen and N u t t a l l  [1979]. 
Second, t h e  presence of two c l e a r l y  defined r a t e  maxima i n  t h e  temperature 
range of 300 t o  600°C i n d i c a t e  t h a t  the  two r eac t ions  o r  processes  occur 
consecutively i n  t h i s  temperature range. Actua l ly ,  Al l red  [1966] had pro- 
posed t h e  following mechanism f o r  t h e  py ro lys i s  of o i l  sha l e :  

1 maxima toward higher temperatures a s  t he  hea t ing  rate is  increased  from 5 t o  
These r e s u l t s  a r e  complementary t o  the  above-mentioned f ind ings  on 

These r e s u l t s  a r e  s t r i k i n g l y  s i m i l a r  

1 

- Coke,  (15) 
1 Carbon r e s i d u e  Gas 

Gas, k 2  - o i l ,  
Bi tumen, E, kerogen E, 
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The present r e s u l t s  a r e  i n  accordance wi th  h i s  model, and they lead  us t o  
be l ieve  t h a t  t h e  f i r s t  peak a t  lower temperature corresponds t o  the  decom- 
pos i t i on  of kerogen t o  bitumen whi le  t h e  second peak r ep resen t s  t he  
decomposition of py ro ly t i c  bitumen i n t o  o i l  and gas. 
[1981] a l s o  repor ted  s i m i l a r , r e s u l t s  on Colorado o i l  sha l e .  Thi rd ,  t h e  
r a t e  of weight-loss increased  by a f a c t o r  of t h ree  wi th  an inc rease  i n  hea t  
r a t e  from 2 t o  5 K/min. However, a f u r t h e r  i nc rease  i n  hea t ing  rate (5 t o  50 
K/min) d id  not  a c c e l e r a t e  kerogen decomposition r a t e  apprec iab ly .  

Recently,  Rajeshwar 

Kine t ic  Analysis 

The da ta  presented i n  F igure  1 was used t o  determine t h e  k i n e t i c  para- 
meters of kerogen decomposition. A p l o t  of -m~-yl 
agains t  1 / T  shown i n  F igure  3 waslused t o  eva lua te  t h e  a c t i v a t i o n  energy. 
The kerogen decomposition was assumed t o  be f i r s t  o rde r  t o  kerogen concentra- 
t i on .  Two sets of s t r a i g h t  l i n e s  with d i f f e r e n t  s lopes  (Figure 3)  c l e a r l y  
demonstrate t h a t  t he  two consecut ive  r eac t ions  occur i n  t h e  temperature range 
of 300 t o  600°C. The f i r s t  r e a c t i o n  occurr ing  a t  lower temperature (kerogen 
+ bitumen) proceeds wi th  an a c t i v a t i o n  energy of about 40.2 kJ/mole. 
second r eac t ion  which occurs beyond 350°C has an  average a c t i v a t i o n  energy of 
58 .1  kJ/mole. 
t h a t  the v a r i a t i o n  i n  hea t ing  r a t e  does not a l ter  t h e  s lope  of t he  s t r a i g h t  
l i n e  p lo t s  presented i n  Figure 3 sugges ts  t h a t  t he  k i n e t i c  parameters de t e r -  
mined i n  t h e  present  s tudy  a r e  probably not s e n s i t i v e  t o  t h e  e f f i c i ency  of  
hea t  t r a n s f e r  between t h e  sample and surroundings.  These r e s u l t s  corrobo- 
r a t e  very w e l l  wi th  those  observed by Rajeshwar [1981]. 

The 

The k i n e t i c  parameters a r e  presented i n  Table 11. The f a c t  

The r eg res s ion  method w a s  a l s o  used i n  t h i s  study t o  determine t h e  
k i n e t i c  parameters.  
by t h i s  i t e r a t i o n  method a r e  l i s t e d  i n  Table 11. 
with those obtained by the  g raph ica l  method. 

The a c t i v a t i o n  energ ies  and frequency f a c t o r s  evaluated 
They compare f a i r l y  we l l  

Resul t s  obtained under i so thermal  condi t ions  w i l l  be discussed a t  t h i s  
s t age .  Figure 4 shows t h e  kerogen decomposition a s  a func t ion  of t i m e  a t  
var ious  temperatures.  During t h e  i n i t i a l  per iod  of these  i so thermal  runs 
l e s s  than 1 minute was requi red  t o  a t t a i n  s t eady  s t a t e  va lues  of temperature. 
A s  explained earlier,  t h e  use  of small  sample s i z e  (-25 mg) smal l  diameter 
furnace and t h i n  platinum f o i l  boa t  aided i n  obta in ing  s teady-s ta te  conditions 
i n  shor t  time. During the  temperature-induced time l ag  pe r iod ,  very smal l  
weight l o s s e s  were recorded; a t  temperatures higher than 450°C i t  amounted t o  
about 1 2  t o  14 percent of t o t a l  weight-loss.  Severa l  workers [Campbell, et  a1  
1978; Granoff and N u t t a l l ,  1977; and Haddadin and Mizyet, 19741 have developed 
t h e  k ine t i c  express ions  s i m i l a r  t o  Equation (14),  assuming t h e  sha le  p a r t i c l e  
temperature t o  be uniform and mass t r a n s f e r  r a t e  t o  be high. 
study, Equation (14) was used t o  eva lua te  t h e  s p e c i f i c  r a t e  cons tan t  (Figure 5) .  

I n  t h e  p resent  

Table 111 compares t h e  k va lues  (computed from Figure  5) with the  l i t e r a -  
t u r e  va lues  f o r  t h e  decomposition of Jordan and Colorado o i l  sha l e .  
comparis'on shows t h a t  a t  temperatures lower than 425"C, t h e  decomposition r a t e  
of Moroccan sha le  i s  twice a s  f a s t  a s  t h a t  of Jordan s h a l e ,  and about t h ree  to 
four  times as fas t  a s  t h a t  of Colorado sha le .  A t  475OC t h e  k va lues  f o r  

This 
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decomposition of Moroccan shale is about four times higher than that reported 
for the pyrolysis of Jordan shale, but it is almost identical to the k value for 
for Colorado shale decomposition. 

The Arrhenius plot shown in Figure 6 was used to determine activation 
energy and frequency factor. Figure 6 also shows two distinct reactions. 
Their kinetic parameters, El = 38.4 kJ mole-1 and E2 = 62.3 kJ mole -', 
listed in Table 11, are in good agreement with those obtained under non- 
isothermal conditions. Activation energy (E ) for kerogen decomposition to 
bitumen compares fairly well with that repor&ed by Braun and Rothman [19751. 
The low activation energy ( -40  kJ/mole) indicates that the decomposition of 
kerogen to bitumen involves the breaking of relatively weak chemical bonds 
[Braun and Rothman, 19751. 

The low activation energy obtained in the present study under both the 
isothermal and non-isothermal experiments suggest certain physical processes 
controlling the reaction. The rate expressions used to determine the kinetic 
parameters in this investigation were developed assuming that there are no 
heat and mass transfer limitations and that the reaction kinetics controls 
the rate of weight-loss. The fact that the variation of heating rates 
(Figure 3) did not affect the activation energy value substantiates the valid- 
ity of the assumption that there are no heat transfer limitations. Rejeshwar 
[1981] pointed out that the hearing rate variations can be used as a diagnos- 
tic probe to obtain information on mechanistic aspects. Haddadin, et a1 [1974, 
19801 also obtained low activation energy during the pyrolysis of Jordan oil 
shale. They postulated a mechanism in which the diffusion of organic matter 
through the carbonate matrix controls the rate process. Several diffusion- 
controlling models [Levenspiel, 1972; Blazek, 1973; Ginstling and Brounshtein, 
19561 have been developed to analyze the fluid-solid reactions and solid 
decomposition. According to the method suggested by Levenspiel [1972], 
experimental curves obtained by plotting (1- a )  versus t/r (T is the time 
required for complete decomposition) are compared with the predicted curves 
for various mechanisms, e.g., chemical reaction, film diffusion and ash layer 
diffusion. The data obtained under isothermal conditions was used for this 
plot between (1 - a )  and t/T. It was deduced from this plot that the ash 
layer diffusion controls the reaction rate. 

According to Haddadin and Mizyet [1974]* Equation (15) can then be 
written as: 

F i r s t  Step:  

kerogen k 1  D b i t u m e n  

Second SteD: 

b i t umen  -----E- k 2  v o l a t i l e  m a t t e r  -p roduc ts  k 3  ( o i l  and gas)  

CB1  [VI [ P I  
I 

coke 
CCI 
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where [ B ] ,  [VI, [PI and [ C ]  denote  t h e  weight f r a c t i o n s  of bitumen, vola- 
t i l e  ma t t e r ,  products ( o i l  and gas)  and coke, r e spec t ive ly .  

The f i r s t  s t e p  involv ing  t h e  decomposition of kerogen t o  bitumen i s  
r e l a t i v e l y  rapid [Haddadin and Mizyet, 19741 and can thus be omitted from 
cons idera t ion  i n  the  c o n t r o l l i n g  k i n e t i c s .  The second s t e p  which involves 
t r anspor t  of o i l  vapor and gas t o  the  atmosphere i s  t h e  r a t e  con t ro l l i ng  
s t e p .  The ove ra l l  r a t e  f o r  t h i s  s t e p  i s  

= k 3  [ V I  . 
Assuming steady s t a t e  concen t r a t ion  of v o l a t i l e s  during t h e  process ,  we have 

dCvl = 0 = k 2 [ B ]  - k3[V] - k 4 [ V l  . dt 
Solving f o r  [VI, 

k 2  
k 3  + k 4  

[ V I  = - * [ B ]  

and s u b s t i t u t i n g  i n  Equation (18) ,  w e  have 

C B l  . d t  k 3  t k 4  
d [ P ]  - k 2  * k3 

I f  d i f fus ion  of v o l a t i l e  mat te r  con t ro l s  t he  r e a c t i o n  r a t e ,  w e  have 

where k i s  the  o v e r a l l  r a t e  cons tan t  of t he  weight change. Equation (20)  
app l i e s  t o  a s i t u a t i o n  where t h e  carbonate n-atrix a c t s  as a porous d i f fus ion  
b a r r i e r .  

C O N C L U S I O N S  

The combined use of non-isothermal and i so thermal  TG measurements has 
shown t h a t  t he  thermal decomposition of Moroccan o i l  sha l e  involves  two 
consecutive r eac t ions ,  wi th  bitumen as in te rmedia te .  

k e r o g e n  ----w b i t u m e n  ___) products 

Both the  r eac t ions  fo l low a f i r s t  o rder  k i n e t i c s .  

Act iva t ion  energy of 40 kJ/mole f o r  t h e  decomposition of kerogen t o  
bitumen sugges ts  t h a t  t h i s  s t e p  involves  t h e  breaking of a r e l a t i v e l y  weak 
chemical bond. 

The r a t e  of bitumen decomposition i s  con t ro l l ed  by the  v o l a t i l e  mat te r  
t r anspor t  through the  inorganic  mat r ix .  
obtained f o r  t h i s  r e a c t i o n  a r e  complementary t o  such a mechanism. 

Low va lue  of a c t i v a t i o n  energy 

The decomposition r a t e  of Moroccan o i l  s h a l e  i s  about 2-4 times higher 
than t h a t  of Jordan s h a l e  i n  t h e  temperature range of 300 t o  5 0 0 ° C .  
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A comparison of decomposition r a t e s  f o r  Moroccan and Colorado O i l  s h a l e s  
shows tha t  at temperatures lower than 4OO0C, t h e  Moroccan s h a l e  decomposes 
more r ap id ly  than t h e  Colorado sha le ;  a t  475°C t h e  decomposition rates fOK 
both sha le s  become almost i d e n t i c a l .  
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1ABLE I .  CHEMICAL ANALISIS OF MORROCCAN OIL SHALE 

1. r i r c h e r  011 A s l a y  7 1  t l t o n n e  

2. D e n i l f y  2.25 q/a1 

L. 

B .  

c .  
0. 

E .  

F. 

G. 

N. 

I .  

C - 69.11 ( U t 1  
H - 6.7 
5 - 9.1 
li - 2 . 3  
0 - 1 2 . 2  

9.5 xt.l 

1 4 . 4  

3 7 . 1  

1 1 . 2  

1 2 . 2  

1.6 

1.6 

2 . 2  

3.4 

TABLE 11. X l l i E l l t  PARAMETERS FOR THE NON-ISOTHERMAL 
ISOTHERPAL OECO:i?0SlilON OF MORROCCAN O I L  

a110 
SHALE 

N o n - I s o t h e r m a l  Mode. 
Regrerrlan Method 4 3 . 0  6 4 . 8  1 . 2  r I O *  3 . 2  x IO6 

I $ o f h e r m a l  %de 38 .4  6 2 . 3  4.6 K I O u  4 . 8  x IO5 

1ABLE 111. A COMPlRlSON OF F I R S 1  ORDER R A l E  CONSiANTS FOR 011 
SHALE OECOWPOSIIION 

3 2 5  

330 

3 60 

3 1 5  

400 

E05 

4 10 

4 2 5  

4 4 0  

4 5 0  

4 1 5  

F i r s t  Order Rate Constants ( r l n - ' I  

MDlOccan Shale Jordan Shale Colorado S h a l e  

Present S W d L  Htzyet .  1 9 7 4 1  Rothman.  1 9 7 5 1  et d l .  1 9 7 8 1  
CHaddadln and [%ram and [Campbel l  

0.05 

0 . 0 2 1  

0.011 

0 . 0 9  

0.02 0.025 

0.051 

0. I8 

0.20 0.090 

0 . 0 7 8  

0.31 0 . 1 8  

0.41 0.111 0 . 4 8  
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METALLORGANIC, O R G A N I C  A N D  MUTAGENIC 
PROPERTIES OF OIL SHALE RETORT WATERS 

A .  P.  Toste a n d  R .  E. Myers 

Physical Sciences Department 
Pacif ic  Northwest Laboratory 

Richland, Washington 99352 

INTRODUCTION 

Considerable technological research i s  current ly  underway t o  develop a shale 
o i l  industry in the United S ta tes .  The f e a s i b i l i t y  o f  shale o i l  production i s  be- 
ing tes ted using various technologies, most of which a re  presently a t  the bench- 
level t o  pi lot-plant  stages of development. Concern about the potent ia l  health and 
environmental impacts of such an industry has, in turn,  prompted intensive biomedi- 
cal and  environmental research, much of i t  d i rected a t  chemically a n d  biological ly  
evaluating the genotoxicitylcarcinogenicity potent ia l  of shale  o i l s .  
been demonstrated tha t  cer ta in  crude and chemically f ract ionated shale o i l  samples 
a r e  mutagenic using carcinogen-screening bioassay systems such as  the Ames Salmonella 
assay. (1 -6 )  

The quantity and chemical propert ies  of the  r e t o r t  water vary depending upon the 
re tor t ing  technology used; ( 7 )  aboveground re tor t ing  processes generate much l e s s  
r e t o r t  water t h a n  shale  o i l ,  whereas in s i t u  processes generate approximately equal 
amounts of r e t o r t  water a n d  shale  o i l .  All o f  the re tor t ing  processes designed to 
date  provide for  complete recycling of a l l  process waters, w i t h  no discharge into 
the environment. Nevertheless, considering the enormous amounts of r e t o r t  waters 
t h a t  may be produced in a large-scale  shale  o i l  industry, there i s  considerable con- 
cern about the health and environmental impacts associated with the recycling of 
these waters and any accidental re lease in to  the environment. 

Much i s  known about the inorganic propert ies  of r e t o r t  waters, notably the metal 
and t race  metal content. (8) 
about spec i f ic  c lasses  of organic compounds (9 , lO)  and organometallic species (11 )  i s  
ava i lab le ;  even a few comprehensive s tudies  of numerous classes  of organics have been 
reported.( lZ)  Much remains t o  be elucidated,  however, about the relat ionship of the 
r e t o r t  waters'  organic content t o  mutagenicity and chelat ion of the metals present ,  
i . e .  metallorganics. 

The primary goal of t h i s  study was to  evaluate the mutagenic, organic, and  met- 
a l lorganic  properties of o i l  shale r e t o r t  waters. 
analyzed in the mutagenesis/organics study: 
from the Paraho aboveground r e t o r t ;  a r e t o r t  water from t h e  Occidental v e r t i c a l ,  mod- 
i f i e d  in s i t u  r e t o r t ;  and  a r e t o r t  water from the horizontal ,  t rue  in  s i t u  r e t o r t  a t  
Vernal, Utah.  

i c a l l y  f ract ionat ing the complex organic content of r e t o r t  waters t o  f a c i l i t a t e  t h e i r  
chemical and mutagenic character izat ion.  
several methods f o r  extract ing hydrophobic organics from the r e t o r t  waters: 1 )  sol-  
vent extract ion with pH adjustment; 2 )  XAD-4 par t i t ion  chromatography; and 3 )  C18: 
par t i t ion  chromatography. 
chromatography ( H P L C )  f o r  f rac t iona t ing  the hydrophobic organic f rac t ion .  Each method 
was evaluated b o t h  chemically and  biological ly .  For the metallorqanics/orqanics stud,y 
we decided t o  t e s t  steric-exclusion chromatography as  a means of f rac t iona t ing  metal- 
organic chelates .  

I t  has already 

Retortwaters a r e  co-producedwith s h a l e o i l  durinq the r e t o r t i n q o f o i l  shale. 

Less i s  known about t h e i r  organic content. Information 

Four r e t o r t  water samples were 
a storage water and a condensate water 

A second goal of t h i s  study was to  develop and  evaluate improved methods of chem- 

To begin the mutagenesis study, we tes ted 

We then tes ted the usefulness of high-performance l iquid 
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EXPERIMENTAL ---- 
Mutagenesis/Organics Studies 

- C18-Partition Chromatography. 
i n i t i a l l y  f ract ionated by p a r t i t i o n  chromatography on a Cis-cartridge based on a meth- 
od described by Riggin and Howard.(l3) 
conditioned by e lu t ing  2 m t  of  methanol through i t ,  followed by 4 m t  of milli-Q-puri- 
f i e d  water. 
The organic-loaded C18-cartridge was then washed w i t h  4 m t  of milli-Q water. The hy- 
drophobic organic f rac t ion  of t he  r e t o r t  water was then eluted from the  C18-cartridge 
w i t h  2 m t  of  methanol. 

HPLC Analysis. 
f ract ionated on the  basis  of po lar i ty  by normal phase HPLC u s i n g  an NH,-column and a 
three-solvent mobile phase system. 
5 m t / m i n .  f o r  the f i r s t  5 m i n . ,  followed by a 10 min., l inear  gradient  t o  100% methyl- 
ene chloride; 100% methylene chlor ide flowed i s o c r a t i c a l l y  f o r  5 min., followed by a 
10 m i n . ,  l i n e a r  gradient t o  100% isopropanol; f i n a l l y ,  100% isopropanol flowed iso- 
c r a t i c a l l y  fo r  5 m i n .  The NH2-column was reconditioned by cycling back t o  hexane us- 
ing a 10 m i n . ,  l inear  gradient ,  followed by 100% hexane i s o c r a t i c a l l y  f o r  10 m i n .  

Fif ty  u t  of sample (50 t o  100 mg/ma) were injected onto the  NH2-column per HPLC 
r u n ;  10 to 20 runs of each sample were r e p e t i t i v e l y  col lected in to  250 mz roundbottom 
f l a s k s .  The H P L C  e f f luent  was monitored by UV absorbance a t  250 nm. Each HPLC frac- 
t i o n  was concentrated by ro ta ry  evaporation, t ransfer red  t o  a pre-weighed v i a l ,  evap- 
orated to  dryness under N 2 ,  weighed, and redissolved in  1 mR of  methylene chloride. 
Half of the sample was set  as ide  f o r  combined gas chromatography-mass spectrometry 
(GC-MS) analysis ;  the other  half  was redried and dissolved in 0.5 m t  DMSO f o r  the Ames 
bioassay. 

GC-MS Analysis. The organics i n  the H P L C  f rac t ions  were analyzed on a Hewlett Packard 
5982 GC-MS instrument i n  the  e lec t ron  impact (70  eV) mode. A 15 m x 0.30 mm I.D. 
g l a s s  capi l la ry  column coated w i t h  0.25 urn f i lm thickness of SE-52 was programmed 
from 40°C t o  100°C a t  3Z°C/min., t h e n  programmed a t  8 O C l m i n .  t o  290°C, where i t  was 
maintained isothermally f o r  30 m i n .  A Grob s p l i t l e s s  inject ion system was used. The 
GC column was interfaced t o  a mass spectrometer via platinum-iridium tubing. The 
mass range of 50 t o  300 a.m.u. was scanned by computer (HP5934A) every 1.8 sec. 

Mutagenesis Assay. Agar-plate mutagenicity assays were car r ied  out  essent ia l ly  as de- 
scr ibed by Ames et  a l .  (14) TheTA98 s t r a i n  of Salmonella typhimurium was used with the 
S9 f rac t ion  from r a t  l i v e r  homogenate (induced with Aroclor 1254) a s  a metabolic a c t i -  
vator .  
H P L C  f rac t ions  t h a t  were bioassayed. 
p l a t e ,  rever tant  colonies of TA98 were counted on a New Brunswick S c i e n t i f i c  Company 
Biotran I 1  automated colony counter. 

Each retort water used i n  the  mutagenesis s tudies  was 

In our procedure, the Cle-cartridge was pre- 

Each r e t o r t  water (24-150 m t )  was then loaded onto t h e  C18-cartridge. 

The hydrophobic organic f rac t ion  of each r e t o r t  water was fur ther  

Hexane flowed through the column i socra t ica l ly  a t  

Dimethylsulfoxide (DMSO) was used a s  the solvent  f o r  a l l  of t he  standards and 
After  24 t o  36 hr. incubation of t he  inoculated 

Metallorganics/Organics Studies  

Sephadex G-15 Chromatography. 
6-15 column ( 2 . 5  cm x 31 cm) and chromatographed a t  a spec i f ic  flow r a t e  ranging from 
23-31 m t / h r .  w i t h  milli-Q-purified water. Replicate runs were made w i t h  each sample, 
w i t h  and without Blue Dextran a s  a void volume marker. The column ef f luent  was mon- 
i to red  by UV absorbance a t  254 n m  and col lected i n  4 m t  f rac t ions  on an Isco fract ion 
co l lec tor .  one a l iquot  was set as ide  for  
metals analysis  by plasma emission spectroscopy (PES); the other  half was methylated, 
p r ior  t o  GC and GC-MS analysis .  

Methylation. 
form t o  remove hydrophobic organics. 
analysis .  

Each r e t o r t  water (2-10 mi) was loaded on a Sephadex 

Each column f rac t ion  was divided i n  ha l f :  

Each column subfract ion was extracted w i t h  an equal volume of chloro- 
The chloroform ext rac t  was s e t  as ide  f o r  GC 

The aqueous f rac t ion ,  believed t o  contain polar  organic compounds which 
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might chelate  metals, was evaporated t o  dryness under N, a t  bl00"C. The dried res i -  
due Of  each fract ion was then methylated by adding 1 mR of BF3/methanol (14% w / v )  
and incubating a t  100°C f o r  40 m i n .  in a sealed v i a l .  After cooling, chloroform 
(1 mP.1 was added and the mixture was t ransferred t o  a t e s t  tube containing buffer 
Solution (3 mL of 1M KH2P04, pH 7 ) .  
a Specif ic  amount of the chloroform layer  (0.4-0.7 mL) was t ransferred t o  a glass 
Vial and the chloroform was evaporated under N 2  a t  R.T. 
in chloroform (100-200 u t )  andanal iquot  (1-2 112) was analyzed by GC and  GC-MS. 

GC t n a l y s i s .  The organics in the methylated f rac t ions  were i n i t i a l l y  analyzed on a 
Hew e t t  Packard 5880 gas chromatograph equipped with a flame ionizat ion detector .  A 
fused s i l i c a  capi l la ry  column (30 m x 0.25 mm I.D.) coated with 0.25 wn of SE-52 was 
programmed from 4OoC to  300°C a t  4OC/min., where i t  was maintained isothermally for 
10 rnin. 

GC MS Anal s i s .  
*on a Hewlett Packard 5985 GC-MS instrument in the electron impact (70 eV) 
mode. A 60 m x 0.25 mm I.D. fused s i l i c a  c a p i l l a r y  column coated with 0.25 um of SE-54 
was programmed from 40°C t o  3OOOC a t  5"C/min., where i t  was maintained isothermally 
f o r  8 m i n .  A s p l i t l e s s  inject ion system was used to  introduce the sample onto the 
GC-MS instrument. The GC column was interfaced d i r e c t l y  t o  the mass spectrometer. 
The mass range of 50 to  400 a.m.u. was scanned every 1 sec.  by computer ( H P  2100MX 
equipped with the HP 7920 Large Disc Drive). 

PES Analysis. Each Sephadex column f rac t ion  was analyzed f o r  metals (Fe, Mo, Ni, Mn 
and  Zn) on a Spectrometric Spectra Span 111, t h r e e - j e t ,  d i rect-current  plasma emission 
spectrometer equipped with a multi-element casse t te .  
cording t o  the manufacturer's recommendations. 
1 ppm each Fe, Mo, Ni, Mn and Zn (dissolved in a buffer of 2000 ppm Li, 1% HN03) was 
used to  c a l i b r a t e  the instrument. 
water was used t o  blank the instrument. The instrument's detect ion l i m i t s  were 2 ppb 
f o r  Mn and 5-10 ppb f o r  Fe, N i ,  Mo and Z n .  

Materials 

Samples. The Paraho storage water was sampled on August 26, 1977, and the condensate 
water was sampled on October 13, 1980, a t  the Paraho aboveground r e t o r t  (Anvil Points, 
Colorado). The Occidental r e t o r t  water was sampled on March 7 ,  1979, a t  the Occidental 
v e r t i c a l ,  modified in  s i t u  r e t o r t  (Room 6 )  a t  Logan Islash, Colorado. The Vernal r e t o r t  
water was sampled on July 11, 1978, a t  Vernal, Utah, horizontal ,  t r u e  in s i t u  r e t o r t .  

Standards. Most o f  the standards used in the H P L C  and GC s tud ies  were purchased from 
Aldrich Chemical Company (Milwaukee, Wisconsin) and RFR Corporation (Hope, Rhode Island) 

Chromatographic Columns. The Cis-Sep Pak car t r idges  used f o r  the  Cls-par t i t ion chro- 
matography and the VBondapak NH2-columns and precolumns used in the HPLC analyses were 
purchased from Waters Associates, Inc. (Milford, Massachusetts). The NH2-column was 
a semi-preparative column ( 7  m x 30 cm). 
Sephadex G-15 used in the metallorganics/organics study were purchased from Pharmacia 
Fine Chemicals (Piscataway, New Jersey) .  

Solvents and Glassware. All of the solvents used in the chromatographic analyses were 
red is t i l l ed- in-g lass  solvents purchased from Burdick and Jackson Laboratories, Inc. 
Deionized water was passed through a mi l l i -Q system (Mil l ipore)  containing two ion ex- 
change res ins  and two charcoal f i l t e r s .  All qlassware was acid cleaned. 

After vortexing f o r  one m i n .  and centr i fugat ion,  

T h e  residue was redissolved 

Following the GC analysis ,  the organics in the methylated f rac t ions  

The instrument was operated ac- 
A standard solut ion consis t ing of 

A solut ion of Li-buffered (with 1% HN03), deionized 

The glass  columns (2.5 cm x 45 cm) and 

RESULTS 

htagenesis /Organics  Study 
~ 1 1  of the various methods tes ted for extract ing organics from r e t o r t  waters 
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TABLE 1 .  Organics i n  Oil Shale Retor t  Waters. 

RETORT ORGANIC' TOTAL ORGANIC 
WATER FRACTION (mg/ml) CARBON (mg/ml) 

PARAHO 

PARAHO 
(C 0 N DENS ATE) 

OCCIDENTAL 

VERNAL 

29.85 0.08 

1 . 2 8 + 0 . 1 3  

1.47 ? 0.01 

1 . 0 2 + 0 . 1 5  

1 EXTRACTABLE BY CIS PARTITION CHROMATOGRAPHY 
WITH MeOH ELUTION. 

42.75 

4.08 

4.23 

2.93 

I HPLC 

PH 

8.4 

8.7 

8.9 

8.5 

- 

M I N U T E S  

FRACTION 

FIGURE 1. HPLC of Hydrophobic Organic Fraction from Paraho Storage Retort Water. 
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extracted Some mutagenic a c t i v i t y .  
recovery of mutagenic a c t i v i t y  (2-4 rev/pg); the  amounts of organics extracted were 
a l s o  qui te  reproducible (Table 1 ) .  
appreciable mutagenic a c t i v i t y  (2 .6  rev/pg) b u t  the  e f f ic iency  of extract ion varied 
considerably. HPLC f ract ionat ion of the hydrophobic organic f rac t ion  or  C18-extract- 
able organics, resul ted in considerable f rac t iona t ion  of the  organics and mutagenic 
a c t i v i t y  for  a l l  of the r e t o r t  waters studied (Figure 1 ) .  

On the basis of the H P L C  f rac t iona t ion ,  most of the species i n  the  hydrophobic 
organic f ract ion of each r e t o r t  water chromatographed i n  the  polar HPLC region b u t  
some species chromatographed in the moderately polar HPLC region (Figure 1 ) .  The or -  
ganic content of the various samples appeared t o  be qui te  heterogeneous. GC-MS anal- 
yses of the HPLC f rac t ions  of the o i l  shale  r e t o r t  waters revealed t h a t  the moderately 
polar HPLC region contained mainly nitrogenous compounds: pyridine,  a1 kyl-pyridines, 
a n i l i n e ,  a1 kyl-anilines, quinolines and alkyl-quinolines. The polar HPLC region main- 
l y  contained oxygenated and mixed-function compounds: carboxylic ac ids ,  dicarboxylic 
ac ids ,  phenols, a1 kyl-phenols, and amides. 

ganic f rac t ion .  
lowed by Occidental (0.06 rev/ug), Vernal (0.04 rev/pg) and  Paraho condensate water 
(0.02 rev/Ug). 
or aqueous, f rac t ion .  
v i r t u a l l y  a l l  of the mutagenic a c t i v i t y  was concentrated in the polar  HPLC region 
(Figure 1 ) .  
polar HPLC region, indicat ing a high degree of heterogeneity. The mutagens of the 
Paraho condensate water appeared to  be l e s s  heterogeneous. The mutagens of the  Occi- 
dental and Vernal r e t o r t  waters were even l e s s  heterogeneous, confined exclusively t o  
one region of the polar H P L C  region. 

Metallorganics/Organics Study 

several d i scre te  peaks (Figure 2 ) .  
chromatographic pattern. Detailed GC and GC-MS analyses revealed considerable f rac-  
t ionat ion of the organics (Figure 3 ) .  
peak f rac t ion  (Number 27)  contained qui te  a var ie ty  of polar  organics. The second 
peak f rac t ion  (Number 36) was e a s i l y  the  most complex, containing a broad spectrum 
of organics ranging from N-heterocycles t o  carboxylic acids .  In te res t ing ly ,  Frac- 
t ion 39, a non-UV-absorbing region, contained a homologous s e r i e s  of organics. F i -  
nal ly ,  the th i rd  peak f rac t ion  (Number 4 1 )  contained a moderate var ie ty  of polar or-  
ganics. 
a s  well (Figure 3 ) .  Fe and Zn chromatographed over a wide region, most of which was 
a l s o  associated with organic species. 
very narrow regions associated with organics (Fractions 27 and 29) .  

C18-part i t ion chromatography yielded the highest 

Solvent extract ion with pH adjustment a l s o  yielded 

The mutagenic a c t i v i t y  of each r e t o r t  water was confined t o  i t s  hydrophobic or- 
The Paraho s torage water was the most mutagenic ( 1 . 2 9  rev/ug) ,  fo l -  

No mutagenic a c t i v i t y  was detected in the complementary hydrophilic, 
After HPLC f rac t iona t ion  of the  hydrophobic organic f r a c t i o n ,  

The mutagens of the Paraho storage water chromatographed t h r o u g h o u t  the  

Sephadex 6-15 chromatography fract ionated the organics in r e t o r t  waters into 
Each of the  waters studied yielded a d i s t i n c t  

On the  basis of the GC ana lys i s ,  the f i r s t  

The metals analysis  performed by PES indicated t h a t  metals were fract ionated 

I n  cont ras t ,  most of the Mn chromatographed in 

DISCUSSION 

The chromatographic procedures developed f o r  the mutagenesis and metal lorganics 
s tudies  yielded considerable f ract ionat ion of the r e t o r t  waters '  organics. 
basis  of the mutagenesis study, Cl8-par t i t ion chromatography appears t o  be well-suited 
f o r  extract ing mutagens from r e t o r t  waters and probably other  aqueous samples as well. 
I t  i s  noteworthy t h a t  a l l  of the r e t o r t  waters'  mutagenicity was confined t o  the C18-  
extractable ,  o r  hydrophobic organic, f rac t ion .  As Table 1 indicates ,  t h i s  f ract ion 
generally const i tuted a small percentage of the r e t o r t  waters'  t o t a l  organics. Normal 
phase HPLC with the NH2-column proved useful f o r  fur ther  f rac t iona t ion  of the hydro- 
phobic organic f rac t ion .  As a r e s u l t  of the HPLC analyses, i t  i s  c lear  t h a t  the re- 
tort  waters'  mutagens a r e  polar and, in some cases ,  qu i te  heterogeneous. 
i d e n t i t y o f  the mutagens remains a mystery, however. 
c i e s  ident i f ied  to  date  by GC-MS a r e  known mutagens. 
polar, mixed-function compounds, perhaps N -  and 0-containing species ,  a r e  l i k e l y  can- 
didates .  

On the 

The exact 
None of the numerous organic spe- 

O n  the basis  of the HPLC s tud ies ,  
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Steric-exclusion chromatography w i t h  Sephadex 6-15 a l s o  provided considerable 
f ract ionat ion of the r e t o r t  waters'  organics. T h i s  type of  chromatography appears 
t o  be amenable to  the s tudies  such a s  the metallorganics study (15) i n  t h a t  i t  con- 
s t i t u t e s  a ra ther  mild form of chromatography, unlike ion-exchange chromatography, 
fo r  example. 
matography. Indeed, i n  our s tudies  t o  date  w i t h  the r e t o r t  waters, c e r t a i n  metals, 
and organic species appear t o  co-elute ,  presumably a s  d i s t i n c t  complexes o r  aggregates. 
Interest ingly,  each r e t o r t  water appears t o  contain several d i s t i n c t  aggregates w i t h  
nominal MW's 51500, based on Sephadex G-15's nominal f rac t iona t ion  range a s  cal ibrated 
agai n S t  Dextran standards. 
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INTRODUCTION 

The major i n t e r e s t  i n  o i l  sha le  development w i t h i n  t h e  Un i ted  Sta tes ,  thus fa r ,  
has focused on the  o i l  shales i n  t h e  Green R ive r  Format ion i n  Colorado, Utah and 
Wyoming. However, a s u b s t a n t i a l  p o r t i o n  (nea r l y  250,000 square m i l e s )  o f  the  East- 
e rn  Un i ted  States i s  under la in  by t h e  Devonian B lack  Shales, and i n  p r i n c i p l e ,  
represents a s izeab le  p o t e n t i a l  resource. These shales,  however, y i e l d  o n l y  l ess  
than one-ha l f  as much l i q u i d s  upon hea t ing  as do the  Green R iver  Format ion o i l  
shales,  because o f  t he  l e s s e r  hydrogen conten ts  o f  t h e  Devonian shales. 
processes t o  e x t r a c t  l i q u i d s  o r  improve recovery  r a t i o s  from the  Devonian shales 
must necessa r i l y  deal w i t h  spec ia l  r e t o r t i n g  techniques f o r  hydrogen d e f i c i e n t  
ma te r ia l s .  
process, which r e t o r t s  o i l  sha le  under hydrogen pressure  w i t h  the  r e s u l t  t h a t  o i l  
y i e l d s  o f  Devonian shales are  inc reased 2.5 t imes over those ob ta ined by the  stand- 
a r d  F ischer  assay. 
duced by t h e  IGT and F ischer  assay processes would be b e n e f i c i a l  toward: 
i n g  the  q u a l i t y  o f  t he  p roduc t  o i l s ,  b) understanding the  r e t o r t  process and c) 
p r o v i d i n g  i n fo rma t ion  f o r  o p t i m i z i n g  the  process. 

Nuclear Magnetic Resonance (NMR) i s  a technique t h a t  has been used ex tens ive ly  
t o  cha rac te r i ze  petroleum f r a c t i o n s .  An advantage o f  NMR i s  t h a t  it can be app l ied  
t o  whole o i l s  t o  determine gross compos i t iona l  and s t r u c t u r a l  changes t h a t  might 
occur du r ing  the process. Th is  i n f o r m a t i o n  i n  tu rn ,  can be used by process en- 
g ineers  t o  determine what parameters t o  va ry  o r  c o n t r o l ,  and by chemists t o  deter-  
mine t h e  need f o r  f u r t h e r  f r a c t i o n a t i o n  and cha rac te r i za t i on .  

H y t o r t  and F ischer  assay processes and hydro t rea ted  shale o i l s  from the  H y t o r t  
process. The F ischer  assay i s  t h e  s tandard  method f o r  eva lua t i ng  an o i l  sha le ' s  
p o t e n t i a l  f o r  conversion t o  l i q u i d s  and thus ,  o i l s  produced from the  F ischer  assay 
represent base l i ne  o i l s  f o r  comparison purposes. 
ana lys i s  o f  shale o i l s  us ing  NMR techn iques( l ,2 ) .  Those t h a t  have, have discussed 
shale o i l s  produced p r i m a r i l y  from Green R ive r  o i l  shales. 
Eastern o i l  shales,  coupled w i t h  t h e  ones produced from processes o the r  than the  
F ischer  assay, o f f e r  a s e t  o f  sha le  o i l s  d i f f e r e n t  enough t o  assess t h e  u t i l i t y  o f  
NMR methods. 

Therefore, 

One such cand ida te  process i s  t he  I n s t i t u t e  o f  Gas Technology's Hy to r t  

Charac te r i za t i on  o f  t h e  Eas tern  and Western o i l s  t h a t  are pro- 
a) assess- 

Th is  paper r e p o r t s  t h e  r e s u l t s  o f  NMR s tud ies  o f  shale o i l s  produced by the  IGT 

Few papers have appeared on the  

Shale o i l s  produced from 

EXPERIMENTAL PROCEDURE 

A. Shale O i l  Source 

The NMR s tud ies  were conducted on shale o i l s  ob ta ined from a Western Eocene 
shale (Colorado, Piceance Basin: and t w o  Eastern Oevonian shales (Kentucky Sunbury 
and Kentucky New Albany from Lewis and E u l l i t t  Count ies,  Kentucky, respec t i ve l y ) .  
The shale o i l s  from the  t h r e e  shales were ob ta ined us ing  the  IGT H y t o r t  Process 
Development U n i t  a t  IGT(3) and t h e  F i sche r  Assay r e t o r t  method a t  LETC(4). The 
Eastern shale o i l s  were f u r t h e r  upgraded us ing  t h e  IGT c a t a l y t i c  hyd ro t rea t i ng  u n i t  
a t  IGT(5). 
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I , 6.  Nuclear Magnetic Resonance 

Samples were prepared i n  5mm tubes f o r  'H and l O m m  tubes f o r  1 3 C  experiments. 1 Tet ramethy ls i lane  (TMS) was used as a re fe rence  f o r  bo th  n u c l e i  and CDC13 as the  
\ 

, 
so lven t  f o r  a l l  samples. Concentrat ions o f  approx imate ly  50/50 and 65/35 by  volume 
of sampie t o  so lvent  were used f o r  p r o t o n  and carbon-13 spec t ra ,  respec t i ve l y .  s i x  
percent  TMS i n  CDC13 p rov ided t h e  l o c k  s igna l  f o r  'H and t h e  s o l v e n t  C D i 1 3  p rov ided 
the  l ock  s igna l  f o r  1 3 C  NMR spectra.  

' C. Average Molecular S t ruc tu re  Parameters I 
\ 

The average molecular s t r u c t u r e  parameters f o r  t h e  va r ious  shale o i l s  were 

compute the  parameters were assembled from the  l i t e r a t u r e  and p a r t l y  de r i ved  by 
Netzel  and Hunter(6). 
f i ns (7 ) .  

! c a l c u l a t e d  from the  normal ized 'H and 1 3 C  spec t ra l  areas. The equat ions used t o  

The equat ions were mod i f i ed  t o  i n c l u d e  t h e  presence o f  o le -  

\ 
RESULTS AND DISCUSSION 

A. Shale O i l  - A n a l y t i c a l  Data 

Table I l i s t s  the  elemental compos i t ion  and the  H/C we igh t  r a t i o s  o f  t h e  East- 
e rn  and Western shale o i l s  ob ta ined from the  F ischer  assay and IGT H y t o r t  r e t o r t i n g  
processes. 
r a t i o  o f  the  hydro t rea ted  shale o i l s .  

pendent o f  the  r e t o r t i n g  process f o r  a g iven shale. However, f o r  the  hydro t rea ted  
IGT H y t o r t  shale o i l s ,  the  H/C r a t i o  increases as one would expect upon hydrogena- 
t i o n  o f  aromat ic and o l e f i n i c  molecules t o  form sa tu ra te  molecules. 
r a t i o  o f  the  Eastern shale o i l s  a re  s i g n i f i c a n t l y  lower than t h a t  o f  t he  Western 
shale o i l  i n d i c a t i n g  g rea te r  aromat ic conten t  f o r  t h e  Eas tern  sha le  o i l s .  

Also inc luded i n  t h e  Table a re  t h e  elemental composi t ions and H/C weight 

As shown i n  Table I, the  H/C we igh t  r a t i o  o f  t he  sha le  o i l  appears t o  be inde- 

The H/C weight 
I ' 

The t o t a l  s u l f u r  con ten t  o f  t h e  Western shale o i l s  i s  lower than the  Eastern 
shale o i l s  and appears t o  be independent o f  t he  r e t o r t i n g  process. 
con ten t  i s  s l i g h t l y  h igher  f o r  t he  Colorado sha le  o i l  r e l a t i v e  t o  the  two Kentucky 
shale o i l s .  The IGT H y t o r t  process r e l a t i v e  t o  the  F ischer  assay method tends t o  
increase the  n i t rogen  conten t  o f  t he  sha le  o i l s  independent o f  t h e  source o f  t he  o i l  
shale.  This increase may be due t o  t h e  more severe cond i t i ons  used i n  the  H y t o r t  
process. As expected t h e  hydro t rea ted  shale o i l s  have markedly reduced n i t rogen  and 
s u l f u r  contents.  

' The n i t rogen  

' 

6.  Shale O i l  - NMR Data 

F igure  1 shows the  'H NMR spectrum o f  t he  Colorado F i scher  assay shale o i l .  c, 
' 

Most o f  the  q u a n t i t a t i v e  i n f o r m a t i o n  on t h e  composi t ion o f  sha le  o i l  i s  der ived  from 
the  'H spectrum s ince  t h e  chemical s h i f t  ranges f o r  the  va r ious  hydrogen types found 
i n  hydrocarbons are  f a i r l y  w e l l  def ined6. 

F ischer  assay method and the  IGT H y t o r t  process. 
represents  the  a r o m a t i c / o l e f i n i c  carbon resonances. 
and 138 ppm are  due t o  1-alkenes(1). The a l i p h a t i c  carbon resonances are  found i n  
t h e  reg ion  from 0 t o  50 ppm. The f i v e  in tense s igna ls  (14, 23, 29, 30 and 32 ppm) 
i n  t h i s  reg ion  correspond t o  t h e  f i v e  s igna ls  assoc ia ted  w i t h  carbon cha in  g rea te r  
than 9. The g rea te r  t he  i n t e n s i t y  o f  the  resonance a t  30 ppm r e l a t i v e  t o  t he  i n -  
t e n s i t y  of t he  resonance a t  1 4  ppm, t h e  longer  the  carbon cha in  length .  The less  
in tense s igna ls  i n  t h i s  reg ion  are  due t o  branched and c y c l i c  alkanes and a l k y l  
groups of a lky la romat ics (2) .  
species f r o m  n e i t h e r  the  l H  nor  I 3 C  NMR spec t ra  b u t  on l y  the  average molecular type. 

F igure  2 shows the  1 3 C  NMR spec t ra  o f  t h e  Colorado sha le  o i l  produced from the  
The reg ion  from 100 t o  150 ppm 

?he two sharp resonances a t  114 

It i s  no t  p o s s i b l e  t o  i n f e r  t h e  i n d i v i d u a l  molecular 
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Figure  3 shows t h e  carbon-13 spec t ra  o f  t h e  Kentucky Sunbury sha le  o i l s  pro- 
duced by t h e  F ischer  assay and t h e  IGT H y t o r t  processes. 
produced by the  IGT H y t o r t  process were c a t a l y l i c a l l y  hydro t rea ted .  The carbon-13 
spectrum of  t he  hydro t rea ted  Kentucky New Albany shale o i l  i s  shown i n  F ig .  4. The 
spectrum of t he  hydro t rea ted  Kentucky Sunbury i s  n e a r l y  i d e n t i c a l  and i s  no t  given. 

The two Eastern  shale o i l s  

C. Average Molecular S t ruc tu re  Parameters 

Average molecular s t r u c t u r e  parameters and t h e  compos i t ion  o f  t he  hydrocarbon 
types  can be  determined from t h e  i n t e g r a t i o n  o f  t h e  area o f  t h e  var ious  carbon and 
hydrogen reg ions  i n  t h e  HMR spectra(6).  
s t r u c t u r e  parameters f o r  any hydrocarbon m ix tu re  i n c l u d i n g  sha le  o i l  several  assump- 
t i o n s  must be made. These assumptions are: (1) The sample con ta ins  o n l y  mono- and 
d ia romat ics  which i n  most cases i s  v a l i d  because the  concen t ra t i on  l e v e l  o f  t r i a r o -  
mat ics  i n  shale o i l  i s  smal l ,  ( 2 )  t h e  unsubs t i t u ted  non-br idged aromat ic  r i n g  carbon 
pro tons  o f  mono- and d ia romat ics  a r e  s u f f i c i e n t l y  separated i n  the  'H spectrum such 
t h a t  the  r a t i o  o f  mono- t o  d ia romat i cs  p ro tons  can be determined, (3) t he  number o f  
subs t i t uen ts  i n  t h e  mono- and d ia romat i c  components i s  t h e  same, (4) t h e  concentra- 
t i o n  o f  he teronuc lear  molecules i s  low ( a  weak assumption), (5)  one hydrogen per 
o l e f i n i c  carbon and (6) l ong  carbon cha in  a l k y l  s u b s t i t u e n t s  on aromat ic r i n g s  and 
l o n g  a l k y l  carbon chains o f  o l e f i n s  a re  computed as sa tu ra te  hydrocarbons. 

Because the  sha le  o i l s  were c o l l e c t e d  over a l a r g e  temperature range, the  
v a l i d i t y  o f  average s t r u c t u r a l  parameters i n  rep resen t ing  molecu la r  type  i s  almost 
meaningless. The s t r u c t u r a l  parameter da ta  a r e  va luab le  i n  t h a t  they  q u a n t i t a t i v e l y  
represent  observed changes i n  t h e  'H and 1 3 C  NMR spec t ra  o f  t h e  sha le  o i l s ,  and thus 
t rends  may be es tab l i shed.  

impor tan t  parameters a re  t h e  hydrogen and carbon a r o m a t i c i t i e s .  The hydrogen aroma- 
t i c i t y ,  f', i s  de f ined as the  area measurement o f  t h e  aromat ic  hyflrogens d i v ided  by 
t h e  t o t a l a a r e a  o f  a l l  hydrogens i n  t h e  'H spectrum. 
and Western shale o i l s  produced by the  F i sche r  assay, IGT H y t o r t  Bnd t h e  hydro t rea t -  
ed  H y t o r t  methods are  g iven i n  t h e  tab les .  

The r a t i o  o f  t h e  i n t e g r a t e d  aromat ic  carbon reg ion  t o  $he t o t a l  i n teg ra ted  
carbons i n  the  13C spectrum g i ves  t h e  carbon a r o m a t i c i t y ,  f . 
f o r  t he  var ious  shale o i l s  a re  a l s o  g iven i n  Tables 11, 111: and I V .  It should be 
no ted  t h a t  t he  carbon a r o m a t i c i t y  va lue  i s  n o t  t o t a l l y  due t o  aromat ic carbons but 
a l s o  o l e f i n i c  carbons. 

When c a l c u l a t i n g  the  average molecular 

Tables 11, 111, and I V  g i v e  t h e  average molecu la r  s t r u c t u r e  parameters. Two 

Values f o r  f f o r  t h e  Eastern 

Carbon a romat i c i t i es  

H C The measurement o f  f and f a r e  ob ta ined d i r e c t l y  from t h e i r  respec t i ve  NMR 
spectrum. 
i n  computing these values. 
changes which migh t  occur i n  a system under r e t o r t i n g  cond i t i ons  o r  hydro t rea t ing .  

va r ious  shale o i l s .  
compare sha le  o i l  source and r e t o r t i n g  methods. To conver t  t h e  mole percentages t o  
we igh t  o r  volume percentages r e q u i r e s  a d d i t i o n a l  assumptions rega rd ing  average 
molecu la r  weights and average d e n s i t i e s  f o r  t he  hydrocarbon types and thus i s  no t  
germane t o  the  discussion. More so than t h e  H/C we igh t  r a t i o s  (Table I ) ,  t h e  mole 
Percent  of aromat ics (which i nc ludes  n i t r o g e n  s u l f u r  and oxygen heteroaromat ics),  
o l e f i n s  and alkanes i n  Tables I 1  th rough I V  show c l e a r l y  the  d i f f e r e n c e s  i n  Eastern 
and Western shale o i l s  ob ta ined from the  two r e t o r t i n g  and h y d r o t r e a t i n g  processes. 

produced by t h e  F ischer  assay method and the  IGT Hytort processes con ta in  about 
t w i c e  as much aromat ics compared t o  the  Colorado shale o i l .  

That  i s ,  no a s h n p t i o a s  (as ide  from o l e f i n i c  c o n t r i b u t i o n  t o  f ) are made 
Thus these values a re  impor tan t  i n  represent iag  any 

Tables I 1  through I V  a l s o  l i s t  the  mole pe rcen t  o f  hydrocarbon types i n  the  
To a ve ry  good f i r s t  approximat ion,  t he  da ta  can be used t o  

I t  i s  r e a d i l y  seen from t h e  da ta  i n  Tables 11-IV t h a t  t h e  Eastern shale o i l s  

For the  Colorado shale 
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o i l ,  the mole percent of aromatics are  nearly same regardless of the  r e t o r t  method 
1 (probably due t o  less  severe conditions used i n  the Hytort process). However, f o r  

the Eastern shale o i l s ,  the IGT Hytort process increases the mole percent of aro- 
\ matics re la t ive  t o  the Fischer assay method. 

Eastern shale o i l s  over the Colorado shale o i l  i s  the r e s u l t  of (1) higher aromatics 
\ in  the raw o i l  shales which i s  supported by so l id  s t a t e  NMR data  and (2)  re tor t ing  

in  a hydrogen atmosphere which may f ree  more aromatics from the matrix. 

9 re la t ive  t o  the two Kentucky shale o i l s  (see Tables iI-IV), while the IGT Hytort 
process produces less  olef ins  overal l .  However, the Colorado Hytort shale  o i l  s t i l l  ' has more olef ins  then the Kentucky Hytort shale  o i l s .  
the f a c t  the hydrogen pressure used in the IGT Hytort of the  Colorado shale was 
lower than the hydrogen pressure used f o r  the Eastern shales. 

As expected, the hydrotreating o f  the Kentucky Hytort shale o i l s  considerably 
reduces the mole percent o f  aromatics and o le f ins  with a corresponding increase in 
the mole percent o f  alkanes. 

This increase i n  aromatics for t h e  

I The Fischer assay method produces more o le f ins  f o r  the Colorado shale  o i l  

This i n  p a r t  may be due t o  

\ 

,' 

CONCLUSIONS 7 

I t  has been shown t h a t  computing the average molecular s t ruc ture  parameters 
from NMR data of shale o i l s  can be useful in  describing changes in  the o i l s  resu l t -  
ing from di f fe ren t  re tor t ing methods and source of the o i l  shale. \ 

, Eastern shale o i l s  are  more aromatic than the Western shale o i l  regardless of 
I t  a lso has been observed t h a t  the IGT Hytort process increases the r e t o r t  method. 

the aromatic content and lowers the o le f in ic  content of the  Eastern shale o i l s ,  
I,, re la t ive  t o  the Fischer assay method. 

\ 

. 1. 

\ 

2. 

3. 
\ 

4. 

1 

5. 

\ 

6. 

7. 

REFERENCES CITED 

Netzel, 0. A . ,  "High Resolution NMR Sepctroscopy: I t ' s  Application t o  Shale 
Oil Component/Type Analysis," Proc. of IGT S n the t ic  Fuels from Oil Shale 
S m osium, Atlanta, G A . ,  Paper ' ; - IV997Px 
&rein. 

E a =  references 

Netzel, D. A . ,  D .  R. McKay, R. A. Heppner, F. D. Guffey, S. 0. Cooke, D. L .  
Varis, and D. E .  Linn, "Proton and Carbon-13 NMR Studies on Naphtha and Light 
D i s t i l l a t e  Saturate Hydrocarbon Fractions Obtained from In S i tu  Shale Oil ,'I - Fuel 60, 307 (1981). 

Feldkirchner, H.  L., "The Hytort Process," Proc. o f  IGT Synthetic Fuels from 
Oil Shale Symposium, Atlanta, G A . ,  paper, 1979 (Publ. 1980), p.  489. 

Baughman, G. L., "Synthetic Fuels Data Handbook," 3nd Ed.; p. 55, Denver, CO., 
Cameron Engineers, Inc. ,  1978. Standard method of t e s t  f o r  o i l  from oi l  shale 
(resource evaluation by USBM Fischer assay procedure) ASTM Method D 3904-80. 

"Synthetic Fuels f r y  U. S. Oil Shales a Technical and Economic Verif icat ion of 
The Hytort Process, DOE/ET/14102-2, Subject Category UC-91. 

Netzel, D. A .  and Hunter, P .  M . ,  "Hydrocarbon Type Analysis of J e t  Fuels by 'H 
and I 3 C  N M R , "  Report of Investigation DOE/LETC/RI-81-1. 

Ozubko, R. S . ,  Clugston, 0. M. and Furimsky, E. ,  "Comparison of Mass Spectrom- 
e t r y  and Nucllear Magnetic Resonance Spectrometry for  Determination of Hydro- 
carbon Type, Anal. Chem., 53, 183 (1981). 

153 



TABLE I ELEMENTAL ANALYSES OF SHALE OILS AND HYOROiREATED SHALE OILS 

Elementa l  A n a l y s i s ,  'WE 
IGT-Hytor t  

F i sche r  Assay IGT-Hy to r t  Hyd ro t rea ted  
A a 

t o l o r a d o  Shale 011 
Carbon 85.08 84.30 84.57 
Hydrogen 11.54 11.42 11.40 
S u l f u r  .73 .63 0.62 
N i t r o g e n  1.80 1.90 2.13 

H/C Weight  R a t i o  0.135 0.136 0.135 
Oxygen 1 . 3 1  1.50 0.98 

Kentucky New Albdny Shale O i l  
Caroon 
Hydrogen 
S u l f u r  
N i  t ragen  
Oxygen 
H/C Weight  R a t i o  

84 .91  
3.83  
1.02 
1 . 5 2  
1.72 
0.116 

84.97 
10.08 

1 . 6 1  
1.56 
2.00 
0.119 

85.46 
9.42 
1.52 
2.12 
1 .61  
0.110 

88.27 
11.70 

.os 

.40 

.12 
0.133 

Kentucky Sunbury 
Caroon 84.36 84.59 85.45 87 .30  
Hydrogen 9.96 9.98 9.56 12.60 
S u i f e r  1.33 1.59 0. 99 .OK 
N i t r o g e n  1.33 1.48 2.12 .17 
Oxygen 2.12 2.36 1.22 .28 
H/C Weight R a t i o  0.118 0.118 0.112 0.144 

TABLE I 1  AVERAGE MOLECULAR STRUCTURE PARAMETERS AND MOLE PERCENT AROMATICS. 
OLEFINS. AND ALKANES FOR COLORADO SHALE OILS OBTAINED FROM THE 

FISCHER ASSAY AN0 I G T  HYTORT PROCESSES 

Shale O i l  Processes 
E s t h e r  Assay IGT 

Hydrogen A r o m a t i c i t y  * & % F  
Capbon A r o m a t i c i t y *  ,244 .244 ,269 

Mole Percent  Aromat ics**  26.5 26.1 28.1 
Percen t  Mono- 24.9 24.3 25.3 
Percen t  O i -  1.6 1.8 2.8 
F r a c t i o n  o f  S u b s t i t u t e d  6 Br idged 

Carbons ,158 ,154 ,156 
F r a c t i o n  o f  U n s b u s t i t u t e d  Carbons ,087 ,090 ,113 
Number o f  A l k y l  Subs t i t uen ts /R ing  3 . 3  3.2 2.8 

Hole Percen t  O l e f i n s  6 . 3  7.2 4.9 

Mole Percent  Alkanes 67.2 66.7 66.9 
F r a c t i o n  o f  n-a lkanes .35 .40 . 5 1  
F r a c t i o n  o f  branched Alkanes*** . 6 5  .60 .49  

Carbon Chain-Length 11.7 14.3 1 7 . 1  
CH,/CH, R a t i o  2 . 1  2.3 2.2 

T o t a l  Atomic HIC R a t i o  1.60 1 . 6 1  1 .61  
Aromat ic  H/C R a t i o  .36 . 3 7  .42  
Alkane H/C Rat io  2.01  2.02 2.04 

" Inc ludes  o l e f i n i c  carbons 
Inc ludes  he te roa romat i cs  
Inc ludes  c y c l i c  a lkanes and a l k y l  s u b s t i t u e n t  carbons on aromat ic  r i n g s  

** 
"l* 
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\ 

Shale O i l  Processes 
F i sche r  Assa IGT IC: H y t o r t  

A  -& H y d r o y w i t e d  
Hydrogen A r o m a t i c i t y  m2- 
Caroon Aromat i c i t y "  , 362  , 3 7 3  ,468 ,177 

Mole Percent Aromat ics"*  46.4 46.9  60.0 32.9 
Percent  Mono- 4 1 . 1  42.5 51.3 30.0 

F r a c t i o n  o f  Subs t i t u ted  b Br idged ,245 , 212  , 2 2 1  .055 
Percent  O i -  5.3 4.4 5.6 2.9 

Carbons 
F r a c t i o n  o f  Unsubs t i t u ted  Carbons ,225 .161 ,141 . 123 
Number o f  A l k y l  Subs t i t uen ts /R ing  3 . 0  2.8 2.3 2 . 7  

Mole Percent  O le f i ns  4.4 5 . 1  4 0 0.0 

Mole Percent  Alkanes 49.2 48.0 3 9 . 1  67.1 
F r a c t i c n  o f  n-alkanes .29 .29 27 . 2 3  
F r a c t i o n  o f  brancned alkanes*** .71 . 7 1  .73 .77 
CH,/CH3 R a t i o  1.04 . 9  . 8  1.1 
Carbon Chain-Length 9.2 10.7 10.0 11.2 

To ta l  Atomic H/C Rat io  
Aromat ic  H/C R a t i o  
Alkane H/C R a t i o  

1.38 1.41 1.31 1.58 
.39 .43 .48  .69 

1.94 2.00 2.05 1.77 

* Inc ludes  o l e f i n i c  Carbons 
**  Inc ludes  heteraaromat ics 
'** Inc ludes  c y c l i c  a lkanes and a l k y l  SUbSt i tuent  carbons on aromat i c  r i n g s  

TABLE I V  AVERAGE MOLECULAR STRUCTURE PARAMETERS AN0 MOLE PERCENT AROMATICS, 

FISCHER ASSAY, IGT HYTORT AND HYDROTREATMENT PROCESSES 
OLEFINS. AND ALUNES FOR KENTUCKY SUNBURY SHALE OILS OBTAINEO FROM THE 

Shale Oil Processes 
F l shce r  Assay IGT I G T  H y t o r t  

A  B Hydro t rea ted  
Hydrogen A r o m a t i c i t y  x.119 ,048 
Carbon A r o m a t i c i t y "  ,383 .382 ,453 .I84 

Mole Percent  Aromatics*" 52.3 48.7 62.9 1 9 . 8  
Percent  Mono- 47.9 41.8 53.6 17.3 
Percent  O i -  4.5 6.9 9.4 2.5 
F r a c t i o n  o f  S u b s t i t u t e d  b 

Br idged Carbons ,205 ,214 ,225 ,101 
F r a c t i o n  o f  Unsubs t i t u ted  ,178 ,168 ,229 ,084 

Number of  A l k y l  Subs t i t uen ts /  2 . 7  2.8 2.5 2.7 

Ma l e  Percent  Oie f i n s  6 .6  6 . 0  3.1 0.0 

Mole Percent  Alkanes 41.1 45.3 33.9 80.2 
F r a c t i o n  o f  n-al  Lanes . 3 1  . 31  . 28  . 2 2  
F r a c t i o n  O f  branched alkanes'** . 69  .69 .72 78 

Carbon Chain-Length 10.0 9.7 10.4 8 .7  

Carbons 

R ing  

CH?/CH, R a t i o  . 6  .7 . 3  1.3 

To ta i  AtomTc H/C R a t i o  
Aromat ic  H/C R a t i o  
Alkane H/C R a t i o  

1.41 1.41 1.33 1. 72 
.46 .44 .50 .45  

1.99 2.00 2.02 2.00 

* Includes o l e f i n i c  carbons 

*Ia 
I nc luaes  he te roa r ima t i cs  
Includes c y c l i c  a lkanes and a l k y l  s u b s t i i u e n t  carbons on aromat ic  r i n g s  

** 
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Figure 1 1H NMR SPECTRUM OF THE COLORADO SHALE O I L  OBTAlNEO FROM THE 
FISCHER ASSAY METHOD 

Carbon-13 NMR 

Colorado Shale Oil 
Fischer Assay 

I 

NMR SPECTRA OF THE COLORADO SHALE O I L S  OBTAINED FROM THE 
FlSCHER ASSAY AND I C 1  HYIORI  PRDCESJ~S 
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Carbon-13 NMR 
Kentucky New Albany Shale Oi l  
Fischer 1 

200 ppm 
p p x  

IGT Hytort Process /li , 

Figure 3 I 3 C  NMR SPECTRA OF T H E  KENTUCKY NEW ALBANY S H A L E  O I L S  O B T A I N E D  
FROM T H E  F I S C H E R  ASSAY AND I G T  H Y T O R T  PROCESSES 

Carbon-13 NMR 
KENTUCKY NEW ALBANY SHALE OIL 

IGT-Hytort Hydrotreated 

Figure 4 I3C NMR SPECTRUM OF T H E  HYDROTREATED K E N T U C K Y  NEW A L B A N Y  SHALE 
OIL O B T A I N E D  FROM T H E  IGT  H Y T O R T  PROCESS 
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THERMAL DEGRADATION OF SHALE O I L  

D.  S .  Thakur, J .  P .  Vora, E.S. Wilkins,  and H.E.  Nu t t a l l  
Department o f  Chemical and Nuclear Engineering 

The Univers i ty  of New Mexico 
Albuquerque, N e w  Mexico 87131. 

ABSTRACT 

A new procedure has  been developed t o  s tudy  t h e  mechanisms of s h a l e  o i l  
degradation, which occurs dur ing  the  VMIS r e t o r t i n g  process.  The very com- 
plex processes  of o i l  degrada t ion  have been s tud ied  under c a r e f u l l y  cont ro l led  
condi t ions  of temperature,  res idence  t i m e ,  c a r r i e r  gas flow r a t e ,  e t c .  The 
experiments presented i n  t h i s  study have been designed t o  sepa ra t e  the  th ree  
p o t e n t i a l  o i l  l o s s  mechanisms, namely, (1) low temperature coking ( l i qu id  
phase),  ( 2 )  success ive  d i s t i l l a t i o n  ( l i q u i d  phase) ,  and ( 3 )  high temperature 
cracking (vapor phase).  The sha le  o i l  from Occidenta l ' s  r e t o r t  No. 6 has 
been used a s  a s t a r t i n g  ma te r i a l .  The s teady  s t a t e  na tu re  of ope ra t ion  used 
here makes i t  poss ib l e  t o  achieve  an accu ra t e  ma te r i a l  balance f o r  degraded 
products.  I n  t h e  l i q u i d  phase o i l  degrada t ion  experiments,  o i l  w a s  heated 
t o  450°C a t  a l i n e a r  hea t ing  rate of l"C/min i n  both an autogenous atmosphere 

t u r e  coking showed only minor l o s s e s .  A 35 percent o i l  loss occurred during 
success ive  d i s t i l l a t i o n  under autogenous condi t ions .  I t  was reduced t o  1 5  
percent by i n j e c t i o n  of sweep gases ,  e s p e c i a l l y  steam. A t ubu la r  continuous 
flow reac to r  was used t o  s tudy  t h e  vapor phase degrada t ion  under s teady  s t a t e  
condi t ions  of temperatures (425 t o  625°C) and res idence  t i m e  (2 to 1 0  sec )  
with n i t rogen  and steam a s  c a r r i e r  gases .  
t o  a s ses s  the  in f luence  of temperature and res idence  t i m e  on o i l  degradation. 
The k i n e t i c  d a t a  were analyzed by a f i r s t  o rder  r a t e  equation g iv ing  an a c t i -  
va t ion  energy of 17.3 kcal/mole. 

and using var ious  sweep gases  such a s  steam, N2, CO2,  CO and H2. Low tempera- I 

I 

I 

A 32 f a c t o r i a l  des ign  w a s  conducted 

, 

INTRODUCTION 

Shale o i l  is a p o t e n t i a l l y  important f o s s i l  f u e l  which could augment energy , 
supp l i e s  i n  f u t u r e  years .  
a new and v i a b l e  method f o r  ex t r ac t ing  o i l  from s h a l e .  A key cons idera t ion  in  
t h i s  new and r ap id ly  developing technology i s  the  problem of maximizing o i l  
recovery from each underground r e t o r t ,  s i n c e  thousands of r e t o r t s  w i l l  be 
requi red .  In  t h i s  process gas  composition, temperature,  hea t ing  r a t e ,  p a r t i c l e  
s i z e  d i s t r i b u t i o n  and r e t o r t i n g  r a t e s  are major f a c t o r s .  Low o i l  y i e l d s  have 
been observed from t e s t s  on l a r g e  r e t o r t s .  
during t h e  py ro lys i s  of o i l  s h a l e  a r e  q u i t e  s u b s t a n t i a l ,  a cons iderable  amount 
of work i s  d i r ec t ed  towards the  e luc ida t ion  of o i l  l o s s  mechanisms. 1-12 Within 
a r e t o r t ,  one encounters a s i t u a t i o n  downstream of the  r e t o r t i n g  f r o n t  where 
product o i l  condenses on t h e  raw sha le .  O i l  trapped i n  t h i s  zone can be exposed 
t o  modest temperatures f o r  months. This l eads  t o  low temperature o i l  degrada- 
t i o n  by coking. A t  t h e  lead ing  edge of the thermal wave, a continuous vapori- 
za t ion  and condensation of o i l  w i l l  occur which may a l s o  cause s i g n i f i c a n t  o i l  
degradation. 

Modified i n - s i t u  r e t o r t i n g  of o i l  sha l e  may o f f e r  

Since the  o i l  l o s ses  t h a t  occur 

In the  VMIS process ,  loss  i n  o i l  y i e l d s  a l s o  resul ts  from the  
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l a r g e  p a r t i c l e s  and wide s i z e  d i s t r i b u t i o n s .  The l a r g e  blocks a r e  heated a t  a 
slower r a t e  than the  surrounding mat r ix  because of poor hea t  t r a n s f e r .  The 
exposure of o i l  vapor, l i b e r a t e d  from l a rge  p a r t i c l e s ,  t o  high temperatures 
l eads  t o  i t s  thermal degradation. Severa l  f a c t o r s  con t r ibu te  t o  t h e  degradation 
mechanisms among which res idence  t i m e ,  temperature,  and sweep gas atmosphere a r e  
prominent candidates.  It is we l l  known t h a t  o i l  sha l e s  (raw and spen t )  could 
c a t a l y t i c a l l y  i n i t i a t e  c e r t a i n  undesired r eac t ions  lead ing  t o  o i l  l o s s .  I t  i s  
a l s o  conceivable t h a t  t h e  mechanism respons ib le  f o r  l i q u i d  phase o i l  degrada- 
t i o n  is  d i f f e r e n t  from t h a t  f o r  vapor phase one. 

When hydrocarbons a r e  brought t o  high temperature,  they undergo thermal 
cracking v i a  f r e e  r a d i c a l  mechanisms. The r a d i c a l s  thus formed can undergo 
s c i s s i o n  t o  g ive  l a r g e  amounts of e thylene .  Jacobson, e t  a l l  observed t h a t  
during o i l  sha l e  py ro lys i s ,  e thy lene /e thane  r a t i o  increased  wi th  temperature.  
Based on these  f ind ings ,  they developed t h e  r e t o r t i n g  index (R.  I . )  which i s  
given by the  following equat ion:  

1000 
R . I .  = To (F) = e thylene  

0.8868 - 0.4007 log e t h a n e  

The r a t i o  of ethylene t o  e thane  was found t o  depend upon t h e  hea t ing  r a t e  and 
res idence  time. 
and p a r t i c l e  s i z e  on o i l  evolu t ion  and i n t r a p a r t i c l e  o i l  degradation. They 
co r re l a t ed  the  alkene/alkane r a t i o  t o  t h e  l i q u i d  phase o i l  degrada t ion  (coking) . 3  
Duringthe l a s t  few yea r s ,  t he  a lkene /a lkane  r a t i o n  has been used ex tens ive ly  
a s  an index of thermal degradation.5-9 
o i l  degradation mechanism i n  vapor phase with raw o i l  sha l e  a s  t h e  s t a r t i n g  
ma te r i a l .  I t  was found t h a t  t he  a lkene  t o  alkane r a t i o  decreases  with 
increased coking whi le  i t  inc reases  with inc rease  i n  craclcing of t he  sha le  o i l .  
I f  both reac t ions  occur simultaneously one cannot use t h i s  r a t i o  a s  an index 
of o i l  degradation. Hence, a naphthaleT5/ (C1 C12)s t ra ight  chain hydrocarbons 
r a t i o  was recommended by Burnham, e t  a 1  a s  an  index of cracking o r  vapor phase 
o i l  l o s s .  

Campbell, e t  a12, have s tud ied  t h e  e f f e c t  of hea t ing  r a t e  

Burnham, e t  a1 10,15916 have s tud ied  the  

The experiments presented i n  t h i s  s tudy  were designed i n  such a way a s  t o  
s epa ra t e  the  following processes :  

1. Low temperature coking ( l i qu id  phase).  
2. Successive d i s t i l l a t i o n  ( l i qu id  phase) ,  and 
3 .  High temperature cracking (vapor phase) .  

Such a design y ie lded  information about t h e  most important f e a t u r e s  of l i q u i d  
and vapor phase o i l  degradation. I n  t h i s  s tudy ,  sha l e  o i l  w a s  used t o  permit 
accura te  cha rac t e r i za t ion  of t h e  s t a r t i n g  ma te r i a l  i n  con t r a s t  t o  o the r  s t u d i e s  
which used the  o i l  generated by hea t ing  o i l  sha l e  i n  a small labora tory-sca le  
r e t o r t .  Advantages and disadvantages of t h e  approach used i n  t h e  present  study 
a r e  described below. Advantages a r e  a s  follows: 

1. The feed can be w e l l  cha rac t e r i zed  and compared t o  the  

2 .  Since the  experiment i s  operated i n  a steady s t a t e  manner, 
degraded product.  

an accu ra t e  ma te r i a l  balance f o r  degraded products i s  achieved. 
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Because of t h e  s teady  s t a t e  and continuous na tu re  of operation 
used he re ,  res idence  t i m e  can be  determined and con t ro l l ed  
more p r e c i s e l y  a s  compared t o  batch opera t ion  s t u d i e s .  In  the  
l a t t e r  s t u d i e s  t h e  ba tch  mettiod of oil genera t ion  makes the  
determination and con t ro l  of res idence  t i m e  r a t h e r  d i f f i c u l t ,  
and in t roduces  time varying feed r a t e .  

I t  is poss ib l e  t o  i n v e s t i g a t e  t h e  e f f e c t  of minera l  matter 
present  i n  t h e  s h a l e  o i l  e i t h e r  as c o l l o i d a l  suspension o r  i n  
so lu t ion .  By using t h e  t o t a l  molecular weight d i s t r i b u t i o n ,  
e f f e c t s  such as au to -ca t a ly t i c  c racking ,  i f  i t  occurs ,  can be 
s tudied .  

The s h a l e  o i l  used i n  t h i s  s tudy  was from Occidenta l ' s  r e t o r t  
No. 6 and w a s  t hus  c h a r a c t e r i s t i c  of t h e  o i l  product from a 
la rge-sca le  r e t o r t .  

( 

I 

i 

The shortcomings of t h i s  approach a r e  few and may be  overcome. 

1. The feed o i l  has  a l r eady  been exposed t o  some undetermined 
amount of degrada t ion  which may a f f e c t  i t s  subsequent behavior. 
One way t o  overcome t h i s  problem is  t o  t e s t  t he  o i l  from 
var ious  sources .  

2. Storage of t h e  o i l  f o r  a prologged time may a l t e r  i t s  p rope r t i e s  

This problem can b e  avoided by obtaining 
and composition. Very l i t t l e  l i t e r a t u r e  da t a  a r e  a v a i l a b l e  on I 

t h e  e f f e c t  of s to rage .  
f r e s h  samples of o i l .  

r 
Oil may con ta in  a c o l l o i d a l  suspension of minera ls  which might 
ca t a lyze  the  o i l  degrada t ion  o r  c racking .  This phenomenon , 
needs f u r t h e r  s tudy  involving f i l t r a t i o n  o r  deminera l iza t ion  
of o i l .  

3. 

I n  t h i s  paper ,  r e s u l t s  ob ta ined  by sub jec t ing  the  o i l  t o  coking condftions 
(low temperature soaking and success ive  d i s t i l l a t i o n )  w i l l  be  compared t o  those 
obtained by t r e a t i n g  the  s h a l e  o i l  under cracking condi t ions .  
e f f e c t  of c a r r i e r  gas such a s  steam, N 2 ,  C 0 2 ,  CO and H2 on low temperature 
l i q u i d  phase degrada t ion  w i l l  be  d iscussed .  

I n  add i t ion ,  

EXPERIMENTAL PROCEDURE 

L I Q U I D  PHASE DEGRADATION 

Apparatus 

A standard bench-scale g lassware  assembly was  used. The apparatus cons is ted  
of a heating mantle,  a 4-necked f l a s k  (3000 ml ) ,  s t i r rer ,  spa rge r ,  condensers 
and r ece ive r s  f o r  l i q u i d ,  and gas  samples. 
ments, a r e f l u x  condenser was used t o  r e t u r n  t h e  o i l  vapor t o  the  hea t ing  f l a s k ,  
whi le  i n  t h e  success ive  d i s t i l l a t i o n s  a r egu la r  condenser was used and low boi l -  
ing  f r a c t i o n s  were co l l ec t ed  i n  t h e  r ece ive r s .  
i n  an aotogenoas environment, a s t i r r e r  was used t o  ensure uniform mixing and 
avoid spur t ing .  
a sparger w a s  used t o  bubble the  gas  through t h e  s h a l e  o i l .  

I n  low-temperature soaking experi-  

When experiments were performed 

When the  experiments were c a r r i e d  out  i n  sweep gas  environment 

I 
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Procedure 

Low-Temperature Soaking 

About 1 l i te r  of s h a l e  o i l  was placed i n  the  4-necked f l a s k .  The f l a s k  was 
covered with g l a s s  wool i n  order  t o  i n s u l a t e  i t  from t h e  surroundings.  The 
f l a s k  was then heated gradual ly  a t  t he  r a t e  of l"C/min t o  the  des i r ed  temperatures 
(170 t o  400°C) with cons tan t  s t i r r i n g .  
+ l 0 C  by means of a temperature c o n t r o l l e r  and a v a r i a c .  T i m e  of thermal t r e a t -  
ment was about 10 t o  1 2  hours. The low-boiling, condensable o i l  f r a c t i o n s  were 
co l l ec t ed  i n  the r ece ive r  whi le  t he  gas  produced, i f  any, was co l l ec t ed  i n  the  
gas samplers. The sha le  o i l  (before  and a f t e r  thermal t rea tment )  and conden- l 3  
Sate  were analyzed on a c a p i l l a r y  column gas chromatograph a s  descr ibed  earlier. 
while t he  hydrocarbon and permanent gases were analyzed by us ing  
6- f t  long 

The temperature was con t ro l l ed  wi th in  

1 /8  i n .  i .d .  
Poropak Q and Molecular Sieve 13X columns. 

Successive D i s t i l l a t i o n  

The procedure w a s  s i m i l a r  t o  t h a t  described i n  the  preceding paragraph 
except t h a t  a f t e r  each d i s t i l l a t i o n  the  condensate was mixed with the  r e s idue  
i n  t h e  s t i l l  and t h e  mixture was r e d i s t i l l e d  u n t i l  no apprec i ab le  loss  due t o  
coke formation OK gas  evo lu t ion  was observed. The c a r r i e r  gas w a s  introduced 
through the  s i d e  tube during the  d i s t i l l a t i o n .  

The l i qu id  products (condensate and r e s idue  i n  the  f l a s k )  w e r e  analyzed on 
a SP-2100 fused s i l i c a  column by using an HP 5840 A gas chromatograph; t h e  gas  
a n a l y s i s  was performed on Poropak Q and carbosieve columns by using an HP 5840 
gas  chromatograph. Condensate and r e s idue  i n  the  d i s t i l l a t i o n  f l a s k  w e r e  
weighed. A known amount of methylene ch lo r ide  was then added t o  t h e  d i s t i l l a -  
t i o n  f l a s k  so as t o  d i s so lve  t h e  t a r - l i k e  organic ma t t e r .  The f l a s k  was 
reweighed, the  d i f f e r e n c e  between t h e  two readings was taken as t h e  amount of 
coke formed during these  experiments. By measuring t h e  amount of gas ,  conden- 
s a t e  and res idue ,  a mate r i a l  balance of 98 percent was achieved. 

\ 

VAPOR PHASE OIL DEGRADATION 

Apparatus 

A tubular  continuous flow r e a c t o r ,  wi th  on-line gas chromatograph, w a s  used 
t o  s tudy  the  vapor phase o i l  degrada t ion  under s teady  s t a t e  cond i t ions  of 
temperature and res idence  t i m e .  F i sher  and Por t e r  flow meters (model 10A1379) 
were used t o  con t ro l  t h e  flow r a t e s  of n i t rogen  and water be fo re  they en tered  
t h e  perhea ters .  Shale o i l  w a s  i n j e c t e d  i n t o  t h e  stream of c a r r i e r  gas a t  a 
s teady  r a t e  by means of a Sage sy r inge  pump model 341. Glass-l ined s t a i n l e s s -  
s t e e l  tubes (8 mm i . d . ,  200 mm long) were used t o  genera te  steam from water 
and t o  heat t he  f l u i d  mixture to  about 400'C before  i t s  en t ry  i n t o  the  r e a c t o r .  
The maximum res idence  t i m e  of t h e  f l u i d  i n  t h e  prehea ters  was less than 1 sec 
( a t  t h e  lowest flow r a t e ) .  The thermal degrada t ion  of o i l  ( a t  400°C) a t  t h e  
e x i t  of t h e  prehea ters  was predetermined; i t  w a s  l e s s  than 1 percent .  An 
empty quar tz  tube (25 mm i . d .  and 300 nun long) served a s  a r e a c t o r  i n  the  pre-  
s e n t  study. The r eac to r  was hea ted  by means of a Lindberg heavy duty tubu la r  
furnace ,  the  temperature of which was con t ro l l ed  wi th in  f l o c  by a Lindberg 
temperature c o n t r o l l e r .  The product c o l l e c t i o n  assembly cons i s t ed  of conden- 
sers and r ece ive r s ,  and e i t h e r  a f i l t e r  o r  an e l e c t r o s t a t i c  p r e c i p i t a t o r  t o  
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prevent t h e  o i l  vapor ( ae roso l )  from escaping wi th  t h e  uncondensable gases. 
The gases passed through a flow meter and a gas  sampling va lve  t o  t h e  gas 
chromatograph (HP 5840)  f o r  pe r iod ic  a n a l y s i s .  

Procedure 

The r e a c t o r  and p rehea te r s  were heated t o  the  des i red  tempeyature i n  a flow 
of n i t rogen .  
flow rate were a t t a i n e d  (about 3 t o  4 hours) ,  sha l e  o i l  was metered through the 
sage  pump a t  a f ixed  r a t e  (-0.75 ml/min.). 
was used, water was s imul taneous ly  i n j e c t e d  i n t o  t h e  c a r r i e r  gas and heated i n  
a s epa ra t e  prehea ter .  The steam to  n i t rogen  r a t i o  (vo l /vo l )  was 0 . 3 .  The 
residence t i m e  w a s  va r i ed  by varying t h e  flow r a t e s  of c a r r i e r  gas.  The e f f e c t s  
of residence t i m e  and temperature were assessed by s tudying  the  r eac t ion  a t  
temperatures between 425 and 626°C and res idence  t i m e  ranging from 2 t o  1 0  sec.  
Duration of each run (with s h a l e  o i l  flow) was about 1-1/2 hours,  which was 
considered t o  be s u f f i c i e n t  f o r  t h e  system t o  a t t a i n  equi l ibr ium.  The t o t a l  
l i qu id  product mix was c o l l e c t e d  and weighed f o r  mass balance.  Liquid and 
gases were analyzed by gas  chromatography as descr ibed  e a r l i e r .  The r eac to r  
was weighed be fo re  (Wi) and a f t e r  t h e  r eac t ion .  A known amount of methylene 
ch lo r ide  w a s  added t o  t he  r e a c t o r  t o  d i s so lve  the  t a r - l i k e  so lub le  ma te r i a l  
formed during t h e  r eac t ion .  The r eac to r  was d r i ed  i n  a i r  and reweighed (Wf). 
The d i f f e rence  between t h e  f i n a l  weight (Wf) and i n i t i a l  weight (W,) gave the 
amount of coke formed. The f low meter a t  the  e x i t  of the  appara tus  gave the 
amount of gases  evolved dur ing  t h e  r eac t ion .  The t o t a l  o i l  loss  was defined 
a s  follows 

Af ter  t h e  s t eady  s t a t e  cond i t ions  of temperature and n i t rogen  

During experiments i n  which steam 

% Tota l  o i l  l o s s  = (amount of o i l  fed-amount of condensate 100 
amount of o i l  fed 

A t o t a l  m a t e r i a l  recovery c a l c u l a t e d  from amount of condensate,  gas  and 
coke was between 95 t o  98 percent .  

As i nd ica t ed  e a r l i e r ,  s e v e r a l  r e sea rche r s  have been using ethylene/ethane, 
alkene/elkane and naphtha lene / (c l1+ C12) hydro-carbon r a t i o s  t o  determine the 
ex ten t  of  degradation. In a d d i t i o n  t o  these  r a t i o s ,  hydrocarbon gas/coke r a t i o  
was a l s o  monitored i n  t h e  p re sen t  s tudy .  

RESULTS AND DISCUSSION 

Low Temperature Soaking 

The r e s u l t s  obtained by r e f lux ing  t h e  s h a l e  o i l  a t  a cons tan t  temperature 
a r e  presented i n  Table 1. No no t i ceab le  o i l  loss  occurs u n t i l  a temperature of 
300'C is reached. 
which i n d i c a t e s  t h e  commencement of o i l  degrada t ion  a t  these  e leva ted  tempera- 
t u r e s .  The amount of gas  c o l l e c t e d  was, however, q u i t e  small  (%3 percent )  a t  
400'C. Table 2 gives  t h e  a n a l y s i s  of gas  samples  co l l ec t ed  a t  400'C. 

Successive D i s t i l l a t i o n  

Gas evo lu t ion  occurred a t  temperatures higher than  300"C, 

During success ive  d i s t i l l a t i o n  and condensation, a cons iderable  amount of O i l  
i s  converted i n t o  coke and hydrocarbon gases.  
t o  coking and gas  formation dur ing  success ive  d i s t i l l a t i o n  of  s h a l e  o i l  (with 
and without add i t ion  of c a r r i e r  gases)  a r e  shown i n  F igures  1, 2 and 3 ,  
r e spec t ive ly .  

Overa l l  o i l  l o s s e s  and those  due 
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Figure 1 shows t h a t  i n  t h e  absence of c a r r i e r  gas the  t o t a l  o i l  l o s s  a t  t h e  
end of f i v e  d i s t i l l a t i o n  runs was as high a s  3 5  percent .  About 10 t o  15 per- 
Cel t  of t h e  i n i t i a l  o i l  i s  converted t o  hydrocarbon gas  whi le  t h e  rest under- 
goes s l o w  polymerization leading  t o  s o l i d i f i c a t i o n  (coke format ion) ;  gas t o  
coke r a t i o  remained cons tan t  around 0.5 t o  0.55. No apprec iab le  amount of 
thermal degradation was observed below 3 0 0 ' C .  A t  temperatures above 4 0 0 ° C ,  a 
cons iderable  amount of gas evolved and a t  45OoC, a s o l i d  r e s idue  (coke) was 
obtained. Hydrocarbon gases evolved a r e  r i c h e r  i n  ethane than i n  e thylene  
(Figure 4 ) .  This phenomenon i s  j u s t  t he  oppos i te  of t h a t  observed i n  vapor 
phase o i l  ge rada t ion .  These f ind ings  a r e  i n  accordance wi th  t h e  repor ted  
l i t e r a t u r e  9 '  and suggest t h a t  t h e  mechanism respons ib le  f o r  t h e  o i l  loss  i n  
l i q u i d  phase is d i f f e r e n t  from t h a t  occur r ing  i n  vapor phase. 

Addition of c a r r i e r  gas  has a b e n e f i c i a l  e f f e c t  on o i l  y i e l d .  When a mix- 
t u r e  of steam and n i t rogen  was bubbled through the  sha le  o i l ,  a t o t a l  o i l  l o s s  
of 13  percent was observed whi le  t he  i n j e c t i o n  of n i t rogen  a lone  r e su l t ed  i n  
a t o t a l  l o s s  of 2 0  percent (F igure  1 ) .  The use of carbon d ioxide  r e su l t ed  i n  
18  percent o i l  l o s s  whereas carbon monoxide and hydrogen r e s u l t e d  i n  1 7  and 
15 percent o i l  l o s s ,  r e spec t ive ly .  To ta l  o i l  l o s s  decreases  by the  add i t ion  
of c a r r i e r  gas because of t he  f a c t  t h a t  a major po r t ion  of t he  o i l  i s  d i s -  
t i l l e d  over a t  much lower temperatures ( < 3 O O 0 C )  a s  compared t o  t h e  run i n  which 
no c a r r i e r  gas is used, thus has l e s s  exposure t o  t h e  high temperature.  

Figure 3 shows t h a t  about 2 4  percent coke was formed a t  t h e  end of f i v e  
d i s t i l l a t i o n  runs when no c a r r i e r  gas  was in j ec t ed .  The use  of c a r r i e r  gas  
reduced the  amount of coke formed. A mixture of steam and n i t rogen  r e su l t ed  
i n  2 t o  3 percent coke a s  compared t o  10  percent when n i t rogen ,  carbon d ioxide ,  
and carbon monoxide w a s  passed. When hydrogen was used as a c a r r i e r  gas about 
7 percent of t he  o i l  was converted t o  coke (Figure 3) .  Subs tan t i a l  decrease  
i n  the  amount of coke formed when steam is  added sugges ts  t h a t  steam r e a c t s  
wi th  coke t o  g ive  gaseous products ,  according to  t h e  coke steam (C + H 2 0 - t  CO 
+ H29) and the  water gas s h i f t  (CO + H 2  -+ COP + Hg) r eac t ion .  Indeed, t h e  
gas  ana lys i s  shows increased  CO2 and H2 concent ra t ions  thereby subs t an t i a t ing  
t h e  occurrence of above-mentioned r eac t ions .  

Figure 3 shows t h a t  t h e  t o t a l  hydrocarbon gas evolved was 1 3  percent when 
no c a r r i e r  gas was used. About 10 percent hydrocarbon gas  evolved when a mix- 
t u r e  of steam and n i t rogen  was used a s  compared t o  6 percent  with hydrogen, 
carbon dioxide and carbon monoxide a s  a c a r r i e r  gas .  

The use of steam re su l t ed  i n  lowest o i l  l o s s e s  because steam reduces t h e  
bo i l ing  poin t  of most of t h e  compounds present  i n  sha le  o i l  and thus the  o i l  
i s  not exposed t o  high temperatures.  Gas a n a l y s i s  f o r  success ive  d i s t i l l a t i o n  
(without c a r r i e r  gas )  i s  presented i n  Table 2 .  The e thylene le thane  r a t i o  i s  
p l o t t e d  a s  a func t ion  of t he  number of d i s t i l l a t i o n  i n  F igure  4 .  It decreases 
from 0.25 t o  0.15 and remains p r a c t i c a l l y  unchanged beyond t h i s  po in t .  

VAPOR PHASE O I L  DEGRADATION 

Vapor phase thermal degrada t ion  of sha le  o i l  was s tud ieg  a s  a func t ion  of 
two va r i ab le s ,  namely, temperature and res idence  t i m e .  A 3 f a c t o r i a l  des ign  
of experiments was used t o  i n v e s t i g a t e  t h e  main e f f e c t s  and i n t e r a c t i o n s  of 
t hese  two parameters with o i l  y i e l d  a s  t he  response.  E f fec t  of steam on o i l  
degradation formed another  important p a r t  of t h i s  i nves t iga t ion .  
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The dependence of o i l  degrada t ion  on temperatore and res idence  t i m e  i s  pre- 
sebted i n  Figure 5 ,  from which i t  can be seen  t h a t  t h e  o i l  l o s s  i nc reases  from 
18 percent  a t  425°C t o  about 5 5  t o  60  percent  a t  625°C ( res idence  time 1.8 t o  9 
s e c . ) .  
maximum l e v e l  a t  about 6 sec  ( res idence  t ime) ,  beyond which the  r a t e  slows down 
considerably.  Thus, a t  h igher  temperatures,  i nc rease  i n  res idence  time beyond 
6 sec does no t  seem t o  have an  apprec iab le  e f f e c t .  A t  r e l a t i v e l y  lower temper- 
a tu re s  (below 5OO0C), about 20 t o  25 percent o i l  l o s s  i s  observed, which indi-  
ca t e s  t h a t  even a t  these  tempera tures ,  a s i g n i f i c a n t  amount of o i l  undergoes 
degradation. 

It should be not iced  h e r e  t h a t  t h e  o i l  l o s s  curve a t  625'C reaches a 

The condi t ions  under which t h e  cracking w a s  c a r r i e d  ou t  r ep resen t  those 
e x i s t i n g  i n s i d e  the  l a r g e  b locks  i n  an in - s i tu  r e t o r t .  The p resen t  r e s u l t s  
demonstrate t h a t  the  o i l  genera ted  i n  t h e  i n t e r i o r  of t hese  l a r g e  blocks w i l l  
s u f f e r  ex tens ive  degrada t ion  (-50 percent )  a s  i t  migra tes  t o  the  hot block 
sur face .  

The in f luence  of t h e  two s a c t o r s ,  res idence  t i m e  (xl) and temperature 
(x2) was determined us ing  a 3 
l e v e l s  of each f a c t o r  w i l l  be des igna ted  by -1, 0, and 1, whi le  t h e  u n i t s  of 
t h e  design w i l l  be denoted by 

f a c t o r i a l  des ign  of experiments.  The th ree  

time - 5 temp - 525 
100 x1 = ~ and x 2  = 3 

The o i l  l o s s e s  (y) were measured a t  temperatures of  4 2 5 ,  525 and 62SoC, and 
res idence  times of 2 ,  5 and 8 sec. It w a s  assumed t h a t  a second-degree 
equation of t he  type 

would c o r r e l a t e  t h e  o i l  l o s s  (y) t o  t h e  temperature and t f a e  adequately.  
c o e f f i c i e n t s ,  evaluated by t h e  method ou t l ined  by Davies, were subs t i t u t ed  
i n  Equation (I) t o  g ive  t h e  following equation 

The 

y = 21.70 + 9 . 6 0 ~ ~  + 18.0 x2 - 3 . 4 ~ ~  2 + 8 . 2 6 ~ ~  2 t 2.82 x1x2 ( 2 )  

Fig. 6 shows a good agreement between t h e  experimental  d a t a  and the  r e s u l t s  
ca l cu la t ed  from Equation ( 2 )  wi th  c o e f f i c i e n t  of c o r r e l a t i o n  c lose  t o  0.99.  
Thus, one can use  Equation (2)  t o  p r e d i c t  t h e  percent  o i l  degrada t ion  a t  425 
t o  625°C and 2 t o  10 sec r e s idence  t i m e .  

The d a t a  presented i n  F igure  5 a r e  used t o  ob ta in  the  r a t e  equation f o r  
t o t a l  o i l  degrada t ion .  K ine t i c s  of t h e  o i l  egrada t ion  o r  cracking can be 
co r re l a t ed  by a f i r s t  o rde r  r a t e  express ion:  9 0  
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where x is the fraction of oil lost t is the residence time (sec), and k is 
the first order rate constant (sec-!). Table 3 compares thyOk values computed 
from Equation (3) with those reported by Burnham and Taylor and reveals very 
clearly the two regions of interest; the low temperature region, 400 to 500°C, 
and the high temperature region above 500°C. The k value obtained at 475°C in 
the present study is '2 to 2.5 times higher than the value reported by them at 
506"C, which suggests that the oil yields show strong sensitivity to degrada- 
tion even at lower temperatures. At higher tyvperatures, the present results 
are in fairly good agreement with their data. 

Activation energy of 17.3 kcal/mole was obtained from the Aftjhenius plot. 
The activation of 37.1 kcal/mole reported by Burnham and Taylor for thermal 
cracking of shale oil over burnt shale at 5OO0C is much higher than that found 
in the present study. 
tion suggests certain catalytic or auto-catalytic effects exhibited by certain 
compounds (mineral matter) present in shale or those evolved during the crack- 
ing reaction (for example, H2S). 

The low activation energy observed in this investiga- 

Figure 7 gives the production of methane as a function of time and temper- 
Increase in temperature from 425 to 625°C increases the weight percent ature. 

of methane by a factor of 6. This data was used to obtain the specific rate 
constants and activation energy for methane production. In this case also a low 
value of activation energy (13 kcal/mole) was obtained which supports our 
supposition that certain autocatalytic effects are taking part in shale oil 
cracking. 

The effect of steam was investigated at various temperatures and residence 
time. It was not surprising to note that the addition of steam decreased the 
coke build-up in the reactor. However, it did not  seem to have any beneficial 
effect in reducing the overall oil loss. Hydrocarbon gas/coke, ethylene/ethane 
and naphthalene/(Cll+ C12 ) hydrocarbons ratios were monitored during the 
course of cracking reaction. The increase in these ratios clearly shows that 
the cracking reaction dominates at high temperatures and that the chemical 
reactions taking place in vapor phase degradation are different from those in 
liquid phase degradation. 

The ratio of hydrocarbon gases to coke formed during the reaction is 
plotted as a function of temperature in Figure 8 at two residence times ( 3  and 
8 sec). 
observed. Increase in this ratio with temperature suggests that the cracking 
is more prevalent than coking at higher temperatures. 

Both the curves exhibit maximum at 525'C beyond which a plateau is 

The ethylene/ethane ratio is plotted as a function of temperature (resi- 
dence time %5 sec) and oil loss in Fig. 9. It increases with increase in 
temperature and oil loss. An interesting phenomenon is that at low temperatures 
(below 500"C)the ethylene/ethane ratio decreases slightly with an increase in 
residence time (at a fixed temperature) while at higher temperatures the ratio 
remains practically constant (independent of- the residence time. 

It is worth mentioning here that the ethylene/ethane ratio is also a func- 
tion of whether the oil degradation has taken place in vapor phase or liquid 
phase. 
while it decreases when the oil suffers degradation in liquid phase. 
results also suggest the mechanism operative in vapor phase is different from 
that in liquid phase. 

The ratio increases if the oil is subjected to vapor phase degradation, 
These 
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The naphthalene/C11 + C 1 2  ) hydrocarbon r a t i o  was monitored during the 
sha le  o i l  cracking. 
ove ra l l  o i l  l o s s  wi th  t h i s  r a t i o :  

The fo l lowing  express ion  was developed t o  c o r r e l a t e  the  
I 

2 
% o i l  l o s s  = -0.0185 + 0.129 R + 1.134 R , 

i 

where R i s  naphathalene/(C11 + 
t h e  sum of undecane, 1-undecene, dodecane and 1-dodecene. 

C12 ) hydrocarbons r a t i o  and ( C l l  + C I 2  ) is  

‘r 
Figure 10 g ives  t h e  chromatograms of two s h a l e  o i l  samples, one of which 

w a s  subjected t o  success ive  d i s t i l l a t i o n  whi le  t h e  o the r  one underwent vapor 
phase thermal degrada t ion  a t  625°C. A d i s t i n c t i v e  f e a t u r e  t h a t  needs fu r the r  / 

cons idera t ion  is  t h e  a lkene /a lkane  r a t i o .  The chromatograms exh ib i t  t he  
c h a r a c t e r i s t i c  homologous hydrocarbon s e r i e s  ranging from C:a through C 2 0  with 
the  f i rs t  peak of each double t  corresponding t o  the  1-alkene. The sample 
t rea ted  i n  l i q u i d  phase seems t o  be r i c h e r  i n  a lkane  than i n  a lkene  ( the  r a t i o  
alkene/alkane < 1) while t h a t  t r e a t e d  a t  625’C i n  vapor phase has an  a lkece /  
alkane r a t i o  f o r  ( C I 1  .C I2 , . . . )  g r e a t e r  

Uden, et  a l .  

These r e s  1 6 a ree f a i r l y  
of Burnham, e t  a 1  F k ~ P 6 U n ~ ~ ~ p b e l l ,  e t  a,’, 5 ,  :nd 

CONCLUSIONS 

The present  r e s u l t s  lead  UE t o  t he  following conclus ions :  

1. The experimental  des ign  descr ibed  i n  t h i s  paper permits a separa te  
study of t h e  p r i n c i p a l  mechanisms of s h a l e  o i l  degradation under steady s t a t e  
conditions equiva len t  t o  r e t o r t i n g  condi t ions .  , 

2. Low-temperature, long-term soaking below 300°C showed only minor o i l  
losses  while success ive  d i s t i l l a t i o n  and condesation under autogenous conditions 
showed cons iderable  o i l  l o s s e s  (2.35 pe rcen t ) .  During vapor phase thermal crack- 
ing  about 55 percent  o i l  l o s s  occurs over 5 t o  6 sec  ( res idence  t ime) a t  625’C. 

3. The steam suppressed coke formation and o i l  degrada t ion  during 
successive d i s t i l l a t i o n s  ( l i q u i d  phase) but i t  did n o t  seem t o  reduce t h e  over- 
a l l  o i l  loss  dur ing  vapor phase thermal cracking. 

4 .  The i n j e c t i o n  of c a r r i e r  g a s  during d i s t i l l a t i o n  helped i n  reducing I 
t o t a l  o i l  loss .  

5 .  The e thylene /e thane  and a lkene /a lkane  r a t i o s  decreased when o i l  
suf fe red  degrada t ion  i n  l i q u i d  phase (coking) while a l l  t he  r a t i o s  used as 
indices of  o i l  degrada t ion  inc reased  w i t h  i nc rease  i n  o i l  loss  due t o  cracking 
(vapor phase).  

6. Minimizing t h e  gas phase res idence  time i n  l a r g e  r e t o r t s  should 
improve o i l  y i e l d s .  
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Table 1 

Low Temperature Soaking Resu l t s  Under Re f lux ing  Cond i t i ons  

Temperature Coke L i q u i d  Condensate Gases L i q u i d  i n  S t i l l  
( " C )  (%Wt) ( % W t )  ('bWt) ( % W t )  

150 n i  1 -- _ _  99.0 
200 n i  1 1.0 0.1 98.5 
250 n i l  1.5 0.4 98.0 

300 n i  1 17.0 0.5 81 .O 
350 n i  1 30.0 1.0 68.1 
400 n i l  47.1 3.0 47.6 

Table 2 

A n a l y s i s  of  Gases 
( tempera tu re  of r e a c t i o n  = 4OOOC) 

Gas Composi t ion (%Wt) 

I*  I I**  - -  
Hydrogen < I  (1 
Methane 44.3 41.4 
E thy lene  2.2 2.8 

Ethane 
Propylene 
Propane 

11.1 17.7 
3.2 3.1 

15.0 18.3 

Butenes and Butanes 16.9 15.5 
Pentenes and Pentanes 6 .1  5.1 
co + co, < I  (1 

*I  - Low temperature cok ing .  
**I1  - Successive d i s t i l l a t i o n  and condensat ion.  

Table 3 

S p e c i f i c  Reac t ion  Rate Constants  a t  Var ious Temperatures 

Temperature P resen t  Work L i t e r a t u r e  Values'o 
"C sec- '  s e t - '  

475 

506 

525 

558 

575 

585 

610 

625 

0.026 

-_ 

0.046 

-- 

0.086 

-_  
-_  

0.178 

- -  

0.01 

- -  

0.04 

-- 

0. IO 

-0.15 

-- 
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FLUIDIZED-BED PYROLYSIS OF OIL SHALE 

J. H. Richardson and E. 8. Huss 
Chemistry and M a t e r i a l s  Science Department 

Lawrence Livermore Nat iona l  Laboratory 
Livermore, CA 94550 

Abs t rac t  

\ 
Several quar tz  isothermal f l u id i zed -bed  reac to rs  have been cons t ruc ted  

i n  o rder  t o  measure k i n e t i c s  and o i l  p r o p e r t i e s  re levan t  t o  sur face  r e t o r t -  

i n g  by f l u id i zed -bed  processes. The r a t e  o f  v o l a t i l e  t o t a l  hydrocarbon 

e v o l u t i o n  i s  measured w i t h  a f l a w  i o n i z a t i o n  de tec tor ,  a l though var ious  

techniques are c u r r e n t l y  be ing  evaluated f o r  doing spec ies-se lec t ive  (as  

opposed t o  t o t a l  hydrocarbon) k i n e t i c s .  O i l  y i e l d  experiments are performed 

separa te l y  from the  k i n e t i c  experiments due t o  t h e  exper imental  cond i t ions  

necessary t o  minimize m i s t  fo rmat ion  and maximize o i l  c o l l e c t i o n .  O i l  

composi t ion i s  determined v i a  subsequent ana lys is  (gas chromatography). 

e v o l u t i o n  k ine t i cs ,  o i l  y i e l d  and o i l  composi t ion a re  determined both as a 

f u n c t i o n  o f  o i l  shale parameters (e.g., p a r t i c l e  s ize ,  grade, Eastern vs. 

Western depos i ts )  and f lu id ized-bed parameters ( temperature,  sweep gas 

composition, gas v e l o c i t y ,  bed p a r t i c l e  s ize,  and bed geometry). An 

u l t i m a t e  goal i s  t he  development o f  d iagnos t i c  methods r e l a t i n g  o i l  

composi t ion t o  processing parameters. 

Gas 

\ 

\ 

*Work performed under t h e  auspices of t he  U. S .  Department o f  Energy by the  
Lawrence Livermore Nat iona l  Laboratory under c o n t r a c t  number W-7405-ENG-48. 
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INTRODUCTION 

There i s  cons iderab le  commercial i n t e r e s t  i n  aboveground o i l  shale 

r e t o r t i n g  us ing  f l u i d i z e d - b e d  process ing  techniques.’ 

charac ter ized  by r a p i d  hea t ing  o f  t he  o i l  shale fo l l owed  by e s s e n t i a l l y  

isothermal r e t o r t i n g  w i t h  t h e  subsequent r a p i d  removal o f  the  p y r o l y s i s  

products.  

o i l  shale has been repo r ted  which i s  app l i cab le  t o  these processing 

techniques.2 

the o i l  y i e l d  and the  p y r o l y s i s  k i n e t i c s ,  where the  p a r t i c l e  s i z e  was var ied  

between 0.4 and 3 nun. 

two-step model f o r  kerogen decomposi t ion w i t h  each step f o l l o w i n g  f i r s t -  

order k i n e t i c s .  The i n i t i a l  kerogen decomposition r a t e  constant var ied  from 

1 t o  10 min-’ over a temperature range o f  480-540°C; t h e  r a t e  constant 

f o r  t he  second step v a r i e d  f rom 0.1 t o  1 min-’ over  the same temperature 

range. 

heavy o i l  in te rmed ia te ,  which, a long w i t h  a predominant ly l i g h t e r  

hydrocarbon f r a c t i o n ,  was t h e  r e s u l t  o f  t h e  i n i t i a l  kerogen decomposition 

step. 

Wallman, e t  a1.2 t o  a v a r i e t y  o f  o i l  shales, thereby  t e s t i n g  t h e i r  general 

a p p l i c a b i l i t y ;  2 )  t o  cha rac te r i ze  the  o i l  produced i n  a f l u id i zed -bed  

reac to r  w i t h  t h e  goal o f  developing d iagnos t i c  techniques s i m i l a r  t o  those 

p rev ious l y  determined f o r  M I S  In t h i s  paper we present  both 

our  p r e l i m i n a r y  k i n e t i c  r e s u l t s  and our  p r e l i m i n a r y  o i l  cha rac te r i za t i on  

resu l t s .  Genera l l y  t he re  i s  good agreement between our r e s u l t s  and those o f  

Wallman, e t  a1 .2 f o r  t h e  i n i t i a l  kerogen decomposition step; however, we 

have no t  determined such a d e f i n i t e  p a r t i c l e  s i z e  dependence f o r  t he  second 

decomposition step. Al though p re l im ina ry ,  i n i t i a l  gas chromatograms o f  

c o l l e c t e d  o i l  show a r e l a t i v e l y  h igh  amount o f  i sopreno id  compounds; 

observed 1-alkene/n-al  kane r a t i o s  are cons is ten t  w i t h  those expected from 

ex t rapo la ted  t rends  o f  da ta  ob ta ined a t  lower hea t ing  ra tes .  

Such techniques are 

Recent ly a k i n e t i c  s tudy  by Wallman, e t  a l .  us ing  one type o f  

The i r  study i n d i c a t e d  a p a r t i c l e  s i z e  dependence f o r  both 

These r e s u l t s  were i n t e r p r e t e d  w i t h  the  a i d  o f  a 

Th is  second r a t e  cons tan t  was associated w i t h  the decomposition o f  a 

The purpose o f  our  work i s  two fo ld :  1) t o  extend the  k i n e t i c  s tud ies  of 

EXPERIMENTAL 

F igure  1 i s  a schematic o f  t h e  exper imental  appartus. The f l u i d  bed and 

condenser a re  quar tz ,  connected w i t h  s t a i n l e s s  s t e e l  unions and g raph i te  
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f e r ru les .  The d i s t r i b u t o r  i s  a m u l t i o r i f i c e  p l a t e  (seven ho le  g r i d  design).  

To da te  on ly  h r l i u m  has been used as a f l u i d i z -  

The bed i t s e l f  cons i s t s  o f  100-150 g o f  sand (Baker) ,  ground, sieved, and 

washed (-0.250 + 0.125 mm). 

i n g  medium. 

s u p e r f i c i a l  v e l o c i t y  i n  the  f l u i d  bed o f  about 13 cm/s a t  50OOC.  Th is  i s  

approximately a f a c t o r  o f  t en  above the c a l c u l a t e d  minimum f l u i d i z a t i o n  
7 ~ e l o c i t y , ~ ~ ~  and t h e  bed appears n i c e l y  f l u i d i z e d  (smooth f l u i d i z a t i o n  ) .  

The heat source i s  a Lindberg th ree  zone furnace. 

Typ ica l  f l o w  r a t e s  are 60-80 cc/s (NTP), corresponding t o  a 

T y p i c a l l y  the  

temperature i n  the  sand i s  isothermal t o  

experiments, t h e  temperature p r o f i l e  i n s i d e  the  quar t z  r e a c t o r  i s  isothermal 

t o  2 Z0C throughout t h e  reg ion  heated by t h e  furnace; ou ts ide  the  furnace, 

t h e  temperature i s  maintained between 300-350°C w i t h  hea t ing  tape. Conse- 

quent ly,  from the  s tandpo in t  o f  gas-phase o i l  c rack ing  losses, t he  mean 

residence t ime i n  t h e  h o t t e r  f l u i d  bed i s  approximately two seconds. For the  

k i n e t i c  experiments, t he  temperature r e f e r s  o n l y  t o  t h a t  o f  th2  sand; t h e  

r e s t  o f  t he  quar tz  f l u i d  bed i s  coo le r  (2.g., when the  sand was 56OoC t h e  

t2mperature p r o f i l e  i n s i d e  monoton ica l l y  decreased t o  45OoC a t  t h e  furnace 

e x i t ) .  

l 0C .  For t h e  o i l  c o l l e c t i o n  

A quar tz  c a p i l l a r y  samples the  p y r o l y s i s  products a t  a d is tance 

approximately 8 inches above t h e  sand bed and n e a r l y  on t h e  v e r t i c a l  ax i s  

through the  f l u i d  bed. A Var ian flame i o n i z a t i o n  de tec to r  w i t h  Wilkens gas 

chromatograph e lec t rometer  i s  used t o  m o n i t o r  t he  r a t e  o f  hydrocarbon 

generat ion.  P re l im ina ry  experiments demonstrated t h e  need f o r  a back 

pressure r e g u l a t o r  a t  t he  system e x i t  t o  ensure t h a t  t he  de tec to r  rehponse 

was a t t r i b u t a b l e  s o l e l y  t o  changes i n  hydrocarbon concen t ra t i on  and no t  

pressure f l ucua t ions .  The F I D  response i s  c a l i b r a t e d  w i t h  p r imary  standards 

of methane i n  helium. The maximum de tec to r  response a t  560°C t o  a t y p i c a l  

50 mg o i l  shale sample i s  comparable t o  t h a t  ob ta ined w i t h  a 1% methane/ 

hel ium mixture.  The temporal response of the de tec t i on  system was less  than 

th ree  seconds (10%-90%). Larger  samples are  used f o r  t h e  o i l  c o l l e c t i o n  

experiments (up t o  5 9 ) ;  a l though t h e  l a r g e r  sample does r e s u l t  i n  an i n i t i a l  

temperature drop, t h e  sand temperature i s  s t i l l  cons tan t  t o  2 Z0C du r ing  

t h e  course o f  t he  o i l  generat ion.  
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The FID results are digitized and manipulated using an HPlOOO computer 
system. Currently most of the kinetic data is treated with a five-point 
smoothing routine and then by linear regression analysis, although programs 
for further smoothing the raw data and expressing the data in intsgral form 
are being developed. 

The oil is collected in a condenser similar in design to that used by 
Wallman, et a1.2 Fines are excluded from the condenser by quartz wool and 
a quartz frit. 
effort has been made to collect the non-condensables. All chromatography o f  

the oil was done with a HP5880 gas chromatograph with data acquisition and 
subsequent data reduction using an HPlOOO computer system; the procedures 
have been previously described. 

The ice bath is maintained at O°C (+ 2OC); currently no 

5 

Table I summarizes the assays o f  the five oil shales used in this study; 
three of the samples are Western shales from the Piceance Basin (RE 432, 
RB 560, and Anvil Points) and two samples are Eastern shales from Lewis 
County, Kentucky (Sunbury shales CLE-002 and SUN-002). 
the Western shales are estimated from previously published correlations with 
percent organic the average of the three correlations is 
listed. 

The oil yields for 

RESULTS AND DISCUSSION 

Kinetics 

In general the FID kinetic data is currently analyzed by first taking 
the In of the normalized response and then fitting by linear regression 
analysis to the form, 

In (rate) = -klt + A, 

for short times (0 5 t 5 T )  and to the form 

In (rate) = -k2t + A2 ( 2) 

I 

I 

I ‘ I  

for long times (t > T ) ,  where T is empirically determined by inspection. 
The directly determined value for kl is reported without correction for 

k2’ 
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Figure 2 illustrated a typical kinetic result, plotting the In of the 
normalized FID response versus time for RB 432 and two different particle 
sizes. Figure 3 illustrates similar data for a leaner shale, RB 560. I n  
the latter case there is little motivation to empirically fit more than one 
line to the data. However, with both RB 432 and Anvil Points shale two line 
segments were used to fit the data over an experimental time interval corres- 
ponding to a relative reduction in the rate of hydrocarbon generation by 
nearly two orders of magnitude. I n  all cases, the square of the correlation 
coefficient for the first line segment was greater than 0.93 and usually it 
was greater than 0.97; the second line segment had a somewhat lower correla- 
tion coefficient (r2 ranging from .90 to .98) corresponding to more noise 
at the lower signal level. Further digital smoothing of the data and/or 
larger sample sizes may improve the linear correlation at low rates. 

Figure 4 illustrates typical data used for an Arrhenius plot. I n  all 
cases, irrespective of particle size, the Western shales exhibited a similar 
dependence of kl on temperature; a similar dependence of k2 on tempera- 
ture was observed with RB 432 and Anvil Points. The Eastern shales had a 
significantly different rate of kerogen decomposition (Figure 5 ) .  

Figures 6-9 are Arrhenius plots comparing our results with those of 
Wallman, et a1.' Figure 6 compares the value of kl determined for 
similarly sized particles from four different oil shales; Figure 7 does the 
same thing for the value of k2. 
difference in retorting rate between Western and Eastern Oil shale i s  

attributable to differences in kl; 2) there is approximately a factor of 
five difference in the rate between Chevron's k2 and ours (irrespective of 
oil shale source). 
kl and k2, respectively, for both Western and Eastern oil shale. 
is none. 

Two conclusions are apparent: 1) the 

Figures 8 and 9 compare the effect of particle size on 
There 

Table I 1  sumnarizes the kinetic parameters determined i n  this work and 
compares them to the values previously reported. The calculated value of 
kl for Western shale at 5OO0C using our values is very similar to that 
calculated using the results of Wallman, et a1.' (2.81 min-' vs. 2.72 min-l, 
respectively). 
difference between the two expressions for k2; the activation energies are 

It is seen that the preexponential A factor i s  the major 
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reasonably similar. In the case of the Eastern shale, the lower preexponen- 
tial A factor is consistent with the general description of Eastern shale 
being more “coal-like” than Uestern shale (i.e., a lower H/C ratio), 
although several other factors are also likely to influence the A factor. 

Agreement between our values for kl with Western shales and those o f  

Wallman, et a1 .2 is encouraging; conversely, the disagreement between the 
values for k2 suggests further experiments are necessary. 
rate data exhibits considerable fluctuations from sample to sample at rela- 
tively low rates (less than 5% of the maximum); probably we would have 
better data (and better linear correlations) with larger and therefore more 
homogeneous samples (with further digital smoothing and/or integration). At 
this stage, we do not feel that a two-step sequential mechanism is unequivo- 
cally indicated for all oil shales by the phenomenGlogica1 fitting of most 
o f  our data with two rate constants. 
this point to interpret the variation in E and A for the various rate 
constants in terms of a mechanistic model. 
including species selective monitoring by either mass spectroscopy or Raman 
techniques, is currently being evaluated. 

Oil Characterization 

In general, our 

Furthermore, we would be reluctant at 

More detailed kinetic studies, 

1 

Oil collection currently has not been optimized. We are now consist- 
ently collecting only 95 2 5% of the expected Fischer assay yield (of oil 
and water). A higher rod temperature (35OoC instead of 15OoC) leading 
to a larger thermophoretic effect aids in oil collection as does increasing 
the surface area (glass wool instead o f  glass beads). 
aliquots for a given mass, as opposed to more but smaller aliquots totaling 
the same mass, also leads to larger collection efficiencies. 
these observations are consistent with maximizing mist collection and 
minimizing mist formation.” 
the lighter ends are still not being collected efficiently. Current problems 
with the precision and reproducibility of oil collection preclude making any 
inferences as to the effect of particle size on oil yield from various 
shales. 
smaller particles which slightly exceeded Fischer assay results (e.g., up 
to 109% Fischer assay at 427OC for 0.4 m particles).2 

Larger sample 

All three of 

Gas chromatographic analysis suggests that 

Previously published results did demonstrate oil yields from 
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Two representative gas chromatograms of oil retorted in the fluidized- 
bed apparatus are shown in Figure 10. 
compounds, indicated by I- and listed i n  Table 111, is taken from reference 5. 

The identification of isoprenoid 

Three observations can be readily made from Figure 10. First, the rela- 
tively high 1-alkene/n-alkane ratio is qualitatively consistent with a high 
heating rate, and the higher pyrolysis temperature consistently gives a 
higher ratio (Figure 11). 
obtained 
present ratio indicates a heating rate (10 
with the present experiment. 
approximately seven seconds after the shale is dropped into the fluid bed; 

3 this implies a heating period of approximately 4 to 5 sec, or 10 to 
lo4 OC/min. 

Extrapolation of 1-alkene/n-alkane ratio data 
5 at much lower heating rates (lo-' to 10' OC/min) to the 

Experimentally, we observe an FID response 

3 to lo4 'C/min) consistent 

For comparison, Figure 1 1  also shows the 1-alkene/n-alkane ratio for two 
other oils generated from different oil shales, TOSS f 3 - 3  and LETC R-14. 
TOSS #3-3 was generated from a leaner sample of RB 432 under pseudo-Fischer 
assay conditions with an external sweep gas, and LETC R-14 was a simulated 
MIS retort with an even lower heating rate. 

In addition to the higher alkene/alkane ratios for oil retorted in the 
fluidized-bed, Figure 1 1  also illustrates the pronounced even-odd trend in 
the ratios. This trend has been previously o b s e r ~ e d . ~ > ~ * ~ ~ ~  The explana- 
tion is not well understood but probably relates to both the structure of 
kerogen and undoubtedly to the pyrolysis conditions; consequently, such a 
pronounced even-odd trend may have potential as a process diagnostic. 

Secondly, the ratio of the sum of certain isoprenoid alkenes plus alkanes ? 

to the sum o f  normal alkenes plus alkanes has been shown to be largely 
independent of heating rate for modest heating rates.5 That trend appears 
to hold for the higher heating rates present in the fluidized-bed. 
Obviously, ratios which are a function of heating rate are more useful as 
potential diagnostics of oil processing conditions. 

Thirdly, the predominance of prist-1-ene in the gas chromatograms is 
particularly striking. 
the C17 and C18 normal alkanes plus alkenes is 0.45, 0.66, 0.16, and 

For example, the ratio of prist-1-ene to the sum of 
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0.09 for fluidized-bed 462OC, fluidizied bed 524OC, TOSS 83-3  and LETC 
R-14, respectively. These results indicate the potential application of a 
ratio based on prist-1-ene as a diagnostic to oil processing conditions. 
Furthermore, several major species, currently unidentified, are present in 
the gas chromatogram of oil generated in the fluidized-bed which are not 
present to a significant extent in oils generated under different retorting 
conditions. Further work is needed to characterize these compounds. 
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Table 1. Assay parameters of o i l  shale used in this work. 
~ 

Oil Shale % Total C X Org. C I H Gal/Ton 

R B  432 22.7 18.4 1.33 41.3a 

RB 560 14.1 8.8 1.45 19.4a 

Anvil Points 15.2 10.4 2.49 23.0a 

CLE-002 14.1 14.1 1.69 14.0 

SUN-902 13.9 13.9 1.65 14.2 

aCalculated from cor re la t ions  in refs .  8-10. 

Table 11. Comparison of k ine t ic  parameters. 

kl k 2  

E ,  kcal /mol e A ,  s - l  E ,  kcal/rnole A, s-l 
~ 

Western shale  
This work' 41.1 1.95 x lo lo  26.5' 5.7 1 0 5 ~  
Ref.  2 43.6 9.63 x lo lo  22.6 3.0 103 

Eastern shale  
This workb 32.0 8.4 lo7 26.5' 5.7 1 0 5 ~  

/ 

aIncludes data from RB 432 and Anvil Points. 

bData from CLE-002. 

CIncludes data from RB 432, Anvil Points,  and CLE-002. 
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Table 111. Identification o f  isoprenoid 
compounds labeled in Figure 10 (*tenative). 

I2 

12' 

I3 

13" 

I4 

14' 

I5 

15' 

I6 

16' 

I7 

17' 

I8 

2,6-dimethylundecane (C13) 

2,6-dimethylundecene 

2,6,10-trimethylundecane ( C,4) 

2,6,10-trimethylundec-2-ene* 

farnesane (C,5) 

f arnesene 

2,6,10-trimethyltridecane (C16) 

2,6,10-trimethyltridecene 

norpr i stane ( Cls) 

norpristenes* 

pristane (C19) 

prist-1-ene 

phytane (Cz0) 
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Figure 7 .  
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JET FUELS FROM SHALE O I L  BY SINGLE-STAGE HYDROCRACKING 

A. N. T a i t  and A .  L. Hensley 
Amoco O i l  Company 

ABSTRACT 

E x t e n s i v e  s c r e e n i n g  of  novel  c a t a l y s t s  h a s  l e d  to  t h e  development o f  a 
s i n g l e  c a t a l y s t  capable  o f  t h e  d i r e c t  upgrading  of  a whole s h a l e  o i l  
i n t o  h igh  y i e l d s  o f  j e t  f u e l s  on a once-through b a s i s .  
f u e l s  a c a t a l y s t  must have t h e  a b i l i t y  t o  s e q u e n t i a l l y  s a t u r a t e ,  
d e n i t r o g e n a t e ,  and hydrocrack  t h e  f e e d s t o c k  i n  t h e  p r e s e n c e  of h i g h  
l e v e l s  o f  contaminants  such  a s  o r g a n i c  n i t r o g e n  compounds and a m o n i a  
w h i l e  m a i n t a i n i n g  h i g h  s e l e c t i v i t y  toward j e t  f u e l  bo i l ing- range  
m a t e r i a l .  C a t a l y s r s  i n c o r p o r a t i n g  t h e s e  f u n c t i o n s ,  a l o n g  w i t h  high 
tempera ture  s t a b i l i t y ,  were developed by o p t i m i z a t i o n  of  b o t h  chemical  
and p h y s i c a l  p r o p e r t i e s .  The e f f e c t i v e n e s s  of t h e  f i n a l  s i n g l e  c a t a l y s t  
f o r  the  d i r e c t  upgrading of a n  O c c i d e n t a l  s h a l e  o i l  h a s  been demonstrated 
i n  8 100-day t e s t .  The f e e d ,  c o n t a i n i n g  approximate ly  15 w t X  JP-4 
m a t e r i a l  and 13,000 ppm n i t r o g e n ,  was upgraded t o  a water-white  product  
c o n t a i n i n g  approximate ly  7 5  w t X  JP-4 m a t e r i a l  and 1 t o  3 ppm n i t r o g e n .  
The hydrogen consumption was 1800 t o  1900 SCFB. 

To maximize j e t  

INTRODUCTION 

Development o f  new p r o c e s s e s  and c a t a l y s t s  t o  e n a b l e  U.S. r e f i n e r s  t o  
produce convent iona l  products  from unconvent iona l  r a w  m a t e r i a l s  such a s  
s h a l e  o i l ,  t a r  s a n d s ,  c o a l  l i q u i d s ,  and heavy petroleum r e s i d u e s  i s  
e s p e c i a l l y  impor tan t  now because o f  n a t i o n a l  concerns  f o r  t h e  p r i c e ,  
q u a l i t y ,  and s t a b i l i t y  o f  supply  o f  petroleum products .  Various s o u r c e s  
have e s t i m a t e d  t h a t  U.S. r e s e r v e s  of s h a l e  and t a r  sands  o i l  a r e  more 
than  f o u r  t imes t h a t  o f  convent iona l  o i l  and could  provide  a s e c u r e  
source  of  energy f o r  about  100 y e a r s  i f  economic means can  be  found t o  
c o n v e r t  t h e s e  r e s e r v e s  t o  u s a b l e  products .  

Given t h i s  impetus ,  t h e  U.S. A i r  Force and Wright -Pa t te rson  A i r  Force 
Base e n t e r e d  i n t o  a 19-month c o n t r a c t  w i t h  h o c 0  O i l  l a t e  i n  1979 t o  
deve lop  a c a t a l y s t  f o r  i n c r e a s e d  j e t  f u e l  p r o d u c t i o n  from s h a l e  o i l .  
Although o t h e r  companies have conducted more e x t e n s i v e  p r o c e s s  and 
d e s i g n  work, Amoco's i n v e s t i g a t i o n  was l i m i t e d  t o  t h e  development of  
improved c a t a l y s t s .  However, i n  o r d e r  to  t e s t  c a t a l y s t s ,  a process ing  
scheme was r e q u i r e d ,  and we chose t o  deve lop  a s i n g l e  c a t a l y s t  capable  
of t h e  d i r e c t  convers ion  o f  t h e  s h a l e  o i l  i n t o  j e t  f u e l  bo i l ing- range  
m a t e r i a l  on a once-through b a s i s .  

The c o n t r a c t  c a l l e d  f o r  f o u r  major  t a s k s :  

I. A p r o c e s s  v a r i a b l e  s t u d y  on e x i s t i n g  p r o p r i e t a r y  c a t a l y s t s .  

11. A c a t a l y s t  composi t ion  a tudy ,  i . e . ,  meta ls  c o n c e n t r a t i o n  and 
s u p p o r t .  
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111. 

IV. 

A c a t a l y s t  p h y s i c a l  p r o p e r t i e s  s t u d y .  

AII a c t i v i t y  maintenance t e s t  on t h e  p r e f e r r e d  c a t a l y s t .  

R e s u l t s  have been p r e s e n t e d  p r e v i o u s l y  f o r  t h e  f i r s t  two t a s k s .  

Table  I shows a n a l y t i c a l  d a t a  f o r  t h r e e  s h a l e  o i l s .  
a r e  b a s i c a l l y  s i m i l a r  t o  pe t ro leum crudes  w i t h  r e s p e c t  t o  chemis t ry  
( i . e . ,  t h e  same t y p e s  o f  compounds a r e  p r e s e n t  b u t  i n  d i f f e r e n t  s e l a t i v e  
amounts) ,  they  do e x h i b i t  some unique p r o p e r t i e s .  

S h a l e  o i l s  t y p i c a l l y  have  h i g h  pour p o i n t s  d i c t a t i n g  o n - s i t e  process ing  
or t h e  u s e  o f  wax m o d i f i e r s  or heated  t r a n s p o r t a t i o n  p i p e l i n e s  f o r  of€-  
s i t e  p r o c e s s i n g .  The H/C atomic r a t i o s  a r e  on t h e  low end o f  t h e  s c a l e  
f o r  pe t ro leum c r u d e s  and hence upgrading w i l l  r e q u i r e  a d d i t i o n a l  
hydrogen t o  produce e q u i v a l e n t  product  q u a l i t i e s .  The h i g h  n i t r o g e n  
c o n t e n t  o f  up t o  t w o  or more p e r c e n t  i s  an o r d e r  o f  magni tude h i g h e r  
than f o r  petroleum c r u d e s  and r e p r e s e n t s  t h e  major  upgrading  d i f f i c u l t y  
s i n c e  o r g a n i c  n i t r o g e n  compounds a c t  a s  severe p o i s o n s  for downstream 
c a t a l y t i c  c r a c k i n g  and re forming  p r o c e s s e s  and cause  product  i n s t a b i l i t y .  

Thus, t o  maximize j e t  f u e l s  from s h a l e  o i l s ,  a c a t a l y s t  must  have t h e  
a b i l i t y  t o  s e q u e n t i a l l y  s a t u r a t e ,  d e n i t r o g e n a t e ,  and hydrocrack  t h e  
f e e d s t o c k  i n  t h e  presence  o f  h i g h  l e v e l s  of  contaminants  such  a s  o r g a n i c  
n i t r o g e n  compounds and a m o n i a  whi le  m a i n t a i n i n g  h i g h  s e l e c t i v i t y  
towards t h e  j e t  f u e l  bo i l ing- range  m a t e r i a l .  

Al though such  o i l s  

RESULTS AND DISCUSSION 

The O c c i d e n t a l  s h a l e  o i l  was u s e d  throughout  t h e  s t u d y .  Although t h e  
o i l  c o n t a i n e d  26 ppm a r s e n i c  and about  60 ppm i r o n  p l u s  n i c k e l ,  i t  was 
n o t  p r e t r e a t e d  nor was a guard  chamber used to  remove t h e s e  
contaminants .  

The i n i t i a l  p r o c e s s  v a r i a b l e  s t u d y  o n  e x i s t i n g  p r o p r i e t a r y  c a t a l y s t s  
i n d i c a t e d  t h a t  a c a t a l y s t  c o n t a i n i n g  c o b a l t ,  chromium, and molybdenum 
s a l t s  on  a n  alumina s u p p o r t  c o u l d  e f f e c t i v e l y  remove n i t r o g e n  and e f f e c t  
moderate  c o n v e r s i o n  o f  t h e  f e e d  i n t o  JP-4 j e t  f u e l  bo i l ing- range  
m a t e r i a l .  I n i t i a l  p roduct  q u a l i t i e s  a t  one set of  p r o c e s s i n g  c o n d i t i o n s  
a r e  shown i n  Table  11. For t h i s  c a t a l y s t ,  n i t r o g e n  removal was found t o  
be  f i rs t  o r d e r  i n  n i t r o g e n  and hydrogen p r e s s u r e .  

The next  s t u d y  on c a t a l y s t  composi t ion  inc luded  o p t i m i z a t i o n  of t h e  
m e t a l  o x i d e  c o n c e n t r a t i o n s  and t h e  s u p p o r t  composi t ion.  
prepared w i t h  v a r i o u s  combina t ions  o f  m e t a l  o x i d e s  on alumina and 
screened  a t  780°F, 1800 p s i g  and 0.5 LHSV. 
l o a d i n g s  were de te rmined  to  be  1 .5% c o b a l t  o x i d e ,  10% chromium o x i d e  and 
15% molybdenum o x i d e .  .Al though t h e  p r e s e n c e  o f  t h e  chromium o x i d e  
a c t u a l l y  lowered d e n i t r o g e n a t i o n  a c t i v i t y ,  t h e  102 l e v e l  was r e q u i r e d  to  
impart  h i g h  tempera ture  s t a b i l i t y  t o  t h e  c a t a l y s t .  

For t h e  s u p p o r t  composi t ion.  c a t a l y s t s  w i t h  t h e  opt imized  m e t a l  l o a d i n g s  
were prepared  on  d i f f e r e n t  s u p p o r t s .  

C a t a l y s t s  were 

The opt imized  m e t a l  o x i d e  

The most a c t i v e  c a t a l y s t s  were 

I, 
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prepared on s u p p o r t s  o f  a lumina,  20% s i l i c a  on a lumina ,  and 30% U l t r a s t a b l e  
(US) s i e v e  on alumina. R e s u l t s  a r e  shown i n  F igure  1 i n  a p l o t  of r e l a t i v e  
a c t i v i t y  f o r  d e n i t r o g e n a t i o n  v e r s u s  days  on o i l .  The a c t i v i t i e s  g iven  
a r e  based on f i r s t - o r d e r  k i n e t i c s  and a r e  r e l a t i v e  t o  t h e  1 . 5 %  CoO/lO% 
Cr203/IO% Moo3 c a t a l y s t  ( A c t i v i t y  - 100) prepared  on t h e  same alumina a s  
was used for t h e  c a t a l y s t s  p r e v i o u s l y  mentioned.  These r e s u l t s  i n d i c a t e  
a 60% t o  100% i n c r e a s e  i n  n i t r o g e n  removal a c t i v i t y  when a c i d  f u n c t i o n s  
a r e  in t roduced  i n t o  t h e  s u p p o r t .  

Table  I11 shows hov t h e  i n c r e a s e d  a c t i v i t y  a f f e c t s  product  q u a l i t i e s  f o r  
t h e s e  t h r e e  systems.  
a lumina and t h e  30% US s i e v e l a l u m i n a  c a t a l y s t s  gave a lmost  complete  
n i t r o g e n  removal. The presence  o f  s i l i c a  d i d  n o t ,  however, a f f e c t  o t h e r  
product  q u a l i t i e s  v h e r e a s  i n c o r p o r a t i o n  of  t h e  US s i e v e  r e s u l t e d  i n  a 
s i g n i f i c a n t  i n c r e a s e  i n  c racking  a c t i v i t y ,  r e s u l t i n g  i n  a lower pour 
p o i n t  and a h i g h  y i e l d  of JP-4 b o i l i n g - r a n g e  m a t e r i a l .  

Based on t h e s e  r e s u l t s ,  t h e  US s i e v e - c o n t a i n i n g  c a t a l y s t  appeared 
promising f o r  t h e  d i r e c t  hydrocracking  o f  t h e  s h a l e  o i l .  Consequent ly ,  
a d d i t i o n a l  c a t a l y s t s  v i t h  v a r i o u s  US s i e v e  c o n t e n t s  and t h e  opt imized  
meta l  loadings  were prepared and screened  a t  780°F, 1800 p s i g  and 0.5 
LHSV. F i g u r e s  2 and 3 summarize p e r t i n e n t  r e s u l t s .  

The e f f e c t  of i n c r e a s i n g  s i e v e  c o n t e n t  from 20 to 50 wt% was to  a lmost  
double  the  JP-4 y i e l d s  from approximate ly  4 0  t o  77 w t %  w i t h  a cor re-  
sponding d e c r e a s e  i n  both  t h e  d i e s e l  and g a s  o i l  f r a c t i o n s .  The C1-C4 
g a s  make i n c r e a s e d  modera te ly  from 3.7 t o  5.6 w t X .  I t  should  be noted  
t h a t  t h e  y i e l d  s t r u c t u r e s  f o r  t h e  c a t a l y s t  c o n t a i n i n g  20 w t %  s i e v e  were 
n o t  much d i f f e r e n t  from t h e  pure alumina based c a t a l y s t .  
s i e v e  l e v e l ,  approximate ly  95% of t h e  product  b o i l e d  below 650°F. A s  
expec ted ,  t h e  i n c r e a s e  i n  JP-4 y i e l d  was accompanied by a smooth 
i n c r e a s e  i n  t h e  hydrogen consumption from approximate ly  1400 SCFB t o  
approximate ly  1900 SCFB, F i g u r e  3. 

For t h e  t h r e e  s i e v e  c a t a l y s t s ,  a c t i v i t y  maintenance f o r  j e t  f u e l  
product ion  i s  d e t a i l e d  i n  F igure  4 .  Both t h e  20% and 30% s ieve-  
c o n t a i n i n g  c a t a l y s t s  i n i t i a l l y  g i v e  h i g h  y i e l d s  o f  JP-4 b u t  r a p i d l y  los t  
a c t i v i t y  t o  g i v e  l i n e d  o u t  y i e l d s  o f  approximate ly  50 and 35 w t %  JP-4. 
For comparison,  t h e  nons ieve-conta in ing  c a t a l y s t  y i e l d e d  a c o n s t a n t  38 
w t X  JP-4 o v e r  t h e  same time p e r i o d .  
t h e  h i g h e r  a c t i v i t y  f o r  JP-4 product ion  and appeared to  undergo a l e s s  
s e v e r e  loss i n  a c t i v i t y .  

The e s t i m a t e d  JP-4 y i e l d s  used i n  F i g u r e  4 were o b t a i n e d  from F i g u r e  5 ,  
which r e p r e s e n t s  a c o r r e l a t i o n  between JP-4 y i e l d s  from s i m u l a t e d  
d i s t i l l a t i o n  d a t a  and whole product  API g r a v i t i e s .  
p o i n t s  r e p r e s e n t  a l l  p r e v i o u s l y  t e s t e d  US s i e v e - c o n t a i n i n g  c a t a l y s t s  
whereas  t h e  open p o i n t s  r e p r e s e n t  a l l  o t h e r  c a t a l y s t s  p r e v i o u s l y  t e s t e d ,  
independent  oE suppor t  type  or m e t a l s  l o a d i n g ,  and a l l  50% US s i e v e  
alumina c a t a l y s t s  t e s t e d  subsequent ly .  The c o r r e l a t i o n  can  be  
r e p r e s e n t e d  by: 

Compared t o  t h e  alumina sys tem,  t h e  20% s i l i c a /  

A t  t h e  50% 

The 50X US s i e v e  c a t a l y s t  main ta ined  

The s o l i d  d a t a  

JP-4, W t X  * 3.46 APIo - 98 

Simulated d i s t i l l a t i o n  d a t a  agreed  w i t h i n  one to  two p e r c e n t a g e  p o i n t s  
v i t h  a c t u a l  d i s t i l l a t i o n  d a t a  f o r  a l l  samples  so t h a t  F i g u r e s  4 and 5 
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r e p r e s e n t  a c t u a l  y i e l d s  o f  JP-4 t o  a h i g h  degree  o f  accuracy .  
c o r r e l a t i o n  proved v a l u a b l e  for moni tor ing  c a t a l y s t  c r a c k i n g  a c t i v i t i e s  
on a d a i l y  b a s i s .  

R e s u l t s  from t h e  p r e v i o u s  t a s k  i n d i c a t e d  t h a t  t h e  1 .5 /10/15  c a t a l y s t  on 
a 50% US s ieve /a lumina  s u p p o r t  was t h e  system of  c h o i c e  f o r  f u r t h e r  
i n v e s t i g a t i o n .  The c a t a l y s t  r e s u l t e d  i n  low product  n i t r o g e n s  and gave 
h i g h e s t  y i e l d s  o f  JP-4 m a t e r i a l  w i t h  t h e  lowes t  c r a c k i n g  a c t i v i t y  
d e c l i n e  r a t e ,  

To t h i s  p o i n t ,  c a t a l y s t  p h y s i c a l  p r o p e r t i e s  were k e p t  w i t h i n  f a i r l y  
narrow ranges  f o r  s e t s  of c a t a l y s t  w i t h i n  each  t a s k .  
op t imized ,  and t h e  s u p p o r t  type  and composi t ion  de te rmined ,  t h e  next  
t a s k  was des igned  t o  o p t i m i z e  t h e  s u p p o r t  p h y s i c a l  p r o p e r t i e s .  

E i g h t  s u p p o r t s ,  c o n s i s t i n g  o f  50% US s i e v e  i n  a lumina,  were prepared  t o  
g i v e . a  range for each o f  t h r e e  p h y s i c a l  p r o p e r t i e s  a s  d e t a i l e d  i n  
Table  I V .  These v a r i a t i o n s  were achieved  by m o d i f i c a t i o n  of t h e  alumina 
component, s i n c e  m o a i f i c a t i o n  of t h e  s i e v e s  themselves  could  d e s t r o y  
t h e i r  o r i g i n a l  n a t u r e  and t h e i r  i n h e r e n t  a c t i v i t y  f o r  c r a c k i n g .  

Data f o r  t h e  s c r e e n i n g  r u n s  a t  78OoF and 1800 p s i g  a r e  g i v e n  i n  T a b l e  V. 
S ince  t h e  p r e v i o u s  t a s k s  had demonstrated t h a t  h i g h  s i e v e - c o n t a i n i n g  
c a t a l y s t s  could  reduce  t h e  n i t r o g e n  c o n t e n t  t o  l e s s  than  1 0  ppm a t  0 . 5  
LHSV, t h e  p o s s i b i l i t y  e x i s t e d  t h a t  a l l  e i g h t  o f  t h e  above-de ta i led  
c a t a l y s t s  could  e x h i b i t  s i m i l a r  h igh  n i t r o g e n  removal a t  t h a t  space  
v e l o c i t y  and hence n e g a t e  t h e  purpose o f  t h e  t a s k .  To avoid  t h a t  
p o s s i b i l i t y ,  each  c a t a l y s t  was a d d i t i o n a l l y  t e s t e d  at t h e  h i g h e r  space  
v e l o c i t y .  A t  c o n s t a n t  s i e v e  c o n t e n t ,  t h e  r e l a t i o n s h i p  between JP-4 
y i e l d  and hydrogen consumption f o r  t h e s e  e i g h t  c a t a l y s t s  is shown i n  
F igure  6 .  Hydrogen consumption a p p e a r s  t o  i n c r e a s e  l i n e a r l y  w i t h  JP-4 
y i e l d s  i n  t h e  range  o f  approximate ly  40 t o  70 w t % .  
Below approximate ly  40 w t %  JP-4, hydrogen consumption i n c r e a s e d  w i t h  
l i t t l e  i n c r e a s e  i n  product  JP-4, probably  a s  a r e s u l t  o f  s a t u r a t i o n  
r e a c t i o n s  r e q u i r e d  p r i o r  t o  c r a c k i n g  r e a c t i o n s .  
w t %  JP-4, hydrogen usage  a p p e a r s  t o  i n c r e a s e  more r a p i d l y  than  JP-4 
c o n t e n t ,  p robably  a s  a r e s u l t  of a d d i t i o n a l  long-chain p a r a f f i n  c r a c k i n g  
which, i n  a d d i t i o n ,  r e d u c e s  product  pour p o i n t .  

A r e l a t i o n s h i p  between pour  p o i n t  and JP-4 y i e l d  f o r  t h e s e  e i g h t  US 
s i e v e - c o n t a i n i n g  c a t a l y s t s  is g i v e n  i n  F igure  7, which i n d i c a t e s  a r a p i d  
d r o p  i n  JP-4 y i e l d  for whole p r o d u c t s  w i t h  pour  p o i n t s  g r e a t e r  t h a n  
about  4OoF. 
p r e v i o u s l y  can also b e  r e p r e s e n t e d  by F i g u r e  7 .  

The e f f e c t  o f  product  n i t r o g e n  on JP-4 y i e l d  i s  shown i n  F i g u r e  8. 
r e s u l t s  i n d i c a t e  t h a t  JP-4 y i e l d  remained a t  approximate ly  30 w t X  f o r  
product  n i t r o g e n  above 600 ppm and i n c r e a s e d  w i t h  d e c r e a s i n g  n i t r o g e n  
c o n t e n t .  
product  n i t r o g e n  must be  reduced t o  approximate ly  10 ppm. 
n i t r o g e n  must be v i r t u a l l y  e l i m i n a t e d  t o  produce JP-4 y i e l d s  of  
approximate ly  70 w t %  or more. 

T h i s  

With t h e  n e t a l s  

(See a l s o  F i g u r e  3 . )  

Above approximate ly  70 

Data  f o r  t h e  20%, 30%, and 50% US s i e v e  c a t a l y s t s  t e s t e d  

The 

To produce a product  w i t h  approximate ly  50 w t X  percent  JP-4, 
Product  
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Hydrogen usage t o  achieve  these l e v e l s  o f  product  n i t r o g e n s  is shown in  
Figure  9. About 1550 SCFB o f  hydrogen was r e q u i r e d  f o r  10 ppm product  
n i t r o g e n  ( 5 0 %  JP-4 y i e l d ) .  About 400 SCFB a d d i t i o n a l  hydrogen vas  ' 

r e q u i r e d  t o  decrease  p r o d u c t . n i t r o g e n  t o  n e a r  z e r o  and t o  i n c r e a s e  JP-4 
y i e l d s  t o  80%. These r e s u l t s  a r e  i n s t r u c t i v e  i n  t h a t  c o r r e l a t i o n s  
important  t o  t h e  o v e r a l l  hydrocracking  scheme have been developed w i t h i n  
t h i s  set o f  c a t a l y s t s .  

Ni t rogen  removal k i n e t i c  p l o t s  f o r  t h e s e  c a t a l y s t s  a r e  shown i n  
F igure  10. Of t h e  e i g h t  c a t a l y s t s  t e s t e d ,  on ly  one ,  3838-023, performed 
w e l l  a t  bo th  0 . 5  and 0.75 LHSV w i t h  r e s p e c t  to  n i t r o g e n  removal i n  
p a r t i c u l a r ,  convers ion ,  and a c t i v i t y  maintenance a t  t h e  lower throughput .  
Ni t rogen  removal f o r  t h i s  c a t a l y s t  a p p e a r s  t o  be f i r s t  o r d e r  a s  shown i n  
F igure  10, whereas a l l  o t h e r  c a t a l y s t s  d i s p l a y  l e s s  t h a n  f i r s t - o r d e r  ( o r  
mixed-order) k i n e t i c s .  
r e f l e c t i o n  upon n i t r o g e n  removal e f f i c i e n c y  and s u g g e s t s  an a x i a l  
dependence on n i t r o g e n  c o n t e n t ,  or an a c c e l e r a t i n g  n i t r o g e n  removal 
r e a c t i o n  promoted by t h e  s i e v e  i t s e l f .  

I n  g e n e r a l ,  it is d i f f i c u l t  to  o b t a i n  c o r r e l a t i o n s  between t h e  p h y s i c a l  
p r o p e r t i e s  o f  c a t a l y s t s  c o n t a i n i n g  molecular  s i e v e s  and c a t a l y s t  
performance because  o f  t h e  complexi ty  o f  t h e  sys tems.  F i g u r e  11, 
however, does r e f l e c t  a c o r r e l a t i o n  between c a t a l y s t  a v e r a g e  pore  
d i a m e t e r s  ( c a l c u l a t e d  a s  4 V  x 104/A) and product  n i t r o g e n .  
LHSV, t h e  c o r r e l a t i o n  i s  reasonable  b u t  i s  somewhat l e s s  so a t  0 .5  LHSV. 
Both s e t s  o f  r e s u l t s  i n d i c a t e  t h a t  g r e a t e s t  n i t r o g e n  removal O C C U K S  w i t h  
t h e  c a t a l y s t s  o f  s m a l l e s t  average  pore  d i a m e t e r s .  
i n  t h e  s e r i e s ,  3838-023 and 3838-039, have APD's c l o s e  t o  70°A, b u t  o n l y  
t h e  former is " e f f i c i e n t "  a t  bo th  space  v e l o c i t i e s  and has  t h e  h i g h e s t  
c racking  a c t i v i t y  and b e s t  a c t i v i t y  maintenance.  Comparison of t h e  pore  
s i z e  d i s t r i b u t i o n s  f o r  t h e s e  t w o  c a t a l y s t s  i n d i c a t e s  a s h a r p e r  d i s t r i b u -  
t i o n  o f  pores  f o r  c a t a l y s t  3838-023 when compared t o  c a t a l y s t  3838-039. 
A l l  o t h e r  c a t a l y s t s  i n  t h i s  s e r i e s ,  w i t h  one e x c e p t i o n ,  have broader  
pore s i z e  d i s t r i b u t i o n s .  Other  c a t a l y s t  p h y s i c a l  p r o p e r t i e s ,  namely 
s u r f a c e  a r e a  and pore volumes, d i d  n o t  show any c o r r e l a t i o n  w i t h  product  
n i t r o g e n s .  

R e s u l t s  from t h e  c a t a l y s t  p h y s i c a l  p r o p e r t i e s  s t u d y  i n d i c a t e d  t h a t  f o r  
h igh  d e n i t r o g e n a t i o n  and c r a c k i n g  a c t i v i t y  t h e  p r e f e r r e d  s u p p o r t  o f  50% 
US s i e v e  i n  alumina should have pores  o f  a v e r a g e  p o r e  d i a m e t e r s  n e a r  
70°A combined w i t h  a h i g h  s u r f a c e  a r e a  and a s h a r p  pore  s i z e  d i s t r i b u t i o n .  

Some d a t a  f o r  an a c t i v i t y  maintenance t e s t  u s i n g  t h e  p r e f e r r e d  c a t a l y s t  
a r e  d e t a i l e d  i n  Table  V I .  S t a r t - o f - r u n  c o n d i t i o n s  were 0 . 4  LHSV, 2000 
p s i g  hydrogen, and 770°F and were chosen t o  maximize hydrogenat ion  and 
hydrocracking r e a c t i o n s  whi le  a l lowing  f o r  a n  i n c r e a s e  i n  r e a c t o r  
temperature  i n  c a s e  c a t a l y s t  d e a c t i v a t i o n  o c c u r r e d .  

In c o n t r a s t  t o  a l l  o t h e r  prev ious  t e s t s ,  t h e  a c t i v i t y  maintenance t e s t  
was s u b j e c t e d  to  numerous u n i t  u p s e t s  d u r i n g  t h e  f i r s t  5 0  d a y s  on 
etream. 
s e r i o u s l y  reduced.  To compensate, r e a c t o r  tempera ture  was r a i s e d  15OF 
over  t h e  f i r s t  4 8  days  on  stream t o  m a i n t a i n  h i g h  y i e l d s  o f  JP-4 
m a t e r i a l .  

T h i s  type  of  k i n e t i c  b e h a v i o r  i s  perhaps  a 

A t  0 .75 

The two b e s t  c a t a l y s t s  

A s  a r e s u l t  o f  some o f  t h e s e  u p s e t s ,  c a t a l y s t  a c t i v i t y  was 
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A s  a r e s u l t  o f  t h e s e  u n i t  u p s e t s ,  t h e  t e s t  v a s  extended t o  103 days wi th  
p r o c e s s i n g  c o n d i t i o n s  h e l d  c o n s t a n t  a t  approximate ly  786OF, 0 . 4  LHSV, 
and 2000 p s i g  f o r  t h e  p e r i o d s  49 through 93 .  For t h e  l a s t  t e n  days ,  
r e a c t o r  tempera ture  v a s  d e l i b e r a t e l y  r a i s e d  to  79OoF and then  lowered t o  
780OF i n  o r d e r  to  o b t a i n  t h e  c r a c k i n g  tempera ture  response .  

F i g u r e  12 shows product  n i t r o g e n s  a s  a f u n c t i o n  of  days on o i l .  
t h e  e x c e p t i o n  of  t h o s e  u p s e t s  v h i c h  a f f e c t e d  product  n i t r o g e n s  (shown a s  
s o l i d  p o i n t s ) ,  p roduct  n i t r o g e n s  were m a i n t a i n e d  g e n e r a l l y  i n  t h e  1 t o  3 
ppm range throughout  t h e  t e s t .  As i n d i c a t e d  p r e v i o u s l y  ( F i g u r e  8) ,  10 
ppm product  n i t r o g e n  would reduce  JP-4 y i e l d s  to  approximate ly  50 wtX o r  
less whereas a JP-4 y i e l d  o f  z70  w t X  would r e q u i r e  52 ppm n i t r o g e n  i n  
t h e  product .  
dependent  upon v e r y  low product  n i t r o g e n  l e v e l s .  

Dai ly  JP-4 y i e l d s ,  e s t i m a t e d  from product  API g r a v i t i e s  and Figure  5 ,  
a r e  shorn i n  F i g u r e  13. The s o l i d  symbols r e p r e s e n t  u p s e t s  a f f e c t i n g  
JP-4 y i e l d s  or c r a c k i n g  a c t i v i t y .  
from Figure  13. 

( i )  
a s  r e f l e c t e d  i n  t h e  d r o p  i n  JP-4 y i e l d s  from approximate ly  82 vtX to 
approximately 6 8  v t I .  

( i i )  The u n i t  u p s e t ~ o f  day 1 9  ( u n i t  d e p r e s s u r i z e d ,  s u b j e c t i n g  c a t a l y s t  
to  h i g h  tempera ture  w i t h o u t  hydrogen)  s e r i o u s l y  a f f e c t e d  c a t a l y s t  
c r a c k i n g  a c t i v i t y  a t  775OF as r e f l e c t e d  i n  t h e  d r o p  i n  JP-4 y i e l d s  from 
approximately 80 we% t o  approximate ly  67 w t X .  T h i s  loss i n  a c t i v i t y  was 
a l s o  r e f l e c t e d  i n  t h e  JP-4 y i e l d s  a t  777OF be ing  l o v e r  t h a n  i n i t i a l l y  
achieved a t  775OF. 

( i i i )  
also s e r i o u s l y  a f f e c t e d  c r a c k i n g  a c t i v i t y  a s  evidenced by t h e  poor 
temperature  response  upon r a i s i n g  t e m p e r a t u r e s  from 777OF t o  786OF. 

( i v )  
d e c l i n e d  s t e a d i l y  a s  i n d i c a t e d  by t h e  d r o p  i n  JP-4 y i e l d s  from about  80 
t o  6 7  v t%.  T h i s  d e c l i n e  may have been a f f e c t e d  by t h e  u p s e t  on day 65.  

In o r d e r  t o  c a l c u l a t e  c a t a l y s t  l i f e  a t  a s p e c i f i e d  JP-4 y i e l d ,  temperature  
response f a c t o r s  need t o  be c a l c u l a t e d .  
a t  t h e  end o f  t h e  t e s t  a t  785OF ( p e r i o d  931, 790°F ( p e r i o d  961,  and I ,  

78OoF ( p e r i o d  101)  assuming z e r o - o r d e r  k i n e t i c s ,  no n i t r o g e n  i n h i b i t i o n  
i n  t h e  a c t u a l  c r a c k i n g  zone ,  and c o n s t a n t  a c t i v i t y .  Hydrocracking r 

r e a c t i o n s  i n  t h e  p r e s e n c e  of  n i t r o g e n  a r e  g e n e r a l l y  z e r o  o r d e r  o v e r  t h e  
t o t a l  c a t a l y s t  system, and i n  t h i s  c a s e  a l l  samples  c o n t a i n e d 4 0  ppm 
n i t r o g e n .  / 

Using a c o n s t a n t  JP-4 y i e l d  o f  50 vtZ, tempera ture  response  f a c t o r s  o f  
62.5, 67.9.  and 65.6 Kcal  mole-I were c a l c u l a t e d  f o r  t h e  t h r e e  tempera- 
t u r e  couples ,  t h e  a v e r a g e  b e i n g  65.4 Kcal mole-l. 
unusual  for f u l l - r a n g e ,  h i g h - b o i l i n g  f e e d s t o c k s  c o n t a i n i n g  l a r g e  m o u n t s  
of n i t r o g e n .  

With 

High c r a c k i n g  a c t i v i t y  t o  produce JP-4 i s  c r i t i c a l l y  , 

The f o l l o w i n g  p o i n t s  can be drawn 

For  t h e  f i r s t  t e n  d a y s  on o i l  a t  770°F, c r a c k i n g  a c t i v i t y  d e c l i n e d  

The u n i t  u p s e t  on day 4 3  ( v e r y  l i t t l e  hydrogen f low f o r  16 hours )  

A t  786OP. o v e r  approximate ly  a 50-day p e r i o d ,  c racking  a c t i v i t y  

T h i s  was done by u s i n g  t h e  d a t a  

T h i s  v a l u e  i s  n o t  
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Based upon t h e  tempera ture  response  f a c t o r ,  a c a t a l y s t  l i f e  of  approxi -  
mately f o u r  and one-half  months can be  c a l c u l a t e d  f o r  a c o n s t a n t  JP-4 
y i e l d  o f  75 w t %  by i n c r e a s i n g  r e a c t o r  tempera tures  from 775OF t o  800°F 
a t  2000 ps ig  and 0 . 4  LHSV. However, due t o  t h e  o p e r a t i o n a l  problems 
encountered i n  t h e  t e s t ,  t h i s  should be cons idered  a minimum l i f e  and 
s i x  months is probable .  A d e a c t i v a t i o n  r a t e  of approximate ly  O.lS°F/day 
was c a l c u l a t e d  from t h e  d a t a  f o r  p e r i o d s  53 and 93 u s i n g  zero-order  
k i n e t i c s .  

Within t h e  same c o n s t r a i n t s ,  c a t a l y s t  l i f e  would be longer  f o r  lower 
JP-4 y i e l d s .  A s  d i s c u s s e d  p r e v i o u s l y ,  s e v e r a l  u n i t  u p s e t s  s e r i o u s l y  
a f f e c t e d  c a t a l y s t  a c t i v i t y  and one o f  t h e s e  u p s e t s  o c c u r r e d  d u r i n g  t h e  
per iod  used t o  c a l c u l a t e  t h e  a c t i v i t y  d e c l i n e  r a t e .  
l i f e  f o r  c o n s t a n t  75% JP-4 y i e l d s  should be  viewed a s  a rough e s t i m a t e .  
D e t a i l e d  process  v a r i a b l e  s t u d i e s  which were n o t  p a r t  of  t h i s  c o n t r a c t  
would be needed t o  more a c c u r a t e l y  d e f i n e  a d e a c t i v a t i o n  r a t e .  

The d a t a  f o r  t h e  d i s t i l l a t i o n s  of  t h e  products  from t h e  a c t i v i t y  t es t  t o  
produce JP-4 and JP-8 j e t  f u e l  f r a c t i o n s  a r e  g iven  i n  T a b l e  VII. A l l  
samples f o r  p e r i o d s  1 through 73, w i t h  t h e  e x c e p t i o n  o f  those  samples  
c o n t a i n i n g  more t h a n  10 ppm n i t r o g e n  or having an API g r a v i t y  l e s s  t h a n  
45O, were combined t o  y i e l d  approximate ly  f o u r  g a l l o n s  o f  product .  The 
composi te  was washed w i t h  w a t e r  and then d r i e d .  Two d i s t i l l a t i o n s  t o  
y i e l d  JP-4 and JP-8 f r a c t i o n s  were completed. The JP-4 y i e l d  was 76 w t %  
on t h e  composi te  product  w i t h  a JP-8 y i e l d  of  61 w t % .  The a n a l y t i c a l  
d a t a  i n d i c a t e s  t h a t  t h e  samples  would meet a l l  s p e c i f i c a t i o n s  w i t h  
perhaps one e x c e p t i o n .  
h igh  i n  view o f  t h e  f r e e z e  p o i n t  s p e c i f i c a t i o n  of  -58OF. However, t h e  
s imula ted  d i s t i l l a t i o n  d a t a  i n d i c a t e s  an end p o i n t  v e r y  c l o s e  t o  t h e  
s p e c i f i e d  l i m i t .  A s l i g h t l y  lower temperature  c u t  p o i n t ,  and perhaps  a 
s l i g h t l y  lower i n i t i a l  p o i n t ,  would lower t h e  pour p o i n t  and hence b r i n g  
t h e  f r e e z e  p o i n t  t o  t h e  s p e c i f i e d  v a l u e .  

Based on t h e  q u a l i t i e s  measured, w i t h  one e x c e p t i o n ,  s a l e a b l e  j e t  f u e l s  
were produced i n  h i g h  y i e l d s  by t h e  s i n g l e - c a t a l y s t  p rocess .  

Thus, t h e  p r o j e c t e d  

The pour p o i n t  of  -40°F for t h e  JP-8 f r a c t i o n  is 

CONCLUSIONS 

A s i n g l e - c a t a l y s t  system c a p a b l e  of d i r e c t  hydrocracking  o f  a whole 
aha le  o i l  c o n t a i n i n g  l a r g e  amounts of n i t r o g e n  h a s  been developed .  The 
novel  c a t a l y s t ,  c o n s i s t i n g  of  c o b a l t ,  chromium, and molybdenum s a l t s  on  
a base  of 50% US s i e v e  i n  alumina is m u l t i f a c e t e d  i n  t h a t  it combines 
both  t h e  s a t u r a t i o n  and d e n i t r o g e n a t i o n  a c t i v i t y  of  a lumina v i t h  t h e  
c racking  a c t i v i t y  of  t h e  s i e v e .  The combinat ion i s  more e f f e c t i v e  t h a n  
alumina a l o n e  f o r  hydrocracking  w i t h  t h e  c r a c k i n g  zone conf ined  t o  t h a t  
p a r t  o f  t h e  bed a t  t h e  bot tom where t h e  n i t r o g e n  c o n t e n t  h a s  been 
reduced to  (10 ppm. 
process  c o n d i t i o n s .  

The a b i l i t y  o f  t h e  opt imized  c a t a l y s t  t o  hydrocrack a whole s h a l e  o i l  
i n t o  h i g h  y i e l d s  o f  j e t  f u e l  bo i l ing- range  m a t e r i a b w t s  demonstrated i n  

T h i s  c r a c k i n g  zone would v a r y  w i t h  changes i n  

\ 
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a 103-day (approximate ly  2500 h o u r s )  t e s t .  
marred t h e  r e s u l t s  and perhaps a f f e c t e d  c a t a l y s t  a c t i v i t y ,  a h i g h  y i e l d  
o f  JP-4 b o i l i n g - r a n g e  m a t e r i a l  was s u s t a i n e d .  The whole product  was 
w a t e r  w h i t e  i n  c o l o r  and c o n t a i n e d  o n l y  a few ppm n i t r o g e n .  
u n i t  o p e r a t i o n s  were poor d u r i n g  t h e  c a t a l y s t  l i f e  t e s t ,  a minimum l i f e  
o f  4.5-month was demonst ra ted  and a c a t a l y s t  l i f e  of  s i x  months i s  
expec ted  f o r  t h e  s p e c i f i e d  75 u t %  y i e l d  o f  JP-4 b o i l i n g - r a n g e  m a t e r i a l .  
I t  should  be emphasized t h a t  a guard  bed to  remove a r s e n i c  and i r o n  was 
n o t  used  for t h e  l i f e  test .  The presence  o f  such a bed s h o u l d  ex tend  
t h e  c a t a l y s t  l i f e  c o n s i d e r a b l y .  

Although s e v e r a l  u n i t  u p s e t s  

Even though 

Table I 
Selected Shale Oil Properties 

Tosco Paraho Occidental - -  
APlO 21 .o 20.2 23.8 
Pour Point, OF 75 90 60 
H/C 1.56 1.61 1.67 
PJ, WtYo. 1.88 2.48 1.32 
s, Wt% 0.75 0.66 0.64 
0, Wt% 1.39 1.16 1.33 

Table I D  
Initial P r ~ d ~ s c t  Qualities 
Co/Cr/Mo on Alumina 
(1800 psig, 0.55 LHSV, 790OF) 

l ? d J l c t w  
APlO 39 23.8 
Pour Point, O F  80 60 
Nitrogen, ppm 116 13,200 
J P-4, Wt% 37 15.5 ** 
650°F-, Wt% 74 44 
SCFB Hydrogen 1400 

** Heavy JP-4 fraction, IBP of 290°F 
20% distilled at 290OF. 909'0 distilled at 47OOF 
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Effect of Support Composition o n  
Product Qualities 

20% Si021 
A1203 

A P P  39.2 59.7 
Nitrogen. ppm 83 < l o  
Pour Point, O F  80 66 
JP-4. Wt% 38 38 
650°F-. Wt% 76 TI 
SCFB Hydrogen 14co 1400 

Table IV 
Catalyst Physical Properties 
150% US S i e v e l a l u m i n a )  

30% US Sieve/ 

A1203 

44.6 
< 5  
30 
54 
a? 

1660 

Catalyst ID 
3838 

023 
028 
030 
031 
034 
Lm 
037 
039 

Surface Area 
m’lg 

280.5 
256.2 
m . 4  
312.5 
305.0 
276.3 
280.4 
234.0 

Pore Volume 
c c l g  

0.477 
0.545 
0.505 
0.824 
0.589 
0.784 
0.710 
0.417 

Avg Pore Diameter 
14 VIA) ,  OA 

68.0 
85.5 
30.8 

105.4 
n.2 

113.4 
101.3 
71.4 

Table V 
Product Qualities from Catalysts with Different 
Physical Properties 

0.5 LHSV 

Catalyst ID 

=?!!E 
023 
028 
030 
031 
a34 
a36 
037 
ms 

0.75 LHSV 

m3 
028 
030 
031 
a34 
035 
037 
a39 

Nitrogen. 
ppm 

1 
4 

600 
78 
6 
46 
TI 
1 

Pour Point 
O F  

-50 
35 
75 
m 
m 

m 
66 

40 

SWDF-. 
Wt% 

92.5 
86.5 
65.6 
72.5 
71 .2 
75.6 
74.0 
79.6 

- 

44 
1510 
1240 
986 

1950 
1560 
289 

61.5 
63.0 
56.5 
62.6 

64.6 
68.4 
60.4 

- 

JP-4. 
wf% 
79.5 
62.7 
29.6 
36.8 
60.6 
43.9 
39.9 
n.1 

S.8 
20.1 
29.4 
30.1 

29.3 
zB.3 
33.3 

E 
1930 
1Bm 
1190 
1390 
1520 
1380 
1360 
1660 

1310 
1300 
1190 
lZ00 

1120 
1150 
1260 
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Table VI 
Product Qualities from the Activity 
Maintenance Test 

oav 
Temperatura. 'F 
APIO 
Nitrogen. ppm 
Sulfur. ppm 
Pour Point. OF 
=OF., Wtk 
JP4. Wl% 
SCFBW 

Dav 
Tempratwe. OF 
APP 
Nltrogen. ppm 
Sulfur. ppm 
Pour Point. OF 
W F - ,  WCK 
JP4. W1% 
SCFBH 

3 
770.1 
62.4 

2 
18 
-1) 
s . 7  
Y 

1960 

a0 - m.5 
48.6 
2 
a8 
6 

63.4 

- 

- 

m 
18w 

B 
770.3 
48.0 

1 
133 

- 

s 
87.7 
88 

1770 

b7 
m.0 
47.4 
16 

p9 
10 
89.3 
68 

1740 

- 

17 - 
m.6 
61.2 

1 
72.8 
-10 
u.4  
79 

1743 

n - 
788.0 
48.4 
1 

% 
10 
90.9 
n 

1810 

Table VI1 
Jet Fuel Qualities 

19 
774.5 
47.0 

2 

a 

- 

m 
- - 

1140 

so - 
7811.0 
48.9 
1 

-I 
m 
m .I 
n 

1860 

CompO.ite 

(B.7 
100 

a5.m 
14.17 
1.1 

-6 
1 .dl 

-47 
rm 
aa 
m 
m 
410 
448 
49l 
647 
B1 
7m 

2) 

48.8 
1 
m - 16 
9 . 1  

- 
m . 2  

n 
1860 

I 

785.8 
4 . 1  
1) 

- 10 
su.2 

- 

in 

m 
1860 

P 

49.2 
2 

92 
-16 

79 
1 m  

93 
785.5 
47.4 
1 
a0 
6 

89.4 
a 

1RO 

m . 1  

81.7 

- 

E) 

48.9 
6 

DI 
ZD 
88.6 
I 

1Sm 

96 
m . 7  
60.3 
1 

86 - 10 

x 
1- 

- 
m.5 

- 

m.2 

66 

4 . 4  
11 
P 
0 
88.6 
49 

1515 

101 
779.9 
43.8 
10 

loo 
66 
m.5 
57 

1400 

- 
m.o 

- 

JP4 - 
a . 4  145511 
m 
BB.9) 
14.m 113.11 
0.1 

-m 

ld.OlEi.01 
1.015.01 

P 

PB 12881 
m 

w Isfsl 
m 
48 
uo 
.Bo ia 
6eJ lsael 

isu 

nz 

JPd 

u.4ln.611 
01 

68.10 
13.88 113.61 
1.1 

-43 

18.0 I a m  
2.6 16.01 

m 
III 1301 
a3 
so 
413 
UB 
e 1  
Is) 

610 
881 
B) 1-1 

53 
786.0 
€4.3 
I 
en - 15 
96.4 
77 

1920 

- 
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Figure8 - JP-4 Vislds as a Function of Product Nitrogen for 
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Figure 10 - Effect of Space Velocity on Product Nitrogens for 
Catalyst with Different Physical Properties. 
Catalyst. 3838-m1 I O  I; -028 I O  1; -030 I A I: -031 I O  I; 
-034 101; -035 I .I; a? 1.1: -039 I .I. 
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Figure 11 - Correlation Berwssn Catalyst Average Pore 
Diameters and Product Nitrogen lor 50% US Sieve Alumina 
Catalysts. 0 .  0.75 LHSV: 0.  0.6 LHSV. 
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As part of a ocoltinuing in-depth fuel characterization progfarn for fuels prodwed 
in the U.S. Navy's shale prograrrs (1,2,3,4), an extensive detemuna tion of acid 
extractable organic nitrogen mnpounds in Shale-11 fuels has k e n  ccmpleted. 
report provides a description of an hprovd Gc+S system which sinplifies the 
analysis. 
the fuels are presented. S i n e  shale o i l  ccoltains a significantly higher weight per- 
cent of Nitrcqen than petrokun and Nitrogen mtaininq m a t  lcw levels in 
finished fuels have long been inplicated in fuel s tabi l i ty  problems ( 5 ) ,  we have been 
looking a t  sanples fran the fuel refining stream available frun the Shale-I1 project. 
Ultimately this chenical ampsi t ion  infomt ion  will k utilized in attenpts to 
a m u n t  for fuel s tabi l i ty  prcblans bth a t  high tanperatures and a t  anbient tenpera- 
tures. 

WFammrAL 

This 

In addition, qualitative and scrm quantitative data on the organic bases in 

The hydrocrackea shale oil  refining prmess details e in the Shale-I1 exercise 
haw been previously descrihd (6). 
were  acid and clay treated. 
refinery before final acid/clay treatmmt. 
fuels after extraction and the acid extracts ken determined by pyrolye is /dus t ion  
a t  1000 degrees C and measuraent of chemiluainesoence fran the reaction of No with 
owne (7). The crude shale oil contained 2.1 percent nitrogen (w/w). The relative 
deviation of the values w a s  +5 percent. 
was obtained by extracting 6th IN El, neutralizing w i t h  aqueous NaQH, and back 
extracting into ether. 

Follcwing hydnaackm g and fractionation, the fuels 

?he nitrogen concentration for the fuels, the 
Table I shows the nitrogen omtent of three fuels fran the 

W basic nitrogen fraction of the three fuels 

A Hewlett-Packard 598% K-MS was modified a t  the Gc-E interfaoe in  order to a c m  
mxlate a 5Om x 0.m I.D. flexible fused s i l ica  colm w i t h  a stationary phase coating of 
~ ~ 2 1 0 0  (relatively non-polar, similar to W-101). The ion source flange was CONlected 
to the Gc oven interior w a l l  by a heated l/8" O.D. copper tube. 
w a s  threaded into the heated 1/8" tube f m  the Gc oven, through the tube, into the Ms 
source so that the m l m  outlet  was positioned atout 10 an tehind the electron beam of 
the ion source. The 1/8" tube was sealed to high MCULPD a t  the Ms ~ource flange and in  
the Gc oven a t  the point where the capillary m l m  entered the tube. F W  rates 
through the capillary m l m  v.ere measured near atnuspheric pressure and related 
linearly to colm head pressure. F h  wre measured tetw3e.n 0.5 ml/min and 1.5 
d / d n  of belimn carrier gas. Under vacuun CMditions the ffi source region m d l y  
attains pressures of a b u t  5 x lO(exp7) torr: a t  heliun flow rates of 1 ml/mi.n into 
the souroe region pressures of about 1 x 10 (e) torr were at-. 

The Capillary colm 
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The s p l i t  ra t io  of the Hewlett-Pa- 18740B capillary inj- was set a t  8O:l 

The 
and 0.2 to 0.5 p.P. in ject ims of the fuel  extracts were made. 
mst sample runs was 1.0 to 1.1 ml/min hel im (MRinal a t  atnospheric pressure). 
wlm t m p r a t u r e  was held for 2 min at 85 degrees C, programd a t  8 degrees C/min 
to 220 degrees C and held a t  the upper temperature for 8 mins. 
betwen m/z 50 and m/z 300 a t  the ra te  of about 1 spectnm/l.5 sec. 

The carrier gas flcw for 

Mass spectra were taken 

RESUL'E AND DISCUSSION 

A rewnstrwizd mtal ion ChrOMtogram for the JP-5 extract is  sham in Figure 1. 
excellent resolution, w l m  efficiency and minimal ta i l ing of the polar Nitrcgen wntain- 
ing mnponents is typical of the chraratograms which can be produced by the all glass sys- 
tan and interface described above. 
theoretical plates. 
the high vacum ionization region are cbvious. 
is enhanced by the wide bore ( 0 . 3  mn ID)  of the oolm which permits up to 1.0 @ injec- 
tions of the fuel extracts without signs of wlmm overload. 
s w c e  pressures enwuntered, the ma56 spectra observed are identical to MKEL~ electron 
impact (7Oev) spectra generally taken a t  lO(exp-7) torr. 

The 

A t  1 4 . 1  min the w l m  efficiency is 125,000 
The ChraMtographic advantages of eluting anwnents directly into 

The absolute sensitivity of the -9 

Even at the relatively high 

2he results of the capillary GC-MS analysis of the acid extraction of Shale-I1 naphtha 
are s h  in  Table 11. 

nitrogen 
was 125. 
chains. 

Over thirty nitrogen containing canponents were detected, mst of which 

The average mlecular weight for th is naphtha fuel extract 
conpounds. These pyridines acoounted for wer 90 percent of the basic 
by weight. 

The mst frequent i-s enwuntered contained three or four car- i n  side 

?he JP-5 acid extract results are given i n  Table 111. 
As i n  the naphtha extract, the bulk of the m t e r i a l  was 

Over seventy nitrogen wntain- 
ing ccnpunds were identified. 
cap& of CnHh-5N type anpun*. 
extracted Nitrogen onpnrds by werght. 

These pyridines mntributed 85 percent of the 
The average mlecular weight was 172 and mst of 

j e t  fuel. 

containing mnp3unds were detected i n  th is  extract. 
class CnH2 - N. 
average nu?& weight $CIS 195. As in the 3p-5 -le, a signif=munt of 
CnIi2n-l Y and C H 
cap& by =?gi€--e of the type c H~ - M (indoles) wfiich were primarily seven and 
eight carbon side chain iscnt?rs. 

Table IV outlines the findjngs for D m  ( D i e s e l  Fuel Marine). Over one hundred nitrcgen 
Over 60 percent of ,them were i n  the 

of the nitrogen 

Seven, ten and -1ve mkon side chain iMmers p a, and the 
+i ca?pounds were identified. Also over 20 peroent 

Indoe &&s were not detected i n  the JP-5 extract. 

Altbugh only 0.2% Ntrcgen remained in the neutral, acid fraction of DEM, GC/MS 
analysis of a silica gel w l m  fraction eluted by chlorofonn revealed the presence of 
both CnH2,-$J (indoles) and CnH2n-15N (carbazoles). 

coNcLusI0NS 

The major mnpound class isoners found in the acid extract of Shale-11 naphtha were 
3 to 4 c a b n  side chain substituted pyridines. 
final refinery acid/clay treatrent, the major caqamd class i s m s  e r e  5 to 8 carh 

In the shale-11 Jp-5 -le prior t o  
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side chain pyridines, 1 to 3 carton side chain te t rahydrqimlines  and 2 to 3 carton 
side chain quinolines. In Me DF?4 extract the mjor cmpund class i-s found wre  5 
to 12 carton side chain pyridines, 3 to 4 carh  side chain tetrahydrapinolines, 5 to 8 
carton side chain indoles and 3 to 5 carton side chain quinolines. 

The outlined analytical prcax3ut-e could te inproved by the addition of suitable internal 
standards to facil i tate quantitation of particular caqxunds of interest. 
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TABLEI 

SHALE I1 PRE-ACID TREPIPED NEIS 

N I W  ELDENW, ANALYSIS PPM (W/W) 

% N E % .  A c i d W .  -- E%. Fuel sample Fuel 
G-1 (Naphtha) 900 3 99.7 103000 

J-7 (JP-5) 2100 85 96.0 62000 

D-7 (DEM) 3000 5 99.8 61000 

wid Extract = lN HC1 
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TABLe I1 

SHALE I1 - N A P m  

ComFOuna 
Class 

COMPOUNDS IN ACID EXTRACT BY E I - E  

N u n h r  of Number of Relative 
Carbons in IsOrErs Arrount 
Side Chain Detected of Class 

Piperdines (CnH2, + lN) 2 2 

Pyridines (CnH2, - 5N) 1 1 

3 3 7% 

2 4 
3 10 
4 8 9 3% 
5 3 

TABLE I11 

SHALE I1 - m 

CaMpOuNDS IN ACID DCTRACT BY EI-MS 

Number 
Compound carbons in 

Pyridines 3 

Class Side Chain 

(CnH2,-5N’ 4 
5 
6 
7 
8 
9 
10 

N m b r  of Relative 
I s m s  Armunt 
Detected Of Class 

1 
4 
9 
10 
8 
11 
3 
3 

3 
5 
4 
1 
2 

1 
4 
3 
2 
1 

1 

r, 
, 

85% 

10% 

5% 
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TABLE N 

SHALE I1 - DFM 
cQMpouNDs IN ACID EYXFACT BY EI-MS 

ccmpouna 

Fyridines 

C l a s s  

(CnH2,,-5‘J) 

Tetrahydro- 
quinolines 

“ n H 2 n - F  

Indoles 

‘CnH2,-9N’ 

Quinolines 

‘‘nH2n-11N’ 

Number of 
carbons in 
Side Chain 

3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  

2 
3 
4 
5 
6 

4 
5 
6 
7 
8 

2 
3 
4 
5 
6 

N h r  of Relative 
Isders m m t  

Detected Of C l a s s  

1 
3 
7 
6 
14 
5 
6 
9 
3 
13 

5 
2 
4 
0 
2 

2 
2 
3 
8 
9 

64% 

8% 

21% 

7% 
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Historically, oil shale developers have tacitly assumed that if and when 
they began producing shale oil and other products, somebody would be ready 
and willing to buy them, Considering all the technical, economic, environ- 
mental, political, and institutional problems facing the developers, this 
assumption was reasonable. In fact, during recent "severe" liquid fuels 
shortages, the assumption may have been perfectly valid. With the current 
energy situation, fuels pricing structure, political environment, and the 
nearing commercial reality of oil shale development, the assumption that a 
ready market exists for oil shale products requires further examination. 

Not only must a developer determine whether someone will buy the products, 
but he must also determine what that prospective buyer will pay. The selling 
price of shale oil was historically assumed to be the price of conventional 
crude oil less some penalty for its high nitrogen content and pour point. 
Because the economics of oil shale production were not very precise, this was 
a reasonable approach. A s  the day of commercial production nears, however, 
construction cost estimates are becoming more refined, and costly design 
decisions are being made based on the marketing and transportation options 
anticipated. Estimates must be made, then, as accurately as possible 
regarding the ultimate disposition of the products to ensure that costly 
design errors are not made at this critical point in the planning program. 

One interesting aspect of the transportation and marketing question is 
that the constraints and input parameters keep changing with new technology 
developments, revised product pricing structures, new environmental regula- 
tions, and changes in the availability of and demand for conventional and 
alternate fuels. A perfectly logical choice of transportation method and 
market made today may be totally unrealistic next year. For instance, several 
years ago a suggested market for raw shale oil was as a boiler fuel in 
California, with transport by a pipeline. Today, the EPA questions the 
acceptability of burning shale oil, California has more than an adequate 
supply of boiler fuel, and existing pipelines are now pumping Alaskan oil 
eastward out of California. 
coproducts such as ammonia, sulfur, and coke. Even the perceived demand 
for nahcomite and soda ash may fall victim to as yet unforeseen events. 

Similar observations can also be made regarding 

Because the information that must be processed to arrive at a final 
decision is constantly changing, developing a system to manage this informa- 
tion is necessary. This system must permit the information to be processed 
quickly, yet be flexible enough to respond to changing conditions. A methodology 
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developed by Colorado School of  Mines Research I n s t i t u t e  s a t i s f i e s  these  c r i t e r i a ,  
bu t  t o  d i s c u s s  t h e  s o l u t i o n  would be  premature u n t i l  t h e  scope of the  problem i s  
f i r s t  def ined.  Disposing of  s h a l e  o i l  i n  t h e  most economical fash ion  c o n s i s t s  of 
two s e p a r a t e ,  but  r e l a t e d ,  problems -- marketing and t r a n s p o r t a t i o n .  Addressing t h e  
marketing ques t ion ,  t h e  f i r s t  t a s k  is t o  d e f i n e  what is  being marketed. That i s , ,  
e i t h e r  raw s h a l e  o i l ,  an upgraded product ,  o r  some in te rmedia te -qua l i ty  product 
can b e  marketed. Next, t h e  q u a n t i t y  of t h e  p a r t i c u l a r  product t o  be marketed must 
be def ined.  In  the  i n i t i a l  s t a g e s  of product ion ,  whether t h a t  be from a so-cal led 
demonstration p l a n t  o r  a s i n g l e  t r a i n  of a l a r g e r  o p e r a t i o n ,  t h e  output  w i l l  l i k e l y  
be s e v e r a l  thousand b a r r e l s  p e r  day. A t  f u l l  commercial product ion l e v e l s ,  perhaps 
a s  much as 50,000 t o  100,000 b a r r e l s  per  day w i l l  be  produced. Some markets w i l l  
be more amenable t o  one product ion  l e v e l  than another  and t h e  c o s t s  per  b a r r e l  f o r  
processing,  i n  p a r t i c u l a r  upgrading,  w i l l  be s i g n i f i c a n t l y  d i f f e r e n t  f o r  the  two 
production r a t e s .  

Raw o r  upgraded s h a l e  o i l  may be  marketed a t  a number of l o c a t i o n s  and may be 
used for  s e v e r a l  d i f f e r e n t  purposes .  I n  g e n e r a l ,  t h r e e  b a s i c  uses  e x i s t  f o r  raw 
o r  upgraded s h a l e  o i l  -- a s  a b o i l e r  f u e l ,  a r e f i n e r y  feeds tock ,  and a petro-  
chemical feedstock.  Some market s i tes e x h i b i t  a l l  t h r e e  u s e s ;  o t h e r s ,  only one o r  
two. 

Associated with each of  t h e s e  markets ,  by both l o c a t i o n  and use ,  is a s e l -  
l i n g  p r i c e  -- t h e  p r i c e  t h e  s h a l e  o i l  product  would br ing  a t  t h e  buyer 's  p lan t  
g a t e .  However, t h e s e  f i g u r e s  a r e  based on t h e  assumption t h a t  t h e  buyer wants 
t h e  product ,  and t h i s  may n o t  be  a v a l i d  assumption. For i n s t a n c e ,  a p a r t i c u l a r  
s h a l e  o i l  product may be p h y s i c a l l y  and chemical ly  equiva len t  t o  a No. 6 f u e l  
o i l  c u r r e n t l y  being f i r e d  i n  a u t i l i t y  b o i l e r .  The market va lue  of t h e  product 
could then be assumed t o  be  e q u i v a l e n t  t o  t h e  p r i c e  paid f o r  t h e  f u e l  o i l ,  but 
i f  t h e  u t i l i t y  company has a long-term c o n t r a c t  with a dependable f u e l  o i l  
s u p p l i e r ,  t h e  c a l c u l a t e d  market va lue  i s  meaningless because a market r e a l l y  
does not e x i s t .  

A similar example i s  t h e  marketing of r a w  s h a l e  o i l  a s  a r e f i n e r y  feedstock.  
To c a l c u l a t e  t h e  market p r i c e  of  t h e  product ,  i t  i s  p o s s i b l e  t o  determine a 
va lue  t h a t  could be s u b t r a c t e d  from the  p r i c e  of a convent ional  feeds tock  t o  
a d j u s t  t h e  p r i c e  of the  sha le-der ived  product  downward t o  account f o r  high pour 
p o i n t ,  n i t rogen ,  and t r a c e  meta ls  c o n t e n t .  However, t h e  r e f i n e r  would only pay 
t h a t  p r i c e  i f  t h e  necessary equipment were a v a i l a b l e  f o r  processing t h e  raw 
s h a l e  o i l ,  and very few r e f i n e r i e s  c u r r e n t l y  possess  t h a t  c a p a b i l i t y .  
he would r a t h e r  pay t h e  h igher  p r i c e  f o r  an o i l  he  can handle .  

L ike ly ,  

S i m p l i s t i c  economic approaches a r e ,  t h e r e f o r e ,  inadequate  fclr properly 
eva lua t ing  a p o t e n t i a l  market ing s t r a t e g y ,  because a s s o c i a t e d  wi th  each market- 
ing  opt ion  is a market "qua l i ty"  r a t i n g .  
t o r s ,  including a v a i l a b i l i t y  of o t h e r  crude s u p p l i e s ,  long-range corpora te  p lans ,  
market s i z e ,  and o t h e r s .  
have been discussed s o  f a r .  

This  r a t i n g  is a func t ion  of many fac- 

F igure  1 i l l u s t r a t e s  t h e  market-related a s p e c t s  t h a t  

Having now def ined  t h e  market l o c a t i o n  and end use,  t h e  expected p r i c e ,  and 
t h e  q u a l i t y  of t h e  market, t h e  next  ques t ion  t o  b e  addressed i s  how t o  g e t  t h e  
product  from t h e  o i l  s h a l e  p l a n t  t o  t h e  buyer ' s  p l a n t .  Several  t r a n s p o r t a t i o n  
methods may be a v a i l a b l e ,  b u t  i t  nay n o t  be advantageous t o  use t h e  same method 
a l l  t h e  way t o  t h e  buyer ' s  p l a n t .  Rather ,  in te rmedia te  t r a n s f e r  p o i n t s  may be 
used t o  change from one mode t o  another ,  o f t e n  t o  g r e a t  advantage. 

E s s e n t i a l l y  t h r e e  t r a n s p o r t a t i o n  methods a r e  a v a i l a b l e  f o r  s h a l e  o i l  t rans-  
p o r t  -- r a i l r o a d s ,  p i p e l i n e s ,  and t r u c k s  -- each wi th  i t s  own advantages and 
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disadvantages.  
Out, s e v e r a l  op t ions  e x i s t  f o r  t r a n s p o r t i n g  t h e  s h a l e  o i l  product  between any 
two adjacent  p o i n t s .  
moving o i l  between t h e  o i l  s h a l e  p l a n t  and t h e  market should be considered.  

Except f o r  some s i t u a t i o n s  i n  which t ruck  t r a n s p o r t  may be ruled 

Therefore ,  many p o s s i b l e  t r a n s p o r t a t i o n  combinations f o r  

Having def ined t h e  choices  of where t o  go and how t o  g e t  t h e r e ,  t h e  c o s t  
and f e a s i b i l i t y  of moving t h e  s h a l e  o i l  by each p o s s i b l e  method must next  be 
determined. Costs a r e  t h e  e a s i e s t  information t o  a c q u i r e ,  i n  t h a t  t h i s  type  of 
information is a v a i l a b l e  from t h e  r e s p e c t i v e  p i p e l i n e  companies and r a i l r o a d s ,  
o r  can be ca lcu la ted  based on r e a l i s t i c  c a p i t a l  and opera t ing  c o s t  es t imates .  
Any cos t  es t imate ,  however, assumes t h a t  t r a n s p o r t  by t h a t  p a r t i c u l a r  method is  
f e a s i b l e  -- which i t  may n o t  be.  For i n s t a n c e ,  publ ished t a r i f f  r a t e s  by Amoco 
Pipe l ine  f o r  t h e  l i n e  between S i n c l a i r ,  Wyoming, and S t e r l i n g ,  Colorado, i n d i -  
c a t e  the  c o s t  t o  be $0.15 per  b a r r e l  t o  t r a n s p o r t  o i l  over  t h e  route .  However, 
Closer  i n v e s t i g a t i o n  r e v e a l s  t h a t  t h e  capac i ty  of t h a t  l i n e  is only about 
40,000 b a r r e l s  per  day,  and i t  is  l i k e l y  t h a t  t h e  excess  capac i ty  i n  t h e  1990 
t i m e  frame w i l l  be cons iderably  less. 
s h a l e  o i l  may adverse ly  a f f e c t  t h e  q u a l i t y  of t h e  convent ional  o i l  subsequent ly  
shipped through t h e  l i n e ,  and t h e  p i p e l i n e  companies may have a l e g a l  r i g h t  t o  
r e f u s e  shipment of raw o i l  through t h e i r  common c a r r i e r  l i n e s ,  even i f  t h e  pour 
p o i n t s  and v i s c o s i t i e s  meet t h e i r  s tandards .  Thus, t h e  q u a l i t y  of a p a r t i c u l a r  
t r a n s p o r t a t i o n  method must be considered a s  w e l l  a s  i t s  c o s t .  Figure 2 
i l l u s t r a t e s  the  complexity of t h e  o v e r a l l  problem, inc luding  t h e  t ranspor ta t ion-  
r e l a t e d  aspec ts .  

I n  a d d i t i o n ,  t h e  contaminants i n  r a w  

The complexity of marketing and t r a n s p o r t i n g  s h a l e  o i l ;  t h e  time requi red  t o  
design,  permit ,  and c o n s t r u c t  t r a n s p o r t a t i o n  systems; and t h e  r i s k s  involved i n  
any dec is ion  r e q u i r e s  t h a t  more than j u s t  i n t u i t i o n  be  used i n  e s t a b l i s h i n g  a 
prospec t ive  marketing and t r a n s p o r t a t i o n  s t r a t e g y .  

With the  problem thus  d e f i n e d ,  t h e  next  l o g i c a l  s t e p  i s  t o  s o l v e  i t .  CSMRI 
has developed a methodology t o  organize  and eva lua te  a l l  t h e  v a r i o u s  t ranspor-  
t a t i o n  and marketing opt ions .  The approach is  geared t o  t h e  s p e c i f i c  needs of a 
p a r t i c u l a r  p r o j e c t ,  t h e  unique marketing c o n s t r a i n t s  of t h e  r e s p e c t i v e  develop- 
ers, and t h e  p a r t i c u l a r  s t a g e  of p r o j e c t  development. I t  is  a f l e x i b l e  method- 
ology capable  of providing quick eva lua t ions  and y e t  providing a b a s i s  f o r  
s o p h i s t i c a t e d  opera t ions  research-oriented s t u d i e s .  

Knowledgeable input  i s  requi red  i n  four  b a s i c  a r e a s  t o  make accura te  eval- 
ua t ions  : 

. Market p r i c e s  . Transpor ta t ion  c o s t s  . Market q u a l i t y  . Transpor ta t ion  segment q u a l i t y  

It would seem t h a t  market p r i c e s  would be  t h e  most e a s i l y  acquired va lues ,  
being based merely on t h e  p r i c e s  paid f o r  equiva len t  f u e l s  o r  feeds tocks .  
f o r t u n a t e l y ,  determining what f u e l s  a r e  "equivalent"  t o  s h a l e  o i l  products  
r e q u i r e s  an understanding of convent ional  petroleum r e f i n i n g  and marketing, and 
some sage  engineer ing judgment. I n  some c a s e s ,  t h e r e  i s  no equiva len t  f u e l ,  so 
some economic e x t r a p o l a t i o n  i s  requi red .  

Un- 
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Transpor ta t ion  c o s t s  f a l l  i n t o  t h r e e  g e n e r a l  c a t e g o r i e s :  (1) es t imates  
based on known t a r i f f s ,  ( 2 )  e s t i m a t e s  provided by t r a n s p o r t a t i o n  companies 
us ing  data from similar systems,  and (3) es t imates  based on c a p i t a l  and oper- 
a t i n g  c o s t s  f o r  new systems. I n  those  r a r e  i n s t a n c e s  where t a r i f f s  e x i s t ,  
r a t e s  a r e  r e a d i l y  a v a i l a b l e .  The costs es t imated  by t h e  t r a n s p o r t a t i o n  
companies may be o v e r l y  o p t i m i s t i c  o r  excess ive ly  conserva t ive ,  depending on 
which poses t h e  least r i s k  f o r  t h e  company. F i n a l l y ,  c o s t s  based on c a p i t a l  
and operat ing c o s t  estimates a r e  d i f f i c u l t  t o  develop due t o  t h e  mul t i tude  of 
assumptions inherent  i n  such c a l c u l a t i o n s .  

Nevertheless ,  i t  i s  r e l a t i v e l y  easy t o  s u b t r a c t  from each market p r i c e  t h e  
appropr ia te  t r a n s p o r t a t i o n  c o s t s  ( including t r a n s f e r  charges  f o r  changing modes 
a t  in te rmedia te  t r a n s f e r  p o i n t s )  to  a r r i v e  a t  a c o n s i s t e n t  "p lan t -s i te"  value.  
When appropr ia te ,  an  upgrading c o s t  can a l s o  be s u b t r a c t e d ,  l eav ing  a va lue  of 
r a w  s h a l e  o i l  a t  t h e  r e t o r t  s i t e .  

The development of economic c o s t  e s t i m a t e s  should reasonably be based on 
o b j e c t i v e  ana lyses ,  bu t  a cons iderable  degree  of s u b j e c t i v e  i n p u t  i s  requi red  
as w e l l .  Therefore ,  t h e  i n d i v i d u a l s  using t h e  r e s u l t s  of t h e s e  s t u d i e s  must be 
d i r e c t l y  involved i n  t h e  development of t h e  assumptions to  ensure  t h a t  t h e  con- 
c lus ions  a c c u r a t e l y  r e f l e c t  a p a r t i c u l a r  o i l  s h a l e  deve loper ' s  unique s i t u a t i o n .  

While t h e  f i r s t  two i t e m s ,  market p r i c e s  and t r a n s p o r t a t i o n  c o s t s ,  r e q u i r e  
some s u b j e c t i v e  i n p u t ,  market q u a l i t y  and t r a n s p o r t a t i o n  q u a l i t y  r e q u i r e  even 
more. Market q u a l i t y  i t s e l f  is  determined by a number of f a c t o r s ,  including the 
following : 

1. Long-term p o t e n t i a l  
2 .  Short-term p o t e n t i a l  
3 .  Market f l e x i b i l i t y  
4 .  Independence from l e g i s l a t i o n  
5. Independence from o t h e r  o i l  s h a l e  developers  

To use  t h e  method developed by CSMRI,  s u b j e c t i v e  r a t i n g s  a r e  made f o r  each 

Applying t h e  weight- 
market i n  each ca tegory ,  and each category i s  given a "weighting f a c t o r "  t o  ind i -  
c a t e  i t s  r e l a t i v e  importance f o r  a p a r t i c u l a r  eva lua t ion .  
ing  f a c t o r s  t o  t h e  r e s p e c t i v e  q u a l i t y  r a t i n g s  then y i e l d s  a s i n g l e  q u a l i t y  value 
f o r  each market op t ion .  The va lue  c a l c u l a t e d  f o r  each market is  then used t o  
compare t h e  r e l a t i v e  "goodness" of t h e  opt ions .  
d i f f e r e n t  a s p e c t s  of t h e  marketing problem can be emphasized and s tudied .  

By changing t h e  weighting f a c t o r s ,  

A s imilar  r a t i n g  system i s  a l s o  appl ied  t o  t h e  t r a n s p o r t a t i o n  opt ions ,  except 
t h a t  each t r a n s p o r t a t i o n  o p t i o n  involves  a s e t  of i n d i v i d u a l  t r a n s p o r t a t i o n  
segments. 
b in ing  t h e  r a t i n g s  f o r  t h e  component segments. 
t h e  q u a l i t y  r a t i n g  may be based on s e v e r a l  f a c t o r s  inc luding:  

A t r a n s p o r t a t i o n  q u a l i t y  f o r  t h e  e n t i r e  op t ion  is  c a l c u l a t e d  by com- 
For each t r a n s p o r t a t i o n  segment, 

1. Ease of permi t t ing  
2 .  Short-term v i a b i l i t y  
3. Long-term v i a b i l i t y  

A s  with t h e  market e v a l u a t i o n s ,  each ca tegory  i s  assigned a weighting f a c t o r  
which i n  t u r n  i s  appl ied  t o  t h e  q u a l i t y  r a t i n g s  f o r  each segment t o  y i e l d  an  
o v e r a l l  segment q u a l i t y .  
f o r  each t r a n s p o r t a t i o n  opt ion .  

These v a l u e s  a r e  then  combined t o  y i e l d  a q u a l i t y  r a t i n g  
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Having acqui red  a l l  of t h e  necessary o b j e c t i v e  and s u b j e c t i v e  i n p u t s  f o r  t h e  
market and t r a n s p o r t a t i o n  opt ions  under i n v e s t i g a t i o n ,  and performing a l l  of 
t h e  necessary mathematical c a l c u l a t i o n s ,  t h r e e  va lues  f o r  each o p t i o n  a r e  
developed t h a t  may be used f o r  comparison purposes t o  determine t h e  most v i a b l e  
t r a n s p o r t a t i o n  and marketing opt ion .  
r a w  s h a l e  o i l ,  t h e  q u a l i t y  of t h e  market,  and t h e  q u a l i t y  of t h e  t r a n s p o r t a t i o n  
made. 

These v a l u e s  a r e  p l a n t - s i t e  v a l u e  of t h e  

A hypothe t ica l  example, shown i n  Table 1, can be used t o  i l l u s t r a t e  t h e  
v a l u e  of t h i s  approach. A pure ly  economic e v a l u a t i o n  would i n d i c a t e  t h a t  t h e  
b e s t  op t ion  i s  t o  s e l l  raw s h a l e  o i l  a s  a b o i l e r  f u e l  i n  t h e  Midwest and t r a n s -  
p o r t  i t  t h e r e  by p i p e l i n e .  The economics do n o t  t a k e  i n t o  account t h a t  t h e  
common c a r r i e r  p i p e l i n e s  may n o t  t r a n s p o r t  t h e  r a w  o i l  o r  t h a t  government regu- 
l a t i o n s  may preclude t h e  use  of o i l  a s  a b o i l e r  f u e l .  
only impl ies  t h a t  a good p r o f i t  could be made Lf. you could  do i t .  On t h e  o t h e r  
hand, t h e r e  may e x i s t  a good market f o r  hydro t rea ted  s h a l e  o i l  as a r e f i n e r y  
feeds tock  i n  t h e  Midwest, and i t  is  q u i t e  f e a s i b l e  t o  t r a n s p o r t  i t  t h e r e  by 
p i p e l i n e ,  bu t  t h e  economic r e t u r n  i s  very  low, p r i n c i p a l l y  because of t h e  h igh  
c o s t  of hydro t rea t ing  such a small  q u a n t i t y  of product .  Shipping raw s h a l e  o i l  
by r a i l  t o  r e f i n e r s  i n  t h e  Midwest wi th  c a p a c i t i e s  t o  handle  t h e  r a w  o i l ,  
however, provides a reasonable  economic r e t u r n ,  whi le  a t  t h e  same t i m e  maintain- 
ing high market and t r a n s p o r t a t i o n  q u a l i t i e s .  A s  may b e  noted ,  however, should 
any of t h e  fundamental assumptions concerning e i t h e r  t r a n s p o r t a t i o n  o r  market 
q u a l i t y  change, t h e  r e l a t i v e  ranking of t h e  o p t i o n s  w i l l  be  changed a s  wel l .  

The economic e v a l u a t i o n  

Option s e l e c t i o n  must a l s o  be based on c o n s i d e r a t i o n s  about  t h e  pre l imi-  
nary  t a s k s  requi red  t o  implement t h e  opt ions .  That i s ,  emphasis must be 
placed on s e l e c t i n g  o p t i o n s  t h a t  do not  prec lude  implementation of a l t e r n a t i v e  
opt ions ,  should t h e  assumptions used i n  t h e  e v a l u a t i o n  change. 
t h e  h ighes t  r a t e d  opt ion  may involve  t r a n s p o r t  of raw s h a l e  o i l  whereas t h e  
n e x t  f i v e  h ighes t  r a t e d  o p t i o n s  may involve  on-s i te  upgrading. Due t o  t h e  time 
requi red  t o  des ign  an  upgrading f a c i l i t y  and i n c o r p o r a t e  i t  i n t o  t h e  o v e r a l l  
o i l  s h a l e  p l a n t ,  d i smiss ing  t h e  concept of upgrading would n o t  b e  prudent ,  a s  
condi t ions  may change p r i o r  t o  commercial p roduct ion ,  t h u s  reducing t h e  ranking 
of t h e  raw o i l  t r a n s p o r t  concept. The l a c k  of pre l iminary  planning e f f o r t s  
regard ing  upgrading f a c i l i t i e s  might j e o p a r d i z e  t h e  implementation of t h e  now 
more d e s i r a b l e  upgrading opt ions .  

For i n s t a n c e ,  

This  b r i e f  d e s c r i p t i o n  is c e r t a i n l y  n o t  adequate t o  e x p l a i n  a l l  of t h e  
complexi t ies  and problems involved i n  acqui r ing  t h e  d a t a  f o r  t h i s  t y p e  of s t u d y ,  
o r  wi th  t h e  f i n e r  p o i n t s  of d a t a  manipulation. Hopefully,  i t  has  conveyed t h e  
scope of t h e  problem and introduced t h e  methodology developed by C S M R I  t o  eva l -  
u a t e  t h e  a v a i l a b l e  opt ions .  The methodology can address  t h e  many problems, 
p r e j u d i c e s ,  and d e s i r e s  of each s p e c i f i c  s h a l e  o i l  p roducer ,  t h u s  making t h e  
approach very  p r o j e c t - s p e c i f i c .  Addi t iona l ly ,  i t  i s  capable  of being quick ly  
and e a s i l y  updated t o  e v a l u a t e  t h e  e f f e c t s  of new informat ion  as i t  becomes 
a v a i l a b l e .  The t i m e  i s  f a s t  approaching when major d e c i s i o n s  a r e  going t o  be 
made based on p r e d i c t e d  s h a l e  o i l  t r a n s p o r t a t i o n  and marketing s t r a t e g i e s  and 
t h e s e  p r e d i c t i o n s  must be based on comprehensive e v a l u a t i o n s  t h a t  account f o r  
op t ion  q u a l i t i e s  as w e l l  a s  hard economics. 

\ 
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TABLE 1 

Typica l  Option Evalua t ion  

Bas is :  10,000 B a r r e l s  Per Day Product ion Level 

P l a n t  S i t e  
Value 

Option (S /bbl )  

1. Raw s h a l e  o i l / b o i l e r  fuel/Midwest/ 30 
pipe1 i n e  

2 .  Hydrotreated s h a l e  o i l / r e f i n e r y  15 
feeds tock/Nidwes t /p ipe l ine  

3.  Raw s h a l e  o i l / r e f i n e r y  feeds tock/  25  
Midwest / ra i l  

Market Transpor ta t ion  
Qual i ty  Qua 1 i t y  
(0-100) (0-100) 

45 50 

95 90 

80 90 
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COKING KINETICS OF ARAB HEAVY VACUUM RESIDUUM 
BY THERMOGRAVIMETRIC ANALYSIS 

R .  C .  Schucker 
Exxon Research and Development Labora to r i e s  

P. 0. Box 2226 
Baton Rouge, Louis iana 70821 

INTRODUCTION 

The inc reased  demand f o r  g a s o l i n e  and h e a t i n g  o i l  i n  r e c e n t  yea r s  
coupled wi th  t h e  p r o g r e s s i v e l y  h e a v i e r  n a t u r e  of a v a i l a b l e  f eeds tocks  has  pu t  a 
premium on e f f i c i e n t ,  low c o s t  p rocesses  t o  conve r t  residuum i n t o  l i g h t e r  
p roduc t s .  T r a d i t i o n a l l y ,  t h e  p rocess  of cho ice  has  been coking wherein higher  
molecular  weight  s p e c i e s  a r e  converted t o  l i g h t e r  ones by thermal  decomposition 
a t  e l e v a t e d  temperatures .  Coking may be done i n  e i t h e r  t h e  delayed mode which 
i s  a semi-continuous p rocess  o r  i n  t h e  f l u i d  mode which is f u l l y  cont inuous.  
F l u i d  coking r e s u l t s  i n  h i g h e r  g a s  and gas  o i l  y i e l d s ,  lower coke product ion and 
a h ighe r  oc t ane  number f o r  t h e  naphtha f r a c t i o n  than  delayed coking and is  
t h e r e f o r e  t h e  p r e f e r r e d  p rocess  t o  meet c u r r e n t  f u e l  demands. Recent i n t roduc -  
t i o n  of Exxon's FLEXICOKING p r o c e s s  has  made t h i s  op t ion  even more a t t r a c t i v e .  
FLEXICOKING d i f f e r s  from conven t iona l  f l u i d  coking i n  t h a t  some of t h e  coke i s  
g a s i f i e d  a t  ?.1800°F t o  produce low BTU f u e l  gas and has  been shown commercially 
t o  produce more naphtha and l e s s  heavy gas o i l  t han  conven t iona l  f l u i d  cokers .  

Desp i t e  t h e s e  advances,  t h e r e  i s  s t i l l  a need t o  i n c r e a s e  t h e  y i e l d  of  
d e s i r a b l e  l i q u i d s  from coke r s .  T h i s ,  however, imp l i e s  an  a l t e r a t i o n  of t h e  
b a s i c  f r e e  r a d i c a l  pathways by which residuum molecules decompose -- pathways 
which p r e s e n t l y  a r e  a t  b e s t  poor ly  understood.  I n  a d d i t i o n ,  a t t empt s  t o  ga in  
k i n e t i c  and mechan i s t i c  i n s i g h t  i n t o  t h e  thermal  r e a c t i o n s  involved i n  residuum 
conversion a r e  always hampered by t h e  complexity of t h e  f eed .  The o b j e c t i v e s  of 
t h i s  s tudy  were t h e r e f o r e  t o  (1) determine t h e  coking k i n e t i c s  of a feed of 
commercial i n t e r e s t  (Arab Heavy vacuum residuum) and (2 )  a t t empt  t o  s i m p l i f y  t h e  
o v e r a l l  coking k i n e t i c s  by f i r s t  s e p a r a t i n g  t h i s  feed i n t o  s u b f r a c t i o n s  and 
s tudy ing  each o f  t h e s e  i n d i v i d u a l l y .  The experimental  t echn ique  used i n  t h i s  
work was thermogravimetr ic  a n a l y s i s  ope ra t ed  i n  t h e  nonisothermal  mode and was 
s i m i l a r  t o  t h a t  used by o t h e r s  I1-5; f o r  a n a l y s i s  of polymers and o i l  s h a l e .  
The emphasis o f  t h i s  s tudy  was on t h e  coking k i n e t i c s  o f  t h e  whole residuum and 
i t s  s u b f r a c t i o n s  i n  c o n t r a s t  t o  r e c e n t l y  pub l i shed  work [6]  which focused on t h e  
mechan i s t i c  a s p e c t s  of only the a s p h a l t e n e  f r a c t i o n .  

EXPERIMENTAL 

The instrument  of cho ice  f o r  t h i s  s tudy  was t h e  Cahn 113 thermogravi- 
m e t r i c  ana lyze r  ( see  F igu re  1 ) .  A t  t h e  h e a r t  o f  t h e  system i s  t h e  Cahn 2000 
r eco rd ing  e l e c t r o b a l a n c e  which has  a s e n s i t i v i t y  0.1pg and a c a p a c i t y  o f  1 .0  
gram. The sample t o  be analyzed is  suspended from t h e  ba l ance  i n  a plat inum pan 
by a nichrome hangdown wire i n s i d e  a q u a r t z  hangdown tube.  The e x t e r n a l  s p l i t  
s h e l l  furnace ope ra t e s  from 100°C t o  1100°C and i s  c o n t r o l l e d  by microprocessor  
t empera tu re  programmer capab le  of execu t ing  40 i n d i v i d u a l  programming s t e p s .  
Programming of t h e  temperature  c o n t r o l l e r  (a t h r e e  mode d i g i t a l  dev ice )  provides  
f o r  automatic  v a r i a t i o n  i n  g a i n ,  r e s e t  and r a t e  d u r i n g  o p e r a t i o n  and i n s u r e s  an 
extremely l i n e a r  h e a t i n g  r a t e  up t o  2.100°C/min. The a b i l i t y  t o  measure t h e  r a t e  
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of weight l o s s  i s  enhanced by t h e  a d d i t i o n  of a time d e r i v a t i v e  computer b u i l t  
i n t o  t h e  system which cont inuous ly  monitors and p l o t s  t h e  r a t e  of weight change. 

I n  a t y p i c a l  t ga  experiment approximate ly  20 mg of  sample was p laced  
i n t o  t h e  platinum d i s h  which was i n  t u r n  suspended from t h e  ba l ance .  The g l a s s -  
ware was then assembled and t h e  system was pumped down t o  2.0.1 t o r r ,  b a c k f i l l e d  
wi th  dry  n i t rogen  and a cons t an t  purge of 38 cc/min helium was passed through 
t h e  system. The sample was then  weighed t o  determine i t s  i n i t i a l  weight t o  
0.Olmg. The temperature program cons i s t ed  of ramping from room tempera ture  t o  
loo°C i n  5 minutes,  ho ld ing  a t  100°C f o r  10 minutes ,  ramping from 100°C t o  5 2 5 O C  
a t  t h e  des i r ed  hea t ing  r a t e  and hold ing  a t  525OC f o r  30 minutes .  A t  t h i s  p o i n t  
a blend of 80% He/20% O2 was in t roduced  i n t o  t h e  system a t  %75cc/min. and the  
temperature was ramped t o  7OOOC i n  20 minutes t o  burn o f f  t h e  coke. Organic 
m a t e r i a l  ba lances  obta ined  i n  t h i s  manner ranged from 99.5%-100%. The k i n e t i c  
equat ions  used t o  eva lua te  r a t e  parameters a r e  shown i n  F igu re  2 .  

Arab Heavy vacuum residuum wi th  a nominal c u t p o i n t  of 1050OF (565°C) 
was used a s  t h e  feed i n  t h i s  s tudy .  A p o r t i o n  of t h i s  feed  was deasphal ted  with 
n-heptane; and t h e  maltene ( o r  n-heptane s o l u b l e  f r a c t i o n )  was then  sepa ra t ed  
i n t o  r e s i n s  and o i l s  on At tapulgus  c l ay  (71.  The o i l s  were f u r t h e r  separa ted  
i n t o  a romat ics  and s a t u r a t e s  by t h e  method of Drushel [ 8 ]  a s  shown i n  F igu re  3 .  
Analyses of t h e  whole residuum and the  r e s u l t i n g  fou r  s u b f r a c t i o n s  a r e  shown i n  
Table 1. 

RESULTS AND DISCUSSION 

Nonisothermal k i n e t i c  experiments were c a r r i e d  o u t  thermogravimetri-  
c a l l y  a t  hea t ing  r a t e s  of 1°C/min t o  20°C/min. Typ ica l  thermograms f o r  t h e  
whole feed and each of i t s  f r a c t i o n s  a t  a 10°C/min h e a t i n g  r a t e  a r e  shown i n  
F igu re  4 .  A s  can be seen ,  t h e  a spha l t enes  produce t h e  l e a s t  v o l a t i l e s  (47.5%) 
followed by t h e  p o l a r  a romat ics  (82.4%), aromat ics  (98.6%) and t h e  s a t u r a t e s  
(99.8%). Weighting of each of t hese  curves  by t h e  amount of  t h a t  f r a c t i o n  
sepa ra t ed  from t h e  i n i t i a l  feed  and summing each of t h e i r  c o n t r i b u t i o n s  produced 
a curve which was very  s i m i l a r  t o  t h a t  of t h e  whole residuum. 

The a spha l t ene  thermograms were then  ana lyzed  t o  determine t h e  r a t e s  
of  v o l a t i l i z a t i o n  a t  va r ious  l e v e l s  of v o l a t i l e  format ion  (V/V ) .  These da t a  
were p l o t t e d  according t o  equat ion  4 (F igure  2) and t h e  r e s u l t i n z A r r h e n i u s  p l o t  
i s  shown i n  F igure  5 .  I n  agreement wi th  theo ry ,  we f i n d  s t r a i g h t  l i n e s  whose 
s l o p e s  can be used t o  de te rmine  a c t i v a t i o n  ene rg ie s  f o r  va r ious  s t a g e s  of  
a spha l t ene  r e a c t i o n .  In  c o n t r a s t  t o  t h e  o i l  s h a l e  work of Shih  ( 5 1  who found 
a l l  of h i s  l i n e s  t o  be of e s s e n t i a l l y  equal  s l o p e ,  we observe  a gradual i nc rease  
i n  s lope  (and t h e r e f o r e  t h e  a c t i v a t i o n  energy) a s  a func t ion  of r e a c t i o n ,  
sugges t ing  a change i n  mechanism, chemistry o r  bo th  a s  a func t ion  of conversion. 
S i m i l a r  p l o t s  f o r  t h e  p o l a r  a romat ic ,  a romat ic  and s a t u r a t e  f r a c t i o n s  a s  wel l  a s  
t h e  whole residuum a r e  shown i n  F igures  6-9 and a summary of t h e  der ived  
a c t i v a t i o n  ene rg ie s  a s  a func t ion  of convers ion  f o r  a l l  of t h e s e  f r a c t i o n s  i s  
g iven  i n  Table 2.  

I t  i s  i n t e r e s t i n g  t o  note  t h a t  whi le  a c t i v a t i o n  ene rg ie s  f o r  each of 
t h e  f r a c t i o n s  tend  t o  i n c r e a s e  wi th  convers ion ,  on ly  t h e  a spha l t enes  e x h i b i t  
such  a wide range. I t  i s  a l s o  i n t e r e s t i n g  t h a t  t h e  s a t u r a t e s  e x h i b i t  a 
gene ra l ly  h igher  l e v e l  of  a c t i v a t i o n  ene rg ie s  even though they  r e a c t  more 
qu ick ly  than  any o t h e r  f r a c t i o n .  F i n a l l y ,  we no te  t h a t  t h e  whole residuum seems 

215 



-3- 

to mimic the sum of its parts in that it exhibits fairly low activation energies 
at low conversions, but has a broad range showing the asphaltene influence at 
higher conversions. 

CONCLUSIONS 

We have found that the kinetics of thermal decomposition reactions of 
a vacuum residuum can be effectively determined by nonisothermal thermogravi- 
metric analysis. Furthermore, separation of the residuum into subfractions 
before such analysis provides kinetic insight into the behavior of molecules of 
varying size and chemical composition. Significantly, our results have shown 
that the activation energies for the coking reactions of all components of the 
residuum increase with conversion. This suggests that attempts to model 
residuum coking kinetics using a single activation energy would produce incor- 
rect results; and that it would be more appropriate to use a distribution of 
activation energies such as that used by Anthony and Howard 191 in coal 
pyrolysis experiments. 
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Table 1 

Chemical  Analyses of  Fract ions o f  Arab Heavy Vacuum Residuum 

WHOLE n-C, POLAR 
RESID ASPHALTENES AROMATICS AROMATICS SATURATES - - - _ _ _ -  FRACTION 

wI.% 100.0 23.9 60.3 10.4 5 .4  

C (UT .%)  83.13 82.65 82.65 84.92 84.93 
H (WT.%)  9.79 7.91 9.92 11.91 13.76 
0 (UT.%) 0.58 0.88 
N (WT.%) 0.68 1.18 0.56 c0.3 <o. 3 
5 (UT.%) 5.71 7.51 5.45 2.41 0.016 

(H/C)AT 1 . 4 1  1.15 1 . 4 4  1.68 1.94 

in (TOL. ,  50°C) 1.2500 %7500 ~ 1 9 0 0  1.900 1.900 

C,, (MOLE %) - 48.4 39.7 35.4 

T a b l e  2 

f o r  A r a b  H e a v y  V a c u u m  R e s i d u u m  a n d  F r a c t i o n s  

C a l c u l a t e d  A c t i v a t i o n  E n e r g i e s  

F R A C T I O N  OF A C T I V A T I O N  ENERGY ( K C A L / M O L E )  
TOTAL V O L A T I L E S  __ ASPH. A R O M A T I C S  SATURATES WHOLE R E S I D  

0.2 4 2 . 1  37.6 36 .3  40.4 36 .8  

0.4 4 3 . 2  37 .9  41 .3  38 .7  42.9 

0.6 51 .0  4 0 . 0  44 .3  44 .6  45 .9  

0.8 67.2 43 .5  43.6 51 .7  49 .9  

0.9 80.5 45 .6  46.8 5 2 . 9  60 .5  
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F igure  1. Schemat ic  o f  Thermograv i rne t r i c  Analysis System 
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- :i = (1-a)kA 

_ _  1 dV = - E / R T  (1-V/V0) 
Vo d t  koe 

( 2 )  

( 3 )  

I n  (1 fi) = I n  ko + I n  ( l -V/Vo)  - E/RT ( 4 )  
Vo  d t  

Figure 2. Kinetic Mode l  Used in  Coking Study 
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Figure 3 .  Residuum Separa t ion  S c h e m e  
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Figure  4. Volat i le Evo lu t ion  f r o m  Arab Heavy Vacuum Residuum 
and Frac t ions  at Heat ing  R a t e  o f  1 0 " C / m i n  
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F igure 5. Ar rhen ius  Plot  for Asphal tene F r a c t i o n  
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F igure 6. Ar rhen ius  Plot for  Polar Aromat ic  Frac t ion  
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THE OXIDATION OF FRACTIONS OF FUEL OIL #6 BY DIFFERENTIAL 
SCANNING CALORIMETRY AND THERMOGRAVIMETRY. 

J.A. Ayah, J. Ruiz and M.E. Rincbn. 

Institute de Investigaciones Electricas 
Divisi6n Fuentes de Energfa 
Departamento de Combustibles F6siles 

I Cuernavaca, Mor., Mexico 

INTRODUCTION. , 
Since a few years back, it has been realized throughout the world 

' \  the need to find new and/or alternative energy sources to replace 
fossil fuels. Today, however, most of the countries in the world 
still depend on fossil fuels, and in particular on residual oil to 
meet their energy requirements. This situation, will continue to be 
as such for at least the next twenty years, and may be longer. The 
residual oil, as it is used today for the production of electricity by 
the utilities, contains sulfur, and trace metals, besides its usual 

' elemental composition. As it is well known, when the residual oil is 
burned in a big industrial boiler the above mentioned elements, will 
produce substances which are dangerous for the environment. These , substances, also have a high influence in the loss of availability, 
and efficiency of the boilers due to the formation of deposits within 

, the furnace, and the corrosiveness of some of the products. Moreover, 
with the utilization of better technologies in crude oil refining 
processes the residual oil will increasingly have higher amounts of 
sulfur and metals, and will become heavier. Also, the use of a 
heavier oil usually leads to an increase in unburned particles, and in 
polyaromatic hydrocarbons in the flue gas. In order to attain the 
appropriate protection for the environment, and for the industrial 
boilers it is necessary to understand how the harmful products are 
formed, during the combustion of the residual oil. To reach such an 

~ understanding, we believe it is necessary to have a better knowledge 
about the oxidation chemistry of the oil. 

\ 

In a previous paper(l), we have reported the utilization of , differential scanning calorimetry (DSC) to study the thermo-oxidation 
of fuel oil #6. It was shown, that it is possible to utilize, the 

1 techniques in thermal analysis to obtain kinetic information about 
the oxidation behavior of the fuel. We have also shown(2), that the 
results from the thermogravimetric analysis (TGA) of the fuel are 
highly complimentary with the results from the DSC. These two 
techniques,combined for the study of the oxidation of fuel oil #6, in 
the temperature range between 200-600°C, have provided us with an 
insight into the different mechanisms of oxidation of the fuel. In 
the present work, we have separated the asphaltenes from a sample of 
mexican residual o i l .  The oxidation profile of both,the asphaltene, 
and asphaltene-free fractions was obtained by means of DSC and TGA, 
between 2OOOC and 600'C. We also have attempted to obtain kinetic 
information from the data, and have compared the results with those 
previously obtained for the fuel. 

EXPERIMENTAL. 

A sample of a previously studied (1,2) mexican residual fuel oil was 
chosen for the present work. The asphaltene, or heavy fraction was 
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s e p a r a t e d  from t h e  o i l  by means of e x t r a c t i o n s  wi th  n-pentane.  
Elemental  a n a l y s i s ,  and a n a l y s i s  of s u l f u r  and vanadium c o n t e n t  were 
performed on  b o t h ,  t h e  a s p h a l t e n e  and a s p h a l t e n e - f r e e  f r a c t i o n s .  
D i s t r i b u t i o n  maps o f ,  s u l f u r  and vanadium were o b t a i n e d  f o r  t h e  
a s p h a l t e n e s ,  w i th  an X-ray f l u o r e s c e n c e  microprobe  a t t achmen t  t o  a 
scanning  e l e c t r o n  microscope  (SEM). 

The o x i d a t i o n  p r o f i l e  o f  b o t h  f r a c t i o n s  was o b t a i n e d  by means of 
a Perkin-Elmer DSC-2 d i f f e r e n t i a l  s cann ing  calorimeter, and a TGS-2 
thermogravimet r ic  sys tem.  The TGS-2 was p rov ided  w i t h  t h e  s i g n a l  
d e r i v a t i v e  a t t achmen t .  Two t y p e s  o f  expe r imen t s  were performed: 
a )  dynamic, and b )  i s o t h e r m i c .  I n  t h e  dynamic r u n s ,  t h e  sample was 
charged  a t  room t empera tu re ,  and t h e  t empera tu re  v a r i e d  a t  a r a t e  of ( 

10°C/min. I n  t h e  i s o t h e r m i c  expe r imen t s ,  t h e  sample was charged a t  a 
g iven  t empera tu re ,  which was h e l d  c o n s t a n t  ove r  a p e r i o d  of t i m e ,  o r  , 
u n t i l  t h e  sample we igh t  w a s  d e p l e t e d .  For  the a s p h a l t e n e - f r e e  o r  I 

l i g h t  f r a c t i o n  t h e  i s o t h e r m i c  expe r imen t s  were run  a t  v a r i o u s  
t empera tu res  between 230 and 290°C, and between 380 and 460OC. For 
t h e  heavy f r a c t i o n ,  t h e  i s o t h e r m i c  r u n s  were made a t  tempera tures  
between 390 and 480OC. The sample pans  i n  t h e  DSC exper iments  were 
made of aluminum, and t h e  sample c o v e r s  had t o  be  p e r f o r a t e d  i n  o rde r  
t o  o b t a i n  meaningfu l  r e s u l t s .  The sample pans  i n  t h e  TGA experiments 
w e r e  made o f  p la t inum.  A l l  t h e  exper iments  w e r e  performed wi th  a flow 
o f  oxygen o f  -25 ml/min, and the sample weight  w a s  -1 mg, and n 2  mg 
f o r  t he  a s p h a l t e n e  and a s p h a l t e n e - f r e e  f r a c t i o n s ,  r e s p e c t i v e l y .  

RESULTS AND DISCUSSION. 

The f u e l  o i l  s t u d i e d  h e r e  h a s  an a s p h a l t e n e  c o n t e n t  o f  1 4 % .  
Table  1, shows t h e  r e s u l t s  o f  t h e  e l e m e n t a l  a n a l y s i s ,  t h e  s u l f u r  and 
vanadium c o n t e n t ,  and t h e  hydrogen: carbon r a t i o  f o r  t h e  f u e l ,  and the  
f r a c t i o n s .  A s  expec ted ,  a l l  t h e  vanadium remains  i n  the a s p h a l t e n e s .  
Approximately 75% of t h e  s u l f u r  from t h e  o i l  remains i n  t h e  l i g h t  
f r a c t i o n .  The H/C ra t io  decreases from a v a l u e  of 1 .5  f o r  t h e  f u e l ,  
and t h e  a s p h a l t e n e - f r e e  f r a c t i o n ,  t o  a v a l u e  o f  1 f o r  t h e  heavy 
f r a c t i o n .  The H/C r a t i o  of t h e  a s p h a l t e n e s  i s  v e r y  t y p i c a l ( 3 )  f o r  
t h i s  k ind  of hydrocarbons .  T h i s  r a t i o ,  is  close t o  t h a t  found f o r  
some c o a l s ( 4 ) .  Thus, t h i s  r e s u l t  may speak by i t s e l f  abou t  t h e  
d i f f i c u l t i e s  t o  o b t a i n  a d e q u a t e  c o n d i t i o n s  f o r  t h e  comple te  combustion 
o f  t h e  a s p h a l t e n e s .  F i g u r e s  1, 2 ,  and 3 r e v e a l  ano the r  i n t e r e s t i n g  
f e a t u r e  o f  t h e  heavy f r a c t i o n .  F i g u r e s  2 ,  and 3 a r e  t h e  d i s t r i b u t i o n  
maps of V, and S r e s p e c t i v e l y  of t h e  SEM image f o r  t h e  a s p h a l t e n e s  i n  
f i g u r e  1. I n  t h e s e  maps, a t  l e a s t  some o f  t h e  s u l f u r  of the heavy 
f r a c t i o n  seems t o  be  c l o s e l y  associated w i t h  t h e  vanadium. Most of 
t h e  s t r u c t u r e s  proposed f o r  t h e  a s p h a l t e n e s ( 3 , 5 ) ,  do n o t  i n c l u d e  
he te roa toms eventhough t h e r e  u s u a l l y  i s  a h igh  s u l f u r  c o n t e n t  i n  t h i s  
f r a c t i o n .  Some of t h e  vanadium i n  t h e  a s p h a l t h e n e s ,  i s  o f t e n  
a s s o c i a t e d  w i t h  po rphyr in - l ike  s t r u c t u r e s ( 6 , E )  i n  which s u l f u r  i s  no t  
i nc luded ,  b u t  ve ry  l i t t l e  i s  known abou t  non-porphyr in ic  vanadium. 
Dickson and P e t r a k i s ( 8 1 ,  have proposed  some p o s s i b l e  s u l f u r  
environments around a VO sys t em,  t o  accoun t  f o r  non-porphyr in ic  
vanadium. The t y p e s  of sys tem proposed by Dickson and P e t r a k i s  a r e  
c o n s i s t e n t  w i th  t h e  r e s u l t s  shown i n  f i g u r e s  2 ,  and 3 .  Theassoc ia t ion  
o f  s u l f u r ,  and vanadium i n  t h e  a s p h a l t e n e s  needs to  be t h e  o b j e c t  of 
f u r t h e r  i n v e s t i g a t i o n  s i n c e  t h e  chemis t ry  of such  complexes may be 
q u i t e  d i f f e r e n t  from t h a t  o f  p o r p h y r i n i c  vanadium(7) .  

F igu re  4 ,  shows t h e  DSC r e s u l t s  i n  t h e  r e g i o n  between 200-600°Cr 
fo r  t h e  f u e l  and i t s  f r a c t i o n s .  T h i s  p l o t  shows t w o  exothermic  
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r e g i o n s ,  one a t  -3OOOC (zone I ) ,  and a second r e g i o n  (zone  11) which 
Star ts  a t  - 4 O O O C .  A t  t h e  beginning  o f  t h e  zone 11, t h e r e  are s e v e r a l  
s h a r p  peaks .  These peaks ,  i n d i c a t e  a h i g h l y  u n s t a b l e  r e g i o n  wi th  
r e s p e c t  t o  t h e  o x i d a t i o n  of t h e  hydrocarbons  invo lved .  

I 
The a s p h a l t e n e  f r a c t i o n ,  does  n o t  show any peaks i n  the f i r s t  

zone of t h e  thermogram, whereas t h e  l i g h t  f r a c t i o n  shows t h e  b i g g e s t  
peak w i t h i n  t h i s  r e g i o n .  I n  t h e  second zone w e  obse rve  t h a t  t h e  

.> a s p h a l t e n e s  show t h e  least  amount of u n s t a b i l i t y ,  and t h e y  peak 
, ear l ie r  i n  tempera ture  than  b o t h ,  t h e  f u e l  and t h e  l i g h t  f r a c t i o n .  

The weight o f  a s p h a l t e n e s  u t i l i z e d  t o  o b t a i n  t h e  thermograms i n  f i g u r e  
4 ,  was approximate ly  h a l f  o f  t h e  we igh t  u t i l i z e d  f o r  t h e  f u e l  and t h e  
l i g h t  f r a c t i o n .  Thus, t h e  a s p h a l t e n e s  a l so  show t h e  b i g g e s t  area 
under che peak w i t h i n  t h e  zone I1 i n  f i g u r e  4 .  On t h e  o t h e r  hand, t h e  

\ l i g h t  f r a c t i o n  g i v e s  t h e  s m a l l e r  peak ,  and h i g h e r  t empera tu res  i n  t h e  
~ second zone. These r e s u l t s ,  a r e  confirmed by t h e  expe r imen ta l  r e s u l t s  

w i t h  t h e  TGA, wich w i l l  be  d i s c u s s e d  l a t e r .  The d i f f e r e n c e s ,  i n  t h e  
zone 11, among t h e  heavy, and l i g h t  f r a c t i o n s  a r e  n o t  easy  t o  e x p l a i n .  
I t  i s  p o s s i b l e ,  t h a t  t h e  m e t a l s  i n  t h e  a s p h a l t e n e s  are a c t i n g  as 
c a t a l y s t s  i n  t h e  o x i d a t i o n  of t h i s  f r a c t i o n s .  T h e r e f o r e ,  w e  may have 
t h e  peak s h i f t e d  t o  lower t empera tu res ,  w i t h  r e s p e c t  t o  t h e  f u e l .  I n  
t h e  case o f  t h e  l i g h t  f r a c t i o n ,  it is  p o s s i b l e  t h a t  t h e  s u l f u r  

o x i d a t i o n  of t h e s e  hydrocarbons .  Thus, an  i n h i b i t i n g  mechanism may 
s h i f t  t h e  peak of t h e  l i g h t  f r a c t i o n  towards t h e  h i g h e r  t empera tu res .  

0 con ta ined  w i t h i n  t h i s  f r a c t i o n  i s  a c t i n g  as an i n h i b i t o r ( 9 )  f o r  t h e  

5 

\ 
Figure  5,  shows t h e  t y p i c a l  r e s u l t s  f o r  t h e  dynamic TGA 

expe r imen t s ,  a long  w i t h  t h e  d e r i v a t i v e  cu rves  (DTGA) of t h e  TGA 
s i g n a l s .  I t  i s  observed  i n  f i g u r e  5 ,  t h e  resemblance between t h e  DTGA 

', c u r v e s ,  and t h e  c u r v e s  i n  f i g u r e  4 .  Thus, t h e  DTGA thermograms 
conf i rm t h e  r e s u l t s  o b t a i n e d  f o r  t i le f u e l  and i t s  f r a c t i o n s ,  by DSC. 

' That  i s ,  t h e  a s p h a l t e n e  f r a c t i o n  does  n o t  show a peak a t  -3OOOC. A l s o ,  
f o r  t h e  r e g i o n  between 400-600°C t h e  heavy f r a c t i o n  shows the l a r g e s t  

, peak a t  lower t empera tu res ,  and t h e  l i g h t  f r a c t i o n  g i v e s  t h e  smallest 

According t o  t h e  TGA r e s u l t s ,  t h e r e  i s  a mass l o s s  of -20% f o r  b o t h ,  
t h e  f u e l ,  and t h e  a s p h a l t e n e - f r e e  f r a c t i o n  up t o  a t empera tu re  o f  
-25OOC. This  loss  o f  weight  i n  t h e  samples ,  h a s  n o t  r e l e a s e d  o r  
absorbed  h e a t  such t h a t  i t  cou ld  be accounted  f o r  i n  t h e  DSC 
exper iments .  The mass loss b e f o r e  25OoC, cou ld  be due t o  e i t h e r  t h e  
evapora t ion  o f  v o l a t i l  compounds, o r  t o  a ve ry  mi ld  o x i d a t i o n  o r  
p y r o l y s i s  of t h e  f u e l ,  w i t h  t h e  p roduc t ion  of v o l a t i l  s p e c i e s .  The 

, TGA, DTGA, and DSC r e s u l t s  a t  300°C conf i rm the e x i s t e n c e  o f  an  
exothermic  r e a c t i o n  a t  t h i s  t empera tu re  i n  the f u e l ,  and t h e  l i g h t  
f r a c t i o n .  The TGA f o r  t h e  l i g h t  f r a c t i o n ,  i n  t h i s  t empera tu re  r e g i o n  
shows t h a t  t h e  pe rcen tage  of t h e  mass l o s t  d u r i n g  t h e  r e a c t i o n  i s  
h i g h e r  t han  i t  i s  f o r  t h e  f u e l .  T h i s  r e s u l t ,  e x p l a i n s  why t h e  a r e a  
under  t h e  peak i n  zone I f o r  t h e  a s p h a l t e n e - f r e e  f r a c t i o n  is b i g g e r  

t h a t  t h e  s a m e  t y p e  of o x i d a t i o n  r e a c t i o n  i s  t a k i n g  p l a c e  f o r  t h e  f u e l  
and t h e  l i g h t  f r a c t i o n  i n  t h e  zone I .  However, more m a t e r i a l  i s  
r e a c t i n g  a t  t h e s e  t empera tu res  i n  t h e  a s p h a l t e n e - f r e e  f r a c t i o n  t h a n  it 
i s  i n  t h e  f u e l .  The end of t h e  f i r s t  r e g i o n  of o x i d a t i o n  f o r  t h e  f u e l  
and t h e  l i g h t  f r a c t i o n  is s i g n a l e d  i n  t h e  TGA p l o t  by a d r a s t i c  change 
i n  t h e  s l o p e  o f  t h e  cu rve .  The new s l o p e  i n d i c a t e s  a much s lower  r a t e  
i n  t h e  m a s s  loss.  F i n a l l y ,  t h e  TGA cu rve  of t h e  f u e l  and t h e  
a s p h a l t e n e  f r a c t i o n ,  shows a n o t h e r  change i n  t h e  s l o p e  towards h ighe r  
r a t e s  o f  mass l o s s  i n d i c a t i n g  t h e  beginning  o f  t h e  zone 11. The new 
change i n  s l o p e  is m o r e  g r a d u a l  i n  t h e  l i g h t  f r a c t i o n  t h a n  i n  t h e  fuel.  
The TGA cu rve  of t h e  a s p h a l t e n s ,  s h o w a l m o s t  no change i n  t h e  weight  

' peak a t  h ighe r  t empera tu res ,  w i th  r e s p e c t  t o  t h e  peak of t h e  f u e l .  

I t h an  t h e  a r e a  under t h e  peak o f  t h e  f u e l .  These r e s u l t s ,  i n d i c a t e  
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of t h e  sample u n t i l  -40QOC. A t  -400°C, t h e r e  i s  a r a p i d  f a l l - o f f  of 
t h e  s i g n a l ,  which i n d i c a t e s  a ra te  o f  mass loss h i g h e r  t h a n  even t h a t  
f o r  t h e  f u e l ,  i n  t h e  same t empera tu re  r e g i o n .  The s l o w  ra te  i n  t h e  
m a s s  loss of  t h e  a s p h a l t e n e - f r e e  f r a c t i o n ,  and a h igh  r a t e  o f  mass 
l o s s  f o r  t h e  a s p h a l t e n e s  w i t h i n  t h e  same t empera tu re  r e g i o n  go along 
w i t h  t h e  r e s u l t s  i n  t h e  DSC f o r  bo th  f r a c t i o n s .  The re fo re ,  we may 
a rgue  a g a i n  t h a t  t h e r e  i s  an  i n h i b i t i n g  mechanism f o r  t h e  o x i d a t i o n  of 
t h e  l i g h t  f r a c t i o n  t a k i n g  p l a c e  i n  t h e  zone 11. W e  may a lso argue  
t h a t ,  a c a t a l y t i c  e f f e c t  i s  a t  least  p a r t i a l l y  r e s p o n s i b l e  f o r  t h e  
r e s u l t s  o b t a i n e d  wi th  t h e  a s p h a l t e n e  f r a c t i o n .  

I 

Theiso thermic  TGA c u r v e s  have been k i n e t i c a l l y  ana lyzed .  I t  was 
assumed, as it w a s  t h e  case f o r  t h e  f u e l ( l , 2 ) ,  a p s e u d o - f i r s t  o r d e r  
k i n e t i c s ,  which means a f i r s t  o r d e r  w i t h  r e s p e c t  to t h e  f r a c t i o n s .  / 

Figures  6 and I p r e s e n t  t h e  Ar rhen ius  p l o t s  f o r  t h e  zones I and I1 of 
t h e  l i g h t  f r a c t i o n ,  r e s p e c t i v e l y .  F i g u r e  8 shows t h e  Ar rhen ius  p l o t  
f o r  t h e  a s p h a l t e n e s .  I n  Table  2 ,  w e  have compared t h e  a c t i v a t i o n  
e n e r g i e s ( E a )  f o r  t h e  f u e l ,  and i t s  f r a c t i o n s .  The E a ' s  f o r  t h e  f u e l ,  
and t h e  l i g h t  f r a c t i o n  are  s imi la r  t o  each  o t h e r .  On t h e  o t h e r  hand, 
t h e  Ea of t h e  a s p h a l t e n e  f r a c t i o n  i s  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  Ea ' s  
f o r  t h e  f u e l ,  and t h e  l i g h t  f r a c t i o n .  These are r e s u l t s ,  which a r e  
somewhat expec ted  s i n c e  t h e  l i g h t  f r a c t i o n  r e p r e s e n t s  86% of t h e  f u e l .  
The h igh  a c t i v a t i o n  energy  f o r  t h e  a s p h a l t e n e s ,  shou ld  a lso be  
cons ide red  a snorma l  due t o  t h e  o x i d a t i o n  r e s i s t a n c e  of t h i s  f r a c t i o n .  f 

I t  i s  p robab le  t h a t  t h e  f i r s t  o x i d a t i o n  zone i n  t h e  f u e l ,  and t h e  l i g h t  
f r a c t i o n ,  i s  due  t o  t h e  p a r a f f i n i c  c o n t e n t  P l u s  some o f  t h e  l i g h t e r  
a romat i c  hydrocarbons  i n  t h e  f r a c t i o n .  Th i s  o b s e r v a t i o n  i s  based on the  
low a c t i v a t i o n  energy  for t h e  r e a c t i o n  i n  zone I.  However, t h e  r e s u l t s  
from DSC and TGA show t h a t  t h e  h e a t  o f  o x i d a t i o n ,  and t h e  loss  o f  mass 
are sma l l  i n  t h i s  zone. Thus, s i n c e  t h e  p a r a f f i n i c  c o n t e n t  o f  t h e  f u e l  
i s  n o t  so s m a l l ,  it i s  a l s o  p robab le  t h a t  t h e  deg ree  o f  o x i d a t i o n  of 
t h e  r e a c t i v e  s p e c i e s  o f  t h e  f u e l ,  and t h e  f r a c t i o n  i n  zone I i s  low. 

Another i n t e r e s t i n g  f e a t u r e  o f  t h e  a s p h a l t e n e  f r a c t i o n  i s  shown 
i n  F igu re  9 .  The cu rves  i n  f i g u r e  9 ,  are t h e  i s o t h e r m i c  TGA runs  a t  
470 and 480OC. These two cu rves  show a smooth cu rve  f o r  approximate ly  
2.5 and 2 minu te s ,  r e s p e c t i v e l y .  A f t e r  t h i s  t i m e ,  t h e r e  i s  a sudden 
loss o f  mass u n t i l  t h e  sample mass i s  a lmos t  d e p l e t e d .  The minute 
amount of m a s s  remain ing  a f t e r  t h e  sudden change c o n t i n u e s  i t s  ox i -  
d a t i o n ,  b u t  a t  a much s lower  rate. The sudden change, i s  an  i g n i t i o n  
of t h e  a s p h a l t e n e  f r a c t i o n .  The impor t an t  f a c t  i s  t h a t  a t  l o w e r  
t empera tu res  t h e r e  i s  no i g n i t i o n  of t h e  sample,  b u t  a g r a d u a l  ox ida t ion  
o f  t h e  a s p h a l t e n e s .  S t a r t i n g  a t  -47OOC t h e r e  i s  an i g n i t i o n  of t h e  
sample, b u t  it i s  preceded  by a n  i n d u c t i o n  p e r i o d .  T h i s  behav io r ,  i s  
n o t  found i n  t h e  a s p h a l t e n e - f r e e  f r a c t i o n .  I n  t h e  l i g h t  f r a c t i o n ,  a t  
-. 47OoC, t h e r e  i s  an  spontaneous  i g n i t i o n  of t h e  sample w i t h o u t  a 

measurable  i n d u c t i o n  p e r i o d .  

CONCLUSIOYS 

- A t  least  some of t h e  s u l f u r  i n  t h e  a s p h a l t e n e s ,  seems t o  be  c l o s e l y  
a s s o c i a t e d  w i t h  some o f  t h e  vanadium of t h i s  f r a c t i o n .  I - The l i g h t  f r a c t i o n  shows two r e g i o n s  of o x i d a t i o n  i n  t h e  tempera ture  
r ange  between 200-600OC. These r e g i o n s  are similar t o  t h o s e  o f  t h e  f u e l ,  
b u t  s h i f t e d  toward s l i g h t l y  h i g h e r  t empera tu res .  - The heavy f r a c t i o n  shows o n l y  one  r e g i o n  of o x i d a t i o n  i n  between 400- 
600OC. This  o x i d a t i o n  r e g i o n  peaks  a t  s l i g h t l y  lower t empera tu res  than  
t h e  s i m i l a r  r e g i o n s  i n  t h e  f u e l ,  and i n  t h e  - The a c t i v a t i o n  e n e r g i e s  o f  t h e  l i g h t  f r a c t i o n  are s i m i l a r  t o  t h o s e  of 

l i g h t  f r a c t i o n .  
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the fuel. 
- The Ea for the asphaltene fraction is considerably higher than the 
activation energies of the fuel, and the asphaltene-free fraction. - At 4709C the asphaltenes ignite spontaneously after an induction 

I period of - 2 . 5  min. 
' - The light fraction at -470OC ignites spontaneously without a measurable 
) induction period. 

Finally, the overall results of this work, agree well with the idea 
that the overall behavior of the fuel is an average of the behavior of 

the DSC, and TGA curves need to be further investigated. Especially, - 
those features that can be related to catalytic or inhibiting properties 
of some chemical species within the fuel. 
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FIGURE 1, SEM IMAGE OF THE ASPHALTENES 
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FIGURE 2, VANADIUM DISTRIBUTION IN FIGURE 1 
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FIGURE 3, SULFUR DISTRIBUTION I N  F I G U R E  1 
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ABSTRACT 

The s tudy  includes determining the  carbon-13 paramagnetical ly reduced 
spin-latt ice relaxation times o f  representat ive hydrocarbon types, o f  a 
model mix tu re  o f  hydrocarbon types  and o f  an aromatic hydrocarbon 
added to  syncrude JP-4 j e t  fuel. The paramagnetic relaxation reagent 
chromium acetylacetonate (CrAcAc) was used in al l  systems. 

The l imi t  o f  solubi l i ty  o f  CrAcAc in 3 ml of j e t  fuel  and 2 ml of  CDC13 
was found to  be approximately 0.07 M. Using th is  concentrat ion, t h e  
I 3 C  spin-latt ice relaxation times (TI) of aromatic compounds range f rom 
0.5 to  0.9 seconds, and f o r  n-alkanes the  range was found t o  be 0.9 to  
1.8 seconds. A concentrat ion o f  0.04 M CrAcAc was used f o r  analyt ical 
anaiysis of average molecular s t ruc tu re  parameters o f  syncrude JP-4 
and four  other j e t  fuels. Th i s  concentrat ion was below t h e  so lub i l i t y  
l imi t  and ye t  does no t  appreciably increase the  TI values o r  the overal l  
experimental time. The mole percent  as determined b y  NMR o f  aroma- 
t i cs  and alkanes fcund in syncrude JP-4 j e t  fuel  was found to  agree 
w i th  mass spectral data. 

INTRODUCTiON 

For several years the  Department o f  Defense in cooperation w i th  t h e  
Department o f  Energy has had research programs aimed a; character iz-  
i ng  and evaluating liquid hydrocarbon fuels obtained from various fossi l  
sources because the  chemical composition o f  a j e t  fue l  affects jet  engine 
performance, power output,  engine l ife, and operation cost. A number 
of techniques have been used w i th  some degree of  success to character-  
ize hydrocarbon fuels. However, most techniques reau i re  a substsnt ia l  
amount of time and requ i re  the  samples to be fract ionated in to  var icus 
hydrocarbon types. 

Carbon-13 and pro ton  nuclear magnetic resonance spectroscopy (NMR) 
can be  rap id  and can be  performed on ei ther t h e  total sample o r  i t s  
fract ions. The technique has Seen used extensively t o  characterize 
var ious fossil fuels in terms o f  average molecular s t ruc tu re  parame- 
t e r ~ ~ - ~ ,  and thus  NMR was chosen t o  characterize samples of je t  fuels. 

%Associated Western Universi t ies facul ty appointee from Eastern Montana 
College, Bi l l ings, Montana 59101 
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To use I3C ef fsc t i ve ly  as an analyt ical technique, t h e  long spin-latt ice 
relaxation times and var iable nuclear Overhauser enhancement factor 
(NOE) f o r  carbon atoms in molecules general ly comprising j e t  fuels must 
be reduced o r  eliminated. 

Spin-latt ice relaxatior; times can b e  reduced, thereby  reducing the 
experimental time, by us ing  relaxat ion  reagent^^-^. Concurrent wi th 
the use of relaxation reagents is the  near elimination of  t he  NOE effect 

resonance peaks w i th  t h e  number o f  carbon atoms. The effects of 
relaxation reagents on  quant i ta t i ve  analysis o f  complex mixtures such as 
petroleum crudes have been conductedlO'" .  T h e  resul ts of these 
studies have shown tha t  relaxat ion reagents a re  necessary fo r  quant i -  \ 

tat ive analyses if t h e  analyses are to  be  performed in a reasonable time. 

In t h i s  investigation, t h e  effects of  t h e  relaxation reagent, chromium 
acetylacetonate (CrAcAc) on the  carbon-I3 relaxat ion times o f  carbon 
atoms in model compounds, a mix tu re  o f  several model compounds, and a 
model compound in je t  fue l  were measured. Concentrat ion levels of  
CrAcAc used in t h e  relaxat ion s tudy  were l imited to  :he solubi l i ty  of  
CrAcAc in j e t  fue l .  From the  knowledge o f  re laxat ion times o f  model 
compounds in the presence of CrAcAc, optimal instrvmental  condit ions I 

were determined. 

which, when present, p revents  d i rec t  correlat ion o f  the  area of  the I 

EXP E R I MENTAL fJ 

Nuclear Maonetic Resonance 

Carbon-I3 spin- lat t ice relaxation times were determined on a Varian 
CFT-20 NMR spectrometer, us ing  t h e  standard inversion-recovery pulse 
sequence, 180°-s-900-T, where T is the  delay time (in seconds) be- 
tween the  pulse sequence and T i s  t he  time (in seconds) between the  
inversion pulse (180O) and t h e  measuring pulse (90'). Relaxation times 
ware calculated us ing  a nonrect i l inear,  two-parameter exponential re -  
gression technique w i th  the  maximum signal ampli tude f i xed .  

A JEOL FX-270 superconduct ing NMR spectrometer was used t o  obtain 
proton and gated pro ton  decoupled carbon-13 spectra used in quant i -  
tat ive analysis o f  m ix tu res  and je t  fuels. Pulse widths o f  8 psec (15 
psec 90') and 5 psec (14 psec = 90') were used f o r  carbon-13 and 
proton spectra, respect ively.  Six seconds was used f o r  t he  pulse delay 
for carbon- I3  spectra and 2.5 seconds f o r  p ro ton  spectra. Broadband 
proton decoupling gated ON during data accjuistion was used fo r  car -  
bon- I3  spectra t o  suppress t h e  nuclear Overhauser effect. 

Sample Source and Preparat ion 

Al l  hydrocarbon solut ions were prepared us ing  reagent-grade compounds r, 

dissolved in CDC13. T h e  relaxat ion measurements were made without 
vacuum degassing o f  t he  samples. The relaxat ion reagent, chromium 
acetylacetonate, was purchased f rom Alpha Products end used as re -  
ceived. Jet fue l  samples were received f rom Wright-Patterson A i r  Force 
Base (WPAFB). Al l  j e t  fue l  samples were prepared us ing  a standard 
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stock solut ion o f  0.1 M CrAcAc in CDC13. Two mi l l i l i ters  o f  t h i s  solu- 
t ion was syr inge p ipet ted i n to  a 5-ml volumetric f lask, and fue l  was 
added to  t h e  5-ml level.  A l l  samples were then f i l t e r e d  v ia  a s y r i n g e  
and 5-p Tef lon mil l ipore f i l t e r  in to  a 10-mm NMR tube.  

RESULTS AND DISCUSSION 

The carbon- I3 spin-latt ice reiaxation times (TI) f o r  organic  compounds 
range general ly from 5 t o  200 seconds. Relaxation times f o r  ipso and 
br idged carbons o f  aromatic hydrocarbons a r s  among t h e  h ighest  ob-  
served. Two methods are  of ten used t o  overcome t h e  problem o f  long 
relaxation times. One method i s  t o  reduce t h e  pulse t o  a value between 
45" and 75O, which in ef fect  reduces t h e  pulse delay time necessary t o  
achieve spin equi l ibr ium. A shor te r  delay t ime allows f o r  faster  pu ls ing  
However, a pu lse less than 90' reduces t h e  signal in tens i ty ,  and t h u s  
more pulses (addit ional time) wi l l  be  necessary t o  achieve the  des i red 
S/N rat io. Optimum parameters o f  pu lse Four ier  t rans form NMR are  
discussed by Becker e t  A second method i s  t h e  addit ion o f  a 
paramagnetic relaxation reagent  t o  t h e  solution. Depending upon t h e  
concentration o f  t h e  relaxation reagent, relaxation times o f  t h e  c r d e r  o f  
100 seconds can b e  reduced t o  a few seconds. Thus ,  s h o r t  pulse delay 
times can b e  used, which in turn allows f o r  shor te r  total time to a- 
chieve the  desired S/N rat io .  T h e  disadvantages o f  us ing  relaxation 
reagents are signal broadening, d i f f icu l t ies associated w i t h  the  removal 
from t h e  s o l u t i m  if recovery of t h e  or ig ina l  solut ion i s  necessary, t h e  
relat ively low so iub i l i ty  o f  the relaxation reagents in organic solutions, 
and the  iower S/N ra t i o  due t o  the  absence o f  t h e  NOE effect. 

T h e  s o l u j i l i t y  l imi t  o f  t h e  relaxation reagent  in a g iven solut ion dictates 
the  maximum amount o f  reduct ion in t h e  observed relaxation time, and 
th i s  in turn determines t h e  overal l  experimental time necessary t o  obta in  
good S/N rat ios f o r  quant i ta t ive analysis. 

The relaxation reagent, chromium acetylacetonate, i s  on ly  pa r t i a l l y  
soluble in a mix tu re  o f  CHCI, and j e t  fuel.  T o  determine the  pulse 
delay time f o r  a 90° pulse (maximum sensi t iv i ty )  necessary to  acqui re 
quanti tat ive resul ts  in t h e  shor test  possible time, t w o  experiments were 
conducted: 1)  t h e  so lub i l i ty  of CrAcAc in a m i x t u r e  o f  CHCI3 and 
syncrude dP-4 j e t  fue l  o f  various rat ios was determined and 2) :he 
maximum molar concentrat ion o f  CrAcAc f o u n d  f o r  t h e  mix tu re  o f  CHCIB 
and j e t  f ue l  in t h e  f i r s t  experiment was used t o  s t u d y  t h e  reduct ion 
effect o f  CrAcAc on t h e  carbon-13 relaxation times o f  model compounds 
o f  the  types  which could be  found in j e t  fue ls .  W i t h  t h i s  information, a 
pulse delay t ime could b e  determined f o r  a g i v e n  ra t i o  of CYC13 and j e t  
fuel which wol;ld g ive  good S/N ra t i o  in t h e  shor test  possible time f o r  
quant i ta t ive determinations. T h e  l imi t  o f  so lub i l i ty  o f  CrAcAc in 3 ml o f  
je t  fue l  and 2 ml o f  CDCl3 was found t o  b e  approximately 0.07 M. 

Relaxation Studies. - Table I l is ts  t h e  l 2 C  spin-!att ice relaxation times 
f o r  (1) t h e  model compounds used in th i s  s tudy ,  (2) a mix tu re  o f  
several model compol;nds, and (3) 2,B-dimethylna hthalene in syncrude 
JP-4 j e t  fue l .  Also included in the  table are t h e  p3C relaxation times o f  
the  carbon atoms in n-hexane and in 2,6-dimethylnaphthalene 5s a 
function o f  t h e  molar i ty  of CrAcAc. Carbon-13 chemical sh i f ts  f o r  t h e  
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model compounds in CDCl3 w i t h  and without t he  addi t ion o f  CrAcAc are 
also l is ted in Table I .  

The relaxation times measured in th i s  s tudy  were determined without 
degassing o f  the  samples. T h e  l i te ra tu re  values o f  t h e  relaxat ion times 
f o r  t h e  carbon atoms in t h e  mcdel compounds were, f o r  t he  most part ,  
determined under  more exact ing condit ions and represent  t h e  longest 
possible relaxation times. 

A survey o f  the  data in Table I indicates tha t  CrAcAc a t  a concentra- 
t ion o f  about 0.073 M reduces a!l 13C relaxation times o f  aromatic com- 
pounds to  values rang ing  f rom 0.5 t o  0.9 seconds. For n-alkanes using 
0.073 M CrAcAc, the  13C re laxat ion times range f rom .9 t o  1.8 seconds. 
CrAcAc has less ef fect  on  alkanes than aromatics, which i s  t o  be  expec- 
ted  because o f  t he  t y p e  o f  bonding orbi ta ls associated w i th  the  two 
classes c f  compounds. 

The concentrat ion ef fects o f  CrAcAc on the  relaxat ion times o f  n-hexane 
arid E,S-dinethylnaphthalene were determined and are shown in F igure  1. 
For comparison, t he  13C relaxat ion time f o r  benzene13 as a func t ion  o f  
the  molar concentrat ion o i  CrAcAc i s  also given in F igure  1 .  It i s  ssen 
from both  Table I and F igure  1 tha t  all relaxation times f o r  aromatic 
carbons as well as the  subs t i tu ted  a lky l  carbons have, in general,  the  
same dependency on the  molar concentrat ion o f  CrAcAc.  Thus, it is 
possible to  establ ish the  pulse delay time (ST,) f o r  any  iven concen- 

t r a .  

Two addit ional experiments were conducted t o  determine whether o r  no t  
the paramagnetically reduced relaxat ion times are  s ign i f i can t ly  d i f fe ren t  
fo r  1) a mix tu re  o f  model compounds and 2) a model compound in syn-  
crude JP-4 j e t  fuel .  Table I l i s ts  the  13C relaxation times observed f o r  
t he  mode! mix tu re  containing n-hexane, l-ethyl-2-methylbenzene, and 
2,6-dimethylnaphtha!ene in CDCI3 and containing 0.072 molar CrAcAc. 
As expected, the  relaxation times f o r  t he  carbon atoms o f  n-hexane and 
2,6-dimethylnaphthalene in t h e  mix tu re  var ied l i t t l e  f rom the  values 
obtained f o r  the  indiv idual  compounds. However, t he  T1 values f o r  
1 -ethyl-Z-methylbenzene appear to be s l igh t ly  h igher  than  expected. 
T h e  dif ferences in TI observed (IO t o  30 percent)  are most l i ke ly  due 
to  differences in CrAcAc concentrzt ion and sample preparat ion.  

T h e  paramagnetically reduced relaxation times f o r  carbon atoms o f  
2,6-dimethylnaphthalene in sync rude  JP-4 j e t  fuel  produced f rom shale 
oi l  d i f fer  only s l igh t ly  (-15 t o  20 percent)  from values obtained f o r  the  
p u r e  compound. Crude shale oi ls contain appreciable amounts o f  f ree  
radicals, and any cont r ibu t ion  o f  t h e  paramagnetic ef fects o f  f ree  rad i -  
cals which may o r  may n o t  ex i s t  in ref ined je t  fuel  on the  I 3 C  relaxa- 
t ion  time o f  2,6-dimethylnaphthalene i s  minimal. 

Quant i tat ive Analysis. - Since shale oi l -der ived j e t  fuels are complex 
mixtures o f  aromatic and al iphat ic compounds, condit ions establ ished f o r  
quant i tat ive NMR were performed on the  prev ious ly  mentioned model 
mix tu re  o f  approximate mole f rac t ion  rat ios o f  0.1 :0.25:0.65 f o r  2,6-di- 
methylnaphthalene, I-ethyl-2-methylbenzene and n-hexane, respect ively.  

t ra t ion  of  CrAcAc necessary to  g ive  quant i tat ive useful  Q C NMR spec- 
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With accurate weighing, t h e  and I 3 C  NMR spectral areas could be 
Predicted by d i rec t  count ing o f  t h e  var ious hydrogens and carbons in 
di f ferent s i te posit ions fo r  t he  th ree  types  o f  molecules comprising the  
mixture.  Th is  mix tu re  was also subjected t o  d i rec t  analysis by bo th  'H 
and 13c NMR spectroscopy. 

Syncrude JP-4 j e t  fuel has been extensively studied previously in th i s  
laboratory by both  NMR and mass-spectral techniques14 and elsewhere 
by NMRIS. The s t ruc tu ra l   parameter^'^ f o r  th is  fue l  are considered to 
be fa i r l y  well known, and therefore quant i tat ive NMR analysis w i th  and 
without CrAcAc under  the  same instrumental  condit ions was used to  
confirm the  appl icabi l i ty  of the  method t o  j e t  fuel  analysis. Table 1 1  
l is ts the  NMR s t ruc tura l  parameters f o r  syncrude JP-4 j e t  fuel  w i th  and 
without CrAcAc. Also l is ted are t h e  mass spectral data f o r  comparison. 
The mass spectral data were obtained using .i modif ied version o f  t he  
ASTM procedure 02781-71 and are in volume percent; whereas the NMR 
data are repor ted  in mole percent.  For aromatic and alkane hydrocar -  
bons, a near ly  ::1 correspondence exists between mole percent and 
volume percent14. The data in Table II shew tha t  t he  j e t  fcz l  sample 
containing CrAcAc gives resul ts tha t  agree closely w i th  mass spectral 
data. Table I l l  l is ts the  NMR s t ruc tu ra l  parameters f o r  f o u r  addit ional 
j e t  fuel  samples. 

CONCLUSIONS 

The l imi t  o f  solubi l i ty  of CrAcAc in 3 ml o f  j e t  fuel  and 2 ml of CDCI, 
was found to  be approximately 0.07 M. Using th i s  concentrat ion, the  
I3C  spin- lat t ice relaxation times (T1) of  aromatic compounds range fieom 
0.5 t o  0.9 seconds, and fo r  n-alkanes the  range was found to  be  0.9 t o  
1.8 seconds. A concentrat ion o f  0.04 M CrAcAc was used fur analyt ical 
analysis o f  average molecular s t ruc tu re  parameters o f  syncrude JP-4 
and four  other j e t  fuels. Th is  concentrat ion was below the  solubi l i ty  
l imit and ye t  does not appreciably increase the  T1 values on the overal l  
experimental Time. The mole percent as determined by NMR o f  aro- 
matics and alkanes found in syncrude JP-4 j e t  fue l  was found to  agree 
w i th  mass spectral data. 
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TABLE !I. - Average molecular s t r u c t u r e  parameters 

j e t  fuel w i t h  and wi thout  CrAcAC 
and mole percent  aromatics and alkanes f o r  syncrude JP-4 

Without W i t h  0.04 M Mass spectrala 
CrAcAc  CrACAc data 

Hydrogen ammat ic i ty  .037 ,045 
Carbon aromatici ty ,108 .113 

Mole percent  aromatics 12.4 11.1 11.4 
F e r i e n t  mono- 12.4 8.8 11.4 
Percent  d i -  .o  2.3 0.0 
Fraction of  subst i tu ted 

Fraction of  unsubst i -  
and br idged carbons .03 .02 

l u t e d  carbons .07 .09 

Mole percent  alkanes 87.6 88.9 88.6 
Fraction o f  n-alkanes .54 .56 
Fract ion o f  branched 

alkanes .46 .44 
CH2/CH3 rat io  1.9 
Carbon chain iength 9.0 

2.1 
8.3 

Total atomic H/C r a t i o  2.02 2.02 
Aromatic i l / C  rat io  .69 .80 

'volume percent  

Alkane H / i  ra t io  2.18 2.17 

TABLE 1 1 1 .  - Average molecular s t r u c t u r e  parameters 
and mole p e r c e n t  ammatics and alkanes l o r  NASA je t  fuelsa 

Mole percent  aromatics 82.3 19.7 45.2 33.4 
P2PCe"t rnono- 69.8 15.0 34.8 25.5 
Percent di- 12.4 4.7 10.4 7.9 
Fract ion of  subst i -  , . 

l u t e d  and b r i d g e d  ' 
carbons .23 .10 .15 .10 

l u t e d  carbons .32 .09 .23 .19 

Fract ion of n-alkanes .30 .46 .40 .37 
Fract ion of  branched 

alkanes .70 .54 .60 .63 

Fract icn of  unsubst i -  

Mole percent  alkanes 17.7 80.4 54.8 66.6 

CHZ/CHI ra t io  .72 1.9 1.8 1.9 
Carbon chain length 11.3 10.0 lG.4 7.6 

Total atcmic H/C rat io  1.38 1.77 1.60 1.68 
Aromatic H/C r a t i o  .58 .47 .60 .65 
Alkane Y/C r a t i o  2.35 2.08 2.23 2.10 

aContains .04 M CrAcAc  
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