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INTRODUCTION 

o i l  may be extracted f rom oi l  shale by a number of different techniques. Of the several  
procedures available, only pyrolysis (retorting) has  received the attention required to develop a 
commercial processing technology (1). Direct hydrogenation, or hydrogenation in s lur ry  systems, 
i s  a well developed technology for conversion of coal to liquid fuels, but applicatlm of this technique 
to oil shale has only recently begun to receive attention. Kerogen in oil shale  i s  known to be rela- 
tively insoluble in most organic solvents at their normal boiling points, but when oil shale is heated 
to temperatures above 600 K, the organic mat te r  in shale may be solvent extracted in high yield (2, 
3). Several ear ly  patents describe solvent processing of torbanite and other shale-like materials a t  
elevated temperatures both with and without hydrogen gas atmospheres (4-7). In an extensive study, 
Jensen et  a l .  (8) reported on hydroprocessing of a Green River oil shale in both batch and continu- 
ous reactors. Their resul ts  indicated that very  high organic carbon conversions could b e  attained. 
Recently, patents on direct  hydrogenation processes in vehicle oils have been granted to Gregoli (9), 
Patzer (10) and Greene (11). Results on hydroprocessing of an Australian oil shale  have also been 
published by Baldwin et  al. (12). 

genation operating conditions on the yield of oil and gas from a sapropelic oil shale (Australian 
Stuart A) and a humic oil shale (Montgomery County, Kentucky). These data were developed from 
batch autoclave experiments using both a pure hydrogen donor solvent (tetralin) and non-donor sol- 
vents (toluene and 1-methylnaphthalene). 

The objective of the work described in this paper was to compare the effect of direct  hydro- 

EXPERIMENTAL APPARATUS AND METHODS 

A l l  experiments for this study w e r e  conducted in a 300 c c  batch s t i r red  autoclave reactor, 
manufactured by Autoclave Engineers, Inc. A schematic of the reactor and associated piping are 
shown in Figure 1. Shales from the upper part of the Kerosene Creek seam in the Stuart Deposit 
and from the Cleveland Member, Ohio Shale, Montgomery County, Kentucky were  wet ground in a 
rod mill, sieved to 100% minus 74 micron (minus 200 mesh) and vacuum dried a t  40°C pr ior  to use. 
T h e  Stuart shale  was beneficiated by de-sliming pr ior  to grinding, while the Kentucky shale was 
essentially run-of-mine. Fischer Assays of the feed shales  used for  this study are presented in 
Table I. Two different types of solvents w e r e  used for this study; 1,2.3,4-tetrahydronaphthalene 
(tetralin) was used as a hydrogen donor solvent and toluene and 1-methylnaphthalene were employed 
as non-donor solvents. Hydrogen used vias 95% H2 with a 5% argon t racer  added to facilitate gas 
made calculations. 

TABLE 1 

FISCHER ASSAY, PARENT SHALES 

Product Yield 
%Spent Shale R Water % Gas+LoSS Oil, gpt & 

Kentuckya 91.6 4 .6  1 . 5  2.3 11.6 
Stuarta 72.4 1 6 . 3  5 .3  6 .0  44.0 44.7 

a. Analysis performed by Commercial Testing and Engineering, Golden, CO. 
b. OCC = organic carbon conversion, R. 

Reaction products were analyzed by several different techniques. Reaction product gases 
were determined on a Carle model I l l - H  gas chromatograph, with hydrogen, hydrocarbon gases 
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(through C5) and carbon oxide gases quantified. 
product s lurry and soxhlet =traction of the residue with a solution of 50% benzene/50% methanol. 
The liquids were analyzed by chromatographic simulated distillation on an H P  model 5840 gas  chro- 
matograph to determine the boiling range and by elemental analysis on a Carlo-Erba elemental ana- 
lyzer. The spent shale was analyzed for total and inorganlc carbon using a Coulometrics system 
and then ashed in a muffle furnace. Hydrocarbons were sp,eciated with an Extranuclear model E L  
m a s s  spectrometer, interfaced to a Carlo-Erba model 4100 capillary column gas chromatograph. 
The GC/MS system was operated in the electron impact mode, a t  70EV. 

Liqulds ae r e  separated by acetone w a d i n g  of the 

DISCUSSION O F  RESULTS 

Results of the experimental runs on the shales are presented in Tables I1 through V. In all 
cases, data on organic carbon conversion (OCC) and oil yield (OY) are shown at the applicable reac- 
tion conditions. The data given for  oil selectivity represent carbon conversion to oil,  determined 
by a quantitative gas analysis followed by a carbon balance on the reaction system. The selectivity 
reflects the carbon conversion to  oil, relative to  total carbon converted (expressed as a percentage 
Of the total carbon conversion). Discussion of these data follows. 

TABLE II 

EFFECT O F  TEMPERATURE AND SOLVENT TYPE, STUART SHALE 

Solvent 
Temperature Tetralin 1 -Methylnaphthalene 

350°C OCC: 32.3 OCC: 43.6 
OY: 91.8 OY: 95.9 

425°C OCC: 83.3 OCC: 81.6 
OY: 93.9 OY: 91.2 

OCC = organic carbon conversion, % 
OY = oil yield, % of total carbon converted 

AI1 runs a t  800 psi H2 initial pressure.  1 hour nominal 
residence time, 1:l solvent-to-shale ratio. 

TABLE III 

EFFECT OF TEMPERATURE AND SOLVENT TYPE, KENTUCKY SHALE 

Solvent 
Temperature T e t r a h  Toluene 

375 OCC: 38.0 OCC: 44.0 
OY: 96.2 OY: 98.5 

42 5 OCC: 79.6 OCC: 80.9 
OY: 95.1 OY: 95.1 

450 OCC: 85.6 NA 
OY: 97.2 

A l l  runs at 800 psi initial H2 pressure,  1 hour 
nominal residence time, 2:l solvent-to-shale 
ratio. 

Temperature 

For both shales studied, increasing temperature ra i ses  organic carbon conversion. However, in 
the case of Kentucky shale, the reactivity towards conversion in both the donor and non-donor sol- 
vents is lower. This i s  reflected in the conversions found at  the lower temperature levels. In te- 
tralin, conversion of organic carbon is approximately 32% at  350°C for Stuart shale, while compa- 
rable  conversions a r e  achieved for Kentucky shale a t  375°C (38%). In the non-donor solvents, the 
same temperature sensitivlty is seen. This is undoubtedly due to  the relative reaction rates of the 
b o  shales, with the more  paraffinic Stuart sbaie reacting quicker and, thus, giving higher yields of 
oil a t  lower temperatures. I t  should be noted that slnce the reactor  was operated in the t rue batch 
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mode, the actual reaction time was  different for runs made a t  350' and 375°C. Approximately 5 to 
8 minutes was required to heat the  reactor  from 350" to 375°C and, thus, the comparisons of tem- 
perature  sensitivity are even m o r e  pronounced than indicated hy the data due to  this confounding ef- 
fect of heat-up time. At the higher temperature levels, reaction t ime is sufficiently long that the 
reaction has proceeded essentially to completion and the temperature sensitivity and reactivity dif- 
ferences noted between the two shales a t  the lower temperature levels a r e  no longer apparent. 

TABLE IV 

EFFECT OF SOLVENT AND HYDROGEN PARTIAL PRESSURE, STUART SHALE 

Gas Atmosphere 
Hydrogen Nitrogen 

Solvent 800 300 800 300a 

Tetralin occ: 83.3 occ: 83.7 occ: 77.9 occ: 83.3 
OY: 93.9 OY: 92.2 OY: 90.8 OY: 90.7 

1-Methylnaphthalene OCC: 81.6 OCC: 68.6 NA NA 
OY: 91.2 OY: 88.0 

a. 

A l l  runs at  425°C. 1 hour nominal residence t ime,  1:l solvent-to-shale ratio. 

Initial total p ressure  at room temperature. 

TABLE V 

EFFECT O F  SOLVENT AND HYDROGEN PARTIAL PRESSURE, KENTUCKY SHALE 

Gas Atmosphere 
Hydrogen Helium 

Solvent 800 300 800 300 

Tetralin OCC: 79.6 NA OCC: 76.57 NA 

Toluene OCC: 80.9 OCC: 72.6 OCC: 44.01 NA 

- 

OY: 95.1 OY: 97.35 

OY: 95.1 OY: 95.9 OY: 91.59 

a. Initial total pressure at  room temperature. 

A l l  runs at 425"C, 1 hour nominal residence t ime,  1:l solvent-to- 
shale ra t io .  

Somewhat surprisingly, f o r  both shales  temperature has  little effect on selectivity for oil 
formation. This could he due to the  relatively low temperatures employed in the study, although 
even at  450°C. selectivity for oil formation in tetralin was extremely high. It i s  a lso possible that 
reactions responsible for hydrocarbon gas  formation in this reaction system have very high activa- 
tion energies, requiring temperatures in excess of 450°C in o r d e r  to proceed a t  an appreciable rate. 
The hydrogen activity of the system could a l so  be a factor here ,  especially in lnhibiting free-radi- 
ca l  cracking reactions. Selectivities are somewhat lower in the non-donor systems, o r  where an 
iner t  gas ra ther  than hydrogen i s  used for  the  reaction gas  atmosphere, but overall oil yields a r e  
extraordinarily high for  this reaction system. 

as reported in Table I. Comparison of these conversions with those shown In Tables U through V 
points out the extreme differences in carbon utilization between these two reaction schemes. While 
retorting leaves behind in excess of 50% of the organic carbon on the spent shale, hydroprocessing 
successfully converts in excess of 80% of the carbon and at lower temperatures with a resulting 
higher selectivity for  oil forming reactions. 

Solvent and Hydrogen Part ia l  P r e s s u r e  

only in the absence of gas phase molecular hydrogen. When molecular hydrogen i s  present in the 
reactor ,  organic carbon conversion and the yield s t ructure  are nearly independent of the type of sol- 
vent used. In the absence of gaseous hydrogen, however, the nature of the solvent becomes very 
important, with high conversions only obtainable using the hydrogen donor solvent (tetralin). This 

Organic carbon conversions for these shales retorted under Fischer Assay conditions a r e  

Solvent type (hydrogen donor or non-donor) has a marked effect on carbon conversion, but 
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interdependency of solvent efficacy with hydrogen partial pressure is most clearly shown in Tables 
IV and V ,  where data on runs made with variable gas atmospheres is  shown. AS may be seen,  hy- 
drogen in some form is required to achieve the level of organic carbon conversions being obtained 
under these reaction conditions. With neither molecular hydrogen in the gas phase o r  donatable 
hydrogen in the solvent, low carbon conversions (typically on the o rde r  of the pyrolysis yields a t  
these temperatures) a r e  realized. 

Product Oil Characterization 
Sample total ion intensitv ITII) chromatograms for  a shale oil produced by hydrogenation of -~ I - , Stuart shale a r e  shown in Figure 2. The chromatograms represent  the whole oil and several frac- 

tions generated by open column elution chromatography. Although work i s  st i l l  in progress on iden- 
tification of individual components in the two oi ls ,  several general features have been elucidated by 
GC/MS. In the case of Stuart shale oil,  the spectrum i s  dominated by a homologous ser ies  of nor- 
mal paraffins, commencing a t  approximately C7 and continuing past C30: Clustered around each 
normal paraffin peak a r e  two smaller  peaks, which represent mono-olefinic hydrocarbons with the 
same carbon number as the paraffin. Between the paraffidolefin c lusters ,  the peaks shown on the 
chromatogram for Stuart shale a r e  largely comprised of iso-paraffins with a low degree of branch- 
ing, alkyl-substituted aromatics and cycloparaffins and nitrogen moieties. 

Further separation work on the Stuart shale i s  in progress ,  withattention being given to spe- 
ciation of the nitrogen compounds present. To date, a homologous ser ies  of nitriles from c, 
through C30 and nitrogen-containing heterocycles have been speciated. The nitrogen heterocycles 
are predominately alkyl-substituted pyridines, quinolines and isoquinolines. No evidence of amines 
o r  amides has been found, although under the conditions of reaction, amides a r e  most probably con- 
verted to nitriles. This could explain the high concentration of nitriles found in the product oil ,  a s  
these species a r e  not normally present in shale oils. Regtop e t  al. (13) have reported the identifi- 
cation of a nitrile se r ies  in a Fischer Assay oil from Rundle shale. 

Identification of chemical species in the Kentucky shale oil by GC/MS also indicates a ho- 
mologous paraffin series starting at Cg and terminating at Cs0 or higher. In this case,  however, 
the product distribution is much more  complex and is not dominated by the paraffin ser ies  t o  the 
extent of the Stuart shale oil. The remaining compounds seem to consist predominately of alkyl- 
substituted benzenes and cycloparaffins and nitrogen moieties. 

Simulated chromatographic distillation of the product oils i s  being used to determine the 
effect of operating variables on the boiling range distribution. At this time, data analysis is in- 
complete, preventing a comprehensive evaluation of the differences in distillation characteristics. 
Preliminary comparisons with Stuart Fischer Assay oil indicate that the shale oil produced by this 
process has approximately the same  boiling range distribution, even though the highest temperature 
experienced in producing the oil was some 75'C lower than the final Fischer Assay temperature 
(500'C). 

CONCLUSIONS 

The results of this study indicate that sapropelic shales, such a s  the Australian Stuart A ,  
a r e  moderately more reactive towards oil extraction by direct hydrogenation than humic shales. 
This result is  not surprising considering the aromaticity and hydrogen deficiency of humic shales 
relative to sapropelic shales. Both types of shale exhibit the same sensitivity to solvent type and 
hydrogen partial pressure,  with the humic shale showing a lower temperature sensitivity (e .g . ,  
slower ra te  of reaction). Finally, the product spectra a r e  substantially different, as would be ex- 
pected due to the differing source mater ia ls  for  the organics in these shales. 
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Figure 2 

T I 1  Chromatograms of Whole Shale O i l  and Elution Fractions 
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Reaction System Schematic 
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