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INTRODUCTION 

Over 1,200 ft of core  from the Heath Formation were obtained during an exploratory drill- 
ing project by the Montana Bureau of Mines and Geology in 1982. The results of that project are 
detailed in Derkey (1). Data derived from that study indicate that a thin, metalliferous oil-shale 
zone occurs in six of seven core holes over a 130-sq mi a rea  (Figure 1). The average thickness of 
this oil  shale zone is 6.2 ft. It has  a weighted average* oil yield of 10.4 gal per  short  ton and is 
enriched in molybdenum, nickel, vanadium and zinc. Chromium is only locally anomalous. 

taining above-average amounts of chromium and nickel. A decade la te r ,  Desborough and others (4) 
and Desborough and Poole (5) reported anomalous values of molybdenum, nickel, vanadium and 
zinc in the Heath Formation. Cox and Cole (6) summarized previous work concerning the oil poten- 
tial of the Heath Formation. Published oil yields from within the study area  range from 0 to 26.4 
gal per short ton (4, 6-8). 

Vine and Tourtelot (2, 3) were  the first workers to describe the Heath Formation a s  con- 

EXPERIMENTAL 

Sampling 

lithology. The cores were cut along the longitudinal axis t o  provide a repository sample (1/4), li- 
thological sample (1/2) and chemical analysis sample (1/4). The chemical analysis sample was 
crushed to 1/4-3/8 s ize  and split at the Laramie Energy Technology Center (Wyoming), u. s. 
Department of Energy. The A split was taken for Fischer-Assay analysis while the B split was re- 
turned to the Montana Bureau of Mines and Geology. The B splits were  dried at llO'C for 1 h r  and 
pulverized using a Bico-Braun rotary pulverizer with alumina plates. The individual sample pulps 
were  blended and placed in Kraft paper envelopes. 

Fischer Assay 

Laurence G. Trudell for the entire 1,224-ft thickness of recovered drill core. 

Sample Dissolution 

m O 3 / 2  ml HC104/2 ml  H2SO4 taking the samples to dense fumes of HC104/H2S04. After evapor- 
ating to near dryness, the cool pastes were  treated with 4.7 m l  HC1 and 1.3 ml HN03. After mild 
heating and cooling, the samples were  diluted to 100 ml. 

Digestion B - 2-Gram samples were roasted for 4 h r  at 450°C. Mixed acid consisting of 
2 ml H F h  m l  HNO3/6 ml HC1 was added and heated slowly until evaporated to near dryness. The 
acid treatment was repeated. Af te r  evaporating to near dryness 1 ml HN03 and 3 ml HC1 was ad- 
ded and evaporated to n e a r  dryness twice. 1.6 ml  HNO3 and 4.6 m l  HC1 was added, heated, cooled 
and diluted to 100 ml. 

Extraction 

Samples consisted of 0.5- to 2.6-ft core intervals, each generally representing a single 

The Fischer Assay (ASTM D3904-80) w a s  car r ied  out in L a r a a i e  under the direction of 

Digestion A - 2-Gram samples were treated by a combined wet acid digestion of 6 ml 

%Gram portions of selected shales were extracted with xylene using a Soxhlet extractor 

* Average value for stratigraphic unit, weighted for sample interval thickness. Weighted average =z (sample concentration X sample interval thickness)/(total interval thickness). 
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t 
I (Corning 3480) for 48 hours. The extractor and upper section of the boiling flask were insulated in 

order  to increase the extraction temperature. After cooling, the xylene-oil extract solution was 
filtered through . 4 w m e m b r a n e  filters t o  remove shale fines. The xylene was removed from the 
extracted oil using a rotary evaporator (water aspirator;  50°C bath). The extracted oil was then 
weighed. 

Dilution of Oils 

standards were diluted 1 to 20 (w/v) in xylene. Conostan 21TM blended oil (21 elements at 900 
ppm), 5000 ppm Conostan cobalt single element oil and Conostan 75 base oil were similarly diluted 
in xylene. The diluted standards were mixed and diluted with 1:20 Conostan 75 base oil-xylene pro- 
viding serial  dilutions at decade levels from 500 to 0.05 ppm element. 

The oil distillates from Fischer Assay, the oils recovered by xylene extraction, and oil 

Carbon Analyses 
Total carbon content of selected shales was determined by ASTM D-3178-73. Carbonate 

content of the shales was determined by addition of 1% (v/v) H2S04 to the shale contained in a 
flask connected to an Orsat gas buret. The solution was heated to boiling and flooded with water to 
transfer all the evolved gases into the buret. The evolved sulfur oxides and hydrocarbons were re- 
moved by absorption in permanganate and silver sulfate/suifuric acid solutions, respectively. The 
carbon dioxide was then determined volumetrically by difference after absorption with saturated 
potassium hydroxide solution. 

Atomic Absorption Analysis - Cobalt 
The cobalt analysis of shale acid digests was accomplished using a Perkin-Elmer 603 fol- 

lowing the manufacturer's instructions (direct nebulization, 240.7 nm, air-acetylene and back- 
ground correction). 

Multi-Element Analysis 

using an Applied Research Laboratories Model 34000 inductlon coupled argon plasma emission 
spectrometer. Forward powers of 1600 and 2000 watts (2-turn load coil) were used for aqueous 
acid digests and xylene solutions, respectively. The manufacturer's operating instructions were  
followed with the exception that sample uptake was controlled by a Gilson Minipuls IIT'"' peristaltic 
plmp. A computer iteration (9) which computes a correction factor (similar to an internal stand- 
ard) was used to correct for the matrix effect caused by the varying concentration of the major ele- 
ments in the shale. 

Multi-element analysis of the oil shale digests and oil-xylene mixtures was accomplished 

Reflectance Measurements 
A Leitz, incident-light microscope with oil immersion objectives was used to identify coal 

macerals and to a s ses s  sediment thermal maturity. Reflectance of the maceral vitrinite was mea- 
sured with a MPV cor-pact system photometer using methods outlined by Stach (10) and International 
Committee for Coal Petrology (11). Fifty measurements per  polished plug for 2 plugs per sample 
were taken for a total of 13  core samples of coal collected from both above and below the oil shale 
zone. For  each sample, 50 measurements were taken with polarized light and 50 with non-pola- 
rized light, always using a 546-nm interference filter. Mean vitrinite reflectance (R,) was mea- 
sured, rather than mean maximum reflectance. 

RESULTS AND DISCUSSION 

A single oil shale zone within the Heath Formation is correlated over a 130-sq mi a rea  
based on stratigraphic position, relatively high Fischer-Assay oil yields, and enriched metal con- 
tent (1). The oil shale unit generally thickens eastward, ranging from 4.0 ft thick at  the western 
edge of the study area to 3.4 and 5.7 ft  thick in the central part  of the area to 10.5 ft thick at the 
a rea ' s  eastern edge. 

Oil Yield and Organic Carbon 

gal per short ton and a weighted average.organic carbon content of 11.4%. Oil yields of individual 
The average thickness of the oil shale is  6.2 ft. It has a weighted average oil yield of 10.4 

samples range from 3.1 to 20.0 gal per short ton. An almost 1:1 relationship exists between oil 
yield and organic carbon content (Figure 2). A similarly close relationship also has been reported 
for the Sunbury Shale and the Cleveland high-grade zone of the Ohio Shale in northeastern Kentucky 
(12). 

Weighted average oil yield generally decreases a s  the unit thickens. Weighted average 
values range from 12.0 to 15.7 gal per short  ton for 3.4- to 5.7-ft-thick oil shale in the western 
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and central parts of the study a r e a  to 8.1 and 8.6 gal per short  ton for 10.5-ft-thick oil shale at the 
eastern edge of the a rea  based on data from 24 samples from 6 core holes. 

Metal Content 

lyzed by the two digestion procedures. 
each procedure for 6 samples and duplicate digestions by each procedure for 2 samples; single di- 
gestions by each procedure were car r ied  out for the remaining 17 samples. The plasma emission 
analyses for digestions A and E3 of sample nos. 32779, 32780 and 32781 a r e  presented in Table I for 
selected elements. The HF-aqua regia digestion (digestion B) yielded better preciston and dis- 
solved more of the sample as demonstrated by significantly higher values obtained for A l ,  Fe, Mn, 
Nb, T i ,  V and Z r  and somewhat higher values for Mg, Na, Li  and Sr. The elements Ca, Mn and 
Ag were definitely more soluble in the nitric/perchloric/sulfuric acid digestion (digestion A) ;  and 
Cd, Cr ,  Cu, P and Zr were somewhat more  soluble in digestion A.  The elements Mo, Ni and Pb 
were dissolved equally by the two digestions. Digestion B was selected for the digestion of the re- 
maining samples because of its overall efficiency and ease of implementation compared to digestion 

Evaluation of Digestion Procedures - Replicate samples of 25 selected shales were ana- 
The replication scheme included triplicate digestions by 

A.  

Sample Number 

33085 

33086 

33087 

Sample Number 

33085 

33086 

33087 

a. Seetext.  

TABLE I 

COMPARISON OF ACID DIGESTION PROCEDURES 

Digestion a Ca K A 1  Mn C r  
Procedure % B % ppm ppm 

A 7.9 .29 .97 190 
8.9 .22 .72 190 

B 17.1 .71 2.00 230 
16.8 .70 2.01 220 

A 6.3 .63 2.2 190 
3.4 .59 2.0 160 

10.0 .31 1.0 190 
B 12.8 1.05 3.6 200 

12.0 .98 3.4 200 
12.5 .99 3.5 200 

A 11.4 .ll .30 270 
9.1 .14 .41 260 

B 12.5 .30 .41 290 
12.4 -29 .49 290 

Digestion Nb N i  P b  Sr - 
Procedurea ppm 

A 4.4 
4.9 

B 4 .8  
4 .4  

A 4.5 
3.9 
6.1 

B 3.9 
2.7 
3.5 

A 4.7 
4 .4  

B 8.2 
11.4 

ppm 
112 
112 
110 
102 
150 
130 
160 
150 
140 
150 
41 
41 
33 
35 

ppm 

23 
30 
16 
7 

21 
18 
54 
27 
22 
27 
33 
28 
11 
18 

49 
41 
83 
77 

140 
130 
90 

190 
180 
180 

23 
27 
46 
47 

V 

c u  
- PPm 

31 
31 
43 
40 
46 
36 
53 
58 
54 
54 
21 
19 
25 
28 

LVlO 

- PPm 

130 
130 
140 
130 
200 
170 
200 
200 
200 
200 
46 
49 
43 
46 

Zn 

ppmppmA?!!L 

180 231 570 
210 190 560 
390 370 610 
400 360 580 
180 610 1160 
140 550 970 
240 370 1190 
360 830 1230 
360 810 1170 
350 800 1170 
160 90 21 
120 110 24 
240 180 25 
240 180 21 

Several pulverized samples were  split in triplicate to provide control samples. The se- 
cond and third splits were sent to the U. S. Geological Survey in Denver for Chemical analysis. 
The comparison of these data is given in Table 11. The agreement between the data from the three 
laboratories using two different instrumental procedures Is very good. 
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TABLE U 

COMPARISON O F  ~ B M G  AND USGS ANALYTICAL RESULTS OF SELECTED ELEblENTS FOR 
SIX BLACK SHALE CORE SAMPLES O F  THE HEATH FORlklATION FROlvl THE 

sample No. and 
o i l  Yield 

32780 
(7.5 galhon) 

32804 
(no oil) 

32809 
(no oil) 

32829 
(18.3 galhon) 

32844 
(trace oil) 

32951 
(14.7 gal/ton) 

Element 

C r  
Mo 
Ni 
V 
Zn 
C r  
1vm 
Ni 
V 
Zn 
C r  
lVL0 

Ni 
V 
Z n  
C r  
1vm 
Ni 
V 
Zn 
C r  

Ni 
V 
Zn 
Cr 
l V l 0  

Ni 
V 
Zn 

1VLO 

COXRANCHBOREHOLE 

MBIvIG lvletal Values (ppm) USGS Metal Values (ppn;) 
ICP Emission 

X-Ray Fluorescence S P ~ t ~ S c O P Y ,  
ICP  Emission (Poole written (Lichte, written 
Spectroscopy commun. 1983) commun., 1983) 

196 
206 
154 
860 
1190 
116 
18 
61 
154 
72 
55 
2 
58 
61 
45 
330 
690 
562 
2149 
4948 
112 
5 
70 
138 
19 
593 
289 
313 
1312 
2746 

192 
205 
152 
865 
1130 
121 
20 
70 
159 
100 
57 
5 
57 
62 
36 
336 
703 
576 
2209 
5091 
118 
9 
76 
148 
72 
600 
29 1 
319 
1324 
2’761 

196 
208 
155 
868 
1133 
117 
17 
62 
156 
81 
58 
3 
58 
63 
33 
346 
717 
594 
2234 
5127 
125 
7 
82 
152 
32 
602 
288 
320 
1324 
2763 

-- 
200 
100 
800 
800 

<20 
<loo 
<loo 
<loo 

<20 
<loo 
4 0 0  
<loo 

700 
7 50 
2500 
3500 

<20 
4 0 0  
<loo 
<loo 

300 
300 
1500 
2000 

-- 

-- 

-- 

-- 

-- 

170 
200 
140 
840 
1000 
110 
16 
60 
160 
90 
55 
4 
56 
63 
40 
300 
670 
550 
2200 
4700 
110 
8 
74 
150 
30 -- 

-- 
-- 
-- 
-- 

170 
200 
150 
850 
1100 
110 
14 
58 
150 
90 
56 
3 
55 
63 
30 
300 
6 80 
560 
2200 
4700 
110 
6 
77 
140 
30 -- 

-- 
-- 
-- 
-- 

-- Not determined. 

Roasted Shale - Analysis of 95 roasted samples (digestion B) of the Heath Formation in- 
terbedded shale and limestone unit indicates that the enclosed oil shale zone is enriched in molyb- 
denum, nickel, vanadium and zinc in six of seven core holes and in chromlum in two of the s ix  core 
holes. Weighted average values of these metals for  the interbedded unit (excluding the oil shale 
zone) exceed average values for black shales but do not exceed thresholds that delineate metal-rich 
black shales as defined by Vine and Tourtelot (3). 

269 ppm Ni, 948 pprn V and 1,737 ppm Zn. These weighted average values reach a maximum of 
525 ppm Cr ,  515 pprn Mo, 326 ppm Ni, 1.088 ppm V and 2,420 ppm Zn in individual core  holes, In 
comparison, weighted average values for the sampled portion of the interbedded unit (excluding the 
oil shale zone) in s ix  core holes are 106 ppm C r ,  144 pprn Mo, 104 pp” Ni, 234 ppm v and 329 ppm 
Zn. These weighted average values reach a maximum of 221 ppm Cr, 178 ppm Mo, 154 ppm Ni, 
374 ppm V and 816 ppm Zn in individual core  holes. 

oil values for the oil shale zone shows that chromium is a fairly good indicator of oil content, a fact 
which holds t rue for individual samples. Chromium and vanadium are enriched only within the oil 
zone. Chromium is  enrlched in all samples which yielded 14 or more  gal oil  per  short ton, where- 
as vanadium is  enriched in some, but not all, samples which yielded 6.6 or more gal oil per  short  
ton. Molybdenum, nickel and zinc are less closely associated with oil yield. Molybdenum is 

Weighted average values for the oil shale in s ix  core  holes are 385 ppm C r ,  352 ppm Mo, 

The distribution of weighted average chromium, molybdenum, nickel, vanadium, zinc and 
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enriched sporadically throughout the interbedded shale and limestone unit of the Heath Formation; 
high molybdenum values do not always correspond to high oil yields for individual samples. Nickel 
and zinc, for the most part ,  a r e  enriched within the oil shale zone; a few high values occur in the 
enclosing interbedded shale and limstone unit. A s  with molybdenum, high nickel and zinc values do 
not necessarily correspond to high oil yields for individual samples. 

Comparison of metal abundance of the Heath oil shale zone with other Paleozoic-age black 
shales of the United States indicates that the zone is most similar to the Sunbury Shale in north- 
eastern Kentucky. 

Fischer-Assay Oil Distillate - Metal va!ues for oil distillates produced from 20 samples 
of the oil shale by the Fischer-Assay procedure a r e  extremely low compared to values for corre- 
sponding roasted shale samples. Average values of selected metals in oil distilled from the oil 
shale zone a r e  <I ppm Cr, <1 ppm Mo, 7 ppm Ni, 23 pprn V and.2 ppm Zn based on weighted aver- 
age values from six core holes. The major portion of these metals remained behind in the spent 
shale,  as is shown by analysis of the spent shale. 

Fischer-Assay Spent Shale - Metal values for 5 samples of the oil shale zone from which 
an oil product was removed by Fischer-Assay distillation are slightly higher than values for corre- 
sponding roasted shale samples (Table 111). In comparison, the Fischer-Assay oil distillates have 
a very low metal content. Removal of the oil distillate has  beneficiated the spent shale slightly. 

TABLE In 

COMPARISON OF IMBMG ElMTSSION SPECTROSCOPY RESULTS O F  SELECTED ELEMENTS FOR 
VARIOUS FRACTIONS O F  FIVE LVLETAL- AND OIL-RICH OIL SHALE SAlbPLES 

Metal Content @pm) 
Shale Fractions Oil Fractions 

Sample Interval No. Fischer- 
Oil Yield and Fischer-Assay Inorganic Organic 

Element Oil Bhalea Spent Shaleb FractionC Fractione -____ Drill Hole 

32951/33520 
(14.7 galhon) 
Cox Ranch 

33026/33521 
(18.0 galhon) 
Beaver 

33107/33523 
(19.9 gal/ton) 
iviiddle Bench 

33216/33522 
(14 .0  gal/ton) 
Red Hill 

33358/33524 
(20. o gal/ton) 
Heath 

cr 
Mo 
N i  
V 
zn 
cr 
l V L 0  

Ni 
V 
Zn 
C r  

Ni 
V 
z n  
cr 

N i  
V 
zn 
C r  

Ni  
V 
Zn 

I V U J  

1110 

IVLO 

598f 
290f 
317f 

1320f 
2758f 

621 
337 
356 

1413 
4203 

572 
483 
407 

1657 
3176 

569 
298 
307 

1410 
2221 

700 
397 
398 

1586 
3490 

630 
318 
347 

1399 
2982 

692 
354 
398 

1510 
4471 

634 
558 
478 

1848 
3723 

630 
333 
344 

1510 
2502 
811 
429 
443 

1723 
3953 

607 
289 
319 

1215 
2807 

664 
359 
364 

1412 
4371 

594 
500 
416 

1481 
3353 

541 
291 
296 

1178 
2243 

700 
367 
365 

1374 
3494 

<I 
1 
4 

20 
3 

<I 
<1 
10 
10 

3 
<I 
<I 
11 
50 

2 
<1 
<I 

6 
25 

2 
<I 
<1 

9 
21 

2 

a. 500°C ash of core sample. 
b. Core sample from which Fischer-Assay oil was distilled at  500°C. 
c. Inorganic fraction of core sample derived by low temperature xylene extraction technique. 
d. Oil derived from core sample by the modified Flscher-Assay procedure. 
e.. Organic fraction of core  sample derived by low temperature xylene extraction technique. 
f. Average value 

14 

<1 
1 
1 

45 
<1 
<I 
<I 

4 
15 
<I 
<I 
1 

<1 
13 
<1 
<1 

7 
3 

99 
<I 
<I 
<1 

7 
53 
<I 



Inorganic Fraction - Metal values for the inorganic fraction of 5 samples of the Oil shale 
zone in which xylene was used to disassociate the inorganic and organic fractions at a low tempera- 
tu re  (120'C) a re  slightly less  than values for corresponding roasted shale samples (Table III) . 

Organic Fraction - Metal values for the organic fraction of 5 samples of t h s  oil shale zone 
in which xylene was used to disassociate the inorganic and organic fractions at  a low temperature 
(120°C) are extremely low and very similar to values for corresponding Fischer-Assay oil distil- 
lates (Table In). 

The xylene extracted fractions also exhibit color and odor properties which are different 
from those of the Fischer distillates. The color of the xylene extracted oil fractions ranged from 
dark yellow to red-brown. The xylene-extracted oil fractions did not have any odor. The Fischer 
distillates were often composed of 3 phases (water, dark brown oil and light gray grease). The 
Fischer distillates all possessed a strong, sharp, biting odor that is  often associated with crude 
oil. 

Reflectance 

from a coal bed that occurs just below the oil shale zone (Table IV). This range indicates an im- 
mature to incipiently oil-mature coal bed and, thus, l ess  oil-mature overlying rocks, if thermal 
maturity in this a rea  is directly related to sediment burial depth. 

Average vitrinite reflectance values range from 0.49 to 0.64% reflectance for samples 

TABLE 1V 

REFLECTANCE (% Ro) DATA 

Core Hole 

Beaver 
Cottonwood 
Middle Bench 
Red Hill 
Heath 
Cox Ranch 

Potter Creek 

Depth 
A 

15Sa 
l o l a  
65a 

248a 
284a 
117 
185 
436 
254a 
258a 
289 
312 
324 

Sample Number 

33508 
33507 
33506 
33505 
33504 
33509 
33510 
33500 
33513 
33512 
33503 
33514 
33515 

Number of 
Measurements 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

100 
100 

--- 

Ro(% - 
0.53 
0.53 
0.55 
0.49 
0.49 
0.55 
0.61 
0.70 
0.57 
0.64 

0.73 
0.83 

contaminated 

a. Coal bed which occurs just below the oil  shale zone. 

Reflectance values increase rapidly in the Potter Creek drill hole from 0.57% Ro (incipi- 
ently mature) at 254 ft depth to 0.83% Ro (oil-mature) at 324 ft depth. This rapid increase is pro- 
bably due to the intrusion of a 6-ft-thick lamprophyre si l l  or dike at  340 ft depth, 16 ft below the 
lowermost coal. The high, 0.70% Ro value for the lowermost coal in the Cox Ranch core  hole may 
also be the result of igneous activity; however, igneous rocks were not intersected in this core  hole. 

Conclusion 
Shale samples from the Heath Formation have been analyzed to characterize their  oil and 

metal content. The objective of this program was to determine whether or  not these shales pos- 
sessed any economic resource value. Early discussions about the Heath oil shale reasoned that a 

oil distillate as metal porphoryns. The emission spectrometric analysis of Fischer-Assay oil dis- 
tillates proved that no significant amount of metals was found in the distillate. While the Fischer 
Assay does not provide an exact measure of the oil shale retorting process, we believe the data im- 
ply that commercial scale retorting of the Heath oil shale will  not recover significant levels of me- 
tals. 

We also subjected the Heath oil shale to solvent extraction to determine whether o r  not the 
retorting temperatures might be pyrolyzing any metal organic complexes in the shale. Emission 
spectrometric analysis of the xylene extracted oil found no significant metal content in the extracted 
oil. This final test suggests that the metal content is not carried by the labile organic fraction of 
the oil shale. The metal values of the Heath shale probably can not be economically recovered from 

i ''low" oil yield shale might have economic value if metals in the shale were contained in the shale 
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the shale concurrent with a shale oil recovery process. This property does not enhance the econo- 
mic potential of the Heath oil shale as an oi l  and metal resource. 
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INTRODUCTION 

Interest in the exploitation of eastern oil shales is related to the economics of their loca- 
tion. Advantages such as the availability of the needed water resources and a labor pool with ex- 
perience in mining as well as processing a r e  usually cited in favor of the future development of 
these shales. Also, the proximity of the markets of the east coast to the resource makes their  de- 
velopment attractive. However, eastern shales, in general, give low oil yields in the Fischer 
Assay. Since the Fischer Assay has been considered as a means of predicting oil yield from com- 
mercial processing of oil shale (l), the exploitation of eastern shales based on this yield evaluation 
becomes doubtful. 

prospects (2) on the basis of their oil yield, carbon content and thickness. In general, eastern 
shales can be matched with samples from western shales with the same carbon content. However, 
the Fischer Assay yield of oil from a western shale exceeds that from an eastern shale with the 
same carbon content. For example, whereas a western shale with 13.6 wt % organic carbon yields 
11.4 wt To oil (about 30 gallons per ton, g/t) a n  eastern shale with 13.7 wt 96 organic carbon yields 
4.6 wt % oil (about 12  g/t) (4). These yields correspond to 73% and 30% conversion of organic car -  
bon to oil. 

the rate a t  which the retorting temperature is  reached. Thus, it was reported that when the r a t e  of 
heat-up was increased to 55"C/min, vs. lZ°C/min fo r  the Fischer Assay (8), an oil yield 125% of 
Fischer Assay was obtained (5). 
33,000'C/min (6), an increase of up to 140% of Fischer Assay oil yield was calculated. These cal- 
culated yields, however, were estimates based on the residual carbon content of the shale after re- 
torting under Fischer Assay conditions and upon retorting in a fluidized bed unit (6). Yields were  
also calculated by measurement of relative areas under a chromatogram and elemental analyses of 
the spent shales (7). Althoug yields of shale oil were determined (5) or estimated ( 6 ,  7). oil cha- 
racterization was not reported. 

applicable to eastern shales wherein rapid heat-up (RHU) to the desired pyrolysis temperature 
could be used for determining the potential oil yield of an oil shale. Oil yield and oil properties a r e  
two essential characteristics needed for economic assessment of a shale resource. Thus, the de- 
velopment of a rapid heat-up assay for eastern shales that can generate collectible quantities of oil 
that could be characterized is necessary. Such an assay has been developed and it is proposed that 
it be adopted a s  a common procedure fo r  determining the oil yield from shales under rapid beat-up 
conditions. 

Many eastern shale deposits have been analyzed (2,  3) and assessed as to their commercial 

Several reports (5-7) have suggested that oil  yields from eastern shales a r e  influenced by 

Further, a t  much higher heat-up ra tes ,  6,00O"C/min (7 )  and 

Clearly, there is no standard retorting procedure comparable to the Fischer Assay that is 

1 EXPERIMENTAL 

i Retort 
Figure 1 depicts the rapid heat-up retort  used in these experiments. The retort  was con- 

structed from two 6" x 6" stainless steel  plates, 1/811 thick and a standard bolted flat flange. A 
1/41' spacer was used along three edges of the plates to create a 6" x 6" x 1/4" "pocket" with a ca- 
pacity of a t  least 100 gm. At the bottom of the pocket reactor (PR) ,  a sweep gas inlet was connec- 
ted to a diffuser through a plenum. The PR was sealed by bolting the loose top flange to the flange 
attached to the body of the retort. A high temperature gasket was placed between the two flanges 
to prevent product leakage. Two thermocouples, placed halfway in the bed of shale, were used to 
observe the temperature in the retort. The temperature was continuously monitored and recorded 
on a s t r ip  chart recorder. Products were allowed to leave the P R  through an outlet connected to 

1 
- 
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the recovery system by a glass bail joint. 

Retort Heater 
A fluidized sand bath was used in all experiments. The sand bath temperature was set  to 

about 575°C and maintained a t  that temperature. 

Oil Recovery System 
The system described in the Fischer Assay (8) was modified by using a -10°C bath for the 

centrifuge tube and by circulating -10°C coolant in an efficient glass condenser. However, other 
arrangements could be used to achieve the desired recovery of oil, as for example those described 
in (1, 5 and 9). 

Gas Measurement 

of a wet test meter. 
HZS was removed as cadmium sulfide and the non-condensable gas was measured by means 

Retorting Procedure 
The  loaded PR was connected to the inert gas  lines and the flow adjusted to 10-15 ml/min. 

When the desired sand bath temperature (575°C) was reached, the PR was dropped into the bath and 
the  product outlet immediately connected to the recovery system. A s  the inside temperature of the 
PR approached 480-485"C, the temperature of the sand bath was allowed to cool t o  about 515°C so  
that the retort  temperature did not exceed 500-505°C. This temperature was then maintained for 30 
minutes. 

Oil Shale Samples 

sample was crushed and sieved. Par t ic les ,  16/28 and 28/35 mesh were collected. In some cases,  
a 16/35 mesh fraction was collected. A l l  crushed samples were stored under argon. 

The  various samples of oil shale used were  collected from Bullitt County, Kentucky. Each 

RESULTS AND DISCUSSION 

Retort Heat-Up Profiles 

However, in the required heat-up profile (E), six distinct and different heat-up rates can be identi- 
fied. These are: 

In a Fischer Assay, it is  generally stated (1, 5-7) that the heat-up ra te  is 12"C/min. 

1. 0-10 min the rate is < 1°C/min to 30°C 
2. 10-20 min the rate is 2O'C/min to 225°C 
3. 20-30 min the ra te  is 12.5"C/min to 350°C 
4. 30-36 rnin the ra te  is  10"C/min to 410°C 

6. 44-55 min the ra te  is  4"C/min to 500°C 
5. 36-44 min the ra te  is 8"C/min to 475°C 

Also, this profile corresponds to the temperature of the base of the Fischer retort  and not the shale 
in the retort. By modifying the Fischer re tor t  to allow for the measurement of i ts  internal temper- 
ature,  it was determlned that there is a difference of about 70°C between the shale nearest the wall 
of the retort  and its center. Even shale < 1/4" from the retort  wall i s  17°C cooler than the base. 

resultant profile, three distinct and different heat-up rates were  identified. These were: 
For the RHU assay described, the actual temperature of the shale was measured and in the 

1. 0-2.5 min the ra te  was 114OC/min to 310°C 
2. 2.5-5.0 rnin the rate was 56"C/min to 450°C 
3. 5-7.5 rnin the ra te  was 2O'C/min to 498°C 

However, since the bed of shale in the RHU retort  is 1/4" in thickness, no temperature gradient 
was  detectable across  the 6" x 6" x 1/4" retort .  It is  estimated that the 1/4" bed is made up of 
about 10 shale particles and, since heat was uniformly applied from all  directions, the heat-up pro- 
fi le of each 1/8" of shale is  a l so  uniform. Thus, overall, it was concluded that all  the shale was 
retorted at the same temperature. 

In control experiments, it was observed that two effects influence the observed decrease in 
heat-up rate: Fi rs t ,  At, the difference between the temperature of the sand bath and the bed tem- 
perature of the retort. Second, the formation of oil during retorting. A s  the internal temperature 
increases and At becomes small ,  heat transfer i s  reduced and as oil is formed, the demand for  
energy increases. Both effects work in the direction of reducing the heat-up rate. I t  was not pos- 
sible to study these effects separately; however, it w a s  observed that when oil formation started the 
heat-up r a t e  always decreased. 

duced was recovered during the 375-475°C temperature interval, which corresponds to a period of 
Oil formation was accompanied by the formatim of gas. Also, about 90% of the oil pro- 
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about 2 minutes. This is in contrast with the FischerAssay in which the same temperature interval 
corresponds to about 12 minutes during which less  than 50% of the oil i s  collected. AS pointed Out 
ear l ie r ,  the temperature of the shale in a Fischer retort  does not correspond to that of the base of 
the retort and there mis t s  within the retort  a significant temperature gradient. Thus, whereas oil 
generation in the RHU retort  proceeds uniformly and a t  the same  temperature throughout the bed, in 
the Fischer retort, it proceeds across  steep temperature gradients in t ime and space. 

Yield of Products 

the Fischer Assay. Table I. A l l  the eastern shales tested gave from about 150% to 200% of Fischer 
Rapid heat-up to retorting temperatures results in a higher oil yield than that obtained in 

- .  
Assay. This observation i s  consistent with predicted increases for eastern shales and i s  achieved 
at lower heat-up rates than the 6,000-30,000"C calculated (6, 7). It a lso confirms the directional 
increase based on experiments carr ied out at a heat-up ra te  of about 5WC/min. 

TABLE I 

YIELDS O F  OIL FROM FISCHER ASSAY AND RAPID HEAT-UP ASSAY O F  OIL SHALES 

Fischer Assay Rapid Heat-Up 
Sample Gallons/Ton Gallons/Ton 

Kentucky, Bullitt Co. 
1 B  9.4 17.4 
1 c  8.7 1 7 . 9  
1 D  9.3 15.4 
1 E  11.5 21.3 
Drum 10.8 16.2 

The other yields determined, Table 11, were those of the gas that did not condense in the 
product recovery system, H2S and re tor t  water. I t  was observed that the volume of gas generated 
in RHU retorting was greater than that generated in the Fischer Assay. In contrast, the amount of 
water collected was the same and that of hydrogen sulfide smaller.  

TABLE II 

YIELD OF OIL, GAS AND H s FROM FISCHER ASSAY (FA)' AND 
RAPID HEALP ASSAY ( R H U A ) ~  

Sample Oil, % Wt o i l  G/T Gas 1/1OOg - H?S, % Wt 
I.D. FA RHUA FA RHUA FA RHUA FA RHUA - - - - - - - - -  
1B 3.5 6.9 9 .4  17.4 1.41 ND* 0.9 0.7 
1c 3.2 7.1 5.7 17.9 1.61 2.03 1 .9  1.6 
1D 3.5 7.3 9.3 16.4 1.74 2.03 1 .2  0.8 
1E 4 .4  8.5 11.5 21.3 1.82 2.66 1.5 1.2 

Drum 4.3 6.3 11.3' 16.0d 1.20 1.60 1.1 0.9 

a. Heat-up to 500°C at - lB'C/min, 1/2 h r  at 500'C. 
b. Heat-up to 500°C a t  an initial ra te  of about 100'C/min, 1/2 h r  at 500°C. 
c.  Average of 3 determinations; 11.8,  10.5 and 11.4 G/T. 
d. Average of 3 determinations; 15.8, 15.8 and 16.3 G/T. 

1 * ND - Not determined. 

( HZS formation during retorting has  been studied previously for western shale ( lo) .  How- 
ever,  little or no information is available for eastern shales (11). In all  the experiments carr ied 
out, significant amounts of H2S equivalent to about 1% S by wt of the sample retorted were formed. 
The source of H2S is organically combined sulfur and pyrite (10). Both types of S a r e  present in the 
shale. The kerogen contains the organic sulfur, which upon retorting, i s  converted to product oil 
and HzS. Pyrite, on the other hand, does not form H2S in the absence of a hydrogen source. mr- 
ing retorting several  hydrogen sources are available for the pyrite/H reactions. Kerogen, oil- 
forming intermediates, hydrocarbons in the product oil as well as the oil's various heteroatomic 
species and steam are likely H-sources. 

1 
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In separate experiments, the dependence of the formation of H2S from pyrite on a source of 
hydrogen was confirmed. By treating a spent shale, obtained a s  a result of a Fischer Assay, With 
steam, significant amounts of H2S were generated. H2S was also formed in significant amounts 
when a sulfur-free crude oil fraction was retorted in the presence of pyrite-containing spent shale. 

During the retorting of an eastern shale the appropriate environment exists for the reaction 
of pyrite with a hydrogen source. Also in the Fischer Assay the time the hydrogen source could be 
in contact with the pyrite is 10 t imes a s  long a s  that in the RHU assay. This difference could be the 
reason for  the lower yield of H2S generated by RHU than that generated in the Fischer Assay. 

Product Properties 

Ems of o i l sha le  than that generated in a Fischer Assay. This increase in gas yield was not the 
Gas - Increasing the heat-up r a t e  during retorting generates a larger volume of gad100 

- 
same for all  the shales studied. Fo r  example, one eastern shale sample tested generated about 
15% more gas, another generated 50% more. The increases in gas yield, however, were accom- 
panied by increases of 100% and 85% in the Fischer Assay yield, respectively. It i s  possible that 
some correlation could he  established between gas yield i n  the RHU assay and that of the Fischer, 
however, the data available s o  far a r e  not sufficient for this purpose. 

The composition of RHU gas shows little variation for different shale samples. Also, the 
differences in concentration between the main components of RHU and the Fischer Assay gases are 
minimal, Table 111. An interpretation of this observation is consistent with the thermal treatment 
of the shale in the two assay procedures. Since, in both assays,  the maximum temperature to which 
the oil shale and the product oil a r e  exposed is the same,  the extent of thermal cracking to lighter 
fragments would be similar. This observation i s  consistent with that made for delayed coking of 
petroleum residual oil wherein it is higher temperatures, not longer t imes,  that result in second- 
a ry  cracking of product oil and produce a change in the composition of the gas generated (12). 

TABLE In 

YIELD AND COMPOSITION O F  GAS FROM FISCHER AND RHU RETORTING O F  
A BULLITT COUNTY, KENTUCKY, OIL SHALE (SAMPLE 1D) 

Retort 

Heat-up rate, "C/min 
Gas, IiterdlOOgm, H2S f ree  
H2S, % Wt 
Gas Analysis, Mol % 

- 

H2 

CH4 

C2H4 

C2H6 

C3H6 

C3H8 

C4H8 

'4%0 

co 

Gas + H2S, 1/100 g 

% H2S 

% Gas 

a. Initial heat-up rate.  

22 

Fischer 

12 
1.74 
1.2 

40.6 

27.0 

2 .1  

3 . 1  

3.1 

2.9 

1.6 

1.7 

2.6 

9.0 

2.53 

31 

69 

P R  - 
lOOa 

2.03 
0.8 

39.6 

26.4 

2.2 

2.1 

2 . 1  

2.7 

0 . 5  

0.9 

4.0 

12.0 

2.56 
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Oil - A s  wlth the Fischer Assay, the amounts of oil generated in the RHU assay vary with 
the oil s h a  used. Also, because of the batch nature of both assays and the s ize  of sample, 100 
gms. , these amounts of oil a r e  necessarily small. Thus, the extent to which the assay oils can be 
tested is limited. For these experiments, the same tests were car r ied  out on oils produced from 
both assays. In Table Iv, data are present for product oils obtained for  one eastern shale. The 
differences in properties a r e  typical and the data shown for oils obtained from the two assay proce- 
dures a r e  consistent with data obtained for other eastern shale samples. 

TABLE IV 

COMPARISON OF PROPERTIES O F  SHALE OIL OBTAINED FROM FISCHER AND 
RHU RETORTING O F  A BULIJTT, COUNTY, KENTUCKY OIL SHALE (DRUNI SAMPLE) 

Retort 

Heat-up ra te ,  'C/min 
Oil yield G/T 
sh Wt 
Spent shale, '% wt 
Gas yield, liters/100 gm 
H2S yield, '% wt 
Water, !& wt 
Oil Properties 

Gravity, "A PI 
Specific gravity, 60"F/6OoF 
Pour point, 'F 
Aromatic carbon, % 

Elemental Analysis, wt % 
C 
H 
N 
S 

Cg - 400°F 
400 - 550 
550 - 710 
710 - 1000 
1000'+ 

'istillation, ASTM D2887, F 

Shale, Spent and (Fresh) 
Elemental Analysis, % Wt 

C (Fresh) 
H 
N 
S 

Ash, % wt 
Pyritic sulfur  

a. Initial heat-up rate. 

Fischer 

12  
10. 8 
4 .3  

92 
1 . 2  
1.1 
1.5 

26.1 
0.8978 

-50 
40 

84.42 
11.09 
1.35 
1.81 

24 
18 
27 
30 

c l  

8.88 (12.60) 

0.33 (0.38) 
5.86 (6.58) 

---- (6.42) 

0.55 (1.32) 

88.3 ---- 

RHU 

looa 
16.2 
6 . 3  

88 
1. 6 
0.9 
1 .7  

21.6 
0.9242 

-40 
41 

84.59 
10.52 
1.14 
1 .64  

22 
13 
19 
45 
1 

7.39 
0.34 
0.36 
5.50 

86.6 ---- 

A salient and consistent observation is the difference in the gravity between oil collected 
from the FischerAssay and that from the RHU assay. Invariably, a difference in gravity of about 
4-5" API i s  observed. RHU oils a r e  denser, i. e. , have the lower API gravity. This reduction in 
API gravity is  consistent with the idea that oil precursors a r e  thermally converted to oil products 
with a wide range of molecular weight. Since, in the RHU assay, the time taken to reach retorting 
temperatures is short and a stripping gas is used, the heavier components a r e  removed from the 
retort  rapidly and a r e  condensed in the oil with the lighter components. In the Fischer Assay, 
these conditions do not prevail. Some of the heavier components partially condense and remain 
with the shale or a r e  further cracked to form the lighter products. Another observation supports 
this interpretation. The boiling point distribution of RHU assay oil shows larger amounts of the 
700"F+ distillate than that of the Fischer Assay product. In both assays,  however, the distillate 
contains little or no 1000°F' residue, reflecting the - 930°F maximum retorting temperature of 
both tests. 

Another difference between the oils is in the hydrogen to carbon ratio. RHU assay oil H/C 
ratio again reflects the heavier nature of the product oil. Whereas Fischer Assay oil typically has 

I 
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10.5-11% W t  hydrogen, that of RHU assay is about 1% lower for the same carbon content. This Ob- 

servation is COnslstent with the boiling range shift towards heavier dtstillates and is in agreement 
with the qualitative assessment described a s  a chromatographically "unresolved hump in the 
C20-C30 mWe" obtained from fluidized bed pyrolysis of eastern oil shale (13). I t  i s  also supported 
by studies Of Kuckersite shales in fixed bed retorting (14). 

Flscher Assay oils. The available data point towards a dependence of S and N content of the oil on 
the S and N Concentration of the raw shale. However, these data are not sufficient for developing a 
correlation that would predict the sulfur and nitrogen concentrations of the product oil. A s  men- 
tioned earlier, pyrite is a common component of eastern shales and this has to be taken into con- 
sideration when developing the sulfur correlation. 

The pour points of the eastern shale oils produced were  below -40°F. Little or no depen- 
dence on retorting method was observed for  this property. 

Carbon type distribution, aromatic and aliphatic, in the oils produced by the two assays 
was the same. Oil from the Fischer Assay had 40% aromatic carbon and that from the RHU assay 
41%. Considerlng the accuracy of the nmr determination thls result  shows that RHU retorting of a 
shale does not change g s  chardcteristic of the product oil. Although a boiling point shi& towards 
heavier products was observed, this change was either averaged over both types of carbon or were 
too small for detection by 13c nmr. 

Spent Shale 

version of kerogen carbon to product oil. Both carbon and hydrogen in the spent shale reflected 
the improvement in the conversion of kerogen to products. However, duplicate results for some 
samples were inconsistent. Particularly troublesome were hydrogen determinations on the spent 
shales. Directionally, however, the reduced hydrogen content of spent shale from RHU and 
Fischer Assays was correct. 

Sulfur and nitrogen concentrations in the RHU assay oils are simtlar to those of the 

Elemental analyses of spent shale produced by RHU retorting confirmed the increased con- 

- 
CONCLUSIONS 

A rapid heat-up assay for eastern shales that can generate collectible quantities of oil that 
can be characterized has been developed. It is  proposed that it be adopted a s  a common procedure 
for determining the oil yield of an eastern shale. 
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INTRODUCTION 

Recovery of organic material fromGreen River oil shale has been extensively studied. 
Conventional retorting methods including Fischer Assay (1). aboveground re tor t s  (2, 3) and in situ 
retorts (4), recover only about 65% o r  less of the organic material (kerogen plus bitumen); however, 
this is accomplished at the expense of la rge  amounts of char remaining on the spent shale. Differ- 
ent retorting methods have been applied to increase oil yields, such as hydrogenation (5) and atmos- 
pheric steam pyrolysis (6). One highly efficient method is supercritlcal fluid extraction which has 
been developed in  the last two decades. Water (7), carbon monoxide and water (E), methanol and 
water (9) and toluene (10) have been used as supercritical extraction solvents to extract shale oil 
from Green River oil shale with much higher yields than obtainable by no-solvent heating techniques. 
The methanol-water mixture investigated in this laboratory was found to be highly efficient in re- 
covering organics from Green River oil shale (9). A t  400°C and 31.2 MPa (4525 psig), 90% of or- 
ganic materials in the shale were produced as liquid oil and only 2% as gases. This high yield is 
very impressive and leads u s  to further investigate the composition of the products. The total li- 
quid oils obtained a t  temperatures of 300 to 425°C were fractionated into various compound types 
and compared. The degree of pyrolysis a t  different temperatures was determined by the distribu- 
tion of n-alkanes and n-carboxylic acids. The function of methanol in the treatment of Green River 
oil shale i s  also discussed. 

MPEflIMENTAL PROCEDURE 

Materials 

Mahogany Zone of the Piceance Creek Basin near Rifle, Colorado and contained about 37.3% organic 
material. The oil shale was ground and screened to -150 

Silica gel (CC-7 Special) was purchased from Mallinckrodt Co. Silver nitrate on silica gel 
was prepared by mixing 20 g si lver nitrate (Reagent Grade) (dissolved in 100 m L  water) and 100 g 
si l ica gel. The mixture was dried at  100-120°C for 7 hours, placed in a desiccator and stored in 
the dark. 

was  Reagent Grade. 

Extract Preparation 
Oil shale samples were heated independently a t  temperatures of 300, 350, 375, 400 and 

425°C for 1 hour at a charged argon pressure  of 3.5 MPa (500 psig) in a 1-liter reaction vessel 
constructed of Inconel-600. The heating r a t e  for this reaction vessel was about 2"C/min. Forty 
grams of shale and 120 mL each of methanol and water were used in each run. The experimental 
procedure was the same as used by Cummins and Robinson (8). The reacted shale and oil was 
Soxhlet extracted with the benzene-methanol azeotrope and the methanol-water solution also con- 
taining some oil was extracted with diethyl ether followed by methylene chloride. After extractions, 
the solvent was stripped from each extract  using a rotary-film evaporator. The combined extracts 
(total liquid oil) were then separated into different compound types. 

Separation Procedure 

that a separation of olefins using silver nitrate-silica gel was added. Twenty grams of 20% silver 
nitrate on sil ica gel w a s  packed in a column (45 cm x 1.5 cm OD) for each 0.2 g alkanes plus 

* 

The oil shale sample used was  a 271.2 L/T (65 gal/ton) Green River oil shale from the 

(-100 mesh) before treatment. 

n-Pentane and methylene chloride were Burdick-Jackson, distilled in glass. Diethyl ether 

The separation scheme shown in Figure 1 is similar to that used previously (11) except 

Formerly Laramie Energy Technology Center. 

26 



olefins, and the column was wrapped with aluminum foil to prevent photodecomposition of the si lver 
nitrate. Alkanes were eluted with 100 mL n-pentane and olefins were eluted with 100 mL of 50/50 
n-pentane/diethyl ether. Alkanes were further separated by 5A molecular sieves into n-alkanes and 
branched-plus-cyclic akanes  (12). 

Carboxylic acid methyl es te rs  were prepared in the following way. The acids extracted 
from the anion resin were first  refluxed with the BF3-CH30H complex in benzene for 4 hours and 
then water was added to react with the excess BF3. The esterified acids obtained were then 
charged to a fresh IRA-904 anion resin column and the carboxylic acid methyl esters were eluted 
from the column with cyclohexane. 

Gas Chromatography 
Both n-alkanes and carboxylic acid methyl esters were analyzed using a Hewlett-Packard 

5830A gas chromatograph equipped with a 25 m x 0 . 2  mm ID SP2100 fused sil ica capillary column 
and a flame ionization detector. The gas chromatograph (GC) oven was programmed from 100 to 
275°C at 3"C/min and maintained a t  275°C for  50 min. Response factors were determined for stan- 
dard C15-C32 n-alkanes and C14-C32 n-carboxylic acid methyl esters.  The weight percent of each 
component was calculated by multiplying the peak area with i t s  GC response factor. 

RESULTS AND DISCUSSION 

Extract Composition 
The recoveries of liquid organic material from the treatment of Green River oil shale 

i 
with a methanol-water mixture at various supercritical conditions were  calculated as weight percent 
of total organic material in the shale (37.3% i s  100%) and a r e  given in Table I. Also, the elemental 
analyses and the molecular weights of the extracts a r e  presented. Incidentally, the ash  contents of 
all  extracts were found to  be less  than 1%. The experimental results show that the recoveries of li- 
quid organics increase with the increasing temperature from 300 to 400°C; however, at 425°C the 
recovery decreased apparently due to decomposition of liquid organics to gases. This is  believed 
to be true because a significant pressure increase was observed on the pressure  gauge after the 
experiment. The atomic H/C ratio of the liquid oil decreased from 1.66 to 1.52 as temperature 
increased from 300 to 425°C. The higher atomic H/C ratio a t  300 and 350°C suggests that at these 
temperatures, aliphatic components a r e  more  easily generated than aromatic components. Above 
350"C, the atomic H/C ratio decreased toward that (1.54) of Green River oil shale kerogen. At 
425"C, a slight loss of hydrogen occurs as evidenced by the lower atomic H/C ratio (1.52). These 
results suggest that the improved recovery at the increased temperatures come mostly from re- 
covery of more aromatic components. A s  with most other re tor t  methods, as the temperature in- 
creases,  oxygen and sulfur decrease and nitrogen increases. 

TABLE I 

WEIGHT PERCENT O F  ORGANIC MATERIAL RECOVERED, ELEMENTAL ANALYSES AND 
MOLECULAR WEIGHTS OF EXTRACTS 

'% of Organic Operating Atomic 
Material pressure Wt % of Extract H/C Molecular 

Sample Recovered M Pa - C 2 S 2 Ratio Weight 

Extract 
300'C 13.6 18.5 78.4 10.8 1 . 3  1.1 6.6 1.66 
350°C 26.6 24.7 79.8 11.0 1.6 - 5.8 1.65 515 
375°C 52.3 27.6 79.0 10.6 1 .9  1.0 5.4 1.60 572 
400°C 89.5 31.2 80.4 10 .5  2.6 0 .5  3.7 1.57 452 
425°C 83.3 35.8 82.9 10.5 2 .5  0 . 1  3.7 1.52 

Kerogena 80.5 10.3 2 .4  1 .0  5.8 1.54 

a. Smith, J. W.,  U. S. BuMines Rept. of Inv. 5725, 16 pp (1961). 

Degree of Pyrolysis 
The distribution of n-alkanes and n-carboxylic acids has been found to be sensitive to ther- 

mal conditions (13, 14). The odd-even predominance (OEP) of n-alkanes and the even-odd predomi- 
nance (EOP) of n-carboxylic acids, as calculated by the method described by Scanlan and Smith ( i s ) ,  
generally decrease with increased temperature. 

decreases to about 1 as the maturity of the oil shale increases (15). In the treatment of Green 
For an immature oil shale, the OEP of extractable n-alkanes is  very high; however, OEP 



River oil shale with methanol and water, the OEP of n-alkanes waa studied and found to decrease 
with the increased temperature. A plot of OEP of n-C31H,j4 against temperature is  shown In n- 
gure 2. The OEP of n-alkanes for the benzene-extracted bitumen and Fischer Assay oil of the shale 
are also shown in Figure 2 fo r  comparison. The OEP for a Fischer Assay oil (obtained by heating 
Green River oil shale at an effective temperature Of 475°C and representing only 65% of- organics in 
the raw shale) w a s  found to be 2 . 2 .  At 400°C with a maximum oil yield (89 .5%).  the OEP of n- 
c ~ ~ H ~ ~  produced from methanol-water treatment was found to be 2.4,  which is slightly higher than 
that from Fischer Assay. These results show that pyrolysis in the methanol-water treatment at 
4 0 0 ' ~  is definitely not more severe than the pyrolysis in the Fischer Assay method. Therefore, 
the high oil yield must be caused by a combination of pyrolysis and supercritical solvent extraction 
effect. 

methyl esters.  The normalized weight percent of n-carboxylic acid methyl es te rs  was obtained 
from their weight percents calculated from GC. 
function of tezqerzhrs, ths E9P also decreased with increased temperature. In general, the ~ o p  
values of n-carboxylic acids are a few units higher than the OEP values of the corresponding n-al- 
kanes. The decrease In the OEP of n-alkanes and the EOP of n-carboxylic acids with the increased 
temperatures in the methanol-water treatment suggest that the OEP and EOP values can be used as  
g o d  thermal indicators for  the supercritical fluid extraction process. 

presented in Table II. The results showthat the amount of olefins stays fairly constant from 300 to 
425"C, contrary to the general increase of olefins with the increased temperature of heating during 
Fischer Assay or retorting (about 10% at 475°C). If this trend I s  maintained, then it suggests that 
the presence of methanol and water suppressed the formation of olefins. 

The EOP distribution of n-carboxylic acids was studied by analyzing the carboxylic acid 

Figure 3 shows the EOP bf n-C31H63COOH as a 

The amounts of olefins obtained at different temperatures were also measured and a r e  

TABLE ll 

THE AMOUNT OF OLEFINS AT DIFFERENT TEMPERATURES 

Temperature,  Olefins, 
"C Wt % of Extract 

300 3 . 1  
350 3 . 2  
37 5 2 . 3  
400 2 . 6  
4 2  5 3 . 0  

Function of Methanol 

of methanol. (The crit ical  temperature and pressure of methanol are 240'12 and 7.96 MFJa (1154 
psig), respectively. ) Undoubtedly, methanol acts a s  a "super" solvent in the methanol-water 
treatment of Green River oil shale due to the  high near-liquid density of the supercritical gases. 
In addition, methanol seems to be incorporated into the products because the infrared spectra of 
the extract a t  all temperatures contained a significant carbonyl absorption at 1730 cm-l. (Extract 
from the water-only-run does not have this intense IR absorption.) The infrared spectrum of the 
extract obtained at 400°C is  shown in Figure 4. After compound-type separations, this absorption 
peak appeared in both the hydrocarbon and base fractions, as shown in Figure 5 .  Absorption at  
1730 cm-l is  generally due to some type of carboxyl group. However, the hydrocarbon fraction is 
not expected to contain polar groups such as carboxylic acids because the anion resin in the separa- 
tion scheme should retain all of the carboxylic acids. Therefore, it must be due to a less  polar 
carboxyl group, for example, carboxylic acid methyl esters. 

A labelled 13CH30H-CH OH(1. 3 /98 .7) /H20 experiment with Green River oil shale at 400°C 
was performed to further prove $at esterification had occurred in the treatment. The extracts ob- 
tained from the unlabelled and the labelled experiments were analyzed by l 3 C  NMR, and the NMR 
spectra a r e  shown in Figure 6. The peak a t  5 1 . 4  ppm (due to I3CH 0 roup of methyl esters) in 
Figure 6B is much higher than that in Figure 6A showing the incorporation of 13CH30H into es te rs ,  
in agreement with the infrared data. Thus,  this data shows that the reaction of methanol with car- 
boxylic acids (16) and carboxylic acid sa l t s  (17) in Green River oil shale is possible and the products 
are methyl es te rs  (18). 

methanol can be calculated from the following equation: 

The experimental conditions in this work were above the critical temperature and pressure 

3 5  

The maximum increased weight percent (X) for the oil  yield due to the incorporation of 

MW. 
x=----- x PA+s x 100 

MWA+S 
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Figure 1. The separation scheme for the extracts from the methanol-water treatment of Green River oil shale. 
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where MW is  the increased molecular weight for carboxylic acids and carboxylic acid salts due to I incorporation of methanol, MWA+S is the average molecular weight of carboxylic acids and car- 
boxylic acid salts and PA+s i s  the weight percent of carboxylic acids and carboxylic acid salts  in the 
organic materials of the shale. Almost all of carboxylic acids found in the shale sample are mono- 
carboxylic acids (16) so that a replacement of H by CH3 only increases molecular weight by 14. If 
carboxylic acid salts are involved in the reaction, the replacement of a cation by CH3 will only de- 
crease the molecular weight because the cations found are sodium, calcium, aluminum, copper, 
etc. (17). MWA+S is about 500 and  PA+^ was found to be 20% (16). Based on these numbers, X i s  
calculated to h e  0.56%. This calculation shows that the incorporation of methanol i s  not enough to 
accoilnt for the increased oil yield found in the methanol-water treatment. 

CONCLUSIONS 

A t  300 and 350"C, a methanol-water mixture generated more aliphatic organic materials 
from Green River oil shale than a t  higher temperatures. A s  the temperature of the treatment in- 
creased from 350 to 425°C. the atomic H/C ratio of the extract decreased towards that of Green 
River oil shale kerogen, suggesting that more aromatic components are generated at  higher temper- 
atures. In addition, the odd-even predominance of n-alkanes and the even-odd predominance of n- 
carboxylic acids were shown to be good thermal indicators for the supercritical fluid extraction pro- 
cess .  The higher oil yield in the methanol-water treatment of Green River oil shale i s  apparently 
contributed to both by pyrolysis and by the supercritical solvent effect. There is evidence of me- 
thanol incorporation into the liquid oils in the methanol-water treatment, but not near enough to ac- 
count for the higher oil yield. 
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INTRODUCTION 

The organic matter in oil shale is composed mostly of kerogen (insoluble in common or- 
ganic solvents) with a few percent soluble bitumen. When Green River oil shale is heated to 573 K,  
natural bitumen can be removed thermally f rom oil  shale. The chromatogram of thermally sepa- 
rated bitumen i s  identical to that of the solvent-extracted bitumen (1). At temperatures above 
573 K, the kerogen decomposes to bitumen and subsequently bitumen to oil and gas (2,  3). While 
considerable work has  been done using Electron Paramagnetic Resonance (EPR) on coal (4,  5) and 
western oil shale (6, 7),  relatively little i s  known about eastern shales. EPR measurements yield 
direct ,  in situ information on the kinetics of the organic-free radicals present in heated shale and 
natural bitumen. The present work was undertaken as a correlated EPR and TGA investigation of 
eastern shales to elucidate the pyrolysis mechanisms of these shales. 

EXPERIMENTAL 

Oil shale samples used in the present study are Kentucky Sunbury oil shale and Tennessee 
U. S. oil shale. Chemical analyses of the oil shales are given in Table I. 

TABLE I 

CHEMICAL PROPERTIES O F  OIL SHALES 

Type of Oil Shale/ 
Analysis I tems, Wt % 

Hydrogen 
Nitrogen 
Total carbon 
Oxygen (by difference) 
Silicon, Si0 

Aluminum, A 1  0 

Iron, F e  0 

Calcium, CaO 
Magnesium, MgO 
Sodium, Na 0 

Potassium, K 0 

Phosphorus, P 0 

Titanium, T i 0  

Sulfur, SO 

2 

2 3  

2 3  

2 

2 

2 5  

2 

3 

Sunbury Oil Shale 
Kentucky 

1 . 5 5  
0 .53  

14.07 
3 .30  

66 .70  

20.00 

7. 80 

0 .20  
1 .40  
1 .14  

5 .10  

0 .24  

0 .72  

0.52 

U. S. Oil Shale 
Tennessee 

1 .31  
0.36 

11.49 
0 .04  

60.74 

13.76 

15.30 

8.47 
1 .52  
0.67 

4. 91 

0.17 

0. 88 

1 .01  
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EPR measurements were made with a Briiker-IBM EPR spectrometer Model ER 200D fit- 
ted with an NMR gaussmeter and a digital frequency counter for measuring the microwave frequen- 
cy. The peak-to-peak line widths, AHpp, were measured by using a Briiker NMR gaussmeter. The 
data acquisition and reduction was car r ied  out with a Briiker Model Aspects 2000 computer. The in 
situ, high-temperature EPR measurements were made with a Briiker high- temperature cavity 
Model 4114 HT. The g-values and the line widths, AHpp, were measured by the least squares fit- 
ting of the observed signals using the Aspects 2000 computer. 

The oil shale sample was heated at 4 K / m i n .  in 40’ intervals, the temperature was stabi- 
lized for “15 minutes, and then the EPR spectrum was recorded. The sample temperature was 
measured with a chromel-alurnel thermocouple located close to the sample. The temperature sta- 
bility was < IK over a 20-minute period. 

The TGA experiments were car r ied  out by a DuPont 951 thermogravimetric balance inter- 
faced with a DuPont 1090 thermal analyzer. Details of the TGA measurements a r e  given else- 
where (8). 

RESULTS AND DISCUSSION 

Figure 1 shows typical TG and DTG curves for Kentucky Sunbury shale (8). There a r e  two 
major peaks from the derivative weight losshemperature curve. The f i r s t  peak begins about 20°C 
and ends about 100°C while the second peak begins about 350°C and ends about 550’C. It is  likely 
that the first  peak represents the volatilization of water, while the second peak represents the de- 
composition of pyrolytic bitumen. The differential weight variation between two peaks is considered 
to be the decomposition of natural bitumen and kerogen. 

Figure 2 shows typical EPR scans for the two samples: (a) for the Sunbury oil shale and 
(b) for the U. S. oil shale. Both spectra consists mainly of some broad signals covering a range of 
about 1000 G over which a r e  superimposed sharp lines from organic-free radicals (indicated with 
arrowheads) at g-values around 2.006 0.001. It may be noted that the broad signals, attributable 
to  Fe203, Feg04 or related impurity, a r e  more  abundant in the U. S. shale than the Sunbury oil 
shale. 

Figures 3 and 4, respectively, show the measured temperature dependence of the free ra- 
dical concentration (c) as measured by the area under the signal corrected by the high-temperature 
Curie-Weiss behavior, the peak-to-peak line widths (AHpp) in Gauss and the line positions (g-val- 
ues). 
shale. In both cases,  part (a) shows temperature dependence of the g-values, and (b) and (c) are 
those of the peak-to-peak line width (AHpp) for the free radical EPR signal and the free radical 
concentrations, respectively. It is seen that, in both cases,  the f ree  radical concentration is 
feirly constant up to about 300K and then r i ses  steeply, especially around 600 5 10K. A close cor- 
relation behveen the sharp increase in free radical concentration for the Sunbury shale shown in 
Figure 4 with the maximum in the m G  curve for Sunbury shale inFigure 1. 
shale, there are two somewhat unresolved peaks. For the Sunbury shale,  a peak and a shoulder 
a r e  also visible in about the same temperature range, but here the peak resolution is even less. 

The peak-to-peak line width, AHpp, of the EPR derivative signals from the two shales 
showed strikingly different temperature dependence. With the increase in temperature, the line 
width of the U. S. shale is  fairly constant up to about 600 K, exhibits a sharp increase around 620 K 
and then drops sharply to about 60% of the maximum value at about 800 K. I t  is noted that the mini- 
mum line width occurs at about the same temperatures as that corresponding to the maximum in the 
free radical concentration. 

about 200 K to a minimum at  about 560 K and then increases to about the original value at  about 
800 K ,  the maximum temperature in our measurements on this shale. We found that, for this 
shale, an excessive microwave loss in the cavity due to some change in the shale prevented u s  from 
EPR measurements at higher temperature (the mechanism for this microwave loss is unclear but 
experiments a r e  in progress). Once again, the minimum in the AHpp occurs a t  about the tempera- 
ture of the s ta r t  of the smaller peak in the free radical concentration. However, the excessive mi- 
crowave loss for this sample might be the cause of the broadening of AHpp above 600 K. 

The g-values of both samples exhibit a fairly small (<O. 1%) but steady increase with tem- 
perature. The broad maxima in the g-value plots occur roughly at  the temperature of the maxima 
in the free radical concentration for both shales. 

changes by nearly one order  of magnitude for both shales as the results of pyrolysis. It is  clear 
that the line widths (AHpp) also change drastically a s  a result of the heating, indicating that pyro- 
lysis results in probably new types of f ree  radicals, different from those already present in the 
shale sample. This conclusion is supported by plot (a) wherein the g-values also exhibit a definite 
slowly increasing trend with temperature increase. 
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Figure 3 is  for the U. S. oil shale and Figure 4 shows similar results for  the Sunbury oil 

For the U. S. oil 

The peak-to-peak line width (AHpp) for the Sunbury shale shows a steady decrease from 

The results of Figures 3 and 4 clearly demonstrate that the f ree  radical concentration 
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g =  2-0054 
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Figure 2. Typical EPR spectra of (a) Kentucky's Sunbury oil shale and (b) Tennessee's 
U.  S. oil shale. 
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Figure 3. Temperature dependence of the EPR parameters for Tennessee's U.  S. 
oil shale: (a) G-values, (b) peak-to-peak line widths and (c) concentra- 
tion of the radicals relative to room tepperature. 
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Figure 4. Temperature dependence of the EPR parameters for Kentucky's 
Sunbury oil shale: (a) g-values, (b)geak-to-peak line widths and 
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We note that the decrease in aHpp concomitant with the increase in the f ree  radical inten- 
sity might also be interpreted simply a s  a result of spin exchange narrowing, a s  i s  well known to 
happen for concentrated spin systems. However, the comparison with g-values suggests that the 
linewidth change is perhaps more Ilkely to be due to the formation of new species of radicals. 

A s  fas a s  the identiftcation of the radicals is concerned, it is c lear  from the g-values (be- 
ing close to the f r ee  electron g-value of 2.0023) that the radicals a r e  all  fairly similar in nature. 
Comparison with the pyrolysis results of Retcofsky et  al. on coal samples suggests that the radi- 
cals are essentially.F-type delocalized hydrocarbon radicals. The increase of the g-value over 
2.0023 shows that the f ree  electron resides also partly on heteroatoms with spin-orbit coupling 
larger than carbon, possibly oxygen, sulfur or  nitrogen. 

(2.007) at the high temperature end. The significant positive deviation from the f r ee  electron value 
of 2.0023 tiuyyests thac cne free radicals in  both shales a r e  essentially of the same nature; the devi- 
ation being largely due to the spin-orbit coupling of a heteroatom in the f ree  radical structure. 
However, the data on chemical analysis (Table I) show that nitrogen and oxygen are significantly 
larger in Sunbury oil shale than in the U. S. oil shale while the sulfur i s  larger in the u. S. oil 
shale. Since sulfur has much la rger  spin-orbit coupling constant than oxygen or nitrogen, the pre- 
sence of sulfur in a radical will cause its g-value to be much higher than that for a similar radical 
containing oxygen or nitrogen. The present EPR data show that the g-values for both samples a re  
nearly the same. Thus, these results indicate that the newly formed free radicals in the u. S. oil 
shale a re  preferentially formed around the s u l f u r  moiety. 

Another interpretation of the line width decrease at high temperature i s  that the decrease 
results from the loss of hydrogens on pyrolysis, as found for coal samples. This interpretation 
implies that the original cause of the EPR line width i s  the dipolar coupling between the unpaired 
electron of the free radical and the protons from the C-H hydrogens. However, there is no direct 
proof for this hypothesis. We plan to car ry  out electron-nuclear double resonance (ENDOR) studies 
to clarify the origin of the line widths and to identify the structures of the produced organic radi- 
cals. 

Figures 3 and 4 show that the g-values of the two shale samples a re  nearly the same 
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OIL SHALE DEPOSITS IN JORDAN 

BY 
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Laboratories Division, Natural Resources Authority, The Hashemite Kingdom of Jordan 

INTRODUCTION 

Occurrences of oil shale have been reported in most of the Jordanian districts. The geolo- 
gical studies and exploration for water, oil and minerals showed that oil shale is widely distributed 
i n  many parts of the country, either outcropping at the surface or encountered in exploratory wells. 
The following a re  the main localities of oil shale (Figure 1): (a) in northern Jordan (Irbid District), 
for example at Yarmouk r iver ,  Buweida and Beit Ras villages and at Risha H-4 area in  the north- 
eastern Panhandle; (b) in Central Jordan (Karak District) in the area between AI-Husseinieh in the 
south and Daba'a in the north along the Desert Highway and also in El-Lajjun a rea ;  ( c )  Southern 
Jordan (Ma'an Area) at Jafr area;  (d) West Bank - Nabi Musa Area. 

the Yarmouk area. A conservative estimate of oil shale reserves in Jordan is 50 billion tons (1). 
What is really important i s  not the total reserves that may exist but the minable reserves. This 
includes deposits with favorable characteristics for large scale, economical development. 

guidelines: 
significant structural disturbances and absence of intrusive rock bodies or limitation of thickness of 
these bodies; number and thickness of oil shale layers, oil shale oil  content, moisture content and 
other adequate properties for processing; adequate reserves  to justify installing a commercial pro- 
cessing plant. 

The deposits in Central Jordan have been selected for detailed studies because they a r e  the 
shallowest known deposits which offer favorable mining conditions, the a rea  is traversed by main 
roads in the central part of the country where a reasonable infrastructure exists and reasonable 
amounts of groundwater a r e  available for the industrial utilization. Among the deposits in Central 
Jordan, El-Lajjun has been selected for feasibility studies. 

The average thickness of oil shale deposits varies from 30 m in El-Lajjun a rea  to 400 m in 

The Natural Resources Authorlty has been exploring oil shale deposits using the following 
favorable conditions for surface mining, such as minimum overburden, absence of 

5 

1, 

EL-LAJJUN OIL SHALE DEPOSIT' 

The El-Lajjun oil shale deposit is located in the western part  of Central Jordan, midway 
between Qatrana and Karak, approximately 110 km south of Amman. I t  is 10  km long and 2-2.5 km 
wide. The rocks which occur in the investigated a rea  a r e  limestones, mar ls ,  cherts,  shales and 
phosphates of Campanian Maestrichtian to Holocene ages. In the investigated a rea ,  the outstanding 
feature is the El-Lajjun graben which controls amorphological depression bordered from east  and 
west by faults striking generally N-S. The bituminous facies in the area occurs in the upper portion 
of the phosphorite unit as well as in the chalk-marl unit in which the best grades of oil shale occur. 
The average thickness of oil shale is 30 m. The stratigraphy of the bituminous layers of the chalk- 
marl  unit is  based on drill hole data. On the basis of the oil content determined by Fischer Assay, 
the bituminous sequence of the chalk-marl unit has been subdivided into several  sub-units (2). The 
deposit is  a homogeneous one. This is  clearly shown from the uniformity of lithology (as shown in 

The following suh-units have been recognized from bottom to top: P is the uppermost bi- 
tuminous part of the phosphorite unit which reaches about 7 m in thickness; i ts  average oil content 
is between 5.5 and 7.5%, with a very high P205 and rather varying CaC03 content. A has the high- 
est oil content (12. s%), is the thickest (12-18 m) and it has high sulfur content (3-5%). AL includes 
the dolomitic limestone (Arbid Limestone); it i s  slightly bituminous (approximately 3% oil). B con- 
s i s t s  of the section between the Arbid limestone and the f i rs t  concretional limestone and is charac- 
terized by high oil yield (12.3%), the highest Si02 (26.1%) and the lowest CaC03 content (3396). c is 
relatively thin (5-6 m) and has a low oil content (7.8%); i ts  CaC03 content is greater than that of 
sub-unit B (53%) and the Si02 content is  less (11.5%). D reaches a maximum thickness of 11 m;  its 
average oil content i s  11.1%. E is approximately 27 m thick and consists of an average of e oil; 
its CaCO content (56%) is higber than in sub-unit D and the A1203  content i s  the highest in the 

i 

J 

I Figure 2) as well as the average contents of several constituents a s  moisture, oil and sulfur. 
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whole bituminous sequence (6.7%); its average P205 content falls below 2%. F reaches about 17 m 
and the average oil content 4%; its CaC03 content exceeds 7%. as in sub-unit G. G has an average 
oil content of 4.3%. 

TABLE I 

AVERAGE CHEMICAL COMPOSITION AND PROPERTIES OF EL-LAJJUN 
STRATIGRAPHIC SUBUNITS 

Gross 
Oil Moisture Sulfur CaC03 Corg. C. Value A1203 '2'5 Thickness 

-- Sub-Unit % % I % % (KJ/Kg) '% % B O  
G 4 . 3  3 . 6  1 . 9  7 3 . 9  6 . 3  
F 3 . 4  2 . 3  1 . 7  7 1 . 1  5 . 6  
E 5 . 7  2 . 8  2 . 6  5 6 . 0  8 . 6  
D 1 1 . 1  3 . 4  3 . 3  4 5 . 0  1 2 . 8  
C 7 . 8  2 . 2  2 . 3  5 3 . 0  9 . 8  
B 1 2 . 3  3 . 1  3 . 2  3 3 . 0  1 4 . 0  
AL 5 . 2  2 . 3  1 . 7  6 0 . 0  6 . 2  
A 12.6 1 . 9  3 . 5  4 6 . 0  14 .5  
P 6 . 1  1 . 8  1 . 9  4 5 . 0  8 . 3  

2580 
2050 
4180 
6850 
4700 
8100 
4090 
8170 
4200 

2 . 5  0 . 5  
3 . 1  1 . 3  

4 .8 -6 .7  1 . 7 5  
5 .0 -5 .7  3 . 3 5  
4 . 2 - 4 . 8  3 . 3  
2 . 6 - 2 . 9  3 . 6  
2 . 1 - 6 . 6  3 . 0  
3 .4 -3 .5  2 . 7  
1 . 1 - 1 . 4  9 . 7  

5 . 5  7 
6 . 7  17 

1 2 . 4  4-23 
1 3 . 3  2-11 
1 1 . 5  5-6 
26 .1  8-11 
2 2 . 0  1-2 
1 4 . 6  12-18 

9 . 1  2-6 

One hundred and thirteen boreholes were drilled in the a rea  during the periods 1968/69, 
1979, 1982. The drilled thickness varies between 1 . 4  to 86.5 m. The core recovery in the oil 
shale and the overlying chalky marl  and phosphorite was excellent (over 856). A new drilling pro- 
gram started April 1983, aiming to provide accurate figures for the reserves  of the different sub- 
units. Upon the completion of the new drilling program, the core-hole spacing will become 300 m. 

The total oil shale reserves  was calculated to be 1 . 3  billion tons with an average stripping 
ratio of overburden to bituminous mar l  of 0 . 9  : 1 ,  which indicates favorable conditions for open pit 
mining. 

OIL SHALE COMPOSITION, SHALE OIL YIELDS AND PROPERTIES 

Previous Activities 
The analysis started in 1968. Fischer analysis in which the oil shale was pyrolized up to 

320°C gave amounts of oil, water, gas and residue (spent shale). Other analysis included the de- 
termination of organic matter, sulfur, moisture, t race  elements and other inorganic constituents. 
Representative samples were analyzed in different institutions and organizations such as U. S. G. S . ,  
BGR, IGS, BP,  USSR. The results of these investigations were reflected in the reports submitted 
to the N.R.A.  by Speers of the BP (5),  Dinnen USGS (3) ,  Jacobs BGR (4) and Hamarneh NRA (6 ,  7). 
This program was terminated by NRA in 1960 because oil prices were low at that time. 

A s  oil prices were continuously increasing from 1973 onward, NRA resumed its  studies of 
th i s  deposit in 1979. Omary of NRA reviewed previous work done (8). This was followed by a de- 
tailed study by M.  Abu Ajamieh (9). n r t h e r  studies of El-Lajjun deposit were conducted in 1979 by 
NRA in cooperation with the Federal Institute of Natural Resources and Geosciences (BGR) of the 
Federal Republic of Germany. The work done in that program included completion of 1:lO. 000 geo- 
logical map, electric resistivity survey, additional coredrilling and laboratory tests.  

southern part of the deposit including laboratory analysis of core samples to assess  the reserves in 
the area. 

Composition of Oil Shale 
Analysis of some representative samples a r e  given in Table 11. All the analysis of core 

samples leads to the following conclusions: the yields of low temperature carbonization (Fischer 
Assay), especially the oil content, is  one of the main parameters that determine the suitability of 
the deposit to be used a s  a source of oil production; the oil content by pyrolysis to 520"C, in the 
whole deposit varies from 0 . 5  to 18.5%, the average is 10% and recoverable oil reaches 161 .5  L/t. 
The organic carbon determined by the Leco analyzer after the removal of carbonate by dilute HC1 
showed that El-Lajjun oil shale contains organic material, relatively uniform in composition, and 
correlates well (0 .966)  with the oil yield a s  shown in Figure 3;  determination of organic carbon is 
less  expensive than oil content and may replace the Fischer Assay. Mean gross calorific value was 
2000 Kcal/Kg and correlate well with organic carbon a s  shown in Figure 4;  therefore, we can esti- 
mate the gross  calorific value from the content of organic carbon. 

In 1982-1983, a new drilling program started with aim to dril l  about 60 boreholes in the 
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TABLE I1 

CHEMICAL COMPOSITION OF RAW SHALE, SHALE OIL AND ASH 

Oil 5% 16.7 8.0 13.4 
W a t e r  2.1 3.3 2.6 
Spentshale % 76.5 83.0 80.3 
Gas and loss 4.6 5.7 3.7 
Spec. Gr. of oil 60°F 0.968 0.964 0.977 

Fischer Assay 

60°F 

Carbon 
Raw Shale 

Total C 27.2 18.7 25.2 
Mineral C 5.19 5.48 3.57 
Mineral C 

(Calculated CaCO 3 ) 43.2 45.6 29.7 
Organic C 

(Calculated total organic matter) 22.0 13.2 21.6 

Spent Shale 
Total C 
Mineral C 
Organic C 

Total Sulfur Raw Shale 
Fraction of Shale Oil Obtained from F. A .  

Saturated Hydrocarbons 
Aromatic Hydrocarbons 
Asphaltic Compounds 

Soluble Bitumen from Raw Shale 
Methanol Soluble 
Chloroform-soluble 
Total Meth. Chl. Sol. 

>10 
2 

>10 
0.7 
0.3 
3 
0.1 
0.005 
0.00015 
0.007 
0.015 
0.05 
0.15 

. 0.15 
0.05 

6.05 
0.15 
0.05 
0.003 
0.007 

<O. 0007 

>10 
2 

>10 
0.7 
0.3 
2 
0.15 
0.005 
0.0001 
0.007 
0.001 
0.05 
0.15 
0.1 
0.03 

<O. 0007 
0.03 
0.07 
0.03 
0.003 
0.007 

15.2 9.9 15.80 
5.87 3.3 6.86 
9.3 6.6 8.90 

9.62 9.06 
75.77 78.00 
14.61 12.96 

1.78 1.41 
3.18 2.20 
4.96 3.61 

Spectrographic Analysis of Raw Shale Ash 
A s h %  54.55 67.67 54.73 
Si 
A 1  
Ca 
Mg 
Na 
P 
TL 
Mn 
Ag 
B 
Ba 
V 
Zn 
Sr 
Ni 
co 
c u  
Cr  
MO 
Pb 
Z r  

>10 
3 

>10 
0.7 
0.2 
1.5 
0.2 
0.005 
0.0003 
0.007 
0.001 
0.03 
0.07 
0.15 
0.03 

<O. 0007 
0.03 
0.10 
0.03 

<o. 001 
0.007 

8.01 
76.32 
15.67 

0.86 
2.77 
3.63 

On the basis of the gross calorific values in parallel with other geological and chemical 
data, we conclude that the high grade oil shale, which i s  available in considerable amounts, con- 
tains sufficient energy for generating electricity by direct combustion methods if a modern process 
is used, which overcomes the obstacle of the high sulfur content (2.6-3.593 and which operates 
mainly at temperatures below the initial deformation temperatures of carbonates (1215-1410'C) to 
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avoid fouling on the heating surfaces. High percentage of CaC03 in the ash leads to cementation, 
which may impede operation of the ash  disposal system. The presence of P205 reduces efficiency 
of electrostatic precipitators. The total sulfur content determined by wet chemical methods and by 
Leco combustion in oxygen varies from 0.4% to 45% and gradually decreases from bottom to top 
(Table I), correlating with average content of the organic carbon; the high sulfur content in the re- 
tarted oil indicates that sconsiderable par t  of the sulfur is  chemically bound to the organic material. 
The moisture content determined by drying at 105°C and by Dean and Stark method seldom exceeds 
6 8 ,  s o  that predrying won't be necessary. Density was 1.9 g/cm3. The mineral cornposition, de- 
termined mainly by X-ray diffraction, as a whole, is uniform with depth; it i s  in Table III. The 
chemical composition determined by wet chemicalanalysis and X-ray fluorescence is in Table IV. 

TABLE III 

MINERALOGICAL COMPOSITION OF OILSHALE 
Average % 

Calcite 20-80% 45 
Quartz 1 0 - 4 6  20 
Kaolinite 5 - l m  10 

Dolomite 2-368 3 
Feldspar 5 
Pyrite 5 
Muscovite-Illite 5 r a r e  
Geothite 5 r a re  
Gypsum 5 r a r e  
Opal present 

TABLE IV 

INORGANIC CHEMICAL ANALYSIS OF OIISHALE 

Apatite 4-14% 6 

Range Wt 8 

sio2 4.65-41.63 

Ti02  0.03- 0.38 

0.97- 9.26 A1203 

Fe203 0.41- 3.57 

MnO 0.01 
Mg0 0.17- 8.17 
CaO 15.32-45.67 
N a 2 0  0.00- 0.33 

K20 0.02- 0.56 

0.47-14.67 

0.07- 6.73 s o 3  

L.O.I. 27.9 -45.9 

Differential thermal analysis (DTA) and the thermogravimetric analysis (TGA) were con- 
ducted on the shale. When calibrated, the DTA curve can be used to determine the heating value of 
the fuel and to obtain the kinetk data with the development of appropriate procedure. The DTA tests 
with a heating r a t e  of 10"C/min showed the following heat effects: 

1. 30'-150" endothermic release of the adsorbed water. 
2. 150"-55.0" exothermic reaction of the f i rs t  organic complex. 
3. 420"-520' exothermic roasting of the pyrites. 
4. 480°-5200 exothermic dehydration of the phosphate complex. 
5. 450'-800' exothermic reaction of the second.organic complex. 
6 .  790°-940' endothermic dissociation of dolomite. 
7. 920" endothermic dissociation of calcite. 

From TGA the ignition temperature, char  burn out, % of ash and % of moisture can be identified. 
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The tests showed three reaction phases; (a) 250-5OO0C, (b) 500-700°C and (c) 700-1000°C. Ignition 
occurs a t  250°C and the burn out is  completed at  500°C; in this interval, the highest loss in wt was  
recorded. This is an important factor to determine the retorting temperature. The loss in weight 
above 700°C depends on the carbonate content of the oil shale. 

Fischer Assay product composition i s  in Tables V-VII. 
TABLE V 

COMPOSITION AND PROPERTIES OF FISCHER ASSAY PRODUCTS 

Shale Oil 
Specific gravity 15"/16' 
Elemental Composition 

C 
H 
S 
N+O+Cl 

Paraffins 
Olefins 

Aromatics and Sulfo-Organic Compounds 
Oxygen compounds 
Nickel in  ppm 
Vanadium in ppm 

GroupComponents of the Shale Oil % 

0 .936  

78 .55  
9 . 7 4  
8 . 5 0  
3 .21  

17 .7  
13 .1  
5 6 . 1  
1 3 . 1  

8 
9 

TABLE VI 

FRACTION CHARACTERISTICS O F  THE SHALE OIL 

Fractions 
3 4 5 - - - - 1 2 - 

Yield, % by wt 4 . 2  1 1 . 9  2 6 . 8  23 24 .8  
Boiling temp. "C 100 100-200 200-300 300-391 391-445 

Refractive index 1.4300 1.4600 1.502 1 .5262 1 .5472 
Sulfur content s& 3 .88  9 . 5  9 . 5  8 . 5  6 . 2  
Oxygen content % 0.66 0 . 8 8  1 .26  1 .46  1 .66  

Sp. gravity 16/16 0 .750  0 .851  0.915 0 .962  0 .974  

TABLE VII 

GROUP CHEMICAL COMPOSITION OF THE GAS 
Gas 

The group chemical composition of the gas i s  given below: 

- 

C02 %VOl 14 .5  

26.2 

co 1 . 0  
H2 21 .6  
Olefins 9 . 3  
Paraffins 2 8 . 4  

The calorific value of the gas was found to be 9400 Kcal/M3. 

H2S 

The following oriented balance may be concluded, taking into consideration that the total 
organic matter content in the raw shale is 24.3%: oil 54.7%. water 5. 8%, gas 18.3% and residue 
(spent shale) 21.2%. This indicates that the remaining energy can be  used in a suitable process to 
generate heat. 

EXPLORATION AND UTILIZATION O F  EL-LAJJUN OIL SHALE 

o i l  shale is the only known fossil energy resource in Jordan. Therefore, the possibility of 
its exploration is of national importance, 
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Mining 
The near-the-surface El-LAjjun deposit with i ts  favorable stripping ratio 1:l is  best mined 

by open-pit methods. The kind of open-pit mining depends on the sca le  of the intended utilization. 

Crushing 
Grindability of the oil shale was evaluated according to the Hardgrove and VT1 scale. The 

Hardgrove grindability tests revealed indices of 20.1-43.6 by VT1 scale 0.61-0.97. 
that El-Lajjun oil  shale is  more difficult than the hardest coal to grind. Provision in the coceptual 
design should be made for additional power requirements in the preparation process and higher 
wear rates in mills and transference facilities. 

This shows 

Utilization 
011 the basis of stiidies concluded on the El-Lajjun oil shale, utilization can be by direct 

combustion or retorting. 

tain supply and where oil shale can be mined by open-pit. Utilization of oil shale would be on a 
large scale. Direct combustlon i s  considered if the heating value of the oil shale exceeds 1000 
kcal/kg or if the organic matter i s  more  than 15%. 
of the oil shale (52.07-57.29%), flue gases, corrosion and sintering and smelting of the ash  in the 
furnace. The known processes for direct  combustion are:  dust - fired plant, classical fluidized 
bed and circulating fluidized bed. The dust-flred plants operate at temperatures above 900°C with 
short gado i l  shale reaction time. This results in sintering and smelting of the ash in the furnace 
and in high SO2 emissions in the waste gas,  which does not only cause environmental pollution but 
the corrosion of the plant. The desulfurization even with the hlgh Ca content of the oil shale is in- 
sufficient. In contrast ,  the classical fluidized bed operating under temperatures below 800" avoids 
melting of the a sh  and minimizes the sulfur problems. The circulating fluidized bed combustion is 
suited for the low combustion of a l l  fuels and is characterized by intensive internal and external 
solids recycle ( I O ) .  The circulating fluid bed is thus in the transition region between the classical 
fluidized bed and pneumatic transport. The major advantages of the system can be summarized as 
follows: the temperature of combustion can be adjusted to  any desired level below the fusion point 
of the ashes. The  ashes after combustion do not fuse so that they do not deposit on any walls. The 
ashes act  a s  fluidizing medium and take a major part  in the heat transfer of the system. High heat 
transfer coefficients in the fluid bed allow lower metal surface areas.  Uniform temperature in  the 
whole reactor results from solids recirculation. Fast desulfurization results from neutralization 
by the lime with longer and better contact between the particles. Formation of harmful NOX gases 
in the reactor is  low due to staged combustion at low temperatures. 

organic matter is more than 256. To this extent, a modern economic process should fulfill the 
following requirements: simple construction, high reliability in operation, low investment and op- 
eration costs with an oil production of nearly 100% of the Fischer Assay, low water requirements, 
continuous operation and minimum environmental pollution. 

In direct-heating processes,  the necessary heat is generated by feeding a i r  into the retort 
and burning part  of the organic material contained in the shale. The yield reach 85% of the Fischer 
Assay yield and a low calorific value gas (5000 KJ/m3) is produced. 

the retorts. Heat carriers, such a s  spent shale, sand, ceramic balls or hot gasses,  are used. 
The processes reach 100% of the Fischer A s s a y  yield and produce high-grade gas  (35000-38000 KJ/ 
m3). The thermal efficiency is high if the residual energy of the retorted shale is used. 

The Prefeasibility Study for  a 50,000 bbl/day retorting plant showed the following results: 
The Retorting Plant will require a mine of 25  million tons/year capacity and will produceproducts 
the quantity of which after upgrading will be as follows: 4660 T/d of crude oil, 38" API and 0.5% S, 
2020 T/d Naptha 55' API and 0.3% S, 510 T/d L. P. G. gas ,  1690 T/d sulfur and 310 MW of electri- 
city, 190 MW of which will be used in the plants and the res t  will be connected to the national grid. 

Utilization of Retorted Products 

Direct combustion estimates were made for a reas  where petroleum is in short or  uncer- 

Problems may a r i se  due to the high ash content 

Retorting is applicable if the oil yield by Fischer Assay from oil shale exceeds 7% o r  if the 

Indirect heating processes a r e  characterized by separation of the combustion gases from 

Retorted products a r e  oil, gas,  water (and other byproducts). 
The crude shale oil is r ich  in sulfur and nitrogen. By upgrading (hydrotreating and distil- 

Depending on the retorting process,  the calorific values of the gas varies from 5000- 
ling the crude shale oil) it is transformed to gasoline, kerosene, gas oil, fuel oil, etc. 

38000 KJ/m3. The hydrogen for hydrogenation can be processed from this gas. Besides, gas can 
be  utilized for many purposes including power generation. 

Spent shale,  in general, can be used for soil stabilization, road construction and cement 
production, but, in the case  of El-Lajjun oil shale, the spent shale is undesired byproduct and can 
only be dumped because of the high P205 content. 
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FIGURE 1: LOCATION OF OIL SHALE DEPOSITS I N  JORDAN 
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A f t e r  the removal of phenols, which exists in adequate quantities, the water can be used to  
moisten the d ry  and dusty spent shale to prevent it from being blown away by the wind o r  in the re- 
torting plant itself, although it may increase the operation costs. The most serious problem for the 
potential utilization of the El-Lajjun oil shale deposit i s  the amount of water required by the retort- 
ing process, combustion of residual carbon, refining of the crude shale oil and for consolidating the 
spent shale or the a sh  in the dump area. The retorting plant should use the minimum amount of 
feed water and cooling should be largely done by a i r  coolers. The area of El-Lajjun forms part  of a 
large ground water basin. Ground water  occurs in layers underlying the bituminous formation. 
Evaluation of the ground water potential in the area i s  in progress. The results obtained are en- 
couraging. 
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INTRODUCTION 

NMR and ESR have proven to be  very useful methods for  studying various properties of 
fossil fuels. Althoug% most studies have been applied to coals, in recent years an increasing em- 
phasis has been placed on using magnetic resonance to study oil shales. One of the most important 
recent developments involves the use of C-13 NMR. Using cross-polarization and magic-angle 
spinning, separate aliphatic and aromatic C-13 peaks can be resolved (1). It has been shown for oil 
shales that the Fischer Assay determination of oil yield is strongly correlated with the aliphatic 
signal (2, 3). 

Proton NMR has also been useful in characterizing oil shales. Several investigators have 
shown that the total proton NNlR signal is linearly correlated with the oil yield if oil shale samples 
of a similar type a r e  compared (4-7). Temperature-dependent relaxation time measurements can 
also be useful. Miknis and Wetzel (5) reported T1 values of a Western shale and its kerogen con- 
centrate which had a temperature dependence which reflected some characteristic motion of the 
kerogen. Harrell and Kohno (8) have shown that TIP measurements can also be useful in identifying 
molecular motions. Lynch and co-workers (9) have shown that transient second moment measure- 
ments can help to identify thermal changes that occur in shales when they are heated. 

very little work has been reported for oil shales. Eaton and co-workers (11, 12) have used ESR to 
study a set  ofWyoming oil shale samples which were nearly all obtained from different depths from 
the same bore hole. They shaved that the integrated intensity of the organic f ree  radical signal 
was linearly correlated with the oil yield. Harrell and co-workers (8, 13) have recently shown that 
the ESR spectra of Eastern U. S. oil shales a r e  more intense and complex than those of Western 
oil shales. 

measurements on Eastern and Western U. S. oil shales. 

Althoug a considerable amount of ESR work has been done on coal (IO), by comparison, 

In this paper, we present temperature-dependent TI and TIP results and ESR and ENDOR 

EXPERJMENTA L 

Samples 

Resources Institute of the University of Alabama. Two additional Western shale samples from 
Colorado were supplied by Exxon Research and Engineering Company. Untreated or raw shale 
samples (with associated oil Fischer Assays in gallons per ton, GFT) were from the following loca- 
tions: Madison Co., Alabama (12.3 GPT), Limestone Co., Alabama (16 GFT), Dekalb Co. , 
Alabama (-1 GPT), Franklin Co., Tennessee (9.5 GPT), Powel Co., Kentucky (16.9 GFT), 
Wyoming (60 GPT) and Colorado (25 and 33 GFT). The beneficiation products of Madison Co.,  
Alabama and Wyoming samples with different kerogen concentrations were prepared by ffne grind- 
ing and flotation (14) and had Fischer Assays in the ranges 0 .3  GPT to 27 GFT and 5 GPT to 91 
GFT, respectively. Madison Co., Alabama spent shales were also used. The Alabama and 
Tennessee shales were from the Chattanooga formation, the Kentucky shale was from the New 
Albany formation, the Wyoming shale was from the Mahogany Zone formation and the Colorado 
shales were from the Green River formation. The Dekalb Co. , Alabama shales were deformed 
shale from a geologically folded region. 

Most of the oil shale samples and their oil Fischer Assays were supplied by the Mineral 

< 

NMR 
The pulse NMR system consisted Of a 36 MHz Spin-Lock CPS-2 spectrometer controlled by 

an external digital pulse programmer. Free-induction-decay signals were recorded on a Nicolet 
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Explorer 111 digital oscilloscope which was interfaced to a microcomputer for  signal averaging of 
we& signals. Temperature control was achieved by a gas-flow system with an electronic regula- 
tor. T1 measurements were made using a saturation-r-90" pulse sequence and T1p measurements 
were made using a 90" pulse followed by a 90' phase-shifted spin-locking pulse of variable length. 

ESR and ENDOR 
ESR measurements were made on X-band and K-band systems which employed 17 kHz and 

3 3 . 5  kHz field modulation frequencies. Spin concentration measurements were made at K-band by 
digitally integrating the first-harmonic signal. Signals were compared with the signal from a fixed 
amount of Cr3+ which was placed near the shale in the ESR cavity and which had a sufficiently dif- 
ferent g-factor so that almost no signal overlap with the shale occurred. The Cr3+ was calibrated 
against a ruby standard obtained from the National Bureau of Standards. Saturation measurements 
of the line components were made at X-band using second-harmonic detection because of the better 
resolution as compared to the first-harmonic signal. G-factor measurements were madeat K-band 
using second-harmonic detection. ENDOR measurements were made at X-band usi ig  field modula- 
tion and second-harmonic detection. 

RESULTS 

NMR 

racterized by a distribution of relaxation times. For simplicity effective T1 and Tpvalues, defined 
as tlI2/ln2, were determined. was the time for the longitudinal magnetization to re- 
cover to within one-half of the thermal equih%rium value following a saturation sequence. For TIP , 
tl,2 was the duration of a spin-locking pulse in a TIP sequence such that the transverse magnetiza- 
tion decayed by a factor of one-half. 

from ahout -135°C €0 280°C. Results for  the Limestone Co. ,  Alabama and Wyoming shales are 
shown in Figures 1 and 2 as representative results for the Eastern and Westernshales. The T1 
values for all of the samples had a temperature dependence which was similar to that shown in 
Figures 1 and 2, although the magnitudes varied from shale to shale. A t  room temperature, the 
TI'S ranged from a low of 4 m s  for the Kentucky shale to a high of 40 ms for the Madison Co. , 
Alabama shale. For  all samples, essentially no variation in T1 with temperature was observed be- 
low room temperature. T1 increased with increasing temperature starting in the range from about 
20°C to 85°C. For some samples a shallow T1 minimum was also observed in this temperature re- 
gion. When the samples were evacuated overnight, TI was observed to either increase or to re- 
main unchanged. The greatest change, a factor of about two, occurred for  the Limestone Co. , 
Alabama shale, a s  shown in Figure 1, while essentially no change occurred for the Madison Co.,  
Alabama shale. 

The T1p values of all of the Eastern shales were nearly the same both in magnitude and in 
temperature dependence. Almost no change occurred in T1p as a function of temperature except for 
a slight increase in TIP at  the highest temperatures for some of the samples. The Limestone Co., 
Alabama TIP values shown in Figure 1 had about the same dependence upon H1 over the entire tern- 
perature range. When H1 was increased from 3 G to 16 G ,  T1p increased by a factor of about two. 

measurements. Both Colorado shales gave T1p results almost identical to those shown in Figure 2 
for the Wyoming shale. A broad minimum centered at -75'C and a sharp minimum centered a t  
182°C were detected. The dependence upon H1 in  the vicinity of the low-temperature minimum was 
about the same as  for  the Eastern shales. However, a stronger H1 dependence was detected near 
the high-temperature minimum, with the largest dependence detected on the low-temperature side 
of the minimum. In contrast to the T 1  case, almost no change was observed in T1p for either 
Eastern or Western shales after they were evacuated. 

- 
I n  general, the T1 and TIP relaxation measurements were nonexponential and were cha- 

For T1, tl 

T1 and T1 values for  all of the raw shales were measured as a function of temperature 

The T1p results for the Western shales exhibited the most detail of all of the relaxation 

ESR and ENDOR Spectra 

cals. In addition, weak vanadium signals in the Eastern shales and manganese signals in the 
Western shales could be detected. 

The organic f ree  radical spectra of a l l  of the raw Eastern oil shales were similar to the 
Madison Co. , Alabama spectrum shown in Figure 3. Three well-defined components can be easily 
detected in this X-band spectrum. A t  X-band these components were more clearly resolved. G- 
factors measured at K-hand were 2.0028, 2.0018 and 2.0006, from left to right. The sample used  
to obtain the spectrum of Figure 3 consisted of finely ground particles which had been exposed to a i r  
for  about 30 minutes before the spectrum was obtained. When the sample was evacuated overnight 
and the spectrum remeasured, an additional sharp component appeared in the spectrum as shown in 

A l l  oil shale samples exhibited ESR signals which were characteristic of organic f ree  radi- 
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Figure 4. This peak overlaps the broad low-field component but appears to have a slightly smaller 
g-factor. This peak was even more lntense in the spectrum of a fresh sample which was crushed to 
millimeter-size pieces and quickly measured in air. 

shown in Figure 5. A s  indicated in the figure, the amplitude of the spectrum a t  four different posi- 
tions is plotted as  a function of relatlve microwave power. Because of the overlap of the spectral 
components, this curve does not accurately represent the saturation behavior of the individual com- 
ponents. However, it is quite clear that the high-field peak i s  easily saturated relative to the other 
peaks. 

All of the raw Eastern oil shale samples had line components with g-factors and widths 
which were approximately the same a s  those for the Madison Co. , Alabama shale, although the 
relative amplitudes of the components varied. Beneficiated Madison Co. , Alabama samples ex- 
hibited spectra which had less  resolution than those which were obtained from the raw,  untreated 
Eastern shales. Spent Madison Co., Alabama shales showed a single broad in-phase component 
and no out-of-phase component, implying a very short T1. The Western shale spectra consisted 
primarily of a single broad component. In addition, some Western spectra exhibited a weak, sharp 
component which had a g-factor approximately the same a s  that of the high-field component in the 
Eastern shales. 

ENDOR spectra were measured from a Madison Co. , Alabama shale sample in order to 
obtain information about the nuclear environment of the free radicals. Both in-phase and out-of- 
phase ENDOR signals were measured from different parts of the ESR spectrum. Figure 6 shows 
in-phase and out-of-phase spectra obtained from the low-field part of the ESR signal. Although the 
signal is displayed in the figure as  positive, it is actually negative. Only a broad matrix ENDOR 
signal centered at the free-proton frequency of 13.8 MHz was obtained. Similar signals were ob- 
tained from other parts of the ESR spectrum. Because of the overlap of the individual ESR line 
components and because of the weak signal-to-noise ratio, no significant differences In the hyper- 
fine interactions of the different components could be determined. 

Spin Concentrations 
Spin concentrations were determlned for raw, untreated shales, for beneficiated Madison 

Co., Alabama and Wyoming shales, and for spent beneficiated Madison Co. , Alabama shales. 
When comparing raw shales, the spin concentration generally decreased a s  the Fischer Assay in- 
creased. The deformed Dekalb Co., Alabama shales, which had a Fischer Assay of about 1 GPT, 
had the largest spin concentration and the Wyoming shale, with a Fischer Assay of 60 GPT, had the 
smallest spin concentration. 

Figure 7 i s  a plot of spin concentration a s  a function of the amplitude of the hydrogen free- 
induction-decay signal per  unit mass of sample. This plot shows that when comparing beneficiated 
shales of a given type, that i s ,  either the Madison Co. , Alabama or the Wyoming shales, a linear 
relationship is seen to exist between the spin concentration and the hydrogen NMR signal. The 
graph shows that this linear relationship is preserved when the Madison Co. , Alabama shales a r e  
pyrolyzed in the Fischer Assay process to yield spent shales. The spin concentration also appears 
to be linearly related to the hydrogen NMR signal for the raw Dekalb Co. , Alabama deformed 
shales. The straight lines do not extrapolate through the origin. 

The saturation behavior of a Madison Co., Alabama oil shale spectrum taken in a i r  i s  

i 

I 

DISCUSSION 

NMR 
There is strong evidence to suggest that interactions between protons and paramagnetic 

centers may be a significant T1 relaxation mechanism in the oil shales. The T1 values a r e  much 
lower than one would expect due to other llkely relaxation mechanisms. The weak temperature de- 
pendente below room temperature is typlcd of relaxation due to paramagnetic centers (15). The 
removal of paramagnetic oxygen by Lvacuation increases TI. Also, ESR shows that paramagnetic 
centers do exist in the shales. If paramagnetic centers do contribute significantly to the relaxa- 
tion, then one might expect to observe a correlation between 1/T and the spin concentration; 
however, no such correlation was observed. However, in view o'f the complex and heterogeneous 

anism. It might be more reasonable, for example, to expect a correlation between l/T1 and the 
number of spins per unit mass  of total organic matter or per unit mass  of aromatic material, ra- 
ther than total sample mass. The high-temperature T1 behavior suggests that there i s  some c k -  
racteristic motion occurring in this range which i s  common to all the shales. This observation is 
in agreement with the work of Miknis and Wetzel (5). 

I t  is difficult to determine what relaxation mechanisms a r e  responsible for the T 1p re- 
sults, especially for the Eastern shales. The lack of variation in T1p for the Eastern shales from 
sample to sample and the observation that T l p  does not change when the samples a r e  evacuated 

( 

I 
5 composition of the shales, this lack of correlation does not rule out this possible relaxation mech- 
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suggest that relaxation due to paramagnetic centers may not be very important. Since there is es- 
sentially no variation in TIP with temperature for the Eastern shales, no motional information can 
be  obtained from the data. The reason for this lack of variation may be in part because the Eastern 
shales have a highly aromatic and somewhat rigid molecular structure. 

In contrast with the Eastern shales, the Tp results for the Western shales provide clear 
evidence of molecular motion. The low-temperature T1p minimum is probably caused by the same 
type of motions that give r i s e  to the high-temperature variation in TI. The high-temperature TIP 
minimum depicts a motion which cannot be observed in the T i  data. Lynch et  al. (9) have reported 
a second moment rediiotion in E highly al!phatic Australian shale at a temperature similar to that 
for the high-temperature TIP minimum. They llken the motion producing this reduction to a glass 
to rubber-type transition in an amorphous polymer. The high-temperature T1p measurements may 
be evidence of a similar type of motion. 

Some insight in  understanding the relaxation mechanisms involved in the oil shales might 
be  obtained by maklng comparisons with simpler model systems such a s  polymers. For example, 
there are similarities between the results presented here  and those found for poly(viny1idine fluor- 
ide) (PVF2) in which slow spin diffusion was found to be Important in explaining the T@ results (16). 

ESR and ENDOR 
The unusual nature of the ESR spectra of the Eastern shales is of particular Interest. The 

two overlapping low-fleld components, including the oxygen effect, a r e  similar to results which 
have been reported for bituminous coals (17, 18). However, the high-field peak is unusual in its 
combination of narrow line width, the ease with which i t  saturates and its low g-factor. To our 
knowledge, these spectra a r e  unlike any other spectra which have been previously reported for fos- 
s i l  fuels. 

Although the ENDOR results a r e  unable to reveal differences between the nature of the dif- 
ferent components of the Eastern ESR signals, the existence of a matrix ENDOR signal i s  evidence 
that some of the f ree  radtcals have a hydrogen environment. The difficulty of detecting separate 
ENDOR signals due to overlapping ESR line components might be partially resolved if ENDOR mea- 
surements were made at K-band where the line components a r e  more widely separated. The 
ENDOR spectra in Figure 6 a r e  similar to the negative ENDOR spectra obtained by Miyagawa et al. 
(17) for various components of bituminous coal from Alabama. However, we know of no other re- 
ported ENDOR spectra which have been obtained from oil shale. 

The linear relationship that we have observed between the spin concentration and the hy- 
drogen density as determined by the NMR signal for beneficiated samples suggests that the ESR 
signal is primarily of organic origin. The extrapolation of these straight lines to zero spin con- 
centration suggests that there is an appreciable amount of hydrogen-bearing material in the shales 
which contain no f ree  radicals. 

The decrease in spin concentration with increasing oil yield that we have observed for the 
raw shales appears to differ from the linear relationship that Eaton and co-workers have observed 
(11). However, thls apparent inconsistency may be resolved if one considers the free radicals to 
be based primarily in the aromatic fraction of the oil shale and the oil yield to depend primarily 
upon the aliphatic fraction. 

CONCLUSIONS 

I t  has been shown that relaxation measurements can be useful in characterizing motions in 
oil shales. High-temperature T1p measurements have been shown to be especially useful in show- 
ing molecular motions that may be related to the oil producing aliphatic part of the shale. Howev- 
e r ,  In order to more fully exploit relaxation measurements, a more fundamental understanding of 
the relaxation mechanisms must be  obtained. 

Because the ESR spectra of the Eastern oil shales have been found to be  so rich in detail, 
it may be possible to learn more about the nature of the free radicals in shales than is now known 
for coal, which has been studied much more extensively. Clearly, additional work on this subject 
should prove fruitful. 

In order to more fully evaluate the utility of using spin concentrations as a measure of the 
resource potential of oil shales, measurements must be made on a larger number and a greater 
variety of shales. 
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Figure 3. ESR spectrum of shale from Madison Co. , Alabama 
exposed to air and taken at X-band using 2nd harmonic 
detection 

Figure 4. ESR spectrum Of evacuated shale sample from 
Madison C o . ,  Alabama. 
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Figure 6. E N W R  spectra taken from low-field part of ESR signal. 
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ABSTRACT 

Recently, geological studies of many tar sand deposits have shown the dis- 
tinctive nature and unique characteristics of each site. Similarly one might expect 
that since the geological history of deposita has varied, so will the chemical com- 
position and pyrolysis kinetics be different for  each site; however, very few com- 
parative studies have been performed. Samples from Utah's Tar Sand Triangle 
and from New Mexico's Santa Rosa deposit were subjected to both isothermal and 
nonisothermal pyrolysis. From the resulting weight loss curves kinetic parame- 
ters  were calculated and compared. Linear heating rates in the range of 1 to 50 
degrees Centigrade per minute were used for the nonisothermal studies. 

treated using the Coats-Redfern f i rs t  order  kinetic model and the three parame- 
ter statistical model of Anthony-Howard. A s  is often the case when using the 
Coats-Redfern model the nonisothermal data showed two distinct regions, i. e. , 
one below 425°C and the second between 425 and 500°C. When the activation en- 
ergies were compared, the Tar  Sand Triangle sample showed much greater acti- 
vation energies for  both temperature regions. The calculated Coats-Redfern 
activation energies for the 425-500°C temperature region are:  

To analyze, compare, and determine kinetic parameters, the data were 

Sample Location Activation Energy 
Kcal/mole 

Utah 
Tar  Sand Triangle 40.0 

New Mexico 
Sank Rosa 26.0 

These observed differences in activation energies for  samples from two geolcgi- 
cally different deposita indicates that there may be important chemical variations 
from site to site and that these differences should be considered in the design of 
commercial recovery processes. 

*Internorth, Research Center, 4640 F Street, Omaha, Nebraska 68117 
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CHARACTERIZATION OF THE OIL SHALE O F  THE 
NEW ALBANY SHALE IN INDIANA 

BY 

R. K. Leininger, J. G. Hailer and N. R. Shaffer 
Indiana Geological Survey, 611 N. Walnut Grove Avenue 

Bloomington, Indiana 47405 

ABSTRACT 

In the 1920's chemical and mineralogic characterization of the 
New Albany Shale (Mississippian-Devonian) in Indiana showed the 
dark shale to be rich in organic material and have commercial possi- 
bilities. Projects in the 1960's resulted in disparaging descriptions 
of exiguous fossil record, monotonous mineralogy, and intractable 
chemistry. Since 1978 expanded efforts have yielded much new in- 
formation but new problems a s  well. 

lation, two nearly exclusive populations exist. Material high in 
organic carbon is more depleted in C13 than material with less 
organic carbon. A bed usually at the top of the unit hosta anomalous 
accumulations of heavy metals and contains concentrations in simi- 
l a r  ratios to those of sea water except for Mo and Pb and shows very 
negative SSM, Heat content as Btu/lb, organic carbon (total less 
inorganic), and Fischer assay oil-yields generally correlate, but 
one is not an accurate predictor of the others. 

Although organic carbon and total sulfur show positive corre- 
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THERMAL PROPERTIES O F  AUSTRALIAN OIL SHALES: CHARACTERIZATION BY 
THERMAL ANALYSIS AND INFRARED SPECTROPHOTOMETRY 

By 

J .  H. Levy and W. I. Stuart 
CSIRO, Division of Energy Chemistry, Lucas Heights Research Laboratories 

Lucas Heights, NSW, Australia, 2232 

INTRODUCTION 

Thermal methods of analysis such as thermogravimetry (TG), derivative thermogravime- 
t ry  (DTG), differential thermal analysis (DTA) and differential scanning calorimetry (DSC) a r e  ob- 
vious choices for studying the thermal behavior and retorting properties of oil shales,  

This paper describes work in which we combined TG, DTG and DSC techniques with infra- 
red ( i r )  transmission spectrometry to provide pyrolysis and oxidative profiles as a means of cha- 
racterizing and comparing Australian oil shales. 

EXPERIMENTAL 

Specimens of oil shale were obtained from the Condor, Duaringa, Julia Creek, Nagoorin, 
Rundle and Stuart deposits in Queensland; and from the Glen Davis and Hartley Vale torbanite de- 
posits in New South Wales. Each specimen was ground in a Sieb mill and sieved. A sieved frac- 
tion (-1.4 to +O. 6 mm) was chosen for analysis and ballmilled. 

Kerogen concentrates were prepared by demineralizing the powdered oil shales with HC1 
and then H F  solutions. Concentrates derived from Queensland shales contained 5-158 residual 
mineral matter with pyrite as a principal component. The torbanites do not contain pyrite and yield 
kerogen concentrates with less than 2% mineral matter. 

TG and DTG curves were obtained by means of Cahn RH and RG thermobalances interfaced 
to an LSI-11 computer. Data were processed using a recursive digital f i l ter  a s  described else- 
where (1). 

Differential scanning calorimetry was carried out using a Perkin-Elmer DTA 1700 in the 
DSC mode. 

Solid-state i r  spectra of oil shales, kerogen concentrates and resldues were obtained using 
a pressed KBr disc technique. All spectra were measured on a JASCO A-302 ir spectrophotometer, 

I 

< 

RESULTS AND DISCUSSION 
> 

I The i r  spectra of all  kerogens a r e  broadly slmilar. Table I l ists  the principal absorption 
bands which are common to samples of the oil shales and kerogen concentrates that we examined. 

< 
TABLE I 

INFRARED SPECTRA O F  KEROGENS 

I 
Band Frequency cm-l Assignment 

3400 
2930 
2860 
1700 
1620 
1465 
1375 

0-H stretch 
a s p .  stretch,  CH2 alkyl 
sym. stretch,  CH2 alkyl 
C=O stretch, es te r ,  aldehyde, -COOH 
C-C vibration of aromatic rings 
a s p .  band of a W  CH3 and CH2 groups 
malnly sym. band of CH3 groups 

Note: A moderetely intense band a t  720 cm-l due to CH2 rocking vibrations of non- 
cyclic hydrocarbons having more than four contiguous CH2 .groups is  a l so  prominent in spectra of 
NSW torbanite and Duaringa kerogen. 
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A s  Rouxhet et al. have shown (2), ir spectra of coals, kerogens, humic substances and 
other carbonaceous solids a r e  qualitatively alike, in the sense that they display the same major 
absorption bands. Nevertheless, the various kerogens display considerable differences in band in- 
tensities which permit useful qualitative comparisons. This i s  illustrated in Figure 1 with i r  spec- 
t r a  of Hartley Vale and Julia Creek kerogens. 
high, as shown hy the intensity of bands at  2930, 2860, 1455 and 1375 cm-l 
by contrast, i s  more  aromatic, having weaker alkane bands and a correspondingly more intense 
aromatic “und at 1620 an-’. The concentration of carboxylic groups in Julia Creek material Is al- 
so much higher, a s  indicated by strong 0-H stretching and C=O stretching hands at 3400 cm-l and 
1700 cm-l. respectively. A comparison of ir spectra of all  the kerogen specimens shows the most 
aliphatic material t o  be the kerogen components of Hartley Vale, Glen Davis and Duaringa shales. 
Kerogens of the Nagoorin carbonaceous and Condor carbonaceous shale a r e  the most aromatic with 
ir spectra similar t o  those of coals. The aromaticity of Condor brown, Julia Creek and Stuart 
shale lies in between the extremes represented by the torbanites and carbonaceous shales. 

Compositional differences revealed by ir spectrophotometry a r e  reflected in the thermal 
behavior of the various kerogens, as the following discussion shows. 

A common feature of kerogen pyrolysis is  that decomposition of carboxylic groups domi- 
nates the early stages, from about 150 to 300°C for  linear heating in nitrogen; this is  indicated hy a 
substantial reduction in 0-H and C=O vibrational stretching bands at  3400 and 1700 cm-l,  respec- 
tively. Thus,  the low concentration of -COOH groups observed for torbanite kerogen would account 
for the low rates of mass loss observed for Hartley Vale and Glen Davis oil shales below 3OO0C, as 
shown in Figure 2; conversely, TG-DTG pyrolysis curves for Julia Creek kerogen demonstrate that 
significant mass losses occur below 300’C. a s  one might predict from the comparatively high con- 
tent of carboxylic groups indicated by the ir data of Figure 1. 

shales (Nagoorin carbonaceous oil shale and a specimen obtained from the carbonaceous sequence 
of the Condor deposit). TG-DTG curves a r e  also given for two shales with a high aliphatic com- 
ponent: HartleyVale shale and a specimen from the Condor brown shale unit. A notable feature is 
that the total mass loss for combustion of Hartley Vale and Condor brown shale is  only slightly 
greater than  tbatobtained by pyrolytic decomposition in nitrogen. On the  other hand, the mass loss 
by combustion of the Nagoorin and Condor carbonaceous shale is much greater than the correspon- 
ding mass loss by pyrolysis; that is ,  pyrolysis of the more  aromatic kerogen yields a substantial 
amount of combustible residue. Mass losses for  both pyrolysis and oxidation a r e  given in Table I1 
for  a number of Australian oil shales. 

The aliphatic content of Hartley Vale kerogen is 
Julia Creek kerogen, 

Figure 3 gives TG-DTG oxidative and pyrolysis profiles for two substantially aromatic 

TABLE II 

THERMOGRAVIMETRIC ANALYSIS OF SOME AUSTRALIAN OIL SHALES 

Shale 
Mass Loss % Mass Loss Ratio 
-- in a i r  in N2 Air:NZ 

Hartley Vale . 53.8 52.5 1. 03 
Rundle 28.5 26.0 1.09 
Condor brown 18.7 18 .4  1.02 
Julia Creek 32.4 23.5 1.38 
Condor carbonaceous 43.9 26.9 1.63 
Nagoorin 62.5 31.8 1.97 

Other compositionally dependent features a r e  demonstrated by TG-DTG oxidative profiles. 
In a separate study (3) we have used TG-DTG techniques, i r  transmission spectra and evolved gas 
analysis (EGA) to examine the oxidative properties of Australian oil shales and kerogen concen- 
trates, and to identify the major oxidative stages in cynamic a i r  atmospheres. This work showed 
that combustion of the kerogen component of shale occurs in two stages. Stage 1 involves near- 
complete combustion of aliphatic components, to yield a char containing aromatic moieties and 
(presumably) elemental carbon; and stage 2 is ,  therefore, .combustion of the char residue. The 
various oxidation stages a r e  illustrated in Figure 4 with TG-DTG curves for Condor carbonaceous, 
Rundle, Stuart and Julia Creek shales. Julia Creek shale shows a substantial weight loss between 
650 and 800°C due to thermal decomposition of calcite and, in this respect, differs from the other 
shales. Common features shown in Figure 4 a r e  two major DTG peaks at  280 and 420°C. respec- 
tively, denoting the two stages of kerogen combustion. Minor peaks at  450 (stage 3) and 600-666’C 
(stage 4) arise f rom combustion of pyrite as indicated by the following: 

EGO measurements to 500’C (3) showed that SO2 is  the major gaseous species evolved 
during stage 3. 

i. 
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ii. Addition of pyrite to a kerogen concentrate derived from Condor brown shale enhances 
stages 3 and 4,  as shown in Figure 5; the additional mass loss due to added pyrite is  as one might 
expect, assuming that SO2 and Fe203 were the products of pyrite combustion. 

Although there appears a rough parallelism of i r  spectra a s  indicators of aromaticity, as 
well as the ratio of the magnitudes of the first  and second stages of combustion, w e  cannot assume 
that this ratio provides a quantitative measure of the ratio of aliphatic to aromatic constituents in 
raw shales, since heating may induce aromatization of cyclic hydrocarbons, and combustion of aro- 
matic constituents could also occur during stage 1. But certainly, the results are consistent wlth a 
model for kerogen visualizing alkane, alkanone, carboxylic and various other reactive functional 
groups held wlthin a polymeric and thermally more stable polynuclear aromatic framework. 

Although we can relate TG-DTG curves to broad compositonal features of Australian oil 
shales, there is no immediately apparent connection between thermal properties and type of pre- 
cursor material as suggested by Earnest (4, 5). For example, petrology of Rundle, Stuart and 
Condor brown shales ( 6 ) ,  shows the kerogen to be primarily of algal origin, with the colonial green 
alga Pediastrum as a major precursor. Julia Creek oil shale (7,  8) is a marine shale with plank- 
tonic or benthonic algae, dinoflagellate and arcitarch cysts a s  principal originating materials. 
Condor carbonaceous shale ( 6 )  is  derived from higher plants in a forest  swamp environment. Al- 
though a substantial calcite decomposition DTG peak reflects the marine origin of Julia Creek ma- 
terial ,  all these shales show qualitatively similar thermal behavlor, with quantitative differences 
reflecting the degree of catagenesis rather than the nature of precursor organisms. 

pyrolytic decomposition of the kerogen component is  a weakly endothermic event. This can be seen 
from the data of Figure 6 and Table In. Figure 6 shows a DSC curve for a Julia Creek 011 shale 
sample, with an endotherm for calcite decomposition at  810°C overshadowing the pyrolysis endo- 
therm between 390 and 61OoC, although mass loss due to pyrolysis i s  substantial (25% compared to 
18% for the calcite decomposition). Table 111 lists enthalpy of pyrolysis for a number of samples. 
For calculating the values given in column 3 a s  MJ/kg contained kerogen, the kerogen content was 
taken as the total mass loss incurred during first  and second stage combustion. 

' 

DSC curves show that for all shale specimens that we have examined by this technique, 

, 

I 
TABLE III 

ENTHALPYOFPYROLYSIS 

Enthalpy of Pyrolysis 
Sample MJ/kg raw shale W/kg contained kerogen 

Rundle oil shale 0.22 
Condor carbonaceous shale 0.13 
Condor brown shale 0.21 
Julia Creek shale 0.13 
Hartley Vale shale 0.12 
Hartley Vale kerogen concentrate - 

0.91 
0.37 
1.20  
0.48 
0.22 
0.22 

Although the results of Table 111 a r e  preliminary and incomplete, they indicate a substan- 
tial variability in thermal behavior of the various kerogen components of Australian oil shales. 
These DSC measurements are continuing as a means of relating oil shale composition and thermo- 
chemical behavior. 

shales yields a carbonaceous residue that could represent a useful secondary heat source in the re- 
torting process. With this in mind, we investigated combustion of a Nagoorin carbonaceous shale 
specimen and some pyrolyzed residues which were derived by linearly heating the raw shale in ni- 
trogen to various stages of pyrolysis. Enthalpy values obtained from this study a r e  listed in 
Table IV. 

ges of pyrolytic decomposition in nitrogen. The i r  spectrum of the raw shale shows some bands 
due to mineral components (mainly kaolinite), but the principal bands of the kerogen component 
(Table I) a r e  prominent. This kerogen is more advanced in catagenesis than the Julia Creek and 
Hartley Vale kerogens of Figure 1; a lower carbonyl/carboxyl functionality is evident by the 1700 
cm-1 band appearing at  reduced intensity a s  a shoulder to the prominent 1600 cm-' band and alkyl 
groups a r e  fewer as shown by comparitively weak C-H stretching bands near 2900 and 1400 cm-1. 
u p  to 580T and 75% pyrolysis, the principal spectral changes are a diminution in the C=O band at 
1700 cm-l accompanied by loss of alkyl bands. At 75% pyrolysis, these bands a r e  no longer evi- 
dent. However, a band a t  1620 cm-l attributable to aromatic C-C vibrations, is sti l l  prominent a t  
this stage of pyrolysls. On further pyrolysis, the aromatic band progressively dimintshes and 1s 

Table 11 shows that pyrolysis of the more aromatic and catagenically more  mature oil  
' 

In a parallel study, we monitored changes in the ir spectrum of the shale at various sta- 

63 

I 



a 
HARTLEY VALE + 

II 

1 I I I I  I I I I I I 

W 

JULIA CREEK 

I I l I l  I I I I I _  

x 
0 - 0 20 0 400 600 

T E M P E R ATU R E ( O C I 
Figure 2. DTG curves for kerogens heated in nitrogen at lO'/min. 
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Figure 5. TG curve for Condor kerogen concentrate heated in air at lO"/.min. 
Full line - kerogen with no added pyrite. 
Dashed line -with pyrite mixed into kerogen sample. 
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not detectable at  910°C; so pyrolysis of Nagoorin carbonaceous kerogen beyond '75% i s  a process of 
carbonization to give a final char which retains about 50% of the initial kerogen mass.  

TABLE IV 

ENTHALPY O F  COMBUSTION IN AIR OF NAGOORIN OIL SHALE AND ITS VARIOUS 
PYROLYZED RESIDUES OBTAINED BY HEATING THE SHALE AT 10"/MIN IN 

A DYNAMIC NITROGEN ATMOSPHERE 

Enthalpy of Combustion 
MJ/kg M J h g  

Final T % Pyro?ysis Raw Shale Py rolyzed Residue 

- 0 -11.0 - 
300 8 -10.0 -10.9 
580 75 - 8.6 -12.3 
645 83 - 9.2 -13.5 
7 80 97 - 8.3 -13.1 
910 100 - 7.8 -12.6 

Figure 7 shows DSC curves for combustion of the Nagoorin carbonaceous raw shale and 
some pyrolyzed residues. The combustion stages,  shown clearly by DTG data, a r e  not as well re- 
solved in the DSC curve. Nevertheless, four exothermic stages can be distinguished for the raw 
shale, and identified by reference to  TG-DTG profiles as discussed above. A major exothermic 
peak at  350'C is due principally to combustion of aliphatic components. The peak at  410°C corre- 
sponds to combustion of carbonaceous aromatic char ,  whilst two minor exotherms at higher tem- 
peratures a r i s e  from pyrite combustion. DSC curves for pyrolyzed residue show that with increa- 
sing pyrolysis, the f i r s t  combustion peak diminishes and disappears, whereas the second peak 
shifts to higher temperatures. The  fully pyrolyzed residue displays a single combustion peak a t  
509°C and the pyrite combustion exotherms a r e  no longer evident; these may be eclipsed by peak 
shift but, more  likely, decomposition of pyrite may have occurred during the final stages of py- 
rolysis. 
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INTRODUCTION 

The Modified Fischer Assay technique developed by the U. S. Bureau of lvlines for evalua- 
tion of oil yields from oil shale evolved from tests  originally designed to measure the potential li- 
quid yield obtained in coal pyrolysis operations. k r i n g  the ear ly  decades of this century, proce- 
dures and operating conditions for the Fischer Assay were gradually modified to bring the resul ts  
into line with oil yields obtained by typical thermal retorting processes of the day. The resulting 
tes t  i s  now an ASTM standard method (Designation, D3904-80). While modern thermal retorting 
processes -when applied to Western U. S. (Eocene Age) oil shales - may produce oil yields which 
differ slightly from the resul ts  of this Fischer Assay Tes t ,  their yields are sufficiently close for 
Fischer Assay resul ts  to be accepted as a standard for assessment of the s ize  of oil shale re- 
sources. 

With the development of the HYTORT Process ,  it became necessary to develop an assay 
technique capable of measuring the substantially greater  oil yields obtained by hydroretorting. In 
the future, we believe that evaluation of the magnitude of many oil shale resnurces will require  uti- 
lization of the Hydroretorting Assay tes t  described in this paper ,  as well as the conventional Modi- 
fied Fischer Assay technique. In some instances, these techniques produce resul ts  which differ by 
factors of four or even greater .  Acceptance and use of the Hydroretorting Assay technique de- 
scribed in this paper will, therefore, become a prerequisite for complete understanding of a given 
oil shale resource. 

SPECIFICATIONS FOR THE HYDRORETORTING ASSAY PROCEDURE 

From the beginning of the Hydroretorting Assay development project, i t  was  recognized 
that direct measurement of actual yields of oil and water produced by hydroretorting oil shale sam- 
ples  was required. Although indirect techniques were briefly considered, the need for repeated 
empirical calibration of such techniques while moving from one oil shale deposit to another consti- 
tuted a significant drawback which eventually caused rejection of these approaches. The problem 
thus became development of a laboratory procedure for reaction of small  samples of oil shale with 
hydrogen and the design and construction of prototype tes t  equipment to c a r r y  out that procedure. 
After the problem had been so defined, the following cr i ter ia  were established for the design of the 
hydroretorting assay unit. 

. The procedure should be simple enough to b e  conducted by a technician. 

. The device used should he capable of field operation. 

. Reproducibility of results should be aided by means of computer control of the device. 

. In the prototype version, provision should be made for adjusting process conditions such 
as pressure,  temperature, gas  flow and heatup rate ,  to enable the operating conditions to be varied. 

. A 100-gram sample should be used, for  consistency with the Modified Fischer Assay 
tes t  procedure. 

. The device should be capable of duplicating the resul ts  of the lvlodified Fischer Assay. 
The Hydroretorting Assay unit depicted in Figure 1 meets these cr i ter ia .  

DESCRIPTION O F  THE PROTOTYPE HYDRORETORTING ASSAY UNIT 

T h e  Hydroretorting Assay unit is capable of operating from atmospheric pressure up to 
1000 psig, a t  temperature up to 1200°F and with heatup ra te  as high as 25"F/min. The unit consists 
of a 7/8-inch diameter, 16-inch long reactor  tube mounted concentrically within a pressure- 
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retaining shell, 1-1/2-inches in diameter and 31 inches in  length. This unit is enclosed in a t h r e e  
zone electrically heated furnace. A schematic diagram of the unit is  shown in Figure 2. The heat- 
ers a r e  computer-controlled to achieve the desired heatup rate ,  to maintain the reactor at the op- 
erating temperature for  a predetermined pertod of time and to maintain isothermal conditions vep- 
tically in the shale sample. Reactor temperatures are measured by a multipoint thermocouple in- 
ser ted in the shale bed. The metered feed gas (hydrogen or nitrogen) enters  the bottom of the pres- 
sure  shell, is  preheated a s  it flows upward in the annular space surrounding the reactor  tube and 
then enters the reactor and i s  cooled by an electric chiller. The condensibles are collected in a 
graduated glass container and the gaseous product i s  continuously depressurized and metered by a 
dry test meter  pr ior  to venting. Gas samples may be taken throughout the test if desired. Test 
data--temperatures, feed and product gas flow ra tes ,  and pressure--are continuously recorded. 

Before conducting Hydroretorting Assay tes ts ,  representative shale samples a r e  crushed 
t o  -8 mesh particle s ize  and riffled into approximately 100-gram samples. The weight of the test 
samp!c is then recorded and the sample is charged into the reactor. The system i s  pressure- 
tested and purged with feed gas. The operating conditions a r e  programmed into the microprocessor 
and a test is s tar ted by keying in the run compand. The system is brought to the desired operating 
pressure and the gas  flowrate is set. The furnace heaters are activated and adjusted to achieve the 
desired heatup rate. The reactor  is  maintained a t  the desired operating temperature for a prede- 
termined period of time. A t  the end of the test, the furnace i s  shut down and the reactor  is  allowed 
to cool to about 200°F. The residual shale i s  removed and weighed; the liquid products collected in 
the graduated glass container a r e  centrifuged; the water and oil volumes are measured; and the en- 
tire liquid sample is  weighed. The unit is  then ready for  the next test. A typical output data sheet 
is shown in Figure 3. Tests  take about four hours to complete. 

A standardized se t  of assay conditions were established after a test program was conducted 
to survey results at various operating conditions and to compare them with larger  scale  HYTORT 
Process test results. These conditions a r e  shown in Table I. 

TABLE I 

OPERATING CONDITIONS FOR THE STANDARD HYDRORETORTING ASSAY AND 
FOR FISCHER ASSAY SIMULATION 

Fischer Assay 
Hydroretorting Assay Sim ulated 

Sample, wt, gm 100 100 
Part ic le  s ize  -8 Mesh -8 me$h 
Pressure ,  psig 1000 0 
Heat-up rate ,  OF/min 25 22 

Gal flow rate, SCF/hr 

Maximum temperature, O F  1000 932 
Time a t  maximum temperature, min 30 40 

O. l (N  ) 
2 4 (55) 

A standardization test se r ies  conducted on Indiana New Albany oil shale showed that Hydro- 
retorting Assay tests on riffled splits of the same sample having a mean hydroretorting oil yield of 
28.25 gal/ton exhibited a standard deviation of 1.23 gal/ton, or about 4%. 

The Hydroretorting Assay tes t  unit can also be operated with inert sweep gases a t  atmos- 
pheric pressure t o  provide an indication of oil yields in conventional, thermal retorting in a manner 
analogous to the Modified Fischer Assay. 

Simulation of a conventional Modified Fischer Assay in this device requires a small flow of 
nitrogen because the Hydroretorting Assay unit reactor  is shaped rather differently than a conven- 
tional Modified Fischer Assay retor t .  Tes ts  were conducted on oil shale of the Western United 
States to de tera ine  the quality of simulation of Fischer Assay obtainable in the Hydroretorting 
Assay device. These test indicated that results within 2% of oil yields obtained by conventional 
Fischer Assay can be obtained in the Hydroretorting Assay under simulated Fischer Assay condi- 
tions. Agreement is excellent despite the use of nitrogen purge and the unit is  capable of assessing 
oil shale response to  conventional retorting a s  well as to  hydroretorting. 

Although the standardized hydroretorting test conditions which we have developed call for 
operation a t  1000 psi, the Hydroretorting Assay unit can also be operated a t  other pressures. Tem- 
perature and heatup ra te  can also be varied. Therefore, the Hydroretorting Assay unit can serve 
88 a f i r s t  experimental s tep in determination of the econamically-optimum conditions of operation 
for  a given oil shale resource. Further, samples of product gas from the hydroretorting assay unit 
can be analyzed o f f - h e  using a mass  spectrometer o r  a gas chromatograph. Coupled with ultimate 
analysis of raw and spent shale, this technique can be used to obtain the equivalent of a material 
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COMPUTERIZED HYDRORETORTING ANALYSIS 

RUN NUMBER 

SAMPLE DESIGNATION 

WEIGHT OF SAMPLE: GRAMS 

GAS FLOW: SCFH 

UNIT PRESSURE: PSlG 

RAMP: DEGJMIN. 

MAXIMUM TEMPERATURE: "F 

TIME AT TEMPERATURE: MIN. 

SOLIDS RESIDUE: GRAMS 

T O T A L  LICIUID PRODUCTS: CC 

VOLUME OF WATER: CC. 

OIL PRODUCTION: GALSJTON 

100.06 

4.01 

1000.4 

24.26 

1006.8 

30 

74.63 

19.8 

6.3 

32.33 

1000- 

800 - 
U 

0 

R 6 0 0 -  z 
400 - 

0 20 40 EO 80 100 120 

TIME (TIMES 38 SEC.) 

Figure 3. HYDRORETORTING ASSAY PRINTOUT 
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Figure 4. HYDRORETORTING ASSAY RESULTS FOR WORLD 
OIL SHALE SAMPLES 
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balance Fischer Assay for hydroretorting. Thus, the hydroretorting Fischer Assay unit has  flexi- 
bility beyond that required for a device to merely measure  oil yields. 

HYDRORETORTING ASSAY TEST RESULTS 

In co-operation with the U. S .  Geological Survey and with various foreign survey personnel, 
HYCRUDE Corporation has  conducted Hydroretorting Assay tes ta  on samples from a number of the 
world's major oil shale resource areas. Selected tes t  resul ts  are shown in Figure 4. These re- 
sul ts  indicate that the HYTORT Process  can produce oil yields of over 400% of those obtained by 
conventional, thermal retorting in at least one instance, with a number of samples showing oil 
yields of more  than 150% of Fischer Assay (Table n). In some instances, these resul ts  mean that 
oil yields over 30 gallons per  ton can be produced from oil shale resources which would normally be 
considered too lean for commercial exploitation by conventional retorting processes. 

TABLE II 

SELECTED HYDRORETORTING ASSAY TEST RESULTS 

Oil Yields 
Fischer Assay Hydroretorting Assay 

Oil Shale Sample gal/ton gal/ton 

Sweden - Billingen 
Sweden - Naerke 
Sicily 
Indiana - New Albany 
Montana - Heath Formation 
Canada - Ontario 
Jordan - El Lajjun (Sample 1) 
Jordan - El Lajjun (Sample 2) 

3.8 
10.9 
4.4 
12.5 
16.2 
10.0 
20.3 
32.8 
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INTRODUCTION 

The utilization of oil shale a s  a source of synthetic fuels has been increasingly promoted in 
recent years.  While oil shales in the western United States have been extensively studied for many 
years,  eastern shales have received serious consideration only recently. 

clamation aspects of the resource,  processing requirements, the product composition and the over- 
all economics are some of the more  significant variables. However, the overall resource quality, 
which is represented by i ts  magnitude, accessability and oil content, i s  perhaps the most impor- 
tant. 

In i ts  various experimental forms ,  this assay results from the physical measurement of the amount 
of oil produced from the retorting of a shale sample under a standardized set of conditions. This 
assay and modified forms of it have, for  the most part, been the accepted and standard basis for 
judging the retorting potential of shales worldwide. 

The t rue  utility of a standard assay is,  however, i ts  predictive ability. Fischer Assays 
have been shown to be an  acceptable measure  of the conventional re tor t  potential of western U. S. 
shales, This, however, has not been shown to be true for eastern oil shales. The overwhelming 
acceptance of the Fischer Assay yield has ,  in  l a rge  part, been responsible for underestimating the 
value of and, therefore overlooking, eastern oil shale a s  a synfuel resource. The current interest 
in eastern shale i s  due in part  to the realization of its retorting characteristics and true oil gener- 
ation potential. 

have shown that the Fischer Assay of eastern oil shales typical of Kentucky a r e  low with respect to 
the shale's t rue  retorting potential. Retorting eastern oil shales under rapid heating, vacuum, 
steam addition, fluid bed, hydrogen atmosphere and donor solvent conditions (2,  5-8) have consis- 
tantly produced yields in excess of Fischer Assay values. A s s a y  ytelds have been exceeded by a s  
much as 25-100% when eastern oil shales have been retorted under these conditions. A more com- 
plete.discussion of eastern oil shale and their  retorting characterist ics can be found in the litera- 
ture (9-12). 

tical applications. Geochemical applications have Included the evaluation of source rock potential 
and oil  shale organic geochemistry (13-16). These techniques provide the opportunity to: pyrolyze 
materials under highly controlled thermal conditions, determine the material 's  response to pyro- 
lysis and characterize the products of the pyrolysis. 

mal conditions (1). The ability to carefully control thermal conditions in analytical pyrolysis ex- 
periments suggested that these techniques may be useful in evaluating shale retorting behavior. 
Preliminary evaluation of eastern oil shales by pyrolysis/gas chromatography analysis has exa- 
mined the yield and product composition trends related to pyrolysis conditions (17, 18). 

The work presented here represents an examination of an analytical pyrolysis technique as 
a method for determining oil shale retorting potential. A carefully selected and prepared set of oil 
shale samples was evaluated by three methods: Fischer Assay, bench scale fluid bed retorting and 
the analytical pyrolysis method described below. 

The value of a shale resource is determined by a variety of factors. The mining and re- 

The standard measure of oil shale quality (oil yield potential) has been the Fischer Assay. 

Work at the Institute for Mining and Minerals Research (IMMR) (1, 2) and others (3, 4) 

On an analytical scale, pyrolysis techniques have been used widely in many organic-analy- 

Eastern shale oil yields are sensitive to retorting parameters and, in particular, to ther- 

EXPERIMENTAL METHODS 

Oil Shale Samples 
Samples of Sunbury, Cleveland and Huron shales obtained from a ninety foot oil shale core 
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were used for Comparison of the pyrolysis and Fischer Assay yield determinations. A 1 .5  inch di- 
ameter core (identified as "T-16") was drilled in Madison County, Kentucky and has been thoroughly 
characterized (19). Since only limited amounts of core  material were available, additional samples 

comparison of the pyrolysis measurement with Fischer Assay and fluid bed yields. Bulk samples 
of the Ohio Shale were obtained from Fleming County, Kentucky; samples of the New Albany Shale 
from Henryville, Indiana. 

aliquots for each of these analyses. Samples were prepared in 8 x 30, 18 x 20 and -325 mesh 
sizes for the Fischer Assay, fluid bed and pyrolysis methods, respectively. These samples were 
stored under an argon atmosphere until used. 

Fischer Assay Analysis 
The modified Fischer Assay procedure used at  the IMMR has been described previously 

(1). These assays were performed on 100 gm aliquots in the stainless steel retort  illustrated in 
Figure 1. A Lincberg electric furnace equipped with a programmable temperature controller was 
used to heat the retort  under the following conditions: heated to 150°C for 30 minutes, increased 
from 150 to 550°C at  a ra te  of 1321°C/minute and held at  500°C for 20 minutes. 

less the weight of water also collected (1). The density of each oil sample was determined on a 
Mettler DMA 40 density meter and was used to express oil weight on a gallons per ton (gal/t) oil 
yield basis. 

.' from the Cleveland Member of the Ohio Shale and the New Albany Shale were selected for a further 

Shales were crushed, blended, sieved and split to produce representative and homogeneous 

\ 
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Oil yields were determined from the weight change of the entire liquid collection apparatus 

Fluid Bed Retorting 

Figure 2. Operating conditions for this unit were: a bed temperature of 550°C. helium gas at a 
linear fluidizing velocity of 25.6 m/min, a shale residence time of 20 min and a calculated theore- 
tical heating rate of approximately 20,30O0C/min. A detailed description of the operation and pro- 
duct trapping system used in this apparatus is  given by Rubel et al. (20). 

A bench scale fluid bed retort ,  developed at the IMMR, used in this study is shown in 

Analytical Pyrolysis 

lysis system. The instrument was operated in i ts  "rapid Pl/P2" mode and can be viewed as having 
essentially the instrumental configuration illustrated in Figure 3. In this mode of operation, the 

is  continuously monitored by a flame ionization detector (FID). The FID signal is  recorded con- 
tinuously and integrated by a Hewlett-Packard Model 3390A reporting integrator. 

and held in place with small quartz wool plugs. The sample i s  inserted into the pyrolysis chamber 
and i s  flushed for three minutes with helium. The sample is rapidly heated, under a 50 cc/minute 
helium flow, from ambient temperature (50-60°C) to 300°C. held at  this temperature for nine 
minutes, heated at 6O'C/minute to 600°C and held at  this final temperature for fifteen minutes. 
The pyrolysis temperature program and the corresponding FTD response a re  illustrated in Figure 
4. 

The FID is predominately sensitive to organic carbon containing compounds. The moni- 
tor's response, therefore, represents organic carbon pyrolysate and does not include significant 
contributions from water, carbon dioxide, hydrogen sulfide or other inorganic species. The ma- 
terial evolved up to 300'C represents the distillable (Pl) fraction of the shale's organic content. 

The total FID re- 
sponse (P1 + PZ) per milligram of shale relative to that of a standard oil shale is  the basis for cor- 
relating pyrolysis data to Fischer Assay. 

Oil shales were subjected to pyrolysis using a Chemical Data systems Model 820GS pyro- 

I 1 sample is  heated to pyrolysis temperature under an inert atmosphere while the pyrolysate evolution 

Small samples (3-5 mg) of -325 mesh shale a r e  weighed into quartz capillaries (4 x 15  mm) 

, 
1 

f i e  pyrolysis product (P2) is  derived from the kerogen fraction of the shale. 

RESULTS AND DISCUSSION 

Shale Analyses 
A complete discussion of the retorting and analytical characteristics of the T-16 core  

samples is beyond the scope of this work. These samples have been thoroughly examined and 
these results have been reported (19). Core data useful to the following discusslon has been sum- 
marized ln Table I along with data for the group of bulk samples. 

Carbon and hydrogen analyses were determined using a Carlo-Erba Model 1106 elemental 
analyzer according to standard ASTM procedure D3178. Inorganic carbon was determined by mea- 
surement of acid-evolved carbon dioxide and was used to calculate organic carbon from total car- 
bon. 
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TABLE I 

SUMMARY O F  CHARACTERISTICS FOR OIL SHALES 

sample 

T-16 001 
T-16 003 
T-16 004 
T-16 005 
T-16 006 
T-16 007 
T-16 008 
T-16 009 
T-16 010 
T-16 011 
T-16 014 
T-16 017 
T-16 018 
T-16 019 
T-16 020 
T-16 021 
T-16 022 
T-16 023 
T-16 025 
NALB-1 
NA LB-2 
CLE 982C 
CLE 82C 

Shale 
Designation 

Sunbury 
Cleveland 
Cleveland 
Cleveland 
Cleveland 
Cleveland 
Cleveland 
Cleveland 
Cleveland 
Cleveland 
Cleveland 
Huron 
Huron 
Huron 
Huron 
Huron 
Huron 
Huron 
Huron 
New Albany 
New Albany 
Cleveland 
Cleveland 

Depth Interval 
(ft.) 

4-6.7 
7-10 

10-12 
12-14 
14-16 
16-18 
18-20 
20-22 
22-24 
24-26 
30-32.4 

35.8-38 
38-40 

40.5-44 
44-48 
48-52 
52-56 
56-60 
64-67 

- 

Organic Carbon 
0 

13.34 
10.96 
14.62 
11.60 
16.57 
15.67 
10.75 
11.81 
11.85 
10.67 

8.65 
7.78 
8.31 
7.43 
7.51 
7.74 
7.98 
8.51 
8.64 

13.31 
12.79 
11.65 
11.13 

Hydrogen/Carbon 

1.17 
1.31 
1.21 
1 . 2 1  
1 . 2 1  
1 . 2 1  
1.26 
1.21 
1.25 
1.27 
1.35 
1.31 
1.31 
1.31 
1.42 
1 . 4 1  
1.38 
1 .35  
1.33 
1 .28  
1.33 
1.41 
1 .49  

Yield Determinations 
Fischer Assays were performed on the shales described above with mass and carbon ba- 

lances in the 99-100% range. Oil yields were measured in weight percent and converted to gallons 
per  ton using the individually determined oil densities. Oil yields, for the T-16 core  samples, 
based on this classical method, varied from 7 . 1  to 19.0 gal/t. 
the IMMR, Fischer Assay values parallel shale organic carbon content and yield about 1.1 gal/t for 
each weight percent organic carbon. The organic carbon versus Fischer Assay correlation (r) 
equalled 0.96 for the T-16 core  samples. The data describing the Fischer Assay analyses a r e  
summarized in Table II. 

7 . 1  to 8.1% of the raw shale. M a s s  and carbon balances of 98 to 100% were obtained. These 
yields reflect a 130 to 145% enhancement of the values determined by Fischer Assay. This is pre- 
sented in Table 111. 

For Kentucky shales examined at 

Under fluid bed retorting conditions, oil yields from the bulk shale samples varied from 

Analytical Pyrolysis 
Shale samples from the T-16 core  were pyrolyzed as described earlier,  and a value re- 

presenting the FID response per milligram of shale was determined. This measurement reflects 
the amount of hydrocarbons evolved but i s  not used directly a s  an indication of yield. Because of 
potential day to day variations in the FID response, this value (response per mg) is normalized to 
that of a standard. The standard in this case  was a shale sample with a known Fischer Assay value 
and permitted day to day comparison of our pyrolysis data and facilitated the conversion of response 
per  milligram data to a gallons per ton basis. The data from other oil shales examined here were 
treated similarly. Table IV contains a summary of the normalized pyrolysis response data. 

Data Correlations 
Very good correlations were  found between the normalized pyrolysis response values and 

the results from Fischer Assay. For T-16 core  samples, the correlation (r) between the analyti- 
cal  pyrolysis and Fischer Assay data was 0. 966. A similar relationship was found for the bulk 
shales examined. The T-16 core  pyrolysis correlations with Fischer Assay and organic carbon are 
illustrated in Figure 5. 

The fluid bed versus pyrolysis yield correlations for the bulk samples were a l so  very gaod 
(r=O. 962). Due to the nature of the fluid bed experiment and the method of oil collection, yield 
data were only available on a weight percent basis. The results summarizing the Fischer Assay, 
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fluid bed and pyrolysis evaluation of these samples are presented in Figure 6 .  

TABLE ll 

SUMMARY O F  RESULTS FROM THE FISCHER ASSAY EVALUATION O F  
T-16 CORE OIL SHALE SAMPLES 

Fischer Assay Fischer Assay 
T-16 Sample (gal/t) (Wt %) Oi l  Density 

001 
003 
004 
005 
006 
007 
008 
009 
010 
011 
014 
017 
018 
019 
020 
021 
022 
023 
025 

1 3 . 9  
1 3 . 2  
1 8 . 3  
1 3 . 9  
1 9 . 0  
1 7 . 6  
1 3 . 0  
1 3 . 7  
1 2 . 1  
1 2 . 9  

9 . 4  
9 . 3  
7 . 8  
8 . 0  
7 . 8  
7 . 3  
9 . 6  

10.0 
9 . 3  

5 . 4 0  
5 . 0 1  
6 .97  
5 . 2 3  
7 . 2 0  
6 . 6 8  
4 . 9 9  
5 . 1 9  
4 . 6 2  
4 . 9 2  
3 . 6 2  
3 . 4 4  

3 . 0 2  
2 . 9 6  
2 . 7 5  
3 . 6 3  
3 . 7 9  
3 . 5 1  

- 

, 9 3 2  
. 9 1 0  
. 9 1 3  
. 9 0 2  
. 9 0 8  
. 9 1 0  
, 9 2 0  
. g o 9  
. 9 1 4  
, 9 1 4  
. 9 2 4  
. 8 8 7  

. 9 0 6  

. 9 1 0  
, 9 0 2  
. 9 0 6  
. g o 9  
. 9 0 4  

- 

TABLE in 

SUMMARY OF BULK SHALE RETORTING RESULTS FROM 
FLUID BED AND FISCHER ASSAY EXPERIMENTS 

Fischer Assay Fluid Bed 
Sample (Wt Q) Ax!L%L 
NALB-1 6 . 1  8 . 1  
NALB-2 5 . 9  7 . 8  
CLE 982C 5 .2  7 . 1  
CLE 82C 4 .  7 6 .  7 

The correlation of T-16 pyrolysis data with organic carbon (Figure 5b) is  notably better 
than the correlation with Fischer Assay values (Figure 5a). Although the correlations for both sets 
of data a re  very good, the scatter in the pyrolysis versus organic carbon data appears smaller. I n  
part, this reflects the smaller e r ro r  associated with the determination of organic carbon a s  opposed 
to the greater experimental e r r o r  associated with Fischer Assay determinations. The retorting as- 
say methods have several contributing sources of e r ro r  related to the control of thermal conditions, 
product trapping efficiency, product isolation, manipulative losses and density measurement among 
others. The pyrolysis approach has superior control over thermal parameters and no losses re -  
lated to product handling. Potential problems related to reproducible FID response, standardiza- 
tion, weighing and sampling small samples and the preparation of representative samples exist. 
There a re  also several fundamental differences between retorting and analytical pyrolysis methods, 

The measurement of yield by retorting assay methods a r e  essentially volumetric deter- 
minations (gallons per ton) and reflect both the mass of organic matter produced and its density. 
The response of the FID in the pyrolysis experiment only reflects the mass of the organic matter 
evolved and, therefore, i ts  yield is  independent of product density. This difference between me- 
thods can be minimized by correlating 011 yield data on a wt % rather than a gal/t basis. The uni- 
formity in the oil densities for the T-16 products suggests similar pyrolysis correlation by either 
approach. The wt % based correlation between these methods for the T-16 core  samples plotted in 
Figure 7 i s  virtually indistinguishable from the gal/t basis. 

While retorting assay methods quantify yields on the basis of recovered liquid products, 
the FID based pyrolysis technique reflects the production of both gaseous and liquid hydrocarbons 
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without distinction. I n  the evaluation of the T-16 core shales,  the amount of organic carbon evolved 
in the form of gases was fairly constant in the 1 to 2% range. This relatively small and constant 
amount of gaseous hydrocarbon contributes to the pyrolysis versus Fischer Assay correlation. The 
noncondensible hydrocarbon fraction i s  generally overlooked by retort  assay methods and, in this 
regard,  the FID response gives a more  accurate measurement of the total hydrocarbon product 
evolved 

TABLE IV 

SUMMARY OF NORMALIZED PYROLYSIS RESWNSE DATA FOR THE 
T-16 CORE AND BULK OIL SHALE SAMPLES 

Sample 

T-16 O O l b  
T-16 003 
T-16 004 
T-16 005 
T-16 006 
T-16 001 
T-16 008 
T-16 009 
T-16 010 
T-16 011 
T-16 014 
T-16 017 
T-16 018 
T-16 019 
T-16 020 
T-16 021 
T-16 022 
T-16 023 
T-16 025 
NALB-1 
NALB-2 
CLE 982C 
CLE 82C 

Pyrolysisa Relative 
Response No. of Samplcs % Deviation 

1. 00 - 
0.92 2 0.02 5 
1.17 2 0.01 8 
0.96 2 0.04 I 
1 .33  2 0.05 2 
1 .21  2 0.04 5 
0.93 2 0.02 3 
1.07 5 0.04  2 
1.00 2 0.05 4 
0.99 2 0.05 4 
0.17+0.03 5 
0.75 2 0.02 3 
0.73 2 0.00 2 
0.64 2 0.05 3 
0.71 2 0.04 2 
0 . 1 4  2 0. 04 4 

0. 83 2 0.01 2 
0.78 2 0.05 8 
1.13 2 0. 04 3 
1.07 2 0.01 3 
0 .9620 .05  3 
0.96 2 0.01 3 

0.72 1 

- 
2.2 
6.0 
4.2 
3 .8  
3 .3  
2 .1  
3.7 
5.0 
5 .1  
3.9 
2.7 

7.8 
5.6 
5.4 

1 . 2  
6.4 

- 

- 

- 
- 
- 
- 

a. Mean 2 standard deviation. 
b. Sample used a s  pyrolysis reference standard. 

The work described above has  been a part of a n  overall Kentucky oil shale resource cha- 
racterization effort. The T-16 core  has been extensively examined and the pyrolysis results 
c€osely parallel a variety of characterization parameters in addition to Fischer Assay values. A 
more  complete discussion of the T-16 core  trends appears elsewhere in the literature (19). The 
T-16 core samples represent a wide range of compositions with varied geologic ages, depth of bur- 
ial ,  organic content and depositional history. For  purposes of evaluating down core  trends, the 
pyrolysis results compare very favorably to other measurements. 

SUMMARY 

It is evident from the data presented above that an analytical pyrolysis based assay is an 
acceptable alternative to more traditional methods, This approach was also shown to be predictive 
of the yield of several different shales under fluid bed retorting conditions. Further,  there a re  
several distinct advantages that the pyrolysis method offers. These principally relate to sample 
s ize  requirements, speed of analysis and ancillary analytical capabilities. 

Classical assay methods require large amounts of sample in comparison to an  analytical 
pyrolysis technique. 
and fluid bed evaluations normally consume more. While sample availability is not usually a factor 
in bulk sample analyses, it is a major limitation in evaluating drilled core. To measure Fischer 
Assay yields on a typical 1.5-inch diameter core,  one-half of the core is  consumed and material 
covering 2-foot intervals combined. The milligram scale pyrolysis sample requirement can pre- 
se rve  most of the core and provide more detailed yield and resource information as a result  of the 

The Fischer Assay determinations described above used approximately 100 g 
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substantially smaller sampling interval used. It is  in  the core  analysis and resource characteriza- 
tion Context that analytical pyrolysis may be of greatest use. 

Fischer Assays and fluid bed evaluations, however, require a s  much as two hours in retorting time 
alone. 

The pyrolysis experiment described here represents only one aspect of the capabilities of 
this technique. The ability to carefully control the pyrolysis conditions (e.g. ,  temperature l imits,  
rates and residence times) should permit the evaluation of the relationship between yield and ther- 
mal treatment. The products from the above analytical pyrolysis were  not examined but the capa- 
bility to Perform capillary gas chromatography is an additional feature of the Chemical Data Sys- 
tems' 820 GS instrumentation. The integration of the pyrolysis yield, thermal treatment and pro- 
duct analysis capabilities a r e  currently under evaluation in an effort to determine relationships be- 
tween retorting conditions, product yield and product composition. 

The pyrolytic analyses described here  can be performed a t  a r a t e  of nearly two per hour. 
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INTRODUCTION 

Many studies have been conducted in the past on various aspects of oil shale conversion; 
however, none have adequately addressed the basic chemistry involved during kerogen thermal de- 
composition (1). Instead, most of the studies have been concerned with the ra te  of kerogen conver- 
sion to products and average activation energies associated with the processes. Typically kerogen 
conversion is found to be a first order  r a t e  process and these data a r e  used to provide a global or 
macroscopic description of kerogen conversion. The reason why structural information has not 
been obtained in previous work i s  that suitable analytical techniques have not been developed to pro- 
vide such information. Now such techniques can provide information about the structure of kerogen 
and how the structure changes during heating. The most important technique is nuclear magnetic 
resonance (NMR) c ross  polarization (CP) with magic angle spinning (MAS). 

In this paper, CP/MAS 13C NMR techniques, with and without interrupted decoupling have 
been employed to measure changes in the organic carbon distribution of oil shales upon heating. 
The results suggest the potential of solid state 13C NMR techniques for understanding the reaction 
chemistry during oil  shale thermal decomposition. 

EXPERIMENTAL 

A rich,  72 gallons per ton (GFT)  oil shale was used for this study. Samples for NMR ana- 
lyses were prepared by interrupting the heating schedule of the standard Fischer Assay when the 
re tor t  reaches intermedlate temperatures of 400', 425' and 450°C. 
sponds to interruption of the Fischer Assay immediately upon reaching the maximum temperature of 
500°C. Identical samples of 72 GPT oil shale were used in each of these experiments. The retor- 
ted shale from the standard Fischer Assay of the feed material was used as a fifth sample for com- 
parison with the partially retorted materials. The Fischer Assay i s  not designed for quenching the 
retorting when the experiment i s  interrupted and no special cooling provisions were incorporated 
into the apparatus for these experiments. A s  a result ,  no kinetic information was derived from 
these experiments. 

repetition rate. Interrupted decoupling spectra were  recorded at a 7 5 w  interrupt time. 

A fourth experiment corre- 

13C NMR measurements were made at 15 MHz 13C frequency, 1-ms contact t ime and 1-s 

RESULTS AND DISCUSSION 

The preliminary experiments have provided samples which qualitatively represent the ex- 
pected gradation in shale properties with increasing temperature and residence time. The experi- 
mental yields a r e  listed in Table I along with the elemental compositions of the product shale sam- 
ples. 

remains constant within experimental e r ror .  
all bound water below 400°C. The concentration of the principal elements decreases in the shale 
with the increase in oil and gas yields. Random fluctuations in the carbonate carbon content pro- 
hahly reflect inconsistencies in the mineral composition of the samples. 

The CP/MAS 13C NMR spectra (Figure 1) for the shale samples indicate a decrease in the 
aliphatic carbon content with increasing oil yield. This observation i s  consistent with previous 
studies which indicate that the oil and gas production a r e  primarily due to aliphatic carbon conver- 
sion (2). However, the spectrum of the 450°C sample show& some broadening with the appearance 
of a shoulder at 19  ppm and some aliphatic carbon remains in the retorted shale from the standard 
Fischer Assay. These observations suggest that the aliphatic carbon in the partially retorted sam- 
ples has a higher concentration of short  chain alkyl substituents. The rich oil shale shows a ten- 
dency to coke in the Fischer Assay and the residual aliphatic carbon may reflect partial coking 

The oil and gas  yields increase with temperature and residence time, while the water yield 
The water yields reflect the production of essentially 
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where the aromatization i s  incomplete. 

TABLE I 

PRODUCT ANALYSES 

Yields 

Oi l ,  % w 
Gas, % w 
Water, % w 

Composition of Spent Shale Samples 

Carbonate C, % w 
Organic C, % w 
Hydrogen, % w 
Nitrogen, % w 
Sulfur, % w 

Temperature at Interruption Fischer 
400'c 425°C 450°C 500°C Assay ---- 

0.6 2.8 11.1 27.1 27.5 
0.6 1 . 6  2.5 4.9 6.3 
2.2 2 .4  2.6 2.2 2 .2  

3.6 6 .4  8.0 6.3 6.0 
29.7 24.2 17.7 5 .9  6 .1  
4.0 3.5 2.6 0.4 0.3 
1 .0  0.9 0.8 0.5 0 .5  
1.6 1 .3  1.1 0.5 0.5 

TABLE II 

AROMATICITY MEASUREMENTS 

Hydrogen Product Oil 
Interruption Carbon Aromaticity Aromaticity Specific H/C 
Temperature 

400°C 0.30 0.12 0.035 - - 
425'C 0.33 0.24 0.045 1.74 
450°C 0.39 0.26 0.041 0.892 1 .74  
500'C 0.73 0.31 0.051 0.907 1.65 
Fischer Assay 0.79 0.29 0.056 0.909 1.66 

~ 

Shale Oil Oil Gravity Ratio - -  

- 

The aromatic carbon bands in the CP/MAS 13C NMR spectra a re  narrower at the higher 
temperatures and longer residence times. This observatlon suggests that the aromatic carbon be- 
comes less  substituted and more condensed. Similar behavior i s  observed for  coals as a function 
of rank (3, 4). The partially retorted samples resemble oil shales of different "rank". In this 
analogy, the "rank" i s  artificially produced by heating to high temperatures for short periods of 
t ime a s  compared to slow heating over geologic time. 

Liquid-state NMR measurements of the product oils are consistent with the solid-state 
CP/MAS 13C NMR results. Both the 13C and 1H aromaticity values increase a t  the higher temper- 
atures and longer residence times. These data represent a shortening of the aliphatic carbon 
chains. Also, some dehydrogenation reactions may conceivably occur a t  the higher temperatures. 
An observed increase in the oil specific gravity and a corresponding decrease in the H/C atomic 
ratio support the aromaticity data by NMR. These data a r e  compared with the NMR measurements 
in Table U .  

The partially retorted shale samples are also used to test interrupted decoupling techniques 
for supplementing CP/MAS in the application of I3C NMR to solid shale samples. For these exper- 
iments, the 13C NMR spectra a r e  interrupted a t  7 5 w .  The interrupted decoupling spectra a r e  not 
scaled to zero time as suggested by Murphy et al. (5,  6) for  quantitative measurements. Thus, in 
this paper the interrupted decoupling spectra a r e  used for  qualitative assessments. The interrupted 
decoupling technique discriminates between carbon with hydrogen directly attached and carbon 
which is not directly bonded to hydrogen. However, the technique does not completely suppress 
methyl carbon contributions to the spectra. In this preliminary application, the carbonyl region of 
the spectra (> 170 ppm) is enhanced and some shoulders in the spectra suggestthe presence of 
phenolic carbon (150-160 ppm). The center of the aromatic carbon region in the spectra i s  shifted 
upfield and becomes narrower with increasing temperature and residence time. These observations 
suggest a trend from substituted quaternary aromatic carbon a t  low temperatures to more  polycon- 
densed quaternary aromatic carbon a t  higher temperatures. The residual aliphatic carbon in the 
fully retorted shale sample is not present in these spectra,  suggesting that these carbons a r e  se- 
condary and tertiary aliphatic carbons. 

While the NMR data for the heated shales a r e  Preliminary and qualitative, the chemical 
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72 G/T -4-JL- Raw Shale 



Interrupted Decoupling Spectra 

Spent Shale d, ,< 

300 200 100 0 -100 ppm 

Figure 2. Interrupted decoupling spectra of heated Colorado oil shale. 
The interrupt time is 7 5 ~ s .  
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information obtainable by CP/MAS 13C NMR techniques make them attractive for the study of oil 
shale reaction kinetics. More detailed studies are in progress.  
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ABSTRACT 

Two classes of solid phase reagents have been devised to deal with 
the analysis of the soluble organic phases derived from oil shales @i- 
tumens and tars). In the first-the solid phase organic functional group 
reagents-specific organic functional chromogenic reagents, bound to a 
solid matrix, were devised to determine the functional groups present 
in a bitumen or a tar (these a re  chemically complex, very dark media, 
where the functional groups a r e  present in  very low concentrations). 
The method is being also used for  the quantitative determination of the 
groups. A second class of solid reagents was devised to fractionate 
bitumens and tars into isofunctional sets  of compounds. In these re- 
agents a specific functional group is bound to a solid matrix in such a 
way that after proper procedure-the solid phase extraction methcd-a 
class of substances is extracted from the mixture; e .g . ,  acylhydra- 
zides bound to a polymetacrilate matrix have been used to separate 
aldehydes and ketones from the Irati oil shale bitumen. In a third a p  
proach, functional groups of kerogens have been determined by the 
functional gmup marker method, where a marker is incorporated to 
the kerogen by means of the reaction of a marked functional group 
reagent with the kerogen, The quantitative determination of the mar- 
ker  incorporated to kerogen is a measure of the (minimum) amount of 
that functional group. Fluorescent markers a r e  presently being used 
(through microscopy) to define the topographical distribution of organic 
functional groups in kerogens (surface). 
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INTRODUCTION 

Relatively simple effective kinetic expressions have been derived for oil evolution during 
Wrolysis of Green River oil shale: single first-order for slow and moderate heating rates (1, 2) 
and double first-order o r  single psuedo-nth-order for rapid isothermal pyrolysis (3-5). A number 
of workers (3, 4, 6-13) have investigated how secondary reactions (as influenced by pyrolysis heat- 
ing rates, temperatures, residence times and pressure) can modify oil yield from that obtained 
under Fischer Assay (FA) conditions. They have found that the secondary reactions a r e  very im- 
portant, demonstrating that slow heating rates cause hetero-aromatic compounds in the oil to be 
converted to coke and that excessively high temperatures cause aliphatic structures to crack to 
gases. 

cumstances have been established, there is presently no mathematical formulation which can satis- 
factorily calculate the oil yield for any given oil shale heated under an arbitrary temperature-pres- 
sure-gas environment history. 
oi l  yield with pyrolysis heating rate is due to a competition between oil evaporation and coking. 
They developed a Techanism for oil coking that included an empirical rate constant for oil evapora- 
tion, but it cannot be used directly to calculate oil yields for conditions such as the interrupted 
heating schedules used by Stout et al. (6)  o r  the elevated pressures used by Burnham and Singleton 

The mathematical model reported here  is a first attempt a t  achieving our long-range goal 

While the qualitative aspects of oil-yield loss and quantitative relationships for some cir- 

For example, Campbell e t  al. (7) demonstrated that the change in 

(12). 

of being able to calculate accurately the oil yield for any arbitrary pyrolysis conditions. A s  pre- 
sently formulated, it is valid only for  Green River oil shale, but it could be easily modified for 
other oil shales. A central feature of this model is that it divides the oil into 11 boiling-point frac- 
tions in order to treat evaporation more rigorously. This feature also allows cracking of heavy 
fractions to lighter fractions, enabling a calculation of the effect of pyrolysis conditions on the 
boiling-point distribution of the product oil. The model i s  tested under a wide range of pyrolysis 
conditions for  which data are available in the literature. The model does very well generally, al- 
though certain limitations a r e  demonstrated. 

MODEL DESCRIPTION 

The reactions defining the model and their associated rate constants are given in Table I. 
The properties of the oil components are given in Table 11. Native bitumen i s  treated a s  being an 
initial oil content with properties described in Table 11. The model assumes a uniformly reacting 
particle (no concentration or thermal gradients) and the absence of molecular oxygen. Formation 
of water from mineral dehydration and C02 from dolomite decomposition a r e  included in order to 
properly calculate the residence time of the organic pyrolysis products inside the particle. The 
model also has the capability of an inert or H2 sweep gas. Governing equations for  the model are 
written as 67 first-order, nonlinear, ordinary equations specifying the rate of change of each gas ,  
liquid and solid component in terms of the vaporization o r  chemical reactions. Some of the reac- 
tions a r e  formulated to approach an equilibrium. This set  of equations i s  solved simultaneously by 
LSODE ( Livermore Solver for Ordinary Differential Equations) (14). 

The kinetic parameters were taken as much as possible from the literature. Gas evolution 
kinetics, except those involving oil degradation, were taken (or derived in the case of C02) from 
the results of Campbell et al. (15) as modified by Huss and Burnham (16). For some reactions, it 
was necessary to use a distributed activation energy (17) in  order to match observed results. Spe- 
cial numerical methods were developed for solving these reactions for arbitrary temperature his- 
tory. W e  have also determined how these methods can be applied when the amount of a given com- 
ponent, such as  a reaction intermediate, is not known at the beginning of the calculation. 
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Material-balanced Fischer Assay work (18) was used a s  a reference point in deriving stoichiome- 
tr ies.  The maximum possible oil yield was chosen to be 111% of Fischer Assay based on fluldlzed- 
bed pyrolysis results (3, IO). 

TABLE I 

CHEMICAL REACTION AND RATE EXPRESSIONS THAT DEFINE THE MODEL 

React ion Rate Expressiona 

\ ;' \ 8  
'H20 Po 10 -5033/T 

Release of h inera l  Waterb 
W (bound H20) -P H20(g) R =kwW 1-- - ; P =4.2X10 e 

P , e s p t  
48 -(62000+12400)/T k = 3x10 e 

W 

Kerogen Pyrolysis and Bitumen 

100CH1. 50N0. 025°0.05' 5'3CHl. 56N0. O 2 l 0 O .  01 

+ 74' 2CH1. 56N0. O2l0O. 01.; 

+ 14'7CH0. 63N0. 056'0. 02; 

+ 0.3CO + 1. OHZO 

+0.6CH 4 

+ 3. 6CHx ! 

\ 2 
i 

+ 1.OH 

2 
i + 1.3CO 

Oil Vaporization 
Oili(,i) -+Oili(g) 

I 
Oil Coking 

1 100CHO. 9gN0. 038°0.01 95CH0. 63N0. 04°0.01 

+ 3CH + l lHZ+ 2CHx 4 

o i l  Cracking 
oil i  +Oilj<i+ char + gases (see text) 

Secondary Char Pyrolysis 
100CHO. 63N0. 0500. o1 +D 94.5CH N 0 

0.23 0.03 0.01 

Initial Oil (bitumen) 

(10% b y k  = 1x10 13 e -(25160+1760)/T 
b 

90% by k = 2 . 8 ~ 1 0  13 e -26390/T 

k =above 

13 -27540/T k = 3 . 1 ~ 1 0  e 

/2/3 by kb = above, 
by ka = ~1013e-(22000+2200)/T 

Fast first-order to Raoult's Law 
Equilibrium 

9 -17620/T ki = 5 . 4 ~ 1 0  e 

k . = A, .  1 . 7 x 1 0 ~ d - ~ ~ ~ ~ ~ / ~  
c.1 1 

9 -(23210+2285)/T k = 3 . 3 ~ 1 0  e 

+ 5. 5CH4 + 6. 4 H 2 +  (2. 2NH3) 

Tertiary Char Pyrolysis 
100CHO. 23N0. 0300. o1 -f 1OOCH o. lNo. 0300, ol+ 8. OH k = 3 . 1 ~ 1 0  13 e -(39000+4090)/T 

2 t  

Dolomite Decomposition 
MgCa(C03)2 +=- iV'g0 + CaC03 10 -29090/T k = 2 . 5 ~ 1 0  e 

d 

a. First-order reaction unless otherwise noted. Activation energies with +values use distributed 
activation energy theory (17). A l l  rate constants in s-1. 

b. Po (standard), Pt (total), P and P pressures in Pa. 

Note: All a r e  converted to a mass basis for the computer code so oil and char compositions are not 
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TABLE Il 

PROPERTIES O F  THE 11 OIL FRACTIONS 

Average 
Normal Initial Relative 

Average Boiling Wt % Wt % of Wt % of Rate of Antoine Coeffs 
Fraction Mol Wt Point of Shale Oil Cracking log P = A-B/(T-C) 

No. (g/mol) ("C) Bitumen Oil Cokable >i)- A(Pa) B(Pa) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

86 
114 
142 
177 
212 
261 
317 
380 
464 
562 
703 

69 
12s 
174 
226 
271 
323 
374 
422 
476 
525 
594 

0.0 3.85 3.9 
0.0 5.10 11.8 
0 .7  6.73 19.7 
5.0 7.69 25.6 

16.0 8.65 29.6 
20.3 10.10 33.5 
10.8 10.58 37.4 
10.2 12.40 43.4 
14.7 14.23 47.3 
13.0 12.02 51.3 
9 .3  8.65 55.2 

1 .0  
2.1 
3.8 
6 . 5  

10.0 
15.8 
24.2 
35.4 
53.8 
80.8 

153.8 

20.725 
20.824 
20.881 
21.017 
21.065 
21.031 
21.213 
21.276 
21.343 
21.400 
21.494 

2696.8 
3113.1 
3442.8 
3833.8 
4121.6 
4406.2 
4763.4 
5039.2 
5329.1 
5577.6 
5917.6 

48.8 
64.0 
79.3 
95.2 

111.8 
132.7 
155.7 
178.4 
205.9 
233.1 
273.0 

To  derive the rate expressions for  oil coking, we attempted to  mimic the reactions shown 
in Table I ,  in that the oil  that cokes (CHo. ggN0. ,33800. o l )  is  more aromatic and high in nitrogen 
content than the average oil (CHI. 56N0. 02100 ol). It was, therefore, assumed that only part  of 
the oil, related to the 13C NMR aromaticity, could coke. The relative amount of each oil fraction 
that could coke (shown in Table II) was then determined from the relative nitrogen contents. It is 
well known that the cracking rates of aliphatic compounds depend on their  molecular weight. The 
relative ra tes ,  Ai, for cracking of the various oil fractions were calculated from the equation of 
Voge and Good (19). The preexponential factor was multiplied by a pressure-dependent factor de- 
rived from results given by Fabuss (20). The formalism for treating multicomponent oil cracking 
is then the same as used previously (10). Each of the oil fractions independently undergoes a first- 
order cracking reaction to generate coke, gas  (CO, H2. CH4 and CH,) and lighter oil such that 

where 
y. = the weight fraction of the ith oil species 

k 

A. = relative cracking ra te  of the jth oil species, 

, = the first-order rate coefficient for cracking jth oil species 
C,l 

I 

and the stoichiometry factors are:  

for i = j 

for i > j 

a, .  = -1 

a, .  = o 
11 

u 
and 

a,. = l / ( j  + 2.8) 

The latter stoichiometry factor is obtained by assuming that equal masses  of each of the 
lighter oil fractions are created by cracking a heavier fraction (approximately true for Voge and 
Good's data (19)) and that the cracking products are always in the following relative mass ratio with 
respect to the gas product CH,: coke, 0.632; CO, 0.0566; H2, 0.0314; CH , 0.166; and Oil., 0.50. 

The rate parameters for oil  degradation could not be used directly because of a lack of data 
or a difference in formulation of the reactions. The activation energy for shale oil cracking was 
that determined (10) using an 11-component model for  data between 500 and 650°C. The activation 
energy for oil coking was taken from Campbell et al. (7). The preexponential factors were then ad- 
justed to give agreement with the experimental results of Burnham and Singleton (12), whose 

for i < j 
11 

4 
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measurements span the largest range of pyrolysis conditions. A close interplay was observed be- 
tween coking and cracking. That is ,  reducing the coking rate coefficient caused a decrease in the 
amount of oil coked, but a nearly compensating increase occurred in the amount of oil cracked. 
This may be due to a decrease in the flux of sweep gas generated by the coking reaction, thus giving 
the oil a greater residence time for cracking to occur. The relative amounts of coking and cracking 
were adjusted using the estimation from oil biomarker content (12) that less than 5% of the oil yield 
loss at atmospheric pressure and about 10% of the oil yield loss at 2.7 MPA was due to oil cracking. 
Future experiments at variable porosity will be used to better decouple the liquid and vapor resi- 
dence times, thereby, helping to separate the relative contributions of coking and cracking. The 
amount of H and CH formed by oil coking was determined from previous data (7), but unlike the 
original wor t ,  we made a correction for the additional H2 and CH4 formed at slow heating rates by 
char pyrolysis. 

4 

RESULTS 

W e  first  developed an expression for the rate of water release because it has a large im- 
pact on the residence t i r e  of the generated oil. Our  kinetic expression incorporates an equilibrium 
limitation for clay dehydration. A comparison between calculated time-dependent water production 
with the measurements of Burnham and Singleton (12) is  shown in Figure 1. The agreement is  ex- 
cellent. Although the inhibition of clay dehydration by water vapor is well known (21-22), no suit- 
able kinetics were available for illite, the principal clay in oil shale. Because our rate expression 
was derived empirically, caution should be used in applying it for pressures and heating rates much 
outside the range shown in Figure 1. 

In Table III, we coppare  the oil yields calculated by our lnodel with the experimental re- 
sults of Burnham and Singleton (12). The yields agree very well except a t  the two extremes of py- 
rolysis conditions. It would have been possible to fit any subgroup more  accurately by sacrificing 
agreement with the other experiments, but our objective was to see  how general a pyrolysis model 
could be developed. The amount of oil degradation by each mechanism is also shown In Table III. 
In agreement with previous observations, most of the yield loss at atmospheric pressure is due to 
oil coking. Both coking and cracking become greater at 2.7 MPa because of longer liquid and gas 
residence times. Cracking becomes more  important at higher pressures.  Both oil liquid and oil 
vapor were allowed to crack, but most of the cracking was calculated to occur in the liquid, per- 
haps due to the greater mass concentration of the liquid oil compared with the oil vapor. 

\ 

1 

TABLE III 

COMPARISON O F  MODEL CALCULATIONS WITH DATA O F  BURNHAIN AND SINGLETON (12) 

Heating Rate h e s s u r e  Oil Yield, Wt % FA Calculated Yield Loss 
(“C/h) (MPa) meas c& Coking Cracking 

: 
1 

\ 

720 0.1 100 106 5 0.1 
110 0.15 97 100 11 0.2 
11 0.15 86 89 21 1 
1 0.15 77 79 29 3 

108 2.7 78 81 22 8 
9 2.7 73 70 28 13 
1 2.7 72 62 33 16 

Note: The maximum calculated oil yield is 111% FA. 

Further comparisons of model calculations and measurements of Burnham and Singleton 
demonstrate the ability of the model to calculate accurately even some properties not used in de- 
veloping the model. The agreement between observed and calculated oil evolution versus tempera- 
ture shown in Figure 2 is very good. Most of the delay of oil evolution at  increased pressure is 
predicted using our treatment of oil evaporation. The model has the capability of calculating the 
change in boiling point properties of the product oil as shown in Table IV. The agreement between 
observed and calculated gas evolution versus temperature shown i n  Figure 3 is also very good for 
the two experiments where data a r e  available. A s  shown in Table V, the total amounts of H2, C H ~  
and CHx agree well for the near-atmospheric pressure cases,  but significant discrepancies exist 
for the 2.7 MPa cases,  especially for  Hg. These discrepancies are discussed in the next section. 

We next compare our model calculations with the experiments of Stout et al. (6). These 
comparisons a r e  especially significant because of the complicated temperature history of the ex- 
periments and because no comparisons were made during model development. In these 
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experiments, the oil shale was heated at 12"C/min to a preselected temperature between 250 and 
450"C, held there for either 8, 80 or 800 h, then heated the r e s t  of the way to 500°C at  12"C/min, as 
shown schematically in Figure 4a. A comparison of measured and calculated yields for these con- 
ditions is  shown in Figure 4b. We represent the data by lines and the calculations by points because 
there were more experimental points than model calculations. The lines shown a r e  those drawn by 
Stout e t  al. The experivents show that holding at about 350% is the most sensitive for causing 
yield loss and that most of the yield loss is caused within 80 h. The model calculations reproduce 
these features. The model can also reproduce the reported gas  compositions as shown in Figure 5. 

TABLE N 

COMPARISON O F  BOILING POINT DISTRIBUTIONS WITH DATA O F  
BURNHAM AND SINGLETON (12) 

Boiling 
Interval Fischer Assay l"C/h, 0.15 MPa 
"C exp calc 3 - - -  

<loo 
100-150 
150-200 
200-250 
250-300 
300-350 
350-400 
400-450 
450-500 
500-550 
2550 

4.1 
4.4 
7.3 
8.8 

10.8 
12.7 
13.0 
14.4' 
13.7 

8.0 
2.8 

3.8 5.6 
5.0 5.8 
6.7 9.7 
7.9 12.7 
9.6 16.5a  

11.3 16.3 
11.1 13.9 
12.8 11.7 
14.0a 5.8 
11.0 2.0 
6.8 0.0 

6 . 0  
7.6 
9.7 

11.2 
13.0 
14. Oa 
12.0 
11.4 
10.1 
4.6 
0.4 

l"C/h, 2.7 NlPa 

6.9 12.9 
10.2 14.5 
14.5 16.3 
16.3 16.5a 
17.2' 16.2 
15.3 13.0 
10.6 6 .8  

6.0 2.9 
2 .5 0.7 
0.5 0 .1  
0.0 0.0 

a. The most abundant 011 fraction. 

TABLE V 

COMPARISON G F  CALCULATED GAS PRODUCTION WITH MEASUREMENTS O F  
BURNHAM AND SINGLETON (12), IN UNITS O F  .MMOLE/kg 

Heating Rate P res su re  H2 CH4 cHx 
('C/h) (MPa) meas & meas meas + 
720 0.1 160 175 107 100 111 109 
110 0.15 220 207 127 106 105 112 
11 0.15 324 353 184 182 134 125 
1 0.15 366 508 205 267 121 147 

108 2.7 127 317 252 154 159 183 
9 2.7 91 482 374 250 160 249 
1 2.7 43  632 312 343 93 294 

The final comparisons presented are with experiments involving a gas sweep. Campbell 
et al. (7) showed that an inert gas sweep could reduce oil yield loss due to coking at low heating 
ra tes  by increasing the r a t e  of oil vaporization. A comparison between the calculated and observed 
effect of a gas sweep is shown in Figure 6. Although the general trend is correct,  the calculation 
overestimates the effect. The principal reason i s  undoubtedly that the experiments have diffusion 
effects that the model does not take into account, even though the particle size used by Campbell 
et al. was small (<O. 84 mm). A related problem is that the model calculates the same oil yield 
for Fischer Assay conditions and for  pyrolysis at 500°C in a gas sweep. Although evidence is not 
unanimous (4), it appears most likely that the latter conditions produce 5 to 10% more  oil (3, 10). 
I t  appears that the model has some problem in calculating the rate of degradation of the 10% most 
unstable oil. Finally, Herskowitz et al. (11) reported oil ylelds for pyrolysis of shale heated at 
360"C/h and 2 . 6  Mpa in rapidly flowing N 2  and H2. They obtained 90% of Fischer Assay yield in N2 
and 117% in H2. Using the same flowrates as in the experiments, the model calculated oil yields of 
106% and 110%, respectively, of Fischer Assay yield. For comparison, the model calculated 106% 
of Fischer Assay yield at  Fischer Assay pyrolysis COnditioM as  shown in Table UI. Apparently, 
the  N2 sweep in the experiments was not capable of completely counteracting the inhibiting effect of 
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pressure  on 011 evaporation because of intraparticle diffusion. The difference between experiment 
and calculation in H2 indicates that the model does not yet account for all the beneficial aspects Of 
H pressure. 2 

DISCUSSION 

The results shown above demonstrate the wide-ranged ability of the model presented here. 
It is the only model to our knowledge that can calculate oil yields and evolution kinetics for an ar- 
bitrary temperature-pressure history. The model predicts decreased oi l  yield at lower heating 
rates and the maximum sensitivity to coke formation at 350°C. The model also predicts the delay 
of oil evolution and decreased oil yield a t  elevated pressures.  The model also calculates the 
amount of unvaporized oil (bitumen) during the course of pyrolysis, although we have not attempted 
any comparisons to experiment. 

The model does have some weaknesses. The calculated yields for Fischer Assay condi- 
tions and the Stout experiments (Figure 4) are systematically high by several  percent. If we had 

lower, much better agreement could have been obtained. 
yield of 111% of the Fischer Assay value in order to account for  rapid pyrolysis (3, la)  and high- 
pressure  hydrogen experiments (11, 13) that obtain oil  yields greater than Fischer Assay. 

Another way of stating this problem is that the model overestimates the detrimental effect 
of pressure on oil yield, especially at slow heating rates. Because the calculated yield loss due to 
coking at slow heating rates does not increase much with increased pressure ,  the  amount of oil  
cracking must be overestimated. We first attempted to solve this problem by not allowing liquid oil 
to crack, but a compensating increase in oil vapor cracking caused the oil yield to remain approxi- 
mately constant. Since this paper was in draft form, we decided that the stoichiometry for  oil 
cracking should be pressure dependent. Data of Voge and Good (22) indicate that the gas to light oil 
ratio of the cracking products decreases with increased pressure. Preliminary calculations using 
a pressure-dependent cracking stoichiometry indicate an improvement, but the model st i l l  overes- 
timates the effect of heating ra te  a t  higb pressure. This must be because the activation energy 
used for oil  cracking is too low. I t  is  also probably the reason why the cracking preexponential 
factor had to be reduced by a factor of 60 from that determined for shale oil between 500 and 650°C. 
Future work will explore the use of a higher activation energy. 

Another apparent weakness is the calculation of too much hydrogen production at high pres- 
su re  as shown in Table V. Increased H2 production calculated by the model is due to oil coking and 
cracking. Our stoichiometry for  these reactions was derived from atmospheric pressure experi- 

of a difference is that alkenes are formed by oil cracking at  atmospheric pressure,  but none were  
formed from the cracking that occurred in the 2.7 Mpa, 1"C/h experiment, apparently because the 
hydrogen radicals a r e  all captured by hydrocarbon radicals. Future work on model development 
will attempt tu take this into account. The model also has a provision for reaction of HZ with char  
t o  form methane, but its use has not yet been explored. 

Although the model was designed to have the capability of allowing oil yields greater than 
obtained at Fischer Assay conditions, the model calculates nearly identical yields for pyrolysis a t  
Fischer Assay conditions and for rapid pyrolysis in a sweep gas. Experiments indicate that the 
latter conditions give higher oil yields. Another weakness of the model for rapid pyrolysis involves 
hydrogen. Gas evolution kinetics have been reported by Richardson et al. (10) for isothermal flui- 
dized-bed pyrolysis. They found that hydrogen (unlike other gases) did not reach its maximum rate 
of release until most of the oil was evolved, suggesting that it is formed by a reaction intermediate. 
In contrast, the model calculated that the maximum ra te  of hydrogen evolution was during the initial 
stages of kerogen pyrolysis, even though a major source of hydrogen i s  oil coking. A way to re- 
solve this discrepancy is not yet apparent, but the problem emphasizes the importance of under- 
standing the reactions of hydrogen for developing an improved general pyrolysis model. 

high-pressure hydrogen. In the present model, the only way hydrogen can increase oil yield i s  by 
inhibiting oil coking. It appears necessary to include another mechanism in order  to obtain higher 
yields in hydrogen than for  flash pyrolysis. The recent 13C NMR measurements of Herskowitz 
et al. (11) and Burnham and Happe (23) suggest how. High-pressure hydrogen appears to inhibit 
the formation of additional aromatic carbon during pyrolysis. Under a wide range of other condi- 
tions, the total amount of aromatic carbon in the oil and carbonaceous residue is roughly constant 
and nearly twice that present in the raw shale. These are important because our present model 
assumes that only part  of the oil, roughly corresponding to the aromatic components, is susceptible 
to coking. Consequently, a higher fraction of the oil is likely to be susceptible to  coking in the ab- 
sence of added hydrogen donors. Therefore, it appears that the amount of oil  susceptible to coking 
a s  well as the ra te  of coking should depend on hydrogen partial pressure. 

1 limited our goal to modeling atmospheric pressure pyrolysis for heating rates of 720"C/h and 
Instead, we adopted a maximum possible 

1 ments (6-8, 15). Apparently there are significant differences at  higher pressures.  One example 

A related problem is that the maximum possible oil yield is less  than that attainable in 
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Figure 1. Comparison Of calculated CUmulatiVe water production with measurements of Burnham and 
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Figure 2. Comparison of calculabd cumulative oil production with measurements of Burnham and Singleton (12). 
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INTRODUCTION 

An ideal degradation process used to elucidate oil shale kerogen structure involves cau- 
tious split of kerogen to such an appropriate extent that the high yield fragments will be soluble in  
common solvents for application of various instrumental analyses, yet still preserve most of kero- 
gen structure in the fragments. Several investigators have employed different methods, such a s  
mild thermosolvolysis by tetralin in autoclaves (1) and stepwise oxidation by alkaline potassium 
permanganate (2) to achieve these ends, yet the semicontinuous supercritical gas extraction (SCGE) 
appears to be a more effective means. During the process, kerogen matrix swells and loses its 
structure due to the dense phase solvent gas penetrating into the crosslinked network. A s  the 
framework of kerogen is broken down at  the weakened linkages, the thermally depolymerized bitu- 
men fragment just being extractable by supercritical gas escapes from the reaction zone immedi- 
ately together with the gas s t ream and is condensed under reduced temperature and pressure, so 
the minimization of the secondary degradation occurs. Different Chinese oil shales have been ex- 
tracted by supercritical toluene in a semicontinuous apparatus successfully (3), for instance, 
Maoming oil shale yields 79% of bitumen extracted on the basis of organic matter content a t  385°C 
and 15 M P a  with low yields of gas and water. Much valuable information can be provided by analy- 
ses of bitumen and its constituents. Furthermore. determination of the voidage and porous struc- 
ture of extracted shale will reveal the distribution pattern of organic matter in the raw shale, since 
the major part of organic matter has been removed from i t s  mineral matrix, which i s  primary in- 
e r t  to the extraction. The semi-quantitative data measured by porosimeter give a distinct descrip- 
tion of that important physical property of oil shale. The present work i s  such an experiment with 
Fushun and Maoming oil shale, two of the most famous oil shale deposits in China. 

EXPERIMENTAL 

Extraction 
The extraction was carr ied out in a home-made semi-continuous apparatus consisting of a 

stainless steel preheater and a extractor. For each run, 100 g of 20-60 mesh oil shale sample was 
charged. A constant flow rate s t ream of toluene was pumped upward through the extractor and a 
definite temperature and pressure were maintained automatically all over the extraction. Super- 
critical toluene carrying the dissolved bitumen was condensed in a water cooler, it was removed 
from the condensate a t  80°C under vacuum and the extract obtained was preserved under nitrogen 
atmosphere. The extracted shale was discharged after cooling the system to room temperature by 
nitrogen. 

Charaterization of Extract 
During the fractionating of the extract, asphaltenes were precipitated by heptane extrac- 

tion. The solubles were fractioned by adsorption chromatography on alumina. The aliphatics, 
aromatics and resins were eluted successively with petroleum ether (b. p. 6O-9O0C), benzene and 
benzene-ethanol mixture (1:l by volume). 

Gas-liquid chromatographic analyses (GLC) of the aliphatics were carr ied out using a HP- 
5734-A chromatograph on a 1 2  m x 0.2 mm i. d. capillary column with ov-101 silicone fluid a s  sta- 
tionary phase and He a s  carr ier  gas. The column was heated from 100°C to 280°C with a heating 
ra te  of 8'C/min. Combined gas chromatography-mass spectrometry analyses (GC-MS) were car- 
ried out using a Finnigan model 4201-c GC-MS and data reduction system. Separated components 
were identified by comparison of standard mass spectra. 

nmr spectrometer with CDCl3 as solvent. 
Proton and C-13 nmr were performed for bitumen and its constituents on a Bruker WH-90 

Molecular weights were determined using a Knauer vapor pressure osmometer with 
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benzene as  solvent. 

coals to solid samples and for petroleum products to bitumen samples. 

were prepared as smears on NaCl cells. 

Characterization of Extracted Shale 

butes in the range of macropores. A CARLO ERBA-1520 automatic mercury porocimeter was 
adapted to the determination. It was operated under 0-150 MPa of mercury for the pore radii 
range 50 to 75,000 A .  The samples were dried at  105°C for  2 hours before hand. Pore radius r is 
calculated by the Washburn equation in which surface tension of mercury is assumed to be 480 dyne/ 
cm and contact angle, 140". 

True density of samples was determined by water pycnometer and particle density by mer-  
cury displacement. Total open pore volume was calculated by the difference between reciprocals of 
particle and true densities. 

For the examination of mineral constituents, above mentioned infrared spectrophotometer 
was used. The samples were prepared as  KBr pellets. 

The porous structure of extracted shale was examined by a Hitachi HU-11A transmission 
electron microscope (TEM) using microtomy for section preparation. Morphology of the minerals 
was also examined by scanning electronic microscopy (SEM) techniques. (TEM was carried out by 
Beijing Petro-chemical Research Institute and SEM by Shengli Geological Research Institute. ) 

Proximate and ultimate analysis procedure follows that of National Standards of China for  

Infrared spectra were measured by a Hitachi 260-50 grating spectrophotometer. Samples 

Preliminary microscope examination shows that the pore size of extracted shale distri- 

RESULTS AND DISCUSSION 

Table I summarizes the ultimate analyses of organic matter, bitumen (SCGE) and its 
group constituents. Kerogen of Maoming and Fushun oil shale will be classified a s  type 1 according 
to H/C and O/C diagram suggested by Tissot e t  al. (4),  as well as to their infrared spectra. De- 
tailed analyses of these two shales and description of SCGE experiment conditions are stated else- 
where (3 ,  5). 

TABLE I 

ULTIMATE ANALYSIS OF ORGANIC MATTER, SCG EXTRACTS AND GROUP CONSTITUENTS 

Sample 

Organic 
Matter 
SCG 
Extract 
Aliphatic fraction 

Aromatic 
Fraction 
Resins 

Asphaltenes 

- 
OriginC 

F 7 9 . 1  
M 7 9 . 4  
F 8 4 . 5  
M 8 4 . 1  
F 
M 
F 85.7  

M 8 4 . 4  
F 7 9 . 6  
M 7 9 . 9  
F 8 0 . 5  
M 8 1 . 6  

- 
- 

Ultimate Analysis (Wt %) 
H N S O  

9 . 9  2 . 1  1 . 9  7 . 0  
9 . 7  1 . 6  1 . 1  8 . 2  

1 0 . 3  1 . 5  0 . 2  3 . 5  
1 0 . 1  1 . 5  0 . 6  3 . 7  

- - - -  

- - - -  - - -  
- -  1 1 . 1  - 

1 0 . 8  - - -  
9 . 4  1 . 7  0 . 4  8 . 9  
9 . 6  1 . 5  0 . 3  8 , 7  
8 . 7  2 . 3  0 . 9  7 . 6  
9 . 3  1 . 8  0 . 5  6 . 8  

- - H/C 

1 . 5 1  
1 . 4 6  
1 . 4 6  
1 . 4 4  

- 
- 

1 . 5 5  
1 . 5 4  
1 . 4 2  
1 . 4 4  
1 . 3 0  
1 . 3 7  

2 1 . 1  
1 9 . 2  
7 0 . 9  
7 9 . 1  

8 
7 
8 
8 

52 
43  
32 
4 2  

Weight 
Yield % 
(basis) 

(d. a. f. shale) 
(d. a. f. shale) 
(org. matter) 
(org. matter) 
(extract) 
(extract) 
(extract) 
(extract) 
(extract) 
(extract) 
(extract) 
(extract) 

F: Fushun oil Shale; M: Maoming oil shale. 

GLC and GC-MS Analyses 
Figure 1 is a total ionization plot of a gas chromatogram of the petroleum ether eluate of 

Maoming extract. It reveals primarily a homologous ser ies  of alkanes from C12 to c 3 3 ,  and also 
an olefin series, as the weaker peaks a r e  adjacent to respective alkanes. The structure of some 
individual olefins has been identified as a-mono-olefins by computer comparison of mass spectra. 
Figure 1 shows that there is a distinct major peak of C27 and the n-alkane homologues exhibited a 
predominance of odd carbon numbers over even ones, but no such regular pattern for the olefin 
series. The relative amount of olefins to alkanes decreases as the temperature of extraction goes 
down. It implies that olefins a r e  the fragments split from the side chains of kerogen structure and 
unlike the alkanes are indigenous components. In the aliphatics, a lot of isoprenoids, steranes and 
pentacyclic triterpanes such as  pristane, phytane, cholestane, ergostane, stigmastane, hopane and 
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their isomers and homologues have heen verified by mass spectra. These biological markers are 
valuable to the geochemists for the studies of kerogen genesis and maturity. 

GLC analysis of Wshun aliphatics gives analogous results to that of Maoming. 
It i s  evident that branched and cyclic aliphatic structures a r e  present. However, the Over- 

whelming majority are the unbranched aliphatic hydrocarbons. A s  shown i n  Table I ,  the weight 
fraction of aliphatics reaches 7-8.5%. There is a considerable amount of alkanes in the total ex- 
tract. Will all the alkanes be originally entrapped in the cage structure of kerogen matrix? It is 
an interesting problem of the kerogen structure, but it is not clear yet. 

Structure Similarities Between Extract and Kerogen 
A noticeable feature in Table I is the hydrogen carbon atomic ratio of the extracts which 

a r e  very close to that of their kerogen matrix. Generally, a cracking process should give the light 
products a higher H/C than the crude stock, b i t  a depolymerizing process gives the degradation 
products a same H/C as its precursor. 

The infrared spectra of SCG extract bear striking resemblance to those of original kero- 
gen. The strongest absorption bands a r e  around 2920, 2855 and 1455 cm-l contributed by CHZ and 
CH3 groups of aliphatics; another specific band at 720 cm-' shows predominent (CHz), structures 
(n larger than 4). exists both in extract and kerogen. 

Maoming SCG extracts. Recently, we have got the information that the carbon aromaticities direct- 
ly measured by C-13 nmr with cross  polarization/magic angle spinning techniques carried out in 
Colorado State University for these two r a w  oil shales a r e  0.35 and 0. 32, respectively (6). This 
fact may well be taken as one of the reliable indications of a polymer character of kerogen. 

Asphaltene of bitumens extracted from oil shale a t  ordinary conditions i s  known as  having 
similar structures of kerogen, SCG asphaltene, the major constituent of extract, will naturally 
give more similarities. For instance, carbon aromaticity of Maoming SCE asphaltene determined 
by C-13 nmr i s  0.33; their X-ray diffraction curves a r e  also having remarkable resemblance. A 
special report of this item is under preparation. 

These structural similarities between SCG extract and kerogen lead to the conclusion that 
thermo-depolymerization is the main reaction experienced during SCGE and a great portion, if not 
a l l ,  of the kerogen matrix has characters of a multipolymer. 

"Building Block" of Kerogen 
Although the SCG extract is not just the "monomer" of the muitipolymer structure of kero- 

gen, it may be considered as  a specimen composed of different "monomers" of kerogen. An aver- 
age "building block" of kerogen can be described, therefore, with the group constituents used to 
describe a bitumen. The molecular ratio of these constituents in SCE extracts a r e  tabulated as 
follows: 

The carbon aromaticities determined by proton nmr are 0.33 and 0.34 for Fushun and 

Group Average M. W. Weight Molecular Molecular 
Constituent (Vpo) Fraction Fraction Ratio 

1 2 1 2 1 2 1 2 - - - - - - - -  
Aliphatics 330 326 0.07 0.08 0.17 0.19 1.0 1 .0  
Aromatics 390 390 0.08 0.08 0.16 0.15 0.9 0.8 
Resins 690 710 0.43 0.52 0.49 0.53 2.9 2.8 
Asphaltenes 1870 1667 0.42 0.32 0.18 0.14 1.0 0.8 

Note: 1 - Maoming oil extract; 2 - Fushun oil shale extract. 

Accordingly, average "building blocks" of kerogen keep their constitutional molecular 
numbers in the ratio of 1:1:3:1 approximately, so the unit weight of an average "building block" of 
these two kerogens may be estimated as 4400-4600. I t  has a good agreement with the results of our 
other work (7), in which the average unit weight was calculated from the correlation of refraction 
index, density, aromaticity and ultimate analyses of kerogens. 

Density of Maoming and Wshun oil shale kerogen has been assessed to be nearly 1.10 (8); 
then the average molecular volume of a "building block" be spheric in form, the diameter of sphere 
would be 24A. It appears somewhat smaller than the dimension of Green River oil shale kerogen, 
39 x 27 x 25 A3, suggested by Yen (9), but s t i l l  in the same magnitude order. Using ultimate ana- 
lysis data of kerogen as those of "building block", their chemical formulas can be written as 
C302H440023N6S2 for Maoming and C296H44602oN7S2 for Wshun. It is logical that the carbon 
constitutional fractions of SCG extract may be  taken as those of kerogen (10) and are listed in 
Table 11. 
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TABLE II 

PROTON MUR SPECTROSCOPY AND STRUCTURAL PARAMETERS OF SCG EXTRACT 
(per average molecule) 

Item Fushun Extract 

Total C atoms 
Total H atoms 
Molecular Weight (VPO) 
Hydrogen Distribution: 

aromatic 
naphthenic 
olefinic 
alpha to ar .  ring 
beta to a r .  ring 
gama to ar. ring 

Structural parameters: 
aromatic C fraction 
naphthenic C fraction 
paraffinic C fraction 
no. of total rings 
no. of aromatic rings 
no. of naphthenic rings 
no. of fused carbon 

5 3 . 4  
7 7 . 9  

758 

6 . 2  
8 . 4  
0 . 3  
10. I 
4 4 . 3  

8 .1  

0 . 3 3  
0 . 1 6  
0 . 5 1  
6 . 6  
4.0 
2 . 2  

-0 .5  

Maoming Extract 

5 5 . 3  
7 9 . 6  

789 

6 . 3  
1 1 . 6  
0 . 5  

1 3 . 0  
40.0 
8 . 1  

0 . 3 4  
0 . 2 3  
0 . 4 3  
7 . 1  
3 . 9  
3 . 2  
-1.0 

In the light of characterization of SCG extract, an aspect of the carbon skeleton structure 
of these two kerogens may be described. Nearly one half of the total carbon atoms a r e  shown to be 
paraffinic, one third aromatic and the rest  naphthenic. I t  appears more paraffinic in nature for 
Fushun kerogen but nearly the same aromatic for these two. It implies that they a re  close in ma- 
turity but perhaps differ in origin precursors to some extent. Unbranched long chains are the 
overwhelming majority in the paraffinic structure. For the cyclic ring cluster, aromatics a r e  ra-  
ther cata-condensed with long side chains and adjacent with naphthenics to form hydroaromatic 
structure. Several clusters linked randomly by different bridges constitute a unit "building block" 
of the multipolymer --oil shale kerogen. 

Minerals in Extracted Shale 

two shales primarily consists of quartz, kaolinite and illite and with few percent of carbonates and 
pyrite (5). Small changes in sieve analysis of shales before and after extraction indicates that, 
despite the removal of most of the organic matter, no severe fragmentation of the shale results. 
This is consistent with SEM morphology observations, minerals a r e  cemented together in various 
patterns with indigenous clay components to form a continuous phase although the individual inor- 
ganic crystals such as  quartz and calcite a r e  either partly or  entirely encased by organic matter. 

Some clay minerals such as montomorillonite will lose crystal layer water a t  150-2OO'c. 
Samples of these two shales dried at 105°C have been further dehydrated in vacuo at  200°C for two 
hours, their weight loss is no more than 0.1%. It means that, for  these two shales, loss of crystal 
layer water of clay may be ignored. 

These two shales do contain a little carbonate but they a r e  primarily calcite. The good balance of 
inorganic carbon dioxide of the shale before and after extraction shows that nearly all the carbon- 
ates remain unchanged in the residue. 

Quartz and kaolinites a re  rather stable at extraction temperature. Thermogravic analysis 
of minerals of Maoming oil shale has shown that weight loss detected i s  negligible below 400°C (11). 

The case of pyrite is somewhat different. It is reported (12) that pyrite crystals in the oil 
shale usually coated with a layer of organic matter a r e  distributed evenly in the kerogen matrix. 
Microscopic examination has proved that Maoming and Fushun oil shale a r e  not the exception. The 
finely dispersed bright points in the microphotograph of Maoming kerogen present a distinctive 
picture of pyrite distribution. A s  large amount of organic matter i s  extracted by the solvent, py- 
r i te  crystal in kerogen will be entrained with the extracts. The pyrite sulfur content of Maoming 
shale decreases from 0.96% to 0.57%, which affirms the loss of pyrite In extraction. Fushun oil 
shale has a lower pyrite content, its loss should be less. 

racteristic absorption bands of minerals, such as  3620-3670 cm-' for kaolinite, 1070-1160 cm-1 

X-Ray diffraction and infrared spectra have identified that the bulk mineralogy of those 

Siderite is the carbonate most sensitive to heat, beginning its decarbonization a t  370°C. 

Infrared spectra examinations of the shales before and after extraction show that the cha- 
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and 910-920 cm-l for  s i -0  bond, 790-800 cm-l  for  quartz, either the shape or the intensity, are  
unaltered; only the bands of pyrite (390. 410 cm-l) a r e  weakened. 

Green River oil shale a t  750°F exposed to a i r .  I t  is not the case here, since no oxidation will take 
place in SCGE process. 

change has happened to the minerals of these two shales. Accordingly, the pore volume increment 
and porous structure change of the shale due to the extraction are primarily caused by the removal 
of the organic matter, though the loss of some pyrite and other individual crystal particles must be 
borne in mind. 

Pore Size Distribution and Pore Volume Increment 
Fipre  2 shnws the relation between the pore radius and accumulative pore volume of two 

shales before and after SCGE. The solid lines (50-75,000 A) a r e  plotted according to the data of 
mercury porosimeter and prolongated in dotted lines (<50 A) to the total pore volume points. The 
curve sections a t  radius larger than 500 A of these two raw shales coincide with each other but di- 
verge sharply in the smaller radius range. It shows that Maoming oil shale is abundant in micro- 
pores and has a much higher porosity (up to  20.9%) than that of Fushun (8.3%). I t  is not surprising 
that to such a high porosity of oil shale the average moisture content up to 17% is reported. 

Data listed in Table III show that the pore volume increment measured i s  somewhat larger 
than the calculated volume of the extract, a little ineluctable loss of mineral slits may lead to the 
difference. However, it still confirms that the pore volume increment is mainly due to the removal 
of organic matter. 

Tisot et al. (13) observed that gypsum and iron oxide were formed in heat treatment of 

It comes to the conclusion that, under the operation conditions of SCGE, no remarkable 

TABLE III 

SOME PROPERTIES O F  OIL SHALE AND SCG EXTRACTED SHALE 

Fushun Maoming 
Oil Shale Ext. Shale Oil Shale Ext. Shale --- Item 

Organic carbon, wt %a 
Ash content, wt % 
Mineral COz, wt % 
Pyrite s, wt % 
True density 
Particle density 
Tatal pore volume (ml/g) 
Extracted shale yield, wt % 
Pore volume increment (mi/g)b 
Volume of extract (mi/g)b 

16.3 4.9 
71.9 84.2 
3.0 3.5 

2.0428 2.2852 
1.3594 1.7457 
0.083 0.298 

85.8 

14.0 

- - 

0.173 

17.5 4.4 
72.0 87.3 
1.4 1.7 
0.96 0.57 
2.0353 2.5731 
1.1337 1.4281 
0.209 0.494 

82.2 

17.5 
0.197 

a. All weight fractions are on dry basis. 
b. On oil shale basis. 

In Figure 3, the pore radius is plotted against the pore volume increment fraction, which 
is the quotient of pore volume increment of different radius and total volume increment. The curve 
represents distribution structure of organic matter in raw oil shale. Nearly 90% of the organic 
matter of Maoming oil shale is distributed in the s ize  of radius 300-10,000 A ,  one half of which 
being smaller than 1200 A; for Fushun oil shale, the corresponding figures a r e  80-6,000 A and 
500 A. It reveals that the organic matters of these shales a r e  distributed very finely and evenly in 
the mineral matrix, especially for Fushun oil shale. The results are consistant with TEM porous 
structure examinations of the extracted shales. This i s  another significant difference in physical 
properties of these two oil shales. 

and organic matter distribution structure a r e  of great importance as related to the reaction me- 
chanism and kinetics of the processes, such a s  drying, extraction, pyrolysis, gasification and 
combustion. IXlring these fluid-solid multiphase processes, the fluid reactants should diffuse into 
the solid phase through the micropores, while the fluid reactants should do the opposite. In our 
experiments, either in the solvent extraction or in the low temperature oxidation, the reaction 
speed of Maoming oil shale is much faster  than that of Fushun. The structural difference between 
thepore structure and organic matter distribution must be playing an important part, in addition to 
the factor of difference in chemical properties of kerogen. 

Moreover, the moisture content of oil shale is usually directly related to its porosity. A s  

From the view point of oil shale processing technology, the properties of porous structure 
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FIGURE 2 RELATION OF PORE RADIUS (r) AND ACCUMULATIVE 

PORE VOLUME ( V )  

1: Fushun o i l  s h a l e  

2: Maoming o i l  s h a l e  

3: Fushun extracted shale 

4: Flaorning extracted shale 
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mentioned above, Maoming oil shale not only has a high porosity, but also has a very fine pore 
structure, so that the drying of the shale becomes a tedious process in practice. 

density of minerals usually larger than 2 . 4 .  It seems to be a simple process to beneficiate the 
organic matter from shale by density difference, but practically, it is not the case. Many tests of 
this kind on Fushun and Maoming oil shale failed. I t  can be found from our present work that the 
organic matter i s  mingled so intimately with the minerals that, for Maoming oil shale, successful 
separation and beneficiation cannot be realized until it is powdered to the s ize  smaller than 1 ym, 

and for  Fushun shale, however, much more powdering is required to achieve the same result. It 
seems impractical for the conventional mechanical grinding and washing to meet such a require- 

Another example is the beneficiation of oil shale. Density of kerogen is nearly 1.0-1.1, 
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INTRODUCTION 

For the past three years, the Geological Survey of Alabama, in cooperation with the U. S. 
Department of Energy, has conducted a regional oil shale resource assessment of the Chattanooga 
Shale in north Alabama, northwest Georgia and south-centra1 Tennessee (Figure 1). The work has 
Involved an extensive outcrop sampling program, a limited drilling program in Alabama for  sub- 
surface data and a program to determine the physiochemical properties of the oil shale, and to 
analyze the shale for a series of trace metals of possible commercial value or environmental ha- 
zard. 

central Tennessee a s  having the best oil potential of the Devonian Chattanooga Shale in the 
southernmost part of the Highland Rim section. These four counties, Limestone and Madison 
Counties, Alabama, and Giles and Lincoln Counties, Tennessee, have an average oil yield of 13.9 
gallons per ton (gal/t) with a maximum value of 23.9 gal/t. Within this a rea ,  more than  45 out- 
crops were sampled on 2 foot intervals upward from the lower contact of the shale. A limited 
drilling program of nine core holes provided 388 feet of shale, which were sampled a t  2 foot incre- 
ments or a t  distinct lithologic changes (1, 2). 

Results from this study have delineated a four-county area in north Alabama and south- 

GEOLOGIC SETTING 

The Chattanooga Shale of Late Devonian age occurs on the surface and in the subsurface 
over almost all of the regional study area. The general outcrop line of the shale is shown in Figure 
1. 

In northern Tennessee, the Chattanooga shale is subdivided into the upper Gassaway 
Member, the lower Dowelltown Member, with the Hardin Sandstone at  the base. I n  Alabama, 
Georgia and south-central TeMeSSee, only the upper Gassaway Member appears to b e  present. 

Stratigraphically, the Chattanooga shale unconformably overlies Ordovician or Silurian age 
sandstone, shale and limestone and itself is overlain with local disconformity by the Maury Forma- 
tion of Late Devonian to Early Mississippian age or by the Early Mississippian Fort Payne Chert. 

Surface exposures of the Chattanooga Shale thicken away from the margin of the Highland 
Rim towards the fold belt provinces to the east and into the Warrior Basin on the south-southwest, 
with 82 feet of Chattanooga Shale recorded from a deep test well in northern Greene County, 
Alabama. 

Depositional environment of the Chattanooga Shale was clearly marine, a s  indicated by the 
presence of marine fossils including brachiopods and conodonts and the local occurrence of phos- 
phate. Generally high V:Ni ratios in the extracted oil also help substantiate a marine deposition for 
this shale. Deposition of the shale was apparently irregular, since it may vary greatly in thickness 
and lithologic composition between adjacent outcrops and is absent over pre-Chattanooga structural 
highs. 

CHARACTERIZATION AND GEOCHEMISTRY 

Mineralogy 

tiferous, marine shale with thin lenses and interbeds of sandstone, siltstone and silty shale. Phos- 
phate nodules and cherty layers occur locally. Rock slabs cut from drill cores show the distinctive 
dark color of the shale, the thin discontinuous siltstone laminae, thin pyrite laminae and typical 
elongate pyrite blebs. 

propelic matter apparently derived from algae and lesser  amounts of spores and pollen. I n  outcrop, 

In hand specimen, the Chattanooga Shale is typically a dark grey to black, organic, pyri- 

The characteristic black color is derived primarily from hydrogen-rich (H/C = 1.42) sa- 
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the silt laminae appear to weather slightly faster than the clay laminae, imparting a finely fissile 
character to the shale. 
Locally samples from highly petroliferous zones will support combustion and have been used for 
heating fuel. 

Mineralogically, the Chattanooga Shale is composed of 22% organic matter (kerogen), 31% 
clay minerals (illite and kaolinite), 22% quartz, 9% feldspars and 11% pyrite and marcasite. Ac- 
cessory minerals such as calcite, apatite, tourmaline and zircon are also known to occur. In thin 
section, the kerogen occurs as coatings on the larger  mineral grains a s  well  a s  stringlike concen- 
trations and globules s!cng laminae. 

tailed X-ray analysis of the shale interval from one of the core  holes indicates the following miner- 
alogy: chlorite, illite, feldspar, kaolinite, quartz, pyrite, calcite and dolomite. A ser ies  of X- 
ray diffractograms of I-foot increments of shale from one of the cored intervals suggest that some 
minor vertical mineralogical changes occur witbin the interval (Figure 2). In general, there is an 
increase in calcite and dolomite and a decrease in the pyrite content from top to bottom. 

scanning electron microscope (SEM). Uncoated square cut shale samples were mounted on alumi- 
num stubs with silver paint and stored in a desiccator under vacuum until placed in the SEM. The 
SEM analyses were performed on an Etec-Auto Scan unit worked at 20 kilovolts. SEM mineral i- 
dentificatlons are based on visual comparisons to standard reference images. Identifications have 
not been confirmed by microprobe analysis. Typical images observed a r e  shown in  Figure 3. 

Figure 3A shows a dickite grain; a well-crystallized member of the kaolin group encased 
in a matrix of mixed-layered clays. Figure 3B shows pyrite occurring as closely packed clusters 
of pyritohedrons common to almost all of the scanned shale samples. Well structured sheets of 
kaolinite (Figure 3C) a r e  also commonly observed associated with the undifferentiated mixed- 
layered clays. Amorphous appearing irregularly shaped zones of material (Figure 3D) are inti- 
mately associated with the mixed-layered clays and a r e  interpreted to be organic matter. Other 
minerals identified using SEM include illite, halloysite, quartz and feldspar. 

Freshly broken shale samples typically emit a strong, petroliferous odor, 

X-Ray diffraction analyses show little mineralogical variation between shale samples. De- 

Shale samples from the core hole were also analyzed for mineral composition using a 

Fischer Assay 
Shale samoles collected from surface exmsures and core s a m d e s  from the drilling Dro- - .  

gram were crushed and sized to produce representative 500 gram samples. All samples were sub- 
mitted for analysis of shale oil content by modified Fischer Assay methods. Assays were per- 
formedatthe Colorado School of Mines and the Alabama Mineral Research Institute. Average oil 
yields for  samples in the four-county a rea  range from 6.9 to 19.2 gal/t (Table I). 

Whole Rock and Trace Metal Geochemistry 
Chemical characterization of the Chattanooga Shale involved whole rock and t race metal 

analyses on shale samples having more than 7 gal/t oil yield from the four-county area. These 
analyses were done to ascertain the chemical character of the spent shale as it might affect the 
environment o r  add to the economic process. 

Preliminary whole rock analyses of samples from 42 shale sections indicate an average 
shale composition of 43.33% Si02, 11.60% A1203 and 9.79% Feg03, with minor amounts of MgO, 
CaO, MnO, NaZO, KzO, TiOZ and P20 (Table II). These analyses compare favorably to analyses 
of other Devonian organic shales, but tle Chattanooga Shale samples of north Alabama and south- 
central Tennessee a r e  anomalously lower in silica and higher in iron and titanium (Table 111). 

gal/t oil. Average values are 1.12% moisture, 12. 6W0 ash, 16.59% volatiles, 9.85% fixed carbon 
and 2,765 BTU's. Average elemental composition of the 42 sampled sections is 16.08% total car- 
bon, 0.509, nitrogen, 6.57% sulfur, 1.85% hydrogen and 2.91% oxygen. 

molybdenum, nickel, vanadium and zinc. Uranium determinations were also made on each sample 
as part of evaluating the full energy resource potential of the shale (3). Average t race metal con- 
tents and value ranges for the 42 shale sections analyzed a r e  given in Table III. 

Organic Geochemistry 

locations within the study area (Table IV). Average total organic carbon content for the nine sam- 
ples is 16.27 wt. % with an average hydrogen index of 323 mg hydrocarbon (HC)/g of organic carbon 
at a n  average pyrolysis temperature of 423°C. Free  hydrocarbon averages 2.33 mg/g of rock for 
the nine samples,with an average residual hydrocarbon potential of 52.58 mg/g of rock. C02 pro- 
duced from the kerogen pyrolysis i s  approximately 3.67 mg/g of rock for these samples. 

The hydrocarbon fractions ot five samples from three locations within the study area were 
also analyzed. Saturated hydrocarbon analyses average 5.2% paraffin, 0.80% isoprenoid and 94% 

Ultimate and proximate analyses were also run on al l  shale samples having more than 7 

Trace metals examined during the characterization study include cobalt, chromium, 

Rock eval pyrolysis analyses were made on nine samples of 13 gal/t plus rock from five 
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naphthene (Table v). Average composition of the extracted oil is 7.2% paraffins-naphthenes, 25.6% 
aromatics, 6.046 sulfur, 41.0% precipitated asphaltene, 16.8% eluted NSO's and 3.6% non-eluted 
NSO's (Table VI). 

TABLE I 

SAMPLE LOCATIONS AND AVERAGE OIL YIELD PER SAMPLE FOR CHATTANOOGA SHALE 
IN LIMESTONE AND MADISON COUNTIES, ALABAMA, AND 

GILES AND LINCOLN COUNTIES, TENNESSEE 

Oil Yield Oil Yield 
Sample Number (g/t) Sample Number (g/t) 

LIM-1 
LIM-2 
LIM-3 
LIM -4 
LIM-5 
MAD-1 
MAD-2 
MAD-3 
MAD-5 
MAD-6 
MAD-7 
MAD-8 
GIL-1 
GIL-2 
GIL-3 
GIL-4 
GIL-5 
GIL-6 
GIL-7 
GIL-8 
GIL-9 

11.1 
9. 8 

15.5 
13.1 
11.5 
10.4 
11.9 
8.7 

14.3 
11.6 
12.0 
11.9 
15.5 
18.2 
19.2 
14 ,3  
15.6 
15.2 
16.6 
14. 8 
11.5 

GIL-10 
GIL-11 
GIL-12 
GIL-13 
GIL-14 
GIL-15 
LIN-1 
LIN-2 
LIN-3 
LIN-4 
LIN-5 
LIN-6 
LIN-7 
LIN-8 
LIN-9 
LIN-10 
LIN-11 
LIN-12 
LIN-13 
LIN-14 
LIN-15 

19.2 
15.7 
15.7 
14.7 
14.8 
15.5 
19.2 
14.2 
12.0 
9.7 
6.9 

16.5 
16.7 
16.9 
11.3 
11.5 
14.7 
11.0 
14.5 
13.6 
12.1 

TABLE II 

WHOLE ROCK ANALYSES OF DEVONIAN SHALES (1, 6-9) 

S O 2  

A1203 

Fe203 

MgO 
CaO 
MnO 
Na20 

K20 

Ti02 

'2'5 

LO1 

AL - 

43.33 

11.60 

9.79 

1.61 
.95 
.02 
.49 

3.98 

1.26 

.25 

26.81 

wv - 

56.92 

16.42 

6.58 

1.54 
1.43 

.05  

.68 

3.65 

.72 

.01 

-- 

WV TX 
(percent) 

58.39 50.3 

- -  

16.50 4.6 

6.45 10.0 

1.70 2.6 
.82 7.4 

.47 .29 
-- -- 

3.83 1.6 

. 7 0  -- 

.14 -- 

TN - 

49.30 

10.71 

9.60 

1.22 
.36 

.33 

4.03 

.69 

.12 

-- 

23.0 

OH _. 

60.65 

11.62 

.36 

1.90 
1.44 

.04 

.60 

3.10 

.62 

.18 

19.01 

A gas chromatograph of the C15+ fraction of the saturated hydrocarbon component indi- 
cates that the major compound distribution, C15 to Cz0, makes up 68. Wo of the total fraction 
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(Figure 4). 

TABLE III 

TRACE ELEMENTS IN DEVONIAN SHALE (1, 7 ,  10) 

Alabama Texas Tenn. 
Range Avg. Avg. Avg. 
0 000 

co 80-325 134 140 22 
C r  70-140 97 55 69 
MO 100-593 320 76 71  
Ni 160-890 320 490 89 
V 210-680 342 210 200 
Ti 3000-10000 7341 1200 1900 
Z n  50-1100 300 92 -- 
U 10-36 20 -- 51 

TABLE IV 

ROCK EVAL PYROLYSIS RESULTS 

Tmax s2 '3 T.O.C. 
Sample Number jm&& ( m d g )  && $Vt%) 

MAD-8A 
LIM-3A 
LIM-3B 
LIM-4B 
GIL-1OA 
LIN-1-83-1 
LIN-1-83-2 
LIN-1-83-3 
LIN-1-83-4 

Tmax 

31 

s2  

s3 
T. 0. C.  

429 2.32 49.04 2.16 
422 1.78 47.73 2.82 
422 1.70 40.89 2.46 
421 2.11 50.08 4.83 
422 2.50 56.63 4.51 
422 3.45 67.53 3.15 
42 2 2.01 44.29 4.89 
423 2.66 59.52 3.52 
423 2.44 57.51 4.67 

16.05 
15.40 
13.31 
17.12 
17.92 
17.94 
16.42 
15.65 
16.58 

Hydrogen 
Index 

305 
311 
308 
296 
316 
376 
270 
380 
346 

- Temperature index (degrees Celsius) 
- Free hydrocarbons (mg HC/g of rock) 

- Residual hydrocarbon potential (mg HC/g of rock) 

- COS produced from kerogen pyrolysis (mg C02/g of rock) 

- Total organic carbon (wt %) 
Hydrogen Index - mg HC/g organic carbon 

TABLE V 

SATURATE HYDROCARBON ANALYSES: SUMMARY OF PARAFFIN-NAPHTHENE DISTRIBUTION 

Paraffin Isoprenoid Naphthene 
Sample Number a) (%) !%) 

MAD-8A 4.6 0.4 95.0 
LIM-SA 6.2 1 . 0  92.8 
LIM-3B 6.2 1.1 92.7 
LIN-1-83-1 4. 7 0.7 94.6 
LIN-1-83-2 5.0 0.8 94.1 
LIN-1-83-3 6 . 1  1 .0  93.0 
LIN-1-83-4 3.9 0.6 95.5 

Whole oil characterization was performed using gas chromatographic/mass spectrometric 
(GC/MS) techniques. The whole oil analysis by GC/MS is presented in Figure 5. Major compounds 
and isomers identified in the whole oil samples are listed in Table W. Compound identification is 
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based on the best fit of 31,331 spectra, available standards and evaluation by a mass spectral ana- 
lyst. The concentration of each compound or isomer i s  calculated in ppm of the whole oil (weight/ 
weight). Major components of the GC/MS scan are C14 (974 ppm), C15 (1,048 ppm), c16 (1,069 
Ppm), C17 (868 ppm), Dibenzothiophene (1,309 ppm) and Methyldibenzothiophene isomer (836 ppm). 

TABLE VI 

COMPOSITION OF C15+ EXTRACTS 

Paraffin- Precipitated 
Naphthene Aromatic Sulfur Asphaltene 

Sample Number (93 (%) -@?L (%I 

MA D-8A 11.0 45.7 4.2 11.7 
LIM-3A 4.2 13.4 3.5 65.1 
LIM-3B 3.9 13.3 6.3 65.8 
LIN-1-83-1 9.1 30.6 2.6 36.6 

LIN-1-83-3 10.1 35.4 3.6 26.8 
LIN-1-83-4 8.4 30.8 10.9 23.2 

LIN-1-83-2a 3.4 10.2 10.9 57.8 

a. Average of two separate sample fraction analyses. 

TABLE W 

WHOLE OIL COMPOUND IDENTIFICATION 

Scan Number 

832 
927 

984 
1014 

1055 

1094 

1170 

1213 

1242 

1309 

1314 
1373 

1381 
1411 
1458 

1493 

1611 

1654 

Compound Identification 

Tetralin 
n -C 

Dimethyltetralin isomer 
n-C 

C2-Alkylnaphthalene isomer 

n-C 

n-C 

C -Alkylbiphenyl isomer 

"-'17 

18 

13 

14 

15 

16 

2 

n-C 

Dibenzothiophene 
n-C 

Metbyldibenzothiophene isomer 
2-Metbylphenanthrene 
C -Alkyldibenzothiophene isomer 

C -Alkylphenanthrene isomer 

C -Alkylphenanthrene isomer 

19 

2 

2 

3 

"*24 

Eluted 
NSO's 
A 

25.9 
7.7 
6.9 

18.9 
13.2 
23.2 
21.5 

@.JEL 

54 
563 

25 
974 

462 

1048 

1069 

723 

868 

482 

1309 
331 

836 
243 
296 

189 

69 

67 

Non-eluted 
NSO' s 
A 

1.5 
6 . 1  
4.0 
2.6 
4.8 
0.9 
5.3 

Nan-Destructive Analyses 

Devonian Chattanooga Shale, have included energy dispersive X-ray analyses (EDS) and l 3 c  nw- 
tron magnetic resonance analyses (NMR) (1, 3). 

Non-destructive analytical determinations during this phase of investigation of the 
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EDS analyses of five different depth intervals of Chattanooga Shale from core hole #8, 
Madison County, Alabama, were performed on a TN2000 energy dispersive X-ray analysis unit. 
Eight scans were run for 300 s e c  each a t  a tilt angle of 45' and a working distance of 18 mm to 20 
mm. Magnification levels varied from 20X to 8,OOOX. 

Mg (Table VIII). The elemental identifications show good correlation to previously run X-ray ana- 
lyses and SEM photomicrograph interpretations of the same shale samples. 

Major and minor elements indicated by the EDS analyses a r e  Si, A l ,  K ,  Ca, Fe, S, Ti and 

TABLE VIII 

QUALITATIVE ELEMENT IDENTIFICATION, CHATTANOOGA SHALE, CORE HOLE #8, 
MADISON COUNTY, ALABAMA 

Sample Depth Mineral Elemental Constituents 
(ft.) Identification K a  Line Kp Line 

30.5 
31.5 
31.5 
32.5 
34.8 
34.8 
34.8 
36.7 

quartz 
pyrite 
clay mineral 
pyrite 
clay mineral 
clay mineral 
clay matrix 
clay matrix 

Fe,Si 
A l ,  Fe,K,S,Si Fe,K 
Al,Fe,Si  
A l ,  Fe,K,S,Si Fe 
Al,Fe,K,Mg,Si,TL Fe,K 
A l ,  Fe,K,S,Si Fe,K 
A 1  , Fe, K, S, Si Fe, K 
Al ,Ca,Fe,K,Si ,Ti  Ca,Fe,Ti  

13C NMR spectra of samples from core hole #9, Madison County, Alabama (Ngures 6 and 
7)' compare favorably to other eastern oil shales in most aspects. However, carbon aromaticity 
values, fa,  a r e  slightly higher (0.53 to 0.58) than most eastern shales (4). Alabama Devonian oil 
shale contains approximately 0.51 aliphatic carbon, of which 0.25 appears to be convertible to oil 
(1). This conversion to oil relative to organic carbon content of the shale appears to be in agree- 
ment with data given by Miknis and Smith (1982) (5). 

SUMMARY 

Based on the physical and chemical data obtained to date, the Devonian oil shale rock of 
north Alabama and south-central Tennessee appears to offer an attractive potential for future re- 
source development. The shale rock appears to have formed in a restrictive marine environment 
which provided opportunity for the accumulation of marine organic matter to form sufficient kero- 
gen. The shale contains approximately 18% to 22% organic matter which is primarily kerogen. 
The kerogen has a relatively high H:C ratio indicative of an alginite and/or exinite source (Type 1 
and Type I1 kerogen) and a high proportion of alkane and saturated ring hydrocarbons. However, a 
few samples have low H:C ratio values and a r e  interpreted to have been formed in a shallow water 
oxidizing environment. Also, there i s  a possibility that these low H:C values may represent mix- 
tures of terrestrial and marine organic material suggesting lateral facies changes of the rock from 
marine to near shore depositional environments. Trace  metal valuss for both the whole rock and 
the shale oil fraction indicate a generally high V:Ni ratio, also indicative of a marine environment. 
Other trace metal values a r e  in good agreement with data from other Devonian shales. Throughout 
the north Alabama and south-central Tennessee study area,  the average oil yield from the shale i s  
13.9 gallon per ton. The highest oil yield values were obtained from the middle and upper parts of 
the shale sequence. Based on the crude oil composition diagram (11). the Alabama-Tennessee 
shale oil i s  classified a s  a aromatic-intermediate oil. Estimated reserves of inplace shale oil re- 
sources in the principal study area,  under less  than 200 feet of overburden, exceeds 12.5 billion 
barrels. 
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Outcrop line of the Chattanooga Shale 

I. LIM.Z Outcrop sample 
9.8 Oil yield (gallondton) l -  

I A 8 Core.hole 
10.9 Oil yield (gallonslton) 

Figure 1.--Study area and general outcrop l ine  of the Chattanooga 
Shale, north Alabama and south-central Tennessee. 
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O R E  not6 
D i l i "  

I F T I  

21 9 299  

299 3 1 9  

319 339 

339 359 

359 37 9 

379 392 

EXPLANATION 

Q . Quartz I - Mica, Illite 
K ~ Kaolinite Ca - Calcite 
Ch - Chlorite D ~ Dolomite 

Figure 2.--X-ray diffractogram of Chattanooga Shale, core hole 
#8, Madison County, Alabama. 
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F i g u r e  3.--Scanning e l e c t r o n  photomicrogaphs of s e l e c t e d  samples 
of Chattanooga Shale ,  c o r e  h o l e  t8, Madison County, 
Alabama. 
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SATURATE HYDROCARBON ANALYSIS 
NORMALIZED PARAFFIN DISTRIBUTION 

Compound Percent 

nC16 15.0 
nC17 14.1 
ip20 4.5 

nCl8  12.7 
ip20 2.8 

20  nC19 11 .o 

l9 

i 

"i 
'?I I 

I '  

Y 
Figure 4.--Saturate hydrocarbon analysis-normalized 

paraffin distribution. 

Scan Compound 
identification number 

832 Tetralin 
927 n - C I ~  
984 Dimethyltetralin isomer 
1014 n - C,* 
1055 C, - Alkylnaphthalene is-r 
1094 n - C I S  
1170 n - C,& 
1213 C, - Alkylbiphenyl isomer 
1242 n - C,, 
1309 n - C,. 
1314 Dibenzothiophene 
1373 n - CI9 
1381 Methyldibeumhiophene isomer 
1411 2 - Hethylphenanthrene 
1458 C L  - Alkyldibenrothiaphene isomer 
1493 CI - Alkylphenanthrene ieomer 
1611 C, - Alkylphenanthrene isomer 
1654 n - C y "  

(PP.) 

54 
563 
25 
974 
462 
I048 
1069 
723 
868 
401 
1309 
331 
836 
243 
296 
1 89 
69 
67 

Figure 5.--GS/MS whole o i l  analysis of Devonian Shale, Alabama. 
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DEVONIAN OIL SHALES 

Kentucky 
New Albany 

300 200 100 0 PPm 

Aromatic Aliphatic 
Carbon Carbon 

Fraction of 

Aliphatic Carbon- 
Carbon Converted 

0.46 0.29 

0.50 0.34 

0.51 0.29 

0.54 0.35 

Figure 7.--Cornparison of solid s t a t e  I 3 C  NMR spectra f o r  eas tern  
Devonian Shales  (1,5) . 
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REACTION RATE KINETICS FOR IN SITU COMBUSTION RETORTING O F  
MICHIGAN ANTRIM OIL SHALE 

BY 

M. Rostam-Abadi 
Illinois State Geological Survey, Champaign, Illinois 61820 

and 
R. W. Mickelson 

Chemical Engineering Department 
Wayne State University, Detroit, Michigan 48202 

ABSTRACT 

The intrinsic reaction rate kinetics for  the pyrolysis of Michigan Antrim oil 
shale and the oxidation of the carbonaceous residue of this shale have been deter- 
mined using a thermogravimetric analysis method. The kinetics of the pyrolysis re- 
action were evaluated from both isothermal and nonisothermal rate data. The re- 
action was found to be second-order with an activation energy of 252.2 kJ/mole, and 
with a frequency factor of 9.25 x 1015 sec-l. Pyrolysis kinetics were not affected 
by heating rates  between 0.01 to 0.67"K/s. 

No evidence of any reactions among the oil shale mineral constituents was 
observed a t  temperatures below 1173°K. However, it was found that the presence 
of pyrite in oil shale reduces the primary devolatilization rate of kerogen and in- 
creases the amount of residual char  in the spent shale. 

Carbonaceous residues which were prepared by heating the oil shale a t  a 
rate of O.l66"K/s to temperatures between 923°K and 10?3"K, had the highest re- 
activities when oxidized a t  0.166"K/s in a gas having 21 volume percent oxygen. 

process. The kinetics governing oxygen chemisorption is 
Oxygen chemisorption was found to be the initial precursor to the oxidation 

( sec- j  
-= d X  1,6 e17.9Xe-(42+104X)/RT 
dt  

where X is the fractional coverage. 
The oxidation of the carbonaceous residue was found also to be second- 

order. The activation energy and the frequency factor determined from i s o t h e r  
mal experiments were 147 kJ/mole and 9. 18x107 sec-' respectively, while the 
values of these parameters obtained from a nonisothermal experiment were 212 
kJ/mole and 1.5~1013 sec-l. The variation in the rate  constants is attributed to 
the fact that isothermal and nonisothermal analyses represent two different as- 
pects of the combustion process. 
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ANALYSIS O F  PYROLYSIS KINETICS O F  EASTERN OIL SHALES 

By 

M. S. Shen, L-S. Fan* and K. H. Casleton 
Morgantown Energy Technology Center, P .  0. Box 880, Morgantown, West Virginia 26505 

INTRODUCTION 

The kinetics of pyrolysis of Western oil shale has been studied by a number of investiga- 
tors (1-6). Several reaction mechanisms have been proposed to account for the pyrolysis kinetics 
of Colorado shale. Hubbard and Robinson (4) postulated a two-step mechanism for the decomposi- 
tion of kerogen to bitumin and subsequently bitumen to oil and gas. Johnson, e t  al. (5) concluded 
the following mechanism which was partially verified with experimental data: 

Kerogen + Rubberoid + Bitumen + Semi-coke + Coke 4 JI .1 

.L 
gas 

oil heavy oil oil 
4, 

oil 
6 

gas 

Details of these mechanisms were documented in a review by Fisher (6). Relatively little is  known 
regarding the pyrolysis kinetics of Eastern shale. The present work was undertaken to measure the 
rate of organic matter decomposition during pyrolysis of Kentucky Sunbury oil shale. Thermoana- 
lytical methods a r e  used to ohtain the kinetics data. It should be noted, however, that the thermo- 
gravimetric analyzer (TGA) utilized in the present experiment is not equipped with G. C. or I. R. 
for gas composition measurement. Only the weight variation can be obtained from the TGA. Thus, 
the model developed here is  only for the weight variation of solid reactants in the course of pyroly- 
sis. mr thermore ,  the proposed model does not require consideration of the acttvation energy dts- 
tribution function for the reactions. By heating the oil shale, gaseous and liquid products are 
formed which result from the many different reactions involving these components. The reported 
pyrolysis kinetics a re ,  thus, an average for these many different reactions that take place. The 
representation of the decomposition rate would become very complex if a l l  the mechanistic reac- 
tions were to be identified and accounted for. Thus, a global f i rs t  o rder  rate expression is as- 
sumed for  simplicity's sake (2, 3,  7). For this reason, the activation energy and the frequency 
factor are the only "representative" kinetic values for a complicated reaction system. These val- 
ues a re .  however, useful from the engineering standpoint of oil shale retorting and can be used in a 
mathematical model to represent the process. 

' 

EXPERIMENTAL 

The oil shale used in the present study was Kentucky Sunbury shale. Ultimate analysis 
(wt 8)  of the oil shale: hydrogen - 1.55; nitrogen - 0.53; sulfur - 3.41; total carbon - 14.07; oxy- 
gen - 3.30; moisture - 2.18; ash - 74.96; with a Fischer Assay oil yield 9.3 gallons/ton. The 
samples were crushed and sieved to 16/20 U. S. mesh. 

was used to obtain the weight-loss data as a function of t ime and temperature. The TGA experi- 
ments were carried out by heating the sample from ambient temperature to 600°C. The heating 
rates of 50, lo", 15' and 2O"C/min were employed. Differential scanning calorimetric (DSC) data 
were obtained wtth a Du Pont cell base and the 1090 thermal analyzer. An aluminium pan containing 
the sample was placed on the raised platform in the DSC cell and an empty pan was placed on the 
reference platform. A known weight of sample was subjected to a linear heating ra te  in a flow of 
nitrogen or C02. DSC scans for the samples were obtained from 150" to 600°C at a linear heating 
rate of 1O0C/min. A non-isothermal technique was utilized for  determining the kinetics of oil shale 
pyrolysis. 

* Permanent Address: Department of Chemical Engineering, Ohio State University, Columbus, 
Ohio 43210. 

A Du Pont 951 thermogravimetric balance interfaced to a Du Font 1090 thermal analyzer 
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RESULTS AND ANALYSIS 

Scrima, et al. (8) compared the bitumen removed thermally from oil shale (the shale sam- 
ple was heated to  300°C a t  28"C/min) with those removed by benzene extraction. Based on thermal 
chromatography of Green River oil shale, the two chromatograms appear identical, demonstrating 
that natural bitumen could be thermally removed at  about 300°C. 

Consider the following pyrolysis mechanism for oil shale which consists of hvo decompos- 
able materials, i.e. , bitumen (natural) and kerogen: 

(oil) + carbon residue 
1 

(gas) I 0 
kl 

(I) BN (Naturai Bilumeiij - G 

k2 > B P  (Pyrolytic Bitumen) + G (E) K (kerogen) - (gas) + O2 (oil) 2 

> G3 (gas) + 0 (III) B P  (Pyrolytic Bitumen) - (oil) +carbon residue kg 
3 

Reaction (I) takes place a t  a temperature from 1OO'C to 300°C and reactions (II) and (m) take place 
at  temperatures beyond 300°C. Assuming first  o rder  kinetics for each step of reaction, we have 

w~~ - -  
dt - -kl W~~ 

- -  - -k W d W k  
dt 2 k  

-- dWBP - k  f W k - k 3 W B P  
dt 2 3) 

where WBN, Wk and WBp a r e  the weight of natural bitumen, kerogen and pyrolytic bitumen, re- 
spectively; f is the weight fraction of the decomposed kerogen which yields bitumen (2). 

For  a non-isothermal reaction condition in which the heating ra te  i s  l inear,  we have 

-= 2 H r  

where H r  is the heating rate. Equations 1 through 3 yield 

The Arrhenius forms for the variation of kl, k2, k with temperature a r e  

k = k  exp(-) 
1 10 RT 

3 

k = k  exp(-) -E2 
2 20 RT 

4) 

-E3 k = k30 exp (- 
3 RT ) 
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Thus, Equations 5 through 7 can be rewritten a s  

-E2 -E3 dWBp (kzo exp - f W - k exp - W dT H r  RT k 30 RT B P )  13) 

The boundary conditions for Equations 11 through 13 are, respectively, 

T = 100°C: WBH= WBNO; T = 300°C: W k = W kO' w B P = o .  14) 

BP by The total weight of the sample W is related to WBN, Wk and W 

w = w. i WBN + Wk + WBP. 15) 

Equations 11 through 13 subject to the boundary conditions of Equation 14 require a numerical 
scheme for solution. 

Figure 1 shows an oil shale thermal histogram of weight loss and derivative weight loss 
versus temperature in a nitrogen flow at  a heating rate of 5"C/min. There are two major peaks 
from the derivative weight loss - temperature curve. The f i rs t  peak begins about 20°C and ends 
about 100°C while the second peak begins about 350°C and ends about 550°C. It is  likely that the 
first  peak represents the devolatilization of water, while the second peak represents the decomposi- 
tion of pyrolytic bitumen. The differential weight variation between two peaks is considered to be 
the decomposition of natural bitumen and kerogen. The natural bitumen was extracted by benzene 
and the weight percent of natural bitumen in the oil shale was measured to be -2%. There is  about 
2% weight loss which occurred from 100°C to -300°C. Thisweight loss suggests that nearly all  the 
natural bitumen decomposes in this low temperature range. Similarly, Flgures 2 ,  3 and 4 show 
the histograms of weight loss and derivative weight loss versus temperature for the heating rate of 
lO"C/min, 15"C/min and 20°C/min, respectively. The heating ra te  has moderate effects on the 
variation of weight loss. The results indicate the systematic shift in the r a t e  maxima to lower 

on extent of conversion over the temperature range 165°C to 280°C and 365°C to 55O'C, respectively. 
The experimental results given in Figures 1 through 4 support the basic pyrolysis mechan- 

ism proposed in the present kinetics study. 
the model prediction and the experimental data for the weight loss-versus-temperature relationship. 
The frequency factor and activation energy based on the best fit of the model to the experimental da- 
ta a r e  found to be 

, 
; 
' 

\ 

I temperatures with decreasing heating rate. Figures 5 and 6 summarize the experimental results 

! 

Figures 1 through 4 also show the comparison between 

kI0 = 1,040 l/min; El = 33.5 kJ/mole 

k20 = 900 l/min; E2 = 41.9 kJ/mole 

= 1 . 2  x 10l2 l/min; E = 173.7 kJ/mole k30 3 

f = 0 . 9  

Note that in the calculation based on the model, the weight loss due to water devolatilization is as- 
sumed to be known. A s  can be seen from these figures, the comparison is satisfactory. The 
closeness of the fit i s  a good indication of the adequacy of assuming a f i rs t  o rder  decomposition me- 
chanism. It is  noted that the values for frequency factor and activation energy obtained for kerogen 
decomposition a r e  comparable to those reported for Colorado oil shale (2,  3, 5 ,  7). 

DSC Kinetics (1957) Program. A reaction order of 0.88 with E3 = 151 kJ/mole were obtained. E3 
would be 160 kJ/mole assuming a first order reaction. These results compare favorably with TGA 

Figure 7 shows DSC thermal histogram. The data were analyzed by Borchardt/Daniels 
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Figure 2 Non-isothermal histpgram of weight loss versus temperature at 10°C/min 
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Figure 3 Non-isothermal histogram of weight loss versus temperature at 15°C/min 
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Figure 4 Non-isorhermal histogram of weight loss versus temperature at 20°C/min 
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Figure 5 Ektent nf conversion versus temperature at various heating races 
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data reported here. 

NOMENCLATURE 

frequency factor for bitumen decomposition 

frequency factor for kerogen decomposition 

activation energy for bitumen decomposition 

activation energy for kerogen decompositlon 

fraction of mass of decomposed kerogen that yields bitumen 
heating ra te  
kinetic constant for bitumen decomposition 

kinetic constant for kerogen decomposition 

A2 

E2 

kl 

k2 

f 
Hr 

R 
t 
T 

w1 

w2 

w l o  

w20 

wi 

W 

gas constant 
t ime 
temperature 
weight of bitumen 

weight of kerogen 

initial weight of bitumen 

initial weight of kerogen 

weight of inert material 

total weight of oil shale 
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EPR AND FTIR STUDY O F  METALS IN BITUh’lEN AND NUNERAL COMPONENTS OF 
CIRCLE CLIFFS. UTAH TAR SAND 

BY 

R. A .  Shepherd and W. R. M. Graham 
Department of Physics, Texas Christian University, P. 0. Box 32915, Fort  Worth, Texas 76129 

INTRODUCTION 

The presence of certain metals in oil extracted from t a r  sands can have undesirable cata- 
lytic effects on refining and combustion. The  cumulative effect of some of these metals on refining 
makes even t race amounts a ser ious problem. The technique of electron paramagnetic resonance 
(EPR) provides a sensitive means of detecting metal ions which exhibit the property of paramagne- 
t ism such as V4+, Mn2+ and Fe3+. 

spectrum which they attribute to the  paramagnetic vanadium ion V4+ in the form of the vanadyl ca- 
tion VO2+ bound in a porphyrin complex. Similar spectra  have been observed for  tar sand samples 
from the Athabasca deposit in Alberta, Canada (5, 6). Vanadium concentrations in various U. S. 
tar sands have been investigated by Branthaver and Dorrence (7) using optical colorimetry and UV 
spectroscopy. Using EPR on a tar sand sample from the P. R. Spring outcrop in Utah, Malhotra 
and Graham (8) have shown that no vanadium i s  present in the organic fraction in the V4+ state, but 
that there  i s  inorganically bound vanadium in the clay fraction. This i s  consistent with the findings 
of Branthaver and Dorrence (7). 

from Circle Cliffs, Utah which, like P. R. Spring, is a l so  one of the areas from which samples 
were taken for the Branthaver and Dorrence study (7). For Circle  Cliffs, they reported the organic 
fraction to contain some vanadium but none that was porphyrin-bound. 

Numerous authors (1-4) have applied the technique to petroleum and observed a n  EPR 

In the present study, the EPR technique has  been applied to a tar sand sample originating 

I 

PROCEDURE 

The tar sand sample (USBM-3851) was separated into various fractions by Soxhlet extrac- 
tion using the method described in (9). The whole tar sand was separated into an organic fraction 
(bitumen) and an inorganic fraction (mineral matter) using benzene. The  bitumen was further se- 
parated using heptane into a heavy end fraction (asphaltene) and a light end fraction (petrolene). 

sample tubes in a rectangular TE102 mode cavity of a 9 .1  GHz (Varian V-4500) spectrometer with 
100 kHz magnetic field modulation. 

Fourier transform 
lnfrared (FTIR) spectra  of this  fraction were obtained by grinding a small  sample of mineral with 
KBr in a 1:lOO ra t io  (by weight) using a Wig-L-Bug, pressing the mixture into a pellet and scanning 
with a Nicolet 5-DXE lTIR spectrometer. 

EPR measurements were  made by placing the various fractions into 3 mm O.D. quartz 

The mineral matter was dried in an  oven at 110°C for  several  hours. 

RESULTS AND DISCUSSION 

I 
The EPR spectrum of the asphaltene i s  shown in Figure 1. Aside from the strong free 

radical signal at ~ 2 . 0 0  common to all asphaltenes, the only other feature  is a powder pattern spec- 
trum characteristic of an ion with an electronic spin S=1/2 and a nuclear spin I=7/2, located a t  a 
s i te  with axial symmetry. The  spin Hamiltonian describing such a system is 

g,, and gL are the components of the g-factor parallel and perpendicular to the symmetry axis z and 
A and A are the corresponding components of the hyperfine splitting constant. The second o r d e r  
solution giving the line positions a r e  
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for  

T h e  line positions measured from the spectrum in Figure 1 were fitted to Equations 2 and 
3 and the values of the spin Hamiltonian determined. They a r e  listed in Table I along with EPR 
data on several  synthetic vanadyl porphyrins. A comparison indicates that the source of the EPR 
spectrum is vanadyl etioporphyrin. Etioporphyrin i s  one of the most common porphyrins found in 
tar sands, oil shale and petroleum (15). 

TABLE I 

MPERIMENTAL EPR PARAMETERS FOR VARIOUS VANADYL PORPHYRINS 

Circle  Cliffs asphaltene 
VO Etioporphyrin 
VO Porphin in triphenylene 
VO Nlesoporphyrin dimethyl es ter  
VO Octamethyltetrabenzoporphyrin 
VO Tetrabenzoporphyrin 
VO Tetrapyridylporphyrin 
VO Tetraphenylprophyrin 
VO Phthalocyanine 

1.962 (3) 
1 .9629 
1 . 9 6 4  
1 .947  
1 . 9 4 4  
1 .962  
1 . 9 6 1  
1 . 9 6 1  
1 . 9 6 6  

1 .986  (1) 
1 .9862 
1 .985  

1 .980  
1 .985  
1 .984  
1 .986  
1 .989  

1 . 9 8 8  

1 7 . 2 0  (8) 
1 7 . 1 3  
1 7 . 4  
1 5 . 8  
16.3 
1 5 . 0  
1 5 . 7  
1 6 . 0  
15.8 

6 . 0 8  (6) 
6 .01  
5 . 9  
5 . 4  
5 . 8  
5 . 0  
5 . 4  
5 . 7  
5 . 6  

Present work 
10 
11 
12 
11 
11 
11 
13 
11 

There are at least two possible explanations for  the detection by EPR of a vanadyl porphy- 
r in  in  Circle Cliffs tar  sand in the present study when i t  remained undetected in the ear l ie r  work 
(7). Firs t ,  the porphyrin content may be quite variable in  the Circle Cliffs deposit. Secondly, UV 
spectroscopy is not as intrinsically sensitive as the EPR technique. In a recent study, Shultz and 
Seiucky (6) have applied both methods to  samples of Athabasca t a r  sand and found that they could oh- 
se rve  the 410 nm Soret band characteristic of vanadyl porphyrins, in fractions in which high con- 
centrations of V4+ were detected by EPR; however, in fractions with low vanadyl porphyrln concen- 
trations (as  determined by the V4+ EPR signals), no optical absorption could be observed. 

was necessary to solldify the sample at -20°C. The EPR spectrum of the fraction also indicates the 
presence of vanadyl etioporphyrin. 

Figure 2 shows the EPR spectrum of the mineral matter a t  g r 2 . 0 .  Of interest are the 6 
intense, broad lines (labelled I) and the 6 intense, sharp lines (labelled n). The average hyperfine 
splitting of the two ser ies  is ='9.3 mT which is characteristic of Mn2+ (S=5/2, I=5/2) in the tetra- 
gonal symmetry of a carbonate lattice (16). The carbonates common to the minerals associated 
with tar sands a r e  calcite, dolomite, magnesite, aragonite and rhodochrosite. The last two can be 
eliminated from the l ist  of candidates since their spectra  do not show any hyperfine splitting. Of 
the three remaining possibilities, an FTIR analysis of the mineral mat ter  shows dolomite to be the 
most likely. 

for  comparison. As can be seen, the characteristic broad line at 1441 cm-l  and the two sharp 
lines at 880 and 729 cm-' indicate that dolomite is one of the components of the mineral matter. 
Absent, however, a r e  the characteristic lines of calcite a t  1429, 876 and 710 cm-l and of magnesite 
at 1449, 885 and 746 cm-l (17). 

In o rde r  to  obtain a powder pattern spectrum of the petrolene which i s  a viscous fluid, it 

Figure 3 shows the FTIR spectrum of the mineral fraction and the spectrum of dolomite 

The appropriate spin Hamiltonian for  Mn2+ at a tetragonal s i te  in carbonates is  

H = @H.S+DISZ-S(S+l)]+AS 4) 

where D is the ze ro  field splitting constant. Since there  is  significant disagreement in the litera- 
ture  between the values of g, A and D reported for single crystal  dolomite (18, 19) and those 
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obtained for  polycrystalline samples (20), we have derived a revised set of EPR parameters  for  a 
sample of dolomlte for comparison with the tar sand mineral fraction spectrum. 

Mountain Range in Oklahoma was recorded and i s  shown in Figure 4a. The observed spectrum is 
actually a superposition of two spectra due to Mn2+ occupying two inequivalent s i tes  in the 
lV~gCa(COg)2 crystal lattice. The six more intense lines labelled "Mg" in Figure 4a, a r e  the al- 
lowed (-0) transition lines for Mn2+ substituted a t  Nig s i tes  and the s ix  less  intense lines labelled 
Wa", are the allowed lines for lvln2+ at Ca s i tes  (18-20). 

using a third order solution of the spin Hamiltonian derived by De Wijn and Van Ealderen (21) for 
line positions and an equation derived by Allen (22) for the line intensities. As  can be seen by com- 
parison with Figure 4a, agreement with the observed spectrum is very good with line positions re- 
produced to  wlthin & 0.07 mT. The values thus obtained for  the EPR parameters  are given in 
Table 11. 

The powder pattern spectrum of a polycrystalline dolomite sample from the Arbuckle 

The computer simulation shown in Figure 4b was calculated for  the allowed transitions 

TABLE IJ 

EPR PARAMETERS FOR hN2+ IN VARIOUS CARBONATES AND IN THE 
NUNERAL FRACTION OF CIRCLE CLIFFS TAR SAND 

Reference Sample - g A (mT1 4@?n 

binera l  Matter I 2.003+.001 -9.262.01 14.82.3 Present  work 
Nlineral Nlatter I1 2.003&.001 -9.482.01 --- Present  work 
Dolomite Mg si te  2.0028~.0001 -9.272.01 14.605.05 Present  work 
Dolomite Ca s i te  2.0028~.0001 -9.482.01 --- Present  work 
Calcite 2.0022. 001 -9.552.05 8.02.1 (24) 
Magnesite 2.0018+.0006 -9.222.01 9.02.1 (20) 

The spectrum of the mineral mat ter  fractlon of the tar sand sample (Figure 2) is  compli- 
cated by severe broadening and overlap; however, values of the magnetic parameters  g ,  and A ,  
have been obtained by fitting the peak line positions to the third o rde r  solution (21). D w a s  obtained 
using the equation by Bleaney and Rubins (23) 

where 

2 x = 2D /@H 
y = 8 (1-9m/@H) 

and 

z = l+Am/gpH 

which gives the splitting dh, between the main allowed transition l ines  and their corresponding 
"anomalous" lines in the powder pattern. The value of D for Mn2+ at an  ivig-site i s  such that only 
two anomalous lines can be observed (labelled "A" in Flgure 4a); in the case of the mineral mat ter ,  
because of severe broadening and overlapping, only one line is resolved (labelled "A" in Figure 2). 

The values of the EPR parameters derived from the mineral matter spectrum are given in 
Table I1 together with resul ts  for magnesite, calcite and dolomite for  comparison. It is obvious 
from the data that the spectrum can only be that of Mn2+ in dolomite with the lines designated as I 
and 11 corresponding to  substitutions a t  Mg and Ca s i tes ,  respectively. 

This is characteristic of Fe3+ which in this case is probably located at a s i te  in clay. 
Another f e a h r e  in the mineral matter spectrum i s  a line at g=4.2, shown in Figure 5. 

CONCLUSIONS 

The results of this study suggest that EPR, supplemented by ETIR, is  a particularly sen- 
sitive technique In the identification and characterhation of paramagnetic metal ions in the com- 
plex mixture of organic and mineral matter comprising tar sands. A s  demonstrated in the present 
work. EPR has the additional advantage of permitting a determination of the s i te  of metals, either 
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Figure 1. EPR spectrum of Circle Cliffs 
tar sand asphaltene. 
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F i g u r e  2 .  E P R  s p e c t r u m  of C i r c l e  C l i f f s  t a r  
s a n d  m i n e r a l  matter a t  92.2. 

15so.o iio0.0 12so.o 1ioo.o e5o.00 ebo.oo 650.00 
UFIVENUMBERE (CM- 1 I 

F i g u r e  3 .  FTIR s p e c t r u m  o f  ( a )  Circle C l i f f s  
t a r  s a n d  m i n e r a l  mat ter  ( b )  d o l o m i t e .  
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Figure 4. ( a )  EPR spectrum of polycrystalline 
dolomite. ( b )  simulation of (a). 
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Figure 5. EPR spectrum of Circle Cliffs tar 
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occurring in minerals or bound in organic complexes. This may be particularly useful when the 
mineral  phase and bitumen are not readily separable and their interactions have consequences for 
recovery processes (9). 
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INTRODUCTION 

and 

There a r e  many different experimental techniques for  studying the pyrolysis kinetics of oil 
shale. The differential thermal analysis (DTA) method is based on the change in the quantity of heat 
absorbed and the thermogravimetric (TGA) method, on the loss of the sample weight accompanying 
the heating of oil shale sample (1, 2). However, by using these methods, when kerogen is pyro- 
lyzed by heating, the mineral matter contained in oil shale will also be decomposed, with heat li- 
beration and weight loss, which affects the kinetic parameter study. The main purpose of the oil 
shale retorting is to produce shale oil and hydrocarbon gases,  so  it is necessary to study the hy- 
drocarbon forming pyrolysis of oil shale. Some researchers designed special apparatus for this 
purpose (3). 

pyrolysis kinetics. In general, this apparatus has been designed and used only for evaluation of 
source rocks, not for kinetic studies. 

I n  this paper, "Rock Eval. ' I  pyrolysis apparatus i s  used for studying hydrocarbon forming 

EXPERIMENTAL 

The apparatus used is called "Rock-Eval", Type I, designed by I. F. P. and manufactured 
by Gridal Corp. , in France. I t  i s  shown schematically in l i terature (4). A 100-mg sample with 
the size of less than 80 mesh i s  heated with constant rate to about 550°C. During heating, inert gas 
is  passed through the sample layer in order to car ry  out the gaseous product evolved. The hydro- 
carbons already present in  the sample in a free o r  adsorbed state are f i rs t  volatilized a t  a moderate 
temperature. The amount of these hydrocarbons (S1) is measured by a flame ionization detector 
(FID) which eliminates the interference of mineral matter decomposition. Then, pyrolysis of kero- 
gen results in generating hydrocarbons and hydrocarbon-like compounds ( S 2 )  and oxygen-containing 
volatiles, i. e. , carbon dioxide ( S Q )  and water. The volatile compounds generated a r e  split into 
two streams passing respectively through a FID (detector) measuring S2 and a thermal conductivity 
detector measuring S3. An adequate temperature program allows a good separation of SI and S2 
peaks on the FID detector. In this paper, we a r e  interested in the amount of the hydrocarbons (s2) 
generated. 

stant heating rate is  5°C per minute. 

Fushun oil shale with lean kerogen content; Maoming Jin Tang oil shale; and Maoming Yang Jiao oil 
shale. 

The experimental conditions used in this study are as follows: ca r r i e r  gas is  helium; con- 

Four Chinese oil shale samples are used: Fushun oil shale with rich kerogen content; 

RESULTS 

Evaluation data of the samples are shown in Table I. 

a rea  indicating the sum of the amounts of pyrolysis hydrocarbon obtained from the beginning of the 
experiment to certain definite t ime, (or temperature); S, means the total amount of the integrated 
area,  indicating the total amount of the hydrocarbon obtained in the whole run; and xi% = s./s indi- 
cates the percentage of the hydrocarbon obtained from the beginning to the t ime ti sec. (o:T<C). 

The data obtained a r e  treated by using the kinetic equation of overall first order reaction, 

Kinetic data a r e  shown in Tables II-V. In these tables, Si means the sum of the integrated 
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( 1 -x) & = Ae-E/RT 
dt 

TABLE I 

EVALUATION DATA O F  FUSHUN AND MAOMING OIL SHALE 

Organic Adsorbed Pyrolysis 
Oil Shale Carbon Hydrocarbon Hydrocarbon 

COT s1 s2 
wt% mg/gm m d g m  

Fushun (rich) 18.92 1.98 204.71 
Fushun (lean) 9.28 0.82 87.67 
Maoming Jin Tang 20.15 1.35 158.09 
Maoming Yang Jiao 22.29 2.14 135.24 

TABLE I1 

PYROLYSIS DATA OF FUSHUN RICH OIL SHALE 

. .  
COP Content 

mg/gm 

0.71 
0.39 
2 .11  
5.49 

Time Temp. 
sec.  "C 

480 287 
600 298 
720 308 
840 319 
960 330 

1080 340 
1200 351 
1320 361 
1440 372 
1560 383 
1680 393 
1800 404 
1920 414 
2040 425 
2160 436 
2280 446 
2400 457 

-- 2 
52 

110 
171 
247 
343 
506 
792 

1324 
2342 
4359 
8981 

16364 
25089 
31519 
33601 
33964 
34102 

Sa 34341 

;i 

0.15 
0.32 
0.50 
0.72 
1.00 
1.47 
2.31 
3.86 
6.82 

12.69 
26.15 
47.65 
73.06 
91.38 
97.85 
98.90 
99.30 

100.00 

- 

For constant heating ra te ,  i. e. , dt=dT/C, Equation 1 can be rewritten in logarithmic 
form: 

dx A E l  
C 2.303R ' T 

log [(l-X)dTl= log - - - - 

where C: heating rate,  O.O833"C/sec. in this work; 
R: 1.987 cal/mol K;  
E: apparent activation energy, cal/mol; 
A: apparent frequency factor,  l/sec; 
x: 
T: pyrolysis temperature, K. 

percentage of hydrocarbon formed from beginning to a certain temp. 

By assuming dx/AT = dx/dT, from the data given in Tables 11-V, a ser ies  of different sets 
of 1/Ti and 

at  different T. is calculated. From these values, an interative regression analysis allows the 
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calculation of the slope -E/2.303R and intercept log A/C of Equation 2. Then E and A can be ob- 
tained, which a r e  given in Table VI. 

TABLE III 

PYROLYSIS DATA O F  FUSHUN LEAN OIL SHALE 

Time 
sec. 

540 
660 
180 
900 

1020 
1140 
1260 
1380 
1500 
1620 
1740 
1860 
1980 
2100 
2220 
2340 
2460 

- 
Temp. 
“c 

300 
310 
320 
330 
340 
350 
360 
310 
380 
390 
400 
410 
420 
430 
440 
450 
460 

X. S. 2 L  
66 0.29 

135 0.59 
214 0.94 
341 1 .34  
418 1.84 
582 2.56 
838 3.69 

1259 5.54 
2025 8.91 
3500 15.40 
5648 24.90 
9117 40.10 

14100 62.10 
18970 83.50 
20954 92.20 
22298 98.10 
22510 99.10 

Sa 22723 100.00 

TABLE IV 

PYROLYSIS DATA O F  MAOMING JIN TANG OIL SHALE 

Time 
sec. 

420 
540 
660 
180 
900 

1020 
1140 
1260 
1380 
1500 
1620 
1140 
1860 
1980 
2100 
2220 
2340 
2460 

Temp. 
“c 

282 
292 
302 
312 
322 
332 
342 
352 
362 
312 
382 
392 
402 
412 
422 
432 
442 
452 

si 

588 
617 
790 
952 

1195 
1595 
2226 
3249 
5000 
8003 

12964 
20400 
30340 
40052 
48561 
52246 
53711 
54357 

Sm 55018 

xi z 
1.07 
1 .23  
1.43 
1.73 
2.17 
2.89 
4.04 
5.90 
9.08 

14.53 
23.53 
31.04 
55.09 
12.72 
88.11 
94.86 
91.53 
98.69 

100.0 

The reaction ra te  constant k at a definite temperature may be calculated by using Equation 
3: 

The time required for pyrolysis at constant pyrolysis temperature can be calculated by 
using Equation 4: 
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1 t = y In (1-x) 

Both results a r e  shown in Table VII. 

TABLE V 

PYROLYSIS DATA O F  MAOMING YANG JIAO OIL SHALE 

Time 
sec. 

480 

720 
840 
960 
1080 
1200 
1320 
1440 
1560 
1680 
1800 
1920 
2042 
2160 
2280 
2400 

Goo 

Temp. 
"C si 

119 
303 
538 
928 
1388 
2201 
3186 
4761 
6678 
9178 
13125 
17031 
19757 
21275 
21840 
22136 
22310 

Sa 22653 

TABLE VI 

- 
0.53 
1.34 
2.37 
4.10 
6.10 
9.72 
14.06 
21.02 
29.45 
40.52 
57.94 
75.18 
87.22 
93.92 
96.41 
97.18 
98.48 
100.0 

APPARENT ACTNATION ENERGY AND APPARENT FREQUENCY FACTOR 

Apparent Apparent 
% of H. C. Activation Frequency Correlation 
produced Energy Factor Factor 

X E A r 
Oil Shale J Kcal/mol l / sec  

Fushun (rich) 0.7-97.9 55.72 3.21xlO l5 0.989 

12 

9 

7 

Fushun (lean) 1.2-90.6 47.63 3.98~10 0.988 

0.990 Maoming Jin Tang 1-93 38.76 9.35~10 

0.993 Maoming Yang Jiao 0.5-94 31.20 4.67~10 

CONCLUSIONS 

I t  is feasible to use the Rock Eva1 apparatus for studying hydrocarbon-forming kinetics of 
oil shales. Four Chinese oil shale samples a r e  used. Under experimental conditions, the main 
stage of hydrocarbon formation during pyrolysis may be treated a s  an overall f i rs t  o rder  kinetic 
model. The experimental data are well fitted with the kinetic equations obtained with calculated 
apparent activation energy and frequency factor. The time required for pyrolysis under constant 
temperature a r e  also calculated. These results may be used for the design of the pyrolysis retort ,  
especially for fine particles of oil shales. 

146 



TABLE VII 

REACTION CONSTANT AND PYROLYSIS TIME REQUIRED A T  CONSTANT TEMPERATURE 

Oil Shale 

&shun (rich) 

Fushun (lean) 

Maoming Jin Tang 

Maoming Yan Jiao 

Pyrolysis 
Temp. 

T 
"C 

400 
425 
450 
400 
425 
450 
400 
425 
450 
400 
425 
450 

Reaction 
Rate Constant 

K 
l/sec. 

0.00257 
0.0114 
0.0459 
0.00135 
0.00485 
0.0159 
0.0024 
0.0068 
0.0171 
0.00344 
0.00794 
0.017 

Pyrolysis T ime  Pyrolysis Time 
required for required for 

x=95% x=98% 
sec . sec. 

1165 1522 
262 343 

65 85 
2218 2898 

617 807 
188 246 

1247 1630 
440 67 5 
167 218 
870 1137 
377 492 
176 230 
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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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INTRODUCTION 

Current processes for the production of organics from oil shale a r e  all variations of high- 
temperature pyrolysis. All such processes a r e  subject to similar problems: handling solids is 
more difficult than handling liquids; much of the carbon i s  unrecoverable owing to the nature of or- 
ganic pyrolysis; and the product is primarily a synthetic petroleum that must be further refined be- 
fore it can be used as a fuel. The use of a molten-salt medium at  lower temperatures may ameli- 
orate  these problem areas. 

An ear l ier  survey study to identify suitable salts for solvents gave no promising candidate 
systems (1). Processing in a tetrachloroaluminate melt a t  320°C gave a variety of products soluble 
in organic solvents (2). but this temperature is still relatively high and carbon conversion was ap- 
parently limited by hydrogen disproportionation. Aqueous alkali has been shown to decompose coal 
to lower molecular weight products at somewhat lower temperatures (3). 

The preliminary studies herein described have identified a candidate molten salt, a mix- 
ture  of lithium, sodium and potassium hydroxides and some of its processing characteristics have 
been identified. 
show that processing at  200-225'C in the presence of oxygen and water gives an organic product 
consisting of a hydrocarbon fraction in the gasoline-diesel fuel range and an acid fraction that may 
be useful for plastics o r  resin manufacture. Very little further refining appears to be necessary 
for these products. A potential problem is the dissolution of silica and other mineral matter in the 
molten salt. 

Preliminary results on the effects of temperature, time and presence of oxygen 

METHOD 

A combustion furnace was set up to allow the shale to be heated in a controlled atmosphere 
(Figure 1). A glass liner for the furnace was fitted to a flowmeter and tanks of the gases to be 
used. A glass U-tube was used to collect the product fraction condensible in a dry-ice-methanol 
slush. Gases were not collected, but they appear to have been a minor product. Noncondensible 
gases would have been CO, C02, methane, ethylene and acetylene. Shale and hydroxide mix 
1 NaOH: 1 KOH: 0.5 LiOH) were measured into a nickel liner in a stainless steel boat and inserted 
into the furnace for various times, which were measured from the insertion of the boat to i t s  re- 
moval. Duplicates were performed for most runs. The melting point of the hydroxide mix alone 
was 147-151°C. 

All of the solids to be processed were ground into relatively small particles. In particu- 
lar, the oil shale was ground in a ball mill and sieved to give fractions of less than 495 microns 
particle diameter. Grinding was necessary only for reproducibility, however. Chunks of shale up 
to  a few centimeters diameter were easily dissolved in liquid hydroxide. 

This apparatus has some heat and mass transfer limitations. Some dependence of apparent 
reaction rate on sample s ize  was observed, with 200- and 500-mg samples of shale giving different 
results than I-g samples when processed with hydroxide in a 1:5 shalehydroxide ratio. A 2-g sam- 
ple gave a similar result to the I-g sample. This same effect was observed in pyrolysis of shale 
without hydroxide. In addition, condensate collected from the hydroxide mixture heated alone at 
200°C for  30 min was independent of hydroxide mass,  giving essentially the same amount of conden- 
sate  for 1, 2.5, 5 and 10 g of hydroxide. The rate  of absorbed water loss by.the hydroxide mix- 
ture under these conditions is evidently more of a function of the surface area of the melt than of the 
quantity of hydroxide present. 

A 1-g Portion of shale was heated with 10 g of hydroxide for 30 min, to determine the ef- 
fect of a change in the shale-to-hydroxide ratio. No change was observed from the results for the 
1:5 ratio. 

Products were contained both in the condensate and in the shale-hydroxide melt, which 
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upon cooling formed a brick. Separation of the solid products consisted of 
1. dissolving the brick in distilled water, 
2. filtration of solids, 
3. extraction of the filtrate with diethyl ether, 
4. acidification of the aqueous fraction with HC1, 
5. removal of precipitates by filtration, 
6. extraction of acidified filtrate with ether. 
The filtrate was then evaporated, a s  were the ether extracts, and the residues retained. 

The organic products were recovered mainly in the ether extracts, but the evaporated salt from the 
acidified filtrate also appeared to contain acids. This method must  be considered semi-quantita- 
tive, as not all the variables are well known. For example, one of the precipitates that forms 

, upon acidification is apparently a carbonate; at some low pH, it decomposes to C02 gas and soluble 
1. species. The decomposition point seems to vary from one se t  of processing conditions to another. 

Thus, comparable quantities and compositions of these precipitates could not be obtained. 
Analysis of the separated organic components was by NMR and GC-MS. Spot tests (4) were 

attempted for sulfur and other inorganic components in the aqueous solution from the processed 
brick, but results were not interpretable, probably because of the presence of organic complexants. 

b 

RESULTS AND DISCUSSION 

Effect of Process on Different Materials 

0.5 LiOH mix at 200°C. The oil shales were Green River, Cleveland (Kentucky), Gassaway, 
Huron and Dowelltown. Fruitland subbituminous coal, wood sawdust and Santa Rosa ta r  sand were 
also treated. Samples of each of these materials were also heated without hydroxide. Processing 
with hydroxide doubled the condensate yield from the coal and tripled the yield from the sawdust. 
In addition, the sawdust was converted almost completely to water-soluble products. The effect of 
the hydroxide on the tar sand appeared to be negligible, both in hydroxide yield and in organics con- 
tained in the melt. 

The shales all gave markedly increased yields of condensate when processed with hydrox- 
ide at  200°C for 60 min. The amounts of condensate from shale only and the shale-hydroxide mix 
a r e  given in Table I. Only qualitative observations have been made of the products contained in the 
melt. Filtrates from Green River and Cleveland shales are a light yellow. The filtrates from the 
other Eastern shales are much darker, suggesting increased amounts of aromatic acids, particu- 
larly phenols and possibly some complexing of metals liberated from the inorganic fraction. The 
filtrates from all of the shales but Dowelltown and Green River have strong, petroleum-like odors, 
while the shales before processing have little odor. 

Several types of oil shale and other materials were processed with the 1 NaOH: 1 KOH: 

TABLE I 

CONDENSIBLES FROM OIL SHALE PROCESSING 
p g / g  Shale) 

Shale Type Shale Alone Shale and Hydroxide 

Green River 22.0 
Cleveland 18.7 

16.7 
Gassaway 14.2 
Huron 17.8 
Dowelltown 15.7 

94.2 
101.3 
103.6 
101.2 
114.2 
103.0 

Upon acidification, the filtrates give off a gas that has an H2S odor and blackens lead ace- 
tate paper. This suggests that the sulfur in the shales is being retained in the melt in a water-solu- 
ble form. standard spot tests (4) for sulfur in  the filtrates were inconclusive, however. 

cular weights up to about 200. These include relatively unbranched alkanes and alkenes, cycloal- 
kanes and possibly aromatics. Proton and 13C NMR of the ether extract from the basic solution 
shows a similar group of compounds, presumably of higher molecular weight, since they were not 
distilled from the melt. The NMR spectrum is  clean enough to suggest that the molecular weights 
a r e  probably not extremely high, or  that the molecular structure is relatively regular. NMR ana- 
lysis of the ether extract from the acid solution shows acids, some of which may have complex 
structures involving bridged rings. No other heteroatom-contalning functional groups were ob- 
served. 

GC-MS analysis of the condensate from Green River shale shows hydrocarbons with m o l e  
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The coal filtrate precipitated a black organic solid upon acidification. This solid gave a 
proton NMR spectrum with a broad absorption in the aromatic region, suggesting that the com- 
pounds are highly aromatic and of high molecular weight, similar to humic acids. 

Although both GC-MS and NNlR a r e  fairly reliable, stand-alone methods of analysis, these 
identifications must be regarded as preliminary until they a r e  confirmed by at  least one other me- 
thod, such 88 IR spectroscopy. 

Processing Conditions 
To ascertain the ranges of atmospheric composition and processing temperature, Green 

River shale was used. Samples consisting of 1 g shale and 5 g hydroxide mix, shale only and hy- 
&.oxide only W ~ T P  heated to temperatures of 200, 225 and 25OoC in an atmosphere of 95% A r  and 5% 
O2 at  a flow of 500 cm3/min for times up to 2 h. The results plotted in Figure 2 represent the net 
amount of condensate obtained from the shale after correcting for the condensate from a hydroxide 
blank. An  increase in temperature from 200 t o  225°C resulted in an increase in the reaction pro- 
ducts from the shale-hydroxide mixture, although the temperature effect is small after 2 hours. 
At 250°C, condensate weights from the shale-hydroxide mixture were erratic because of foaming 
and swelling of the samples during heating. The pyrolysis ra te  of the shale alone also increases 
with heating, but not as rapidly. 

taken as indicative of trends, rather than absolute. The e r r o r  is not well known, but it seems 
likely to be 210%. 

Yields of the hydrocarbons and acids extracted from the melt also increased with time. 
However, the yields of the acids appear to be higher for processing at 200°C than at 225°C. Dis- 
solved mineral matter, In the form of the inorganic precipitates that form upon acidification, is 
much higher for processing a t  225°C t h n  at 200°C. These results are semiquantitative only. 

Heating of a 1:5 sha1e:hydroxide sample in A r  alone yielded only 63% of the amount of con- 
densate obtained when the atmosphere contained 5% 02. An unusually dry batch of hydroxide mix 
has much less effect on the reaction of the shale than a wetter batch. Portions of the dry hydroxide 
were exposed to the laboratory atmosphere for times of one and two hours to absorb moisture, af- 
ter which they were used in processing Green River shale. Although the blank values varied with 
exposure time, the Condensate yields from the shale processed with the wetter hydroxide agreed 
well with previous values. The reaction, therefore, appears to involve an oxidative attack on the 
kerogen structure, with water required for the reaction. 

Yields of hydrocarbon in the condensate could not be directly measured. The condensate 
contains significant amounts of water, which cannot be estimated because of uncertainties in the 
amounts of water liberated from the oil shale minerals and from the hydroxide by additional bub- 
bling caused by decomposition of the kerogen into gaseous products. However, a minimum value 
for  the yield of organic products can be estimated from the amounts of organics extracted from the 
melt. A typical value for hydrocarbons extracted from the melt is 15 mg/g shale and for  acids, 10 
mg/g shale. The total converts to 8 gallons/ton shale, for an assumed density of the organics of 
0.72. The shale used in these experiments has a Fischer Assay of 25 gallons/ton shale. The real 
yield, including the condensible hydrocarbons and the acids left in the filtrate, must be larger than 
8 gallons/ton and is rnade up of compounds having a relatively high H:C ratio in the case of Green 
River shale. 

Because of the heat and mass transfer properties of the apparatus, these data must be 

CONCLUSIONS 

Green River oil shale can be processed in a volten NaOH-KOH-LiOH mix in the presence 
of oxygen and water at temperatures near 200°C to given hydrocarbon and acid products. There ap- 
pears  to be no reason that the process should not work for Eastern oil shales, coal, wood waste and 
other materials, although it i s  ineffective for t a r  sands. A mechanism consistent with the observa- 
tions would be oxidative attack on kerogen to form carboxylic acid sal ts ,  followed by decarboxyla- 
tion of the salts to hydrocarbons. However, more work is necessary to prove this mechanism. 
Dissolution of mineral matter appears t o  be strongly temperature dependent. Nitrogen and sulfur 
appear to be absent from the products. 
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INTRODUCTION 

The application of high gradient magnetic separation (HGMS) to shale oil has been shown by 
the authors (1) to be an effective method for the removal of solid particles from these hydrocarbon 
streams. Typical ash removal results indicated that the solids concentration was reduced by 90- 
100% in several different types of shale oils and that temperature effects can be significant. Simi- 
lar studies (2-5) of coal and other synthetic fuels have demonstrated the usefulness of this technique 
in removing inorganic particulates, such as iron sulfides and pyrite, from liquid hydrocarbon 
streams. The application of magnetic separation methods to coal-derived liquids has been promp- 
ted by the large concentrations of iron-containing compounds present in coal ash. By comparison, 
the mineral matter composition of most oil shales is  not as rich in iron. However, the iron com- 
position appears to be fairly evenly distributed enabling even very small  solid particles to be effi- 
ciently separated from shale oil streams. 

The separation of solids from shale oil is  believed to substantially simplify shale oil pro- 
cessing and upgrading technologies through the reduction of concomitant plugging, stability and pol- 
lution problems. An earlier paper by the authors (1) discussed the major features of the magnetic 
separation procedure and presented preliminary solids characterization data. The purpose of this 
study was to further define the nature of the separated solids and apply these results not only to the 
development of improved shale oil processing methods, but also to a better fundamental understand- 
ing of other organic/mineral matter systems. 

In contrast to other magnetic separation techniques, HGMS is capable of separating weakly 
paramagnetic particles in addition to the ferromagnetic components from a bulk fluid, such as the 
hydrocarbon streams derived from oil shale. Magnetic separation is a physical separation process 
based on the interaction of four types of competing forces: tractive magnetic, gravitational, hy- 
drodynamic and interparticle. Therefore, the quantity and quality of the separation depend both on 
the nature of the feed and the variable HGMS operating parameters,  such as velocity, temperature, 
magnetic field strength, etc. Important properties of the feed to be considered include particle 
radius, kinematic viscosity, fluid density and the magnetic susceptibility of the particle and fluid. 
These latter parameters are particularly relevant to this solids characterization study. (The ef- 
fects of HGMS process variables were discussed in (1)). 

surrounded by a solenoid magnet. This type of separator is frequently referred to as an induced 
pole device, because the magnet acts upon the matrix to produce strong inhomogeneous magnetic 
fields which in turn generate high field gradients a t  the edges of the matrix filaments. These high 
field gradients then attract  magnetic particles to the filaments, thereby trapping and separating 
them. Both the solids-free fluid and the trapped particles are recoverable. 

ray diffraction, X-ray fluorescence and thermomagnetic measurements. Similar studies of coal 
liquefaction mineral particulates (5) and coal filter cake solids ( 6 )  have been published. At the 
completion of this work, a brief report (7) describing the removal of mineral particles from shale 
oil by magnetic separation became available. Their proposed method (7) consists of heating the oil 
shale feed to a t  least  the magnetic transformation temperature of the majority of the solids and then 
applying a magnetic field to the retorted shale oil in order  to separate the solids from the hydro- 
carbon stream. Their magnetization measurements were of Green River oil shale (7). whereas 
this study i s  the f i rs t  to report  on the physicochemical properties of the magnetically separated 
shale oil solids. Certain fundamental characteristics of the separation of solids from shale oil 
have been obtained from single wire HGMS experiments investigating the buildup process itself (8). 
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The typical HGMS apparatus consists of a canister filled with a ferromagnetic matrix and 

The shale oil solids were characterized using several analytical techniques, including X- 



Takayasu e t  al. (8) also presented preliminary magnetization data of the solids separated in those 
experiments. 

EXPERIMENTAL 

The HGMS apparatus and the shale oil feed samples have been described previously (1) and 
only a brief summary will be given here. Samples of shale oil effluent were treated using a pilot- 
sca le  commercial HGMS system. The canister volume was filled with a stainless steel wool matrix 
(Type 430) to which magnetic fields a s l a rge  a s  2T (20 kOe) were applied. The HGMS unit was 
equipped with various flow, temperature and pressure controllers such that fluctuations in the ex- 
perimental conditions were small. Typical process variable conditions were as follows: flow rate, 
10-700 ml/min; temperature, 50-25O'C; pressure ,  0.17 MPa. Trapped solid particles were re- 
moved from the matrix material a t  the completion of the separation cycle using a fixed toluene 
back-flush flow with the magnetic field turned off.. 

Three different types of shale oils were studied representing a range of mineral matter 
composition, organic carbon content and retorting conditions: Paraho, Addington and Moroccan. 
These oils were obtained from Western U. S., Eastern U. S. and Moroccan oil shales, respec- 
tively (1). The initial ash contents of these shale oils were  found to vary from 130 to 9500 ppm. 
As mentioned earlier,  the ash  removal efficiencies were generally very good, as high as 100% for 
the Addington sample (see Table I ,  Reference 1). 

TABLE I 

BULK MINERALOGY OF SHALE OIL SOLIDS 

FeO(0H) 
wt %) Feldspar Amorphousa Shale Oil Clay ( 

Si02 

Paraho 6 3 trace trace 90 

2 42 
Moroccan 4 2 14 t race  80 
Addingtonb 40 16 -- 
a.  Mostly iron sulfide. 
b. Pyrrhotite ( Fel-xS) was identified in this sample. 

The  bulk mineralogy and elemental composition of the solids were determined using X-ray 
diffraction and X-ray fluorescence, respectively. Magnetic measurements were based on the 
Faraday technique using Sucksmith type pole pieces (9). Low temperature data were obtained using 
a 12-inch electromagnet from Pacific Electric Motor Company (type 12A-HI-A). The high tempera- 
ture magnetic measurements involved a Varian Model V-400T electromagnet and a Cahn electroha- 
lance. 

CHARACTERIZATION OF SHALE OIL SOLIDS 

X-Ray and Elemental Analysis 
The Western (Green River Formation) oil shale, Paraho, contains relatively large concen- 

trations of carbonate and silicate minerals in its natural state prior to retorting. The Moroccan oil 
shale has a similar bulk mineralogy, but in contrast to these oil shales, the Addington sample is 
predominantly composed of silicate minerals. These mineral compositions can he compared with 
the bulk mineralogy of the various separated solids summarized in Table I. The major minerals 
identified in the solids were clay, quartz,  FeO(0H) and iron sulfide. Not surprisingly, the silicate- 
based Addington oil shale generated shale oil solids containing relatively large concentrations of 
clay and Si02. Since these minerals are not inherently magnetic, the data suggest a uniform dis- 
tribution of iron sulfide and ferrimagnetic pyrrhotite (mass magnetic susceptibility N O .  125 emu/g) 
among the mineral solids and a close chemical/physical association between silicate minerals and 
iron-containing compounds, such as iron sulfide and pyrrhotite. 

Relatively larger concentrations of amorphous material ,  mostly iron sulfides, were iden- 
tified in the Paraho and Moroccan solids than the Addington solids. These results are consistent 
with the elemental composition data which indicate a substantially smaller Fe content for the 
Addington solids (see Table 11). Although 100% ash removal was obtained from the Addington shale 
oil ,  the separated solids a r e  relatively deficient in iron-containing compounds. Thus, factors in 
addition to magnetic susceptibility (e. g. , average particle diameter) need to be considered in the 
separation of shale oil solids using HGMS (1). The major elemental constituent of the Addington 
solids was Si, further suggesting the possibility of an iron-silicon association. In addition, these 
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solids had a relatively larger concentration of elemental A l ,  K and Ti. The magnetic susceptibili- 
t ies of such compounds are not insignificant, although substantially less  than that of most Fe-con- 
taining compounds. 

The organic C ,  H, 0 ,  N and S concentrations in the original shale oil feed compared to the 
separated solids were determined by conventional elemental analysis. These results (see Table In) 
indicate that the relative heteroatom concentration in the organic matter separated along with the 
solid particles is significantly enhanced. The reported increases in the O/C, N/C and S/C ratios 
are not due solely to a mechanical filtration procedure, but rather demonstrate the added usefulness 
of the HGMS n.ethod (Mechanical filtration involved passing a 1:200 shale oil : hexane mixture 
through a 0.125 micron filter). Thus, in addition to removing solid particles from shale oil 
s t reams,  the overall quality'of the resulting oil may also be improved. 

TABLE I1 

ELEMENTAL COIVIPOSITION O F  SHALE OIL SOLIDS 

Element 
l!m?L 

Ash 
A 1  
ca 
c r  
Fe 
K 
Mn 
P 
S 
Si 
T i  

Others 

Element/ 
Atomic Ratio 

Ash (wt %) 

H (wt %) 

N (wt%) 

c (&%) 

0 (Wt %) 

s (Wt %) 

o/c (X100) 

s/c (XlOO) 

H/C 

N/C (x100) 

Paraho ivioroccan Addington 

41 .4  50 .6  6 0 . 1  
0 . 7  0 . 6  1 . 3  
4 . 6  0 . 6  0 . 6  

<o. 1 1 . 1  <o. 1 
11 .4  22 .2  4 . 5  

1 . 5  0 . 6  3 . 3  
0 . 2  0 . 2  0 . 1  
0 . 8  0 . 6  0 . 4  

10 .2  7 . 8  3 . 1  
4 . 5  1 . 8  7 . 5  
0 . 7  0 .5  0 . 8  

A s ,  Cu, ivig, Zn A s ,  Cu, "g, Ni, Zn As ,  Cu, ivig, Ni, Zn 

TABLE 111 \ 

ELEmENTAL ANALYSIS O F  ORIGINAL SHALE OIL AND 
IVLAGNETICA LLY SEPARATED SHALE OIL SOLIDS 

Paraho Moroccan A ddington -- Original Solids Original Solids Original Solids 

0.039 41.4 (-----) 0.013 50 .6  0 .95  60 .1  
83 .4  29 .4  (61.8) 79 .5  25.7 - 30.1 
11.1 3 . 3  ( 6.6)  9 . 6  2 . 3  - 2 . 1  
2 . 2  17 .4  (-----) 2 . 2  1 2 . 3  - 5 . 0  
2 . 1  3 .7  ( 3.6)  1 . 3  2 . 6  - 1 . 4  
0 .88  5 .7  ( 5.1) 7 . 7  6 . 6  - 2 . 3  

1 .59  1 .33  ( 1.27) 1 . 4 4  1 .07  - 0 .83  
2 . 0  4 4 (------) 2 . 1  36 - 12 
2 . 2  11 ( 5.0)  1 . 4  8. 7 - 4 . 0  
0 . 4  7 . 3  ( 3.1)  3 . 6  9 . 6  - 2 . 9  

( ) Solids obtained using 0.125 micron filter. 

Thermomagnetic Studies 
The thermomagnetic behavior of the shale oil solids was studied in the temperature range 

4 . 2  to lOOOK and in applied fields, H, up to 20 kOe. The accuracy of the experimental results are 
estimated to  be approximately 5%. A typical experimental data plot of pulling force versus tem- 
perature i s  shown in Figure 1 for the Paraho solids at H=O and 5 kOe. The pulling force at H=5 
kOe was found to decrease with increasing temperature reflecting mainly thermal decomposition 
processes of organic matter and carbonate minerals which are essentially complete by about 900'C 
as i s  evidenced by the H=O kOe data (i. e. , standard thermogravimetric analysis (TGA)). Typical 
weight loss values due to thermal decomposition were about 40-60% (see Tables I1 and 111). 

The dependence of magnetization, U(emu/g), on temperature and external magnetic field 
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a r e  shown in Figures 2-4. 
ences in pulling force with the magnetic field on and off (see Figure 1) at each temperature and the 
standard calibration between pulling force and magnetization. The magnetizations per gram at 
room temperature and 5 kOe for each sample were determined to be the following: Paraho - 0.85, 
Moroccan - 0.77 and Addington - 0.42. 

The magnetizations of the Paraho and Moroccan solids, a s  a function of temperature over 
the range 25 to 90o'C. were qualitatively similar (see Figure 2). Three distinct peaks were ob- 
served a t  an applied field of 5 kOe, although the magnetization was significantly larger for the 
Moroccan solids at temperatures above N250'C, a magnetic transformation temperature (the 
Moroccan solids also contained the highest relative Fe concentration). This higher magnetization 
may be attributed to an intrinsically la rger  concentration of materials with higher magnetic suscep- 
tibilities at elevated temperatures. For example, it is  believed that certain components, such as 
pyrites, interact with water present in other minerals at the magnetic transformation temperature 
or higher temperatures to form materials having a higher magnetization (7). 

The data suggest that a s  the temperature is increased, the solids undergo various decom- 
position, chemically reactive and/or inductive processes resulting in the formation of magnetically 
active material. The highest temperature peak, 700-800"C, is attributed to the formation of Fe' 
and the onset of the phase transition at  the Curie point from paramagnetic to ferromagnetic cha- 
racter.  The origin of the iron may involve the reduction of Fe+3 or  Fe+2 species by carbon-con- 
taining compounds present in the shale oil stream. The two peaks at  lower temperatures,-300 and 
5OO0C, do not appear to be directly attributable to specific iron carbide or iron oxide compounds, 
although mineral matter effects or carbon-hydrogen bonding could possibly account for the shift of 
standard Curie points. The lower temperature peak may correspond to the reaction sequence 

The d(T)  plots, Figures 2 and 3 ,  were calculated based on the differ- 

FeS -----> Fe S ----> FeS, 
2 7 8  

since pyrrhotite, Fe7S8, !s strongly ferrimagnetic (Curie point-300°C) and FeS2 and FeS have 
zero and very low magnetizations, respectively (10). Pyrrhotite w a s  identified in the Addington 
samples. The sharp increase in magnetization between -400-500°C for the Paraho and Morroccan 
solids may he due to the transformation of iron sulfides, FeS or FeS2, to Feg04 or gamma - Fe203 
and the subsequent decline to the formation of alpha-Fe2O3 or FeO. 

A s  Figure 2 indicates, the Addington thermomagnetograph dlffers distinctly from that of 
the Paraho and Moroccan solids. In general ,  the magnetization was observed to be essentially con- 
stant with temperature. The absence of pronounced maxima at +500 and 750"C, as in the case of 
the Paraho and Moroccan samples, probably reflects the relatively low concentrations of iron sul- 
fides and Fe-containing compounds in the Addington oil shale solids. However, the Addington solids 
did exhibit a Curie point for a-Fe upon cooling. The magnetization at  room temperature for these 
solids was found to increase to 0.86 emu/g after the temperature treatment. If the magnetic pull is  
due entirely to Fe,  then 7.0 x 10-6 g of ferromagnetic iron in 25.6 mg of sample, or 0.03 wt % Fe, 
was produced during the heating process assuming no weight loss. 

Low temperature data, 4 to 273K, were obtained at  two different field strengths, 4 and 20 
kOe (see Figure 3). Analogous to the higher temperature results,  the Paraho and Moroccan solids 
exhibit similar thermomagnetic behavior, however, the magnetization is significantly larger be- 
tween 4 and 30K for the Paraho solids at both field strengths. The 4 and 20 kOe data for these two 
samples are distinctly displaced from one another, with larger magnetizations associated with the 
20 kOe curves,  but in contrast, essentially identical U(T) dependences were obtained for the 
Addington solids, with the exception of the small temperature range from 4 to 30K. In general, the 
Addington solids have a lower magnetization in the low temperature regime, although the magneti- 
zation increases and approaches that of the Moroccan solids with H=4 kOe between 4 and 60K. The 
upper temperature portion of the curves in Figure 3 confirm the earlier room temperature magne- 
tization results reported above (see Figure 2) indicating the data to be self-consistent. 

served to remain essentially unchanged as a function of external field. Plots of magnetization ver- 
sus  external field at 4.2K a r e  shown in Figure 4. Whereas the Addington and Moroccan curves a re  
almost superimposable, the Paraho solids exhibit much larger magnetizations over the entire range 
of external field studied. However, the relative increase in magnetization with temperature is 
comparable for all three samples. 

On the basis of the magnetometric data, it appears that all the solid samples a r e  a mixture 
of a weak ferromagnetic phase, indicated by the low field portion of the b(H) curves in Figure 4, 
and a paramagnetic phase. The paramagnetic phase seems to reflect the behavior characteristic of 
Curie-Weiss type materials and appears to be more  pronounced than the ferromagnetic phase. The 
Paraho and Moroccan samples showed significantly larger magnetizations than the Addington solids. 
This weak magnetization was particularly evident by the almost flat dependence of the magnetization 
on temperature. In  addition, the magnetization versus external field curve for the Addington solids 
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figure I 

THERMOMAGNETIC and THERMOGRAVIMETRIC BEHAVIOR of 
PARAHO SHALE OIL SOLIDS from 25 "C to 920 "C (CYCLES in Ar) 

' 0  - 

s .- 
= 0 -  

2 

22 ,e 

i? 

9 
5 
tu -13- 

0 r 
j -20- 
3 x 

-30 - 

-40 
0 

-- I 

!:%!I? O L H . 2 ? .  - 
I I I I 

200 400 600 800 1c 

Magnet ON, H J k O e  

Figure 2 

PLOTS of MAGNETIZATION vs TEMPERATURE 
for SHALE OIL SOLIDS 

I I I I I 
0 200 400 600 800 

TEMPERX'LIFIE ( O C )  

163 



Figure 3 

MAGNETIZATION - TEMPERATURE CURVES for SHALE OIL SOLIDS 
at LOW and HIGH EXTERNAL FIELDS (4 & 20 kOe) 

Figure 4 

MAGNETIZATION - FIELD STRENGTH CURVES 
for SHALE OIL SOLIDS 
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was nearly linear, in contrast to some degree of curvature for  the Paraho and Moroccan solids. 
This suggests that the Addington solids a r e  mainly paramagnetic, consistent with the bulk minera- 
logy and elemental composition results discussed above. It should be noted that magnetometric 
measurements reflect the average bulk magnetic moment of the sample a s  a whole. Therefore, 
when considering mixtures of different magnetic phases, the results are representative of averaged 
quantities over all phases. 

SUMMARY AND CONCLUSIONS 

Thermomagnetic and X-ray studies have shown that the composition of shale oil solids 
magnetically separated from three different shale oil feeds a r e  distinctly varied, but that high ash  
removal efficiencies a re ,  nonetheless, obtainable under appropriate conditions for all  three shale 
oils investigated. A clear example is the Addington sample which yielded 100% ash  removal due to 
high average particle diameters, despite the lowest magnetization a s  a function of temperature 
among the three shale oil solids. On the basis of the magnetic behavior exhibited by the shale oil  
solids, a qualitative measure of the different phase transformations and the species present was 
obtained. These data reflected the general occurrence of a paramagnetic phase mixed with a t race  
amount of a ferromagnetic component. This conclusion is consistent with the bulk mineralogy and 
elemental composition results for the shale oil solids. These results may have potential application 
to the design of a larger scale magnetic separation system and the choice of operating parameters. 
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INTRODUCTION 

Rockwell International has been developing technology for the flash hydropyrolysis (FHP) 
of carbonaceous feedstocks under U. S. Department of Energy (DOE) sponsorship since 1975. FHP 
is based on the high-temperature (1100 to 1900°F) reaction of pulverized solid carbonaceous feed- 
stocks with hydrogen in a single-stage, short-residence-time, entrained-flow reactor. Gases and 
liquids a r e  produced in the reactor and unreacted material forms a dry,  free-flowing char. Fol- 
lowing product gas  quench, liquid products a r e  separated and gases are processed for recycle and 
product recovery. By varying the reactor operating conditions, the makeup of the product slate 
can be controlled over a broad range - from predominately a syncrude oil with SNG byproduct, to 
SNG with a relatively pure benzene byproduct, to SNG alone as the sole hydrocarbon product. 

A key element of FHP is the injector/reactor technology pioneered and developed by 
Rockwell. This technology, f i r s t  used in liquid-fueled rocket engines, has several distinctive fea- 
tures that make it superior to alternative means of achieving hydropyrolysis of carbonaceous feed- 
stocks. These include extremely rapid mixing and heating of reactants (10 to 20 ms), precise and 
uniform control of temperature and reaction time, rapid startup and shutdown, unrestricted choice 
of feedstock and simple scaleup. In addition, because FHP operates in a short-residence-time (20 
m s  to 5 s), high-pressure (500 to 1500 psig), entrained-flow mode, the reactor is inherently com- 
pact. 

The major oil shale development within the United States has focused on western oil shale 
and on recovery by pyrolytic methods. Eastern shales a r e  hydrogen deficient compared with 
western shales and the corresponding oil yields produced by pyrolytic methods are much lower. 
The Rockwell FHP reactor seems particularly well suited for processing eastern shales, since oil 
yields a r e  substantially increased by operating under a high hydrogen partial pressure. 

In September, 1982, Rockwell International was awarded a DOE contract entitled 
"Investigation into the Application of Hydropyrolysis to the Hydroconversion of Eastern Oil Shale". 
The project had two major objectives: (a) testing, data reduction and chemical analysis to deter- 
mine the performance of eastern oil shale in an FHP reactor and (b) selection of an operating point 
suited to high yields of shale oil and performance of a preliminary process analysis and economlc 
assessment of the process. 

A series of six tests was performed between January and March, 1983. Testing was con- 
ducted in Rockwell's existing 1-tonh process development unit (PDU). A simplified schematic of 
this unit i s  shown in Figure 1. Three liquid products were obtained from each test: a heavy oil, a 
light oil and a BTX fraction. 

The eastern oil shale used during the reactor testing was a blend of nine stockpiles taken 
from various depths in the Cleveland Member of the Ohio shale. The shale was obtained from the 
University of Kentucky's Institute for  Mining and Minerals Research (WlMR) and pulverized to 70% 
through 200 mesh in an inert (nitrogen) atmosphere by Kennedy Van Saun Company, Danville, 
Pennsylvania. The tested shale had an average carbon content of 12.7 wt % and a Fischer Assay of 
-13 gal/ton. 

Symposium (l), while full details on the six tests are covered in the final report submitted to the 
Department of Energy, Laramie Project Office (2). Test results showed total carbon conversions 
as high as 70.0% and carbon conversions to liquid as high as  55.5%. Production of raw shale oil 
ranged from -13.5 to  19.0 gal/ton of shale fed. 

Key results and findings on the program were presented at  the 1983 Eastern Oil Shale 
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The composition of shale oil is dependent on the geographic origin of the oil shale and the 
PYrolysis method of extracting the liquid product (3, 4). This paper reports on the effect of process 
conditions in the Rockwell hydropyrolysis PDU on the composition of the resulting shale oil. Ele- 
mental carbon, hydrogen, nitrogen and sulfur values in each of the three liquid products were de- 
termined and H/C ratios were related to process conditions. 
were further characterized by nuclear magnetic resonance (NMR) to report carbon and hydrogen 
aromaticities and the approximate level of aromatics, olefins and aliphatics. Nitrogen basicity was 
determined on the same liquid products. Finally, light-oil products from two tests representing 
moderate and severe process conditions were fractioned by chromatography to compare the effect 
of process conditions on the nitrogen compound distribution in the oil. 

Liquid products from three tests 

EXPERIMENTAL 

Testing 
To fulfill program objectives, two reactors were tested over a 1100 to 1400'F reactor tem- 

perature range. Al l  tests were conducted at  a nominal reactor pressure of 1000 psig and a nominal 
oil shale flow rate  of 3/4 ton/h. The first reactor, used in tests 1 through 3 ,  produced a nominal 
residence tlme of 200 ms;  the second, used in tests 4 through 6,  producedanominal residence time 
of 75 ms. An  average total of 1688 lb of oil shale (-212 lb  of carbon) was fed per test for an aver- 
age test duration of 68 min. Test conditions a re  summarized in Table I. At the conclusion of each 
test, the heavy oil product was removed from the flash drum while it was fluid and duplicate sam- 
ples were taken for chemical analysis. The light-oil/water mixture was drained from the decanter 
after each test into 55-gal drums and duplicate representative samples were taken from each drum 
for analysis. The activated carbon-bed adsorber recovery system provided for recovery of vapor 
phase BTX and other light hydrocarbon oils in the product gas s t ream leaving the light-oil conden- 
ser .  After each test, the bed was steampstripped to desorb the "BTX fraction". The BTX and con- 
densed water were separated by decantation and duplicate samples were taken for chemical analysis. 
One set of samples was sent to the Rockwell Analytical Labs, the other to the Western Research 
Institute (WRI). 

TABLE I 

SUMIVlARY OF 1-TON/H PDU TEST CONDITIONS 

Reactor Total 
Outlet Residence Test  Oil Shale 

Pressure Temp. Time Duration Flowed 
Test (psig) ("F) (ms) (min) (Ibm) 

OS-83-1 998 1198 198 15.1 1742 
OS-83-2 1001 1329 185 68.4 1500 
08-83-3 999 1098 211 66.1 1753 
08-83-4 999 1203 14 70.2 1811 
OS-83-5 1000 1422 61 60.3 1398 
OS-83-6 998 1115 1 8  71.1 1925 

Analytical Methods 

were centrifuged at 15,000 rpm a t  12°C in a Sorvall Superspeed Centrifuge to separate the oil from 
the water. Heavy oils were analyzed for moisture content by the ASTM method for moisture i n  
coal, whiIe the light oils and BTX were analyzed by a Karl Fischer titration. The ash content was 
determined hy evaporation in stages, followed by combustion at 750°C. The carbon, hydrogen and 

bustion apparatus. Sulfur was determined by a Par r  bomb combustion followed by gravimetric pre- 
cipitation a s  barium sulfate. 

The 'H and I3C nuclear magnetic resonance (NMR) spectra were obtained on a JEOL Fx- 
270 spectrometer under short-pulse delay times (2.5 s and 10 s, respectively). Shale oil samples 
were prepared in 5-mm tubes for the '€I and I3C experiments. Deuterochloroform (CDCl3) was 
used as solvent for all samples and tetramethylsilane (TMS) was used as  reference. 1% TMs in 
CDC13 provided the lock signal for 'H and the solvent c D c I 3  provided the lock signal for l3C NMR 
spectra. Average molecular structure parameters for the shale oil samples were calculated from 
the normalized lH and I3C spectral a reas  according to equations used hy Netzel and Miknis (3). 

Solvent-compensated infrared spectra were recorded in the absorbance mode on a Perkin- 
Elmer Model 621 grating infrared spectrophotometer. High-resolution mass spectra were obtained 

The heavy-oil and BTX samples were analyzed as received, while the light-oil samples 

< nitrogen contents of all three fractions were determined using a Perkin-Elmer 240B semimicrocom- 

> 
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with a VG-ZAB mass spectrometer (accelerating voltage 8 kV, ionizing voltage 70 V and resolution 
at  20,000).  A Finnigan-Incos data system was used to acquire and analyze the data. Samples were 
introduced under reduced pressure at 200°C via an oven. 

771 pyroreactor with a n  Antek Model 720 digital nitrogen detector. A Mettler potentiometric titri- 
meter  was used to titrate basic nitrogen. Titrations were done in acetic anhydride:toluene (2:l)  and 
in acetonitri1e:toluene (2:l) with perchloric acid in dioxane a s  titrant. 

A t  WRI, elemental nitrogen was determined by chemiluminescence using an Antek Model 

Fractionation by Adsorption Chromatography 

and silica adsorption chromatography according to the procedures by Holmes (5). Linear solvent 
gradients of 0 to 100% methyl @-butyl ether in cyclohexane and 0 to 100% methylene chloride in 
hexane were pumped via a Waters Model 600 solvent programmer onto basic alumina and silica gel, 
respectively. A variable wavelength W/vis ible  detector was used to indicate fraction collection 
end points. The chromatographic scheme is presented in Figure 2 .  
named for characteristic compound types identified by spectroscopic and titration analyses and cor- 
roborated by model compounds. Alkylpyridine-type compounds have a wide range of adsorptivity 
values on alumina and silica. Hindered alkylpyridine-type compounds elute early from alumina 
(pyridine I), whereas nonhindered alkylpyridine-type compounds elute late (pyridine 111). 

Light-oii saliip?cc were fractionated into eight compound-type fractions using basic alumina 

The eight fractions were 

RESULTS AND DISCUSSION 

Carbon Conversions 
Experimental values of overall carbon conversion, carbon conversions to gases (total and 

methane only) and liquids and the distribution among the collected liquid products (heavy oil, light 
oil and stripped BTX oil) a r e  summarized in Table 11. Based on Rockwell's FHP experience in re- 
lated fossil fuels programs, a convenient dependent variable that correlates much of the carbon 
conversion data is carbon conversion to methane. A s  temperature and residence time are in- 
creased in FHP reactors (1. e., higher reactor severity), more carbon in the feedstock is converted 
to methane. When the conversion and methane data in Table I1 a r e  plotted in Figure 3, all data 
points fall along a single curve, providing a n  excellent correlation. Hereafter, a l l  references to 
reactor severity a r e  based on the relative conversion of carbon i n  shale to methane. Tests  3 and 6 
had the lowest severity; tests 2 and 5 had the highest. 

TABLE II 

SUMNlARY OF CARBON CONVERSION RESULTS 

To Gases To Liquids Liquids Distribution 
To Methane By Stripped Light Heavy 

Test Overall Char Total Only Difference BTX Oil Oil Oil 

OS-83-1 67.74 32.26 17.08 3 .45  50.66 1 .62  24 .43  24.61 
08-83-2 69.99 30 .01  26 .11  7 .39  43.88 2 .43  26 .61  14.84 
05-83-3 62.56 37 .44  7 . 1 1  1 .30  55.46 2 .97  28.26 24.23 
03-83-4 67.27 32 .73  14.35 2 .72  52.92 4 .93  24.76 23.23 
09-83-5 69.79 30 .21  28.62 8 .51  41.17 2 .74  26.47 11.96 
OS-83-6 61 .43  38.57 7 . 1 5  1 . 1 9  54.28 1 .02  24 .52  28.74 

---- 

Elemental Characterization of Oils 
The chemical composition (carbon, hydrogen, nitrogen, sulfur and ash content) of the hea- 

vy oils, light oils and BTX oils a r e  reported on a dry basis in Tables 111, IV and V ,  respectively. 
A significant amount of spent shale (char) was carried into the heavy-oil collection system, a s  evi- 
denced by the high ash contents (4 .75  to 17.5  wt 46) listed in Table III. The elemental composition 
of the heavy oils on a spent shale-free basis i s ,  therefore, also presented in Table III. Nitrogen 
values increase from low-severity tests (tests 3 and 6) to high-severity tes ts  (tests 2 and 5). The 
light oils (Table IV) show the same moderate effect of reactor severity on nitrogen content. The 
BTX oils (Table V) were all too low in nitrogen content to demonstrate an effect. 

Compound-Type Distribution Produced Under Different Process Conditions 

moderate and high processing severities (see Figure 3) were analyzed by l H  and 13C NMR spectro- 
metry and potentiometric titration. Light oils from tests 4 and 5 were fractionated and compound 
types were determined by data from infrared spectroscopy, potentiometric titration and mass 

Liquid products produced by Rockwell oil shale mlP tests 3 ,  4 and 5 representing low, 
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spectrometry. The following discussion will focus on hydrocarbon a?d nitrogen compound-type 
distributions; ketones, ethers, sulfoxides and phenols were observed but are not reported here. 

TABLE m 
COMPOSITION OF HEAVY OILS 

Test  

Wt % (dry) 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Ash 
Atom H/C 

- 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Atom H/C 

Test 

Wt % (dry1 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Ash 
Atom H/C 

Test - 
Wt % (dry1 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Ash 
Atom H/C 

OS-83-1 

75.1 
5.76 
2.96 
1.53 
6.58 
0.91 

80.5 
6.17 
3.17 
1. 56 
0.91 

OS-83-1 

85.2 
9.23 
1 . 6 1  
1.82 
0.05 
1.29 

OS-83-1 

87.1 
11.83 

0.05 
1.17 

<o. 01 
1.62 

08-83-2 08-83-3 08-83-4 --- 

70.2 80.3 76.8 
4.76 6.89 6.53 
2.87 2.53 2.85 
1.34 1.52 1.64 

0.81 1.02 1.01 
11.5 6.34 10.7 

Heavy Oils (Char-free) 

85.4 85.8 86.2 
5.76 7.37 7.33 
3.48 2/70 3.19 
1.35 1.54 1.70 
0. 80 1.02 1 .01  

TABLE IV 

COMPOSITION OF LIGHT OILS 

OS-83-2 08-83-3 OS-83-4 - - ~  

86.1 85.2 85.3 
8.00 10.36 9.82 
2.16 1.43 1.43 
2.11 1.73 1.72 
0.07 0.08 0.04 
1.11 1.45 1.37 

TABLE V 

COMPOSITION O F  BTX OILS 

08-83-2 09-83-3 OS-83-4 - ~ -  

87.4 86.8 86.4 
10.35 11.89 12.54 

0.16 0.12 0.00 
2.01 1.33 1.08 

<o. 01 <o. 01 <o. 01 
1.41 1.63 1.73 

05-83-5 

72.9 
5.02 
3.20 
1.45 

0.82 
14.9 

85.7 
5.88 
3.75 
1.50 
0.82 

OS-83-5 

86.4 
7.79 
2.14 
2.42 
0.27 
1.07 

09-83-5 

87.2 
10.81 
0.00 
2.41 

<o. 01  
1.48 

08-83-6 

80.9 
7.56 
2.55 
1.45 
4.75 
1.11 

85.0 
7.94 
2.67 
1.46 
1.11 

08-83-6 

85. 3 
10. 58 
1.06 
1.92 
0.13 
1.48 

09-83-6 

87.0 
10.84 
0.01 
2.22 

<o. 01 
1.48 

'H and 13C NMR Spectrometric Analyses - Average molecular structure parameters cal- 
culated from the normalized proton and carbon-I3 spectral areas  are presented for the BTX and 
light oils in Table VI. A s  the severity of test conditions increased, hydrogen and carbon aromati- 
city values increased in the light oils produced from tests 3, 4 and 5. Amounts of aromatics were 
54, 70 and 91 mol % in the oils from tests 3,  4 and 5,  respectively. Significantly greater amounts 
of monoaromatics than diaromatics were present. The amount of olefins did not follow that pattern, 
Olefinic content was  greater in the light oil produced under conditions of intermediate reactor tem- 
perature and short residence time (test 4). The aromaticities of the BTX products did not increase 
with reactor severity; the hydrogen and carbon aromaticities of test 4 BTX were lower than either 
test 3 o r  5 products, while the corresponding olefinic and aliphatic contents of test 4 BTX were 
higher. Because of paramagnetic material resulting from the inclusion of spent shale in the heavy 
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oils, uncertainty in the calculations preclude determining average molecular structure parameters 
for the heavy-oil products. However, Table VI1 presents the l H  and 13C NMR data for these oils. 
Again, process conditions of increasing severity produced heavy oils with increased aromatic con- 
tent and decreased olefinic content. To reduce the effect of the paramagnetic material, the heavy 
oils were benzene-extracted; NMR data on these oils a r e  also presented in Table VII. The benzene- 
soluble fraction represents 87, 93 and 758, respectively, of the char-free heavy oils for tests 3, 4 
and 5. 

TABLE VI 

COillPOSITION O F  BTX AND LIGHT OIIS DETERkINED FROlh NkLR ANALYSIS 

Test 

Hydrogen aromaticity 
Olefinic hydrogen 
Carbon aromaticitya 
Mol % aromatics 

% mono- 
% di- 

Mol % olefins 
Mol % alkanes 
Total atomic H/C 

Aromatic H/C 
Aliphatic H/C 

BTX Light Oil 
3 4 5 3 4 5 - - - - -  
0.22 
0.06 
0.48 
49 
48 
1 
11 
41 
1.63 
0.74 
2.44 

0.13 
0.08 
0.38 
34 
33 
1 
15 
51 
1.73 
0.61 
2.42 

0.29 
0. 06 
0.56 
64 
63 
1 
10 
26 
1.48 
0.76 
2.39 

0.16 0.18 
0. 03 0.04 
0.34 0.45 
54 70 
40 62 
14 8 
6 10 
39 20 
1.45 1.37 
0.67 0.55 
1.84 2.05 

- 
0.43 
0.01 
0.73 
91 
69 
22 
2 
6 
1.07 
0.63 
2.29 

a. Uncertainty i s  20.05. Includes olefinic carbons. 

TABLE VII 

NMR ANALYSIS O F  HEAVY OILS PRODUCED BY FHP 

Test  
Heavy Oil 

3 4 5  - - -  
TotalHeavy Oil 

Hydrogen aromaticity 0.23 0.28 0.37 
Olefinic hydrogen 0.03 0.01 0.00 
Carbon aromaticitya 0.59 0.56 0.88 

Hydrogen aromaticity 0.28 0.31 0.47 
Olefinic hydrogen 0.04 trace 0.00 
Carbon aromaticitya 0.53 0.56 0.76 

Benzene-Extracted Heavy Oil 

a. Includes olefinic carbons. 

Potentiometric Titration Analysis - Potentiometric titration measures basicities in oils. 
Different classes of nitrogen compounds often display different basicities, which then provide gen- 
eral  information regarding the distribution of nitrogen compound types. An alkylamine i s  more 
basic than an arylamine, which i s  much more basic than alkylindole. 

Measurements of wt % nitrogen were obtained by chemiluminescense detection for the 
BTX, light oil and heavy oils produced from tests 3, 4 and 5 and these values a r e  presented in 
Table VIII. The heavy oil values a r e  the nitrogen content of the benzene-soluble material. These 
results demonstrate that nitrogen i s  concentrated in the heavier oil fractions. In general, the 
amount of nitrogen increases in the corresponding oils from tests 3, 4 and 5 a s  reactor severity 
increases. 

Results of the potentiometric titration analyses a r e  also shown in Table VIII. Except for 
the BTX liquids, a s  the severity of processing conditions increased, the amount of basic nitrogen 
in corresponding oils also increased. The percent of total nitrogen which i s  weak base I (pka of the 
conjugate acid 7 to 9), primarily pyridine-type compounds, generally increased from heavy oil to 
light oil to BTX. The percent of total nitrogen which is weak base 11 (pka of the conjugate acid 2 to 
7), primarily alkylarylamines, was very low. These compound types were probably reaction inter- 
mediates resulting from hydrogenation of reactive nitrogen-containing compounds during processing. 
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For heavy and light oils, the percent of total nitrogen that was nonbasic nitrogen was equal to or 
greater than the amounts of basic nitrogen and represents compound types such a s  alkylindoles and 
alkylamides. 

TABLE VIII 

POTENTIOMETRIC TITRATION RESULTS OF SHALE OILS 
PRODUCED BY FLASH HYDROPYROLYSIS 

Test 

BTX 
3 
4 
5 

3 
4 
5 

3 
4 
5 

Light Oil 

Heavy Oil 

Wt % 
Nitrogen 

0.065 
0.018 
0.036 

1.22 
1.36 
1.87 

2.42 
2.78 
3.04 

% of Total Nitrogen 
Basic 

Weak Base I Weak Base fI Nonbasic 
(pka 7 to 9) (pka 2 to 7) (pka >2) 

45 
87 
69 

0 
0 
0 

55 
13 
31 

36 2 62 
40 <1 59 
48 4 48 

26 
31 
49 

2 72 
2 67 
3 48 

Compound-Type Fractionation Analysis - Chromatographic techniques were used to frac- 
tionate the complex matrix of two light oils into simpler compound-type fractions. Although overlap 
of similar compound types occurred in successive fractions, characterization of these fractions by 
spectroscopic and titration analyses helped to determine the compound-type distribution in each oil. 
In the following discussion, emphasis is on the nitrogen compound-type distributions determined in 
the light oils from tests  4 and 5. 

A s  shown earller In Figure 2 ,  adsorption chromatography generated eight compound-type 
fractions displaying distinct infrared absorbances characteristic of major compound types: hydro- 
carbon, pyridine I, pyridine III/phenol, pyridine III/amide, pyrrole, ketone/pyrrole, diazaaroma- 
tic and pyridine 11. Each light oil was comprised of significant amounts of neutral hydrocarbons 
with 46 and 54 wt % of the oil from tests 4 and 5, respectively, composed of nonhydrocarbon frac- 
tions (nitrogen-containing). The nonhydrocarbon fractions from test 5 oil were considerably more 
aromatic, as indicated from infrared and mass spectrometric analyses, than  those from the test 4 
oil. For example, quinolines and their homologs composed 17 wt % of the pyridine I fractions from 
the light oils of tes ts  5 and only 9 wt % in the same fraction from test 4. Quinolines were not found 
in the pyridine III/phenol fraction from the test 4 oil, but they amounted to 4 wt % in a similar frac- 
tion from the test 5 oil. 

Thompson (4) that allowed determining the nitrogen compound distribution in the light oils from 
tests 4 and 5. Table M presents these results. About 94 and 92% of the nitrogen in oils from 
tests  4 and 5, respectively, was characterized; the remaining nitrogen was either lost by fraction 
drying or irreversible adsorption onto the chromatographic adsorbents. Strong bases such as  alky- 
lamines/piperidines were found only in the test 4 oil and in very small amounts. Lesser amounts of 
alkylpyridines/quinolines were found in the test 4 oil than in the test 5 oil. Significantly greater 
amounts of alkylhydroxpyridines and alkylazaindoles/diazaaromatics were found in the test 4 oil, 
but greater amounts of alkylpyrroles/indoles/carbazoles/nitriles and N-alkylcarbazoles were found 
in the test 5 oil. 

The more severe processing conditions employed in tes t  5 produced a light oil containing a 
greater amount of total nitrogen, the most being i n  the form of weak base I nitrogen compounds 
(37%). Generally, greater amounts of the reaction intermediates weak base II such as N-alkylaryl- 
amines and alkylarylamines were present in the. test 5 oil. The significantly greater amounts of 

N-alkylcarbazoles and alkylpyrroles/indoles/carbazoles/nitriles present in the test 5 oil may have 
resulted from more organic material having been converted from the kerogen under severe pro- 
cessing conditions. These latter compound types a r e  relatively more stable, especially compared 
with amlde-type compounds, as  hydrogenation accompanies processing. The differences in the dis- 
tribution of nitrogen compound types in these two light oils may affect hydrotreating conditions ne- 
cessary to reduce nitrogen content to produce a viable transportation fuel or chemical feedstock. 

Each fraction was further characterized by methods previously reported by Holmes and 
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TABLE M 

NITROGEN COMPOUND-TYPE DISTRIBUTION IN LIGHT OIL5 FROM TESTS 4 AND 5 

Compound Type 

Strong Base 

Weak Base I 
Alkylamines/piperidines 

uindered alkylovridines/quinolines 
Less hindered alkylpyridines/quinolines 
Nonhindered alkylpyridines/quinolines 

Weak Base I1 
Unknown 
N-alkylarylamines 
Alkylarylamines 

.N-alkylindoles 
Alkylpyrroles/indoles 
A lkyloxazoles 
Alkylhydroxpyridines 
Alkylazaindoles/diazaaromatics 

N-alkylcarbazoles 
ALkylpyrroles/indoles/carbazoles/nitriles 
Alkylanilides/N-acetylindoles 
Alkylbenzamides 
Alkylazaindoles/diazaaromatics 

Very Weak Base 

Nonbasic 

Total 

Wt % Witrogen 
Test  

4 - 

0.005 

0.167 
0.161 
0.134 

0.030 
0.002 
0.046 

0.032 
0.178 
0.008 
0.148 
0.031 

0.012 
0.171 
0.006 
0.100 
0.044 

1.28 

5 - 

- 

0.228 
0.254 
0.214 

0.044 
0.036 
0.056 

0.027 
0.283 
0.007 
0.069 
0.023 

0.041 
0.312 

0.114 
- 
- 

1. I1 

of Total Nitrogen 
Test 

4 - 

0.4 

12.3 
11.9 
9.9 

2.2 
0.2 
3.4 

2.4 
13.2 
0.6 
10.9 
2.2 

0.8 
12.6 
0. 5 
I. 3 
3.3 

94 

5 - 

- 

12.2 
13.6 
11.4 

2.4 
1.9 
3.0 

1.4 
15.1 
0.4 
3.7 
1.2 

2.5 
16.7 

6.1 - 

92 

Effect of Catalytic Hydrotreatment on Nitrogen Compound Types - In earlier work (3), dif- 
ferent nitrogen compound types were shown to have different reactivities toward catalytic hydro- 
treatment. The ease of hydrodenitrogenation of nitrogen types from least to most difficult are: 
amides, pyridines, pyrroles and hindered alkylpyridines. Amounts of these compound types in the 
light oils from tests 4 and 5, respectively, a r e  determined from Table M: amides (19 and 1%). 
pyridines (22 and 25%), pyrroles (29 and 36%), hindered pyridines (12 and 12%). Earlier composi- 
tional studies (4) of crude and hydrotreated western (Green River) and eastern (Sunbury and New 
Albany) shale oils produced by IGT in the Hytort Process Development Unit were used to establish 
the amount of nitrogen removal by catalytic hydrotreatment as a function of the nitrogen compound- 
type distribution in the crude shale oil (HDN factor). The hydrotreating conditions u s e d  in esta- 
blishing the relationship were: 2000 psia (13.8 MPa) hydrogen pressure, 800°F (428'C) catalyst 
temperature, LHSV of 0.4 and nickel/molybdenum catalyst. Details of deriving the relationship are 
summarized elsewhere (7). Allowing for  differences in the total nitrogen content of the light oils, 
the HDN factors for these oils from tests  4 and 5 were calculated to be 1.02 and 0.69, respectively. 
Projections of the amount of nitrogen removal based on Figure 4 and the calculated HDN factors 
show that a t  the quoted hydrotreatment conditions about 9546 of the nitrogen in the light oil from test 
4 and 84% of the nitrogen in the light oil from test 5 may be removed. Presumably, the greater 
severity of processing conditions employed in test 5 produces a light oil containing more nitrogen 
in more nonreactive nitrogen compounds than that in the oil from test 4. This may result in de- 
creased nitrogen removal during catalytic hydrotreatment of tes t  5 light oil. 

SUMMARY AND CONCLUSIONS 

The chemical composition of shale oils produced by flash hydropyrolysis is dependent on 
process conditions. The atomic H/C ratios of light and heavy oils decrease with increasing process 
severity, while the nitrogen content increases. In contrast, process severity seems to have little 
effect o n  either H/C or nitrogen content with the BTX oils, which comprise less  than 10% of the li- 
quid products. For light, heavy and BTX oils, olefinic content decreases, aromatic content in- 
creases, aliphatic content decreases and basic nitrogen increases with increasing severity. 

liquids and simultaneously converts labile liquids to gases by cleaving alkyl groups from aromatic 
Increasing process severity converts more refractory compounds of the kerogen in shale to 
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rings. This results in liquids of high-aromatic, low-olefinic and low-aliphatic content. In general, 
increasing Process severity produces oils containing greater amounts of nitrogen in compounds less 
susceptible to hydrodenitrogenation. I t  suggests that increasing the severity of hydrotreating will be 
required to reduce their nitrogen content. 
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INTRODUCTION 

Athabasca bitumen has  been the subject of numerous investigations with attention usually 
focussing on the  s t ructure  and chemical composition. Important works related to this subject have 
been extensively reviewed by Bunger e t  al. (1). 

Separation of bitumen into a number of fractions is always the f i rs t  s t ep  in these studies. 
Subsequently, the fractions are characterized by chemical and spectroscopic techniques. In most 
published work, the separations are based on different solubilities of bitumen fractions in various 
solvents. Combinations of solubility effects and chromatographic fractionation of bitumen a r e  also 
frequently used. 

Recently, Furinsky et  al. (2) have fractionated an athabasca bitumen in tetrahydrofuran by 
gel permeation chromatography (GPC), which separates  molecules on the basis  of their molecular 
size.  Structural parameters  w e r e  determined from proton nmr.  Elemental, nickel and vanadium 
analyses of the fractions were a l so  reported.  All  of these fractions had exceptionally high oxygen 
content compared with that of the feed. As  THF is known to form hydrogen bonded complexes with 
a number of compounds (3), this anomalous oxygen content could be caused by the interaction of 
T H F  with some  bitumen components. We, therefore ,  undertook to investigate the interaction of 
tetrahydrofuran with bitumen both as an  eluent in the GPC fractionation and as a solvent. The kac -  
t ions have been characterized using elemental analyses and infrared and l3c n m r  spectroscopy. 

EXPERIMENTAL 

The sample of Athabasca bitumen was obtained from the Alberta Research Council sample 
bank. This w a s  a standard bitumen sample used recently in a round robin study (4). 

Gel Permeation Chromatography 

solvent delivery system (ser ies  3B), an  auto sampler  (model ISS-100). a variable wavelength scan- 
ning uv detector (LC 75/AC) and a refract ive index (RI) detector (LC-25), all from the Perkin- 
Elmer Corp. 

Column - Fractionation of bitumen was performed using a y-styragel column (30 cm x 7.8 
mm I. D.,  Waters Associates) of pore s i z e  500hi. 

Solvents - All solvents used in this  study were of analytical grade or  HPLC grade and 
were  used without further purification. 

Procedure - Bitupen solutions in T H F  w e r e  filtered using micro po re  f i l ters  (Millipore; 
pore size -0.45xm) p r io r  to t ransferr ing into the vials. Concentration of bitumen solution was 
-4%. 5 0 . ~ 1  of the sample was injected using a flow ra t e  of 1 m& p e r  minute. The fractionation in 
T H F  was ca r r i ed  out with the uv detector set at  254 nm and in toluene, a t  290 nm. 

Solvent Evaporation 

THF,  or 80°C for toluene, under reduced pressure.  The remaining solvent was removed on a 
Brinkman model SC/24R sample concentrator,  under nitrogen. 

then removed from half of this solution at 50°C and the other half at room temperature  using the 
procedure outlined above. 

Elemental Analyses 
C,  H and N analyses were  performed using a Perkin-Elmer model 240 CHN analyzer. Sul- 

fu r  was analyzed as  total sulfur X-ray fluorescence spectroscopy. Oxygen was determined by 

Equipment - The liquid chromatographic system consisted of a microprocessor  controlled 

The greater  pa r t  of the solvent was removed in a Brinkman rotary evaporator at 50°C for 

In a separate experiment, 0.5 g of bitumen was dissolved in 1 l i t re  of THF. Solvent was 
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difference. 

Instrumental Analyses 

ples Were run  as thin fi lms on KBr plates. 

'H decoupling conditions and 5000-30,000 puses a t  intervals of 2 seconds. 

Infrared spectra  were recorded using a Perkin-Elmer model 683 IR spectrometer.  Sam- 

13C nmr spectra  were obtained a t  45.26 MHz on a Bruker CXP180 nmr  spectrometer under 

1 

RESULTS AND DISCUSSION 

GPC elution curves of Athabasca bitumen in both tetrahydrofuran and tohene  obtained using 
uv detector a r e  shown in Figure 1. The sample was separated into two fractions as shown in the 
figure. Fraction 1 should contain the higher molecular weight mater ia l ,  which was confirmed by 
the molecular weights determinations on the two fractions. Polydispersity,  the rat io  of the weight 
average molecular weight to the number average molecular weight indicates a wider distribution of 

\ molecular s i zes  in fraction 1 compared with fraction 2. 
Elemental composition of bitumen fractions,  obtained from GPC and after treating with 

THF in both a i r  and nitrogen, are given in Table I. Since oxygen content was determined by differ- 
ence,  a l l  t he  e r r o r s  in the determinations of carbon, hydrogen, nitrogen and sulfur will accumulate 
in the oxygen results.  Elemental composition of GPC fractions in toluene indicates higher hetero- 
atom (N, S, 0) content of fraction 1 compared with fraction 2. This i s  again consistent with frac-  
tion 1 being a heavier fraction because heavier fractions of bitumen are known to contain higher 
heteroatom content (5). Elemental composition of the GPC fractions in T H F  cannot be rationalized 
simply on the basis of heavier and l ighter fractions. Whereas there  is  no significant difference in 
the chemical compositions of fraction 2 in T H F  or toluene, the fractions 1 have very different chem- 
ical compositions. Most of the nitrogen is concentrated in fraction 1 for toluene solutions, whereas 
the corresponding fraction in THF has no detectable nitrogen. Also, the oxygen content of fraction 
1 in THF i s  much higher than the corresponding fraction in toluene. T H F  i s  well known to form an 
unstable hydroperoxide which decomposes according to (6-8): 

( It has been previously reported that in the presence of f r ee  radical initiators THF and 
other e thers  are not inert solvents and they act  both a s  reactant and solvent (9). Incorporation of 
THF during the reductive alkylation of coal has  also been noticed. The nature of the interaction be- 
tween THF and the alkylated coal was said to  be mysterious (10). Carson e t  al. (11) have reported 
the formation of t race quantities of an unidentified compound during the reaction of 1 ,2 ,3 ,4- te t ra-  
hydronaphthalene with THF. Cleavage of THF by benzene has  long been observed (12). Therefore,  
in view of the reactivity of THF,  particularly in the presence of f r e e  radical initiators, the interac- 
tion of THF o r  THF hydroperoxide decomposition products with bitumen components would not be 
surprising. Interaction of bitumen with T H F  was,  therefore,  investigated both in the presence of 
a i r  and nitrogen. Elemental composition of bitumen treated with T H F  in the presence of a i r  sug- 
gests  the possibllity of such an interaction. This bitumen has  an unexpectedly high oxygen content 
that cannot be explained on the basis of experimental e r r o r s .  The loss of nitrogen on heating bitu- 
men with T H F  in a i r  is consistent with the GPC resul ts ,  where the absence of nitrogen was also 
found in the heavier fraction from THF solution. 

HPLC grade T H F  used in this investigation contained no inhibitor. On treating with acidi- 
fied KI, it liberated t r ace  quantities of iodine indicating the presence of small  quantities of hydro- 
peroxide. Therefore,  in a separate  experiment, T H F  was freshly distilled from LiA1H4 to remove 
hydroperoxide. This freshly distilled.THF, when treated with bitumen under nitrogen, gave ele- 
mental analysis very s imilar  t o  that of untreated bitumen. This  demonstrates the significance of 
T H F  hydroperoxide during the interaction of bitumen with THF. 

I 
( 

1 

, 

Infrared Spectra 
Infrared spectra of Athabasca bitumen, i ts  GPC fractions ln T H F  and bitumen treated with 

THF in a i r ,  a r e  shown in Figure 2. Infrared spectra of bitumen treated with freshly distilled THF 
in nitrogen and i ts  GPC fractions in toluene were s imilar  t o  that of the untreated bitumen. T h e  in- 
f rared spectrum of GPC fraction 2 in THF i s  also s imilar  to the infrared spectrum of untreated bi- 
tumen. However, the infrared spectra  of GPC fraction 1 in THF and of bitumen treated with T H F  in 
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a i r  contain characterist ic absorption bands assignable to oxygen functions. Both exhibit a broad 
absorption band in the 3100-3500 cm- l  region due to the presence of hydrogen bonded -OH (13). 
Two sharp bands at 1725 and 1770 cm- l  present in the infrared spectra  of GPC fraction 1 from THF 
and bitumen treated with THF in a i r  have previously been assigned to six membered ring anhydrides 
(14, 15), acyl and aroyl peroxides (16) and to cy-hydroxytetrahydrofuran and butyrolactone (17), 
which a r e  the decomposition products of tetrahydrofuran hydroperoxide (18). However, a definite 
assignment for  the carbonyl absorption is difficult because a number of oxygen containing functions 
including adehydes, ketones,  acids and esters absorb in this region (19) and all of these species a re  
said to be produced during the oxidation of bitumen and asphaltic mater ia ls  (14, 1 5 ,  20-23). 

TABLE I 

CHEMICAL COMPOSITION O F  BITUMEN FRACTIONS 

Elemental Analyses (Wt % - 
Fraction - -  C H -  N S) gd Polydispersitye 

Athabasca bitumen (feed) 
GPC-fraction 1 in toluenea 
GPC-fraction 2 in tolueneb 
GPC-fraction 1 in T H f l  
GPC-fraction 2 in T H F ~  
Bitumen t reated with THFC 

Bitumen t reated with T H F  

Bitumen t reated with THFC 

at 30°C in a i r  

at 50°C in air 

at 50°C in N2 

83.01 
80.44 
82.92 
76.08 
81.83 

70.88 

65.21 

81.08 

10.48 
9.97 

10.79 
9.80 
9.70 

8.83 

8.60 

9.98 

0.44 4.74 
0.42 5.10 
0.11 3.88 
- 4.58 

0.20 5.06 

0.32 3.48 

- 4.5 

0.34 5.19 

1.33 
4.07 
2.30 
9.54 
3.21 

16.49 

21.69 

3.41 

6.0 
7.8 
1 . 0  
4.3 
1.1 

N. D. 

N. D. 

N. D. 

a. Collected between 0 and 26 minutes. 
b. Collected between 26 and 33.5 minutes. 
c. 0 .5  g of bitumen dissolved in 1L of HPLC grade THF and then solvent removed under 

reduced p res su re  at 30°C in one case and 50°C in the other two cases .  
d. Determined by difference. 
e. Ratio of wt average molecular wt to no. average molecular wt determined by GPC. 

N. D. : Not determined. 

C NMR 
13C nmr  spectra  of Athabasca bitumen, its GPC fractions in toluene and THF, and bitumen 
t reated with T H F  in a i r  are shown in Figure 3. The 13C n m r  spectrum of bitumen treated with 
freshly distilled T H F  under nitrogen was s imilar  to the nmr spectrum of the untreated bitumen. Al- 
so, i t  is obvious from the spectra  in Figure 3 that GPC fractions in toiuene have s imilar  spectra  to 
that of untreated bitumen. GPC fraction 2 in T H F  has a much simpler spectrum resembling the 
spectrum of untreated bitumen except that  the long chain methylene peak at ca. 29.7 ppm i s  l e s s  in- 
t ense  and the low field broad absorption in the aromatic region has disappeared. This suggests that 
GPC fraction 2 has  much s impler  aromatic  systems with none o r  very few branched substituents. 

The  1% n m r  spectra  of GPC fraction 2 in T H F  and bitumen treated with T H F  in a i r  a t  30°C 
and 50°C contain a number of resonances characterist ic of oxygen functions (24-28). All t h ree  
fractlons exhibit signals over  the ranges 60-68 and 98-109 ppm that can be assigned to the o-alkyl 
carbon of alcohols, ethers and esters. The se t s  of signals a t  161-163 ppm, 175-178 ppm and 201- 
202 ppm exhibited by GPC fraction 2 in T H F  and by bitumen t reated with T H F  in air at 50'C, are 
due to  anhydrides, e s t e r s ,  acids ,  aldehydes, ketones and quinones. The resonances of 130-136 and 
143-146 ppm exhibited by the bitumen t reated with T H F  in a i r  a t  50°C are most likely due to  the 
presence of peri- and cata-condensed systems.  

The presence of butyrolactone, a decomposition product of THF hydroperoxide (18). is in- 
dicated by the resonances of 178, 69, 28 and 22 ppm in the spectra  of GPC fraction 2 in T H F  and of 
the bitumen treated with T H F  in a i r  a t  50°C. 

Based on the resul ts  of the spectroscopic studies and elemental analyses of the GPC frac- 
tions of bitumen and bitumen treated with THF,  the following conclusions can be drawn. 

1. Bitumen reacts  with T H F  in presence of a i r  producing considerable quantities of oxy- 
gen containing functional groups. Oxidation of bitumen by THF resul ts  in the initial formation of 
T H F  hydroperoxide which decomposes giving 

178 



1 

I 

/ /  
\ 
\ 

I 
I 15 , 20 25 30 

ELUTION VOLUME ( ml) 
33.5 

Figure 1. GPC chromatogram of Atbabasca bitumen obtained using uv detector. - in toluene; ------ in THF. 
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Figure 2. Infrared s p e c t r a  of a) Athabasca bitumen; b) Bitumen 
dissolved in T H F  and solvent removed under reduced 
p r e s s u r e ;  c )  GPC fraction in T H F  collected between 
26 and 33.5  minutes;  d) GPC fraction in T H F  
collected between 0 and 26 minutes. 
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F i g u r e  3. 13C n m r  s p e c t r a  of a) Athabasca bitumen; b) a typical  GPC 
f rac t ion  in  toluene; c) GPC f rac t ion  in T H F  col lec ted  between 
26 and 33.5 minutes ;  d) GPC f rac t ion  in  T H F  col lec ted  between 
0 iand 26 minutes ;  e) Bitumen t r ea t ed  with T H F  a t  30°C in a i r  
and r) Bi tumen t r ea t ed  with T H F  a t  50°C i n  a i r .  
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and .OH radicals that act as init iators.  
2 .  Oxidation of biturnen by T H F  i s  fas ter  at 5OoC than at room temperature.  
3.  THF only oxidizes heavier  fractions of bitumen which are rich in heteroatom content 

(N, 0 ,  S). This  is consistent with the previous results for  the oxidation of bitumen (29, 30). 
4 .  Oxidation of bitumen by T H F  can be prevented by using freshly dlstilied T H F  containing 

no hydroperoxide. 
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ABSTRACT 

Fluidized-bed technology, due to its inherent advantages of good 
solid mixing and high solid heat transfer rate, has widely been used for  
the thermal processing of fossil fuels. Recently, the Morgantown Ener- 
gy Technology Center (METC) has employed the fluidized-bed process to 
investigate the retorting characteristics of various oil shales. Design 
and operating parameters such a s  solid residence time, retorting tem- 
perature, particle size, fluidization velocity, and ambient gas  atmos- 
phere were investigated using the 2-inch diameter, laboratory-scale, 
electrically-heated, fluidized-bed retorting system to determine their 
effects on oil yield. 

This paper presents the recent results of a series of experiments 
on the effect of ambient gas atmosphere on oil yield. Western oil shale 
from, Colorado and eastern oil shale from Kentucky were studied at vari- 
ous ambient gas atmospheres. The characteristic feature of retorting 
for both oil shales in the presence of nitrogen, carbon dioxide, and ni- 
trogen-steam, carbon-dioxide steam gas mixtures at various gas com- 
positions was investigated in these experiments. Experimental results 
indicate significantly a s  10 percent or more steam was present in the 
nitrogen-steam or carbon-dioxide steam gas mixtures. The amount of 
oil yield increased considerably for Colorado oil shale when i t  was re- 
torted in  a carbon dioxide gas atmosphere. The sensitivity of oil yields 
to carbon dioxide levels in the retorting gas ,  however, was much less  
for the Kentucky than the Colorado oil shale. 
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ABSTRACT 

Fluidization technology, owing to ita inherent ability of vigorous 
solid mMng has widely been applied in industry for  various applications 
such as surface coating, blendlog, gasification and combustion of coals. 
During the past decades oil shale retorting employing fluidized-bed 
process has also been investigated; however, retorting processes using 
fluidization technology have not yet been demonstrated on a large scale 
of operation. Review of current  literature on oil shale retorting using 
fluidized-bed technology revealed that directed-heated type processes 
result in  the loss of residual carbon in spent shale. The indirected- 
heated type process, on the other hand, required separated reactors to 
isolate the retor t  and combustion process; as  a consequence, higher 
capital investment and loss of thermal efficiency became inevitable. 

A novel concept which combines both the retorting and combus- 
tion process in  a single reactor is presented in this paper. In this new 
concept, the reactor  is separated in two side-by-side twin compartments; 
one for  fresh raw shale retorting and the other for spent shale combus- 
tion. In view of the close proximity of the two beds, thermal efficiency 
of the twin fluidized-bed is expected to be considerably higher than the 
conventional technology, and simple and compact facilities can be con- 
templated. A %inch diameter twin fluidized-bed oil shale retort/com- 
bustion reactor was designed, constructed, and operated based on the data 
generated from a 6-inch by 7-inch cold model. Experiments using low- 
grade Colorado oil shale were conducted in the twin-bed. Experimental 
data obtained from a ser ies  of tests at various operating conditions a r e  
presented. Rel iminary results f rom these data demonstrate success- 
fully the feasibility of the twin fluidized-bed concept. 
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INTRODUCTION 

This study compared costs of retorting eastern oil shales using western shale retorting 
technologies that need no more development with the cost of processing the same shales using tech- 
nologies designed specifically for eastern shales. The eastern shale technologies need more  deve- 
lopment. The study was designed to answer the question: Does process development work need to 
be done for eastern oil shale or will the existing western techniques suffice? 

A calculation for a power plant that burned eastern oil shale to produce electricity was in- 
cluded i n  the study. We studied the following processes: 

* the Institute of Gas Technology's (IGT) HYTORT (eastern shale process), 
. the Paraho C-H (combination heated) (eastern shale process), 
. the Paraho D-H (direct heated) (western shale process), 
. the TOSCO II (western shale process), and 
* power plant. 
Our study achieves a different result than the report entitled "Synthetic Fuels from Eastern 

Oil Shale", (1) (also known as the Buffalo Trace  Area Development District Study (BTADDS)). The 
BTADDS compared the HYTORT and the Paraho C-H processes using a shale with a higher Fischer 
Assay than the one used in this study. 

BASIC OF CALCULATION 

, 
I 

A Kentucky Sunbury shale, from IGT test Run 80BSU-11 (2) provided a material balance for 
the HYTORT process. This shale is similar in organic carbon content to the one used in the 
BTADDS. Table I gives the material balance data from Run 80BSU-11. 

from the shale used in Run 8OBSU-11 (2). Unfortunately, shale from Run 80BSU-11 was not avail- 
able, so  the Fischer Assay was done on shale from Run 80BSU-10 (2). The shale from Run EOBSU- 

Run 80BSU-11. The Fischer Assay data were not received until the time-consuming HYTORT cal- 
culations with data from EOBSU-11 were nearly completed. Rather than change the calculations, 
we extrapolated the Fischer Assay data from Run 80BSU-10 to an 80BSU-11 basis predicted on shale 
carbon content. The extrapolated oil yield was 9 .2  gallons per ton. Table I1 compares some of the 
most important material balance variables from Runs 8OBSU-10 and BOBSU-11. 

Table 111. 
Center. The Fischer Assay report  indicates that the organic carbon content of this shale was 14 ,2  
wt W. This value is slightly lower than the value of 15.04 wt % given in Table U. 

Janka and Dennison (3) present a graphical correlation of Fischer Assay oil yield vs organ- 
ic carbon content for eastern oil shales. Our value of 9.2 gallons per ton falls below this line, but 
it was well within the data scatter about the line. 

able to the Fischer Assay product yields. We assumed that this would also be true for eastern 
shales. The Table I data were the basis for the HYTORT study and the extrapolated Fischer Assay 
data were used a s  the basis for the TOSCO 11, the Paraho C-H and the Paraho D-H studies. 

To make the comparisons a s  fair  as possible, an effort was made to obtaln a Fischer Assay 

, 10 i s  a Kentucky Sunbury shale that has a higher organic carbon content than the shale from 

1 
i 
I 
( 

The material balance Fischer Assay yields for  the shale from 80BSU-10 are given in 
These Fischer Assay data were obtained independently by Laramie Energy Technology 

, 

> For western shales, the product yields fromthe Paraho and TOSCO II retorts a r e  compar- 

RESULTS 

The product oil costs for each process in dollars per barrel  a r e  listed below. 
. HYTORT $48.0 
. Paraho C-H $70.0 
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. TSOCOII $ 75.0 

. Paraho D-H $106.0 

. Power plant $107.0 ($0.0607/kWh) 

TABLE I 

BASIC MATERIAL BALANCE DATA FROM IGT RUN 8OBSU-11 

Ultimate Analysis 
(Wt W) 

Organic carbon 

Mineral carbon 

Hydrogen 

Nitrogen 

Oxygen 

Sulfur 

Ash 

Total 

Feed 

13.40 

0.82 

1. 61 

0.42 

3.41 

4.02 

75.17 

97.85 

C/H weight ratio 
Sulfur, wt % 
Nitrogen, wt % 
Specific gravity (60/60"F) 

Residue 

4.52 

0.31 

0.33 

0.24 

0.94 

3.10 

92.17 

101.61 

Composition 
(Mole %) 

H2S 

N2 

c02 

H2 

CH4 

c2+ 

c2+ 

co 

'gH6 

Total 

Shale Oil 

10.02 
1.89 
2.18 
0.996 

Feed Product 

3.18 

0.7 1.26 

2.02 

1 . 1 2  

99.3 76.81 

9.34 

4.67 

1.57 

0.03 

-~ 

- -  
100.0 100.0 

Residue Gas - -  

Liquid hydrocarbon yield, Ib/lb shale fed 
Water yield, Ib/lb shale fed 
Residue shale yield, Ib/lh shale fed 

0.0755 
0.0518 

By direct measurement 0.791 
0.811 By ash balance, scf/lb shale fed 

Product gas yield, scf/lb shale fed 
Feed gas,  scf/lb shale fed 

3.83 
4.77 

TABLE n 

COMPARISON O F  MATERIAL BALANCE VARIABLES FROIU RUNS 8OBSU-10 AND 80BSU-lla 

IGT Run IGT run 
80BSU-10 80BSU-11 -- Variable 

Organic carbon content, wt % (dry) 15.04 13.4 
Liquid hydrocarbon yield, lb/lb shale fed 0.0829 0.0755 
Product gas yield, scf/lb shale fed 6.22 3.83 

a. Numbers obtained from (2). 

The Paraho C-H process combines, in one vessel,  a retorting step and a combustion step. 
The combustion step uses the carbon on the spent shale to produce steam and electricity. The com- 
bustion section of the Paraho C-H retort  was simulated using RETORT, a shale re tor t  modeling 
program written by R. L. Braun (4). RETORT calculations show that when large amounts of car- 
bon are left in the spent shale, a s  in this Fischer Assay, the large quantities of oxygen and diluent 
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gases required to burn all of the residual carbon from the shale actually quench the combustion. 

TABLE III 

MATERIAL BALANCE FISCHER ASSAY YIELD FOR 80BSU-10 SHALE 

(Organic carbon content - 14.2 wt %) 

Fischer Assay 

Oil, w t %  
Water, wt ?& 
Gas plus loss, wt % 
Retorted shale, wt % 
Oil, C/H weight ratio 
Oil, sulfur, wt I 
Oil, nitrogen, wt % 
Oil, sp g r  60/60"F 
o i l ,  gal/ton 
Gas Analysis 

cf/ton 
Btu/cf 

co 
Vol % - €I2 

CH4 

co2 

C H  

'ZH6 

'QH6 

2 4  

C3H8 

C4'S 

C5'S 

C6'S 

C7'S 

H2S 

NH3 

Original Run 

3.07 
6.06 
2.09 

88.18 
8.89 
2.41 
1.06 
0.938 
9.4 

516 
946 
40.79 
4.32 

13.45 

10.46 

1.21 

6.19 

2.05 

3.10 

3.66 

2.16 

0.94 

1.59 

9.76 

0.32 

Second Run 

3.79 
5.97 
3.74 

8.73 
2.40 
1.14 
0.953 
9.5 

86.5 

516 
960 
41.17 

3.23 

13.89 

9.80 

1.24 

6.38 

2.10 

3.21 

4.19 

2.51 

1.00 

0.86 

10.09 

0.33 

I By introducing the combustion feed gas a t  several points within the combustion section, we 
achieved a design for which RETORT predicts stable combustion. 

Because of the large amount of residual carbon that i s  discarded with the spent shale, the cost  of oil 
from this process is very high. 

to extrapolate the Fischer Assay data from Table E1 to direct heating conditions. The costs a r e  
high for two reasons: f i rs t ,  because the residual carbon is discarded; second, because of the large 
quantities of dilute gases that must be processed, the acid gas cleanup is very costly. 

ASPEN computer program. The capital costs for this process were estimated based on a similar 
Electric Power Research Institute (EPRI) study (5). The power costs were converted to dollars per 
barrel  equivalent fuel oil. 

the scope of this paper. This information with capital cost  information and a discussion of each 

The TOSCO II retorting process design was based on Fischer Assay data from Table EI. 
I 

The material balance for the Paraho D-H retorting process was computed using RETORT 
I 

A process for burning eastern shale to produce electric power was simulated with the 

The presentation of flow sheets and material balances for  each of the processes is beyond 
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process module i s  given in (6). Some of the more  important factors that a r e  required to compute 
product costs a r e  given in Table IV. 

TABLE IV 

COSTS FACTORS 

Total Capital Cost Oil Production Operatin Costs By-product Income 
($106/yr) d ($106) (bbl/stream day) tB1o /yr, 

HYTORT 2187.5 
Paraho C-H 2220.2 
TOSCO Il 2240.0 
Paraho D-H 3140.0 
Power plant 577.0 

58,575 428.2 
34,740 390.8 
36,620 389.8 
29,220 428.2 

7,  27Ia 49.9 

63.0 
159.8 
69.0 

220.7 
- 

a. Equivalent oil computed at 1758 Kwh/bbl. 

PROCESS ECONOMICS 

We made the following assumptions. The retorts in each case processed 145,764 tons of 
shale per stream day. This number was picked to produce oil at a rate of approximately 50,000 
barrels per  stream day for  the better producing systems. The plants a r e  located near a mine. The 
delivered shale i s  purchased at $4.OO/ton (7). 

The capital costs are based on mid-1981 dollars. Our approach to capital cost  calculation 
was to survey the l i terature and make up-to-date charts of plant capacity v s  direct  capital costs. 
We estimated maintenance and operating costs to be a percentage of the capital costs. 

The following economic parameters  were used to determine the product oil and power cost: 
. 90% stream factor,  
. 20-year plant life, 
. debt-to-equity ratio of 75/25, 
. 12% interest on debt, and 
. 18% rate of return on equity. 

(This r a t e  of return is high, but it fits the mid-1981 time frame. ) 
Several a reas  that affect product price need more  study. The five a reas  of greatest un- 

. retort  capital costs,  

. acid gas removal, . product oil hydrotreating, 
* 

. actual retort  oil yield. 

certainty a r e  the following: 

sulfur remaining in the burned shale, and 

Retort Capital Costs 

computed the effect of uncertainty in the retort  module capital costs upon the selling price of the oil 
produced. The calculations were made for retort  module capital costs of 50 and 200% of the best 
estimate. They were made for the HYTORT, Paraho C-H, TOSCO II and Paraho D-H cases. 
gure 1 is a graphical representation of these calculations. 

Figure 1 shows that the relative positions of the best and worst cases,  HYTORT and 
Paraho D-H, are not changed. 

The graphical method described above for  computing capital costs does not work well with 
large field-fabricated items like retorts.  Chicago Bridge and Iron (CBI) gave us some helpful sug- 
gestions for  computing the capital cost  for vessels like the retorts. The technique is based on dol- 
lars per pound of retort. We also obtained a written cost  estimate from IGT that they had obtained 
from CBI. It included a sketch of the vessel. The  CBI estimate was used a s  a basis for the 
HYTORT retort  costs. Our HYTORT re tor t  costs compare very well with those in (2). but a r e  
much lower than those in the BTADE. 

staff members from the design engineering section of our Technical Engineering Support 
Group estlmated the vessel weight for the Paraho retort  based on the drawings in the BTADDS re- 
port. The Paraho C-H retort  module costs on a dollar per  pound basis were also less  than those in 
the BTADDS. The Paraho D-H retort  module cost  was lower than we expected, but because of the 
uncertainty involved, this estimation method was assumed to be the best available and most consis- 
tent. 

Large discrepancies in retort  costs exist in the l i terature (1, 2). Because of this, we 

Fi- 

Not enough information was available to compute the retort  costs for the TOSCO II retort  
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module by this method. These costs were computed by scaling cost information from (8). These 
costs seem high relative to our  other costs. 

Acid Gas Removal Systems 

Acid gas removal also has high operating costs. Process optimization would require finding the 
best acid gas removal scheme for each retorting process; however, optimization was beyond the 
scope of this study. For the HYTORT process,  we used amine absorption for acid gas removal and 
the U. S. Steel Corporation Phosam Process (1 ,  9) for ammonia removal. The Phosam process is  
good for high-pressure use (9). Hence, it was used for the HYTORT process a s  it was in the 
BTADDS. 

The other law-pressure retorting schemes use the SULFAMMON process,  which was used 
in the BTADDS for Paraho C-H acid gas and ammonia removal. The low ammonia and carbon diox- 
ide contents of the BTADDS sour gas make the low capital cost SULFAMNION process look ideal. 
The sour gas compositions used in our study are derived from the Fischer Assay data in Table III. 
Ammonia-laden off-gas from the hydrotreater must also be cleaned in the acid gas plant in our stu- 
dy. This combination of sour gases presents a tougher acid gas removal problem for the 
SULFAMMON plant than occurred in the BTADDS. 
BTADDS scheme for the SULFAMMON process to work on our gases. 

gas so that it can be burned in an environmentally acceptable manner i s  expensive. The 
SULFAMMON process was used because of the low capital cost. In spite of this, the capital costs 
for cleaning large quantities of dilute gas a r e  staggering. 

Acid gas removal for these processes is expensive. In all  cases,  capital costs a r e  high. 

Some modifications had to be made to the 

Large quantities of low-Btu sour gas a r e  produced in the Paraho D-H retort. Cleaning this 

Hydrotreat ing 
Hydrotreating and the production of hydrogen for hydrotreating add significantly to the cost 

of the product shale oil (10). To prepare the shale oil for refinery use, the nitrogen content must 
be reduced by hydrotreating. A product oil containing500 ppmnitrogen was assumed to be a'suitable 
refinery feedstock. 

drogen consumption and, therefore, the costs of this expensive process. 

shale oil produced by the same retorting method. One reason is the lower hydrogen-to-carbon ratio 
in the eastern shale oil. 
presents a different hydrotreating problem than eastern shale oil produced by the HYTORT method 

In this study, an empirical technique based on very little data was used to estimate the hy- 

Raw eastern shale oil presents a different hydrotreating problem than does raw western 

Furthermore, eastern shale oil produced by a Fischer Assay technique 

(11). 
Hydrotreating data are available for  oils produced from Colorado shale by the Paraho tech- 

nique (lo), but the data are not for eastern shale oil. Hydrotreating data are available for oils pro- 
duced from eastern Sunbury shales, but they do not cover the oil nitrogen ranges used in this study 
(2,  12). These data were combined to estimate the hydrogen consumption required by the hydro- 
treaters in this study. Details of these calculations are given in ( 6 ) .  

Table V l ists some assumptions and results of the hydrotreater calculations. 

TABLE V 

HYDROTREATER ASSUMPTIONS AND RESULTS 

Fischer Assay Oil 
HYTORT OIL (Paraho and TOSCO) 

Feed oil nitrogen 2 . 2  wt 98 1.5wtFJo 
Feed oil gravity 10.5' API 19.3" API 
Product oil nitrogen 500 ppm 500 ppm 
Product gravity 36.2' API 47.0" API 
Hydrogen consumption 2300 scf/bbl 1600 sc fhb l  

Sulfur Retention in the Burned Spent Shale (Paraho C-H Case1 
sulfur retention in the burned spent shale in the Paraho C-H case  is an important economic 

parameter. Disposing of the sulfur in the gaseous and liquid streams is expensive. In the Paraho 
C-H process, all sulfur that does not go into the gaseous and liquid streams is carried with the re- 
torted shale to the combustion section. This sulfur must be removed as SO2 or retained in the 
burned spent shale. Removing SO2 from the flue gas stream is expensive. The more sulfur that is 
retained in the burned spent shale, the more economical the total process is .  Again, the informa- 
tion that most strongly affects the cost of a n  expensive process (sulfur retention in the burned spent 
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shale) had to be estimated based on very little data. The only data found for sulfur retention in 
burned spent shale were in the BTADDS. The plant material balance in the BTADDS, however, did 
not reflect the actual data in the same report. The discrepancy was never resolved, so an indepa- 
dent source,  an  EPRI study of a lignite-fired fluidized bed power plant (13). was consulted. The 
EPRI report  indicates that sulfur retention i s  a function of combustion temperature, CaO and possi- 
bly some of the other alkali oxides present. CaC03, often reported a s  a function of the mineral 
carbon (see Table I), will decompose to CaO and COS. This CaO and any other CaO in the shale can 
combine with the sulfur to form C a m 4 ,  which will remain in the burned spent shale. 

report and the mineral carbon content in EOBSU-11 shale. 
sented in (6). 

Retort Oil Yield 

the cost of the product oil. With western shales,  the Fischer Assay oil yield is  predictable if the 
organic carbon content is known. This may not be true for eastern shales. 

eastern oil shale, as does the BTADDS. There i s  a significant difference between the two plots 
(see Figure 2). Rather than choosing between these two correlations, we chose to have a Fischer 
Assay done independently on a sample of shale that had also been retorted by the IGT HYTORT pro- 
cess. The value obtained by the independent Fischer Assay is plotted in Figure 2. 
within the data scatter a b u t  the lower l ine.  Therefore,  we assumed that this Fischer Assay was a 
fair  basis for  our study. We used 98% Fischer Assay oil yield for Paraho C-H and 100% for  TOSCO 
11, based on 9.2 gallons per  ton. 

Shortly before this study ended, we obtained some data indicating that thermal retorting of 
eastern shales can produce higher oil  yields than normal Fischer Assay (14, 15). Figure 3 is taken 
from (14). Some of the information on the original drawing was removed for clarity. Figure 3 in- 
dicates that heating ra tes  above the Fischer Assay heat-up rate can increase the oil  yield from 
eastern shales. These data suggest that eastern shales should not be treated as low-grade western 
shales. Yields greater than Fischer Assay can be obtained from eastern shales by thermal retort- 
ing methods. W e  do not know the economic benefits or penalties associated with these heating rates 
in full-scale equipment. Reference (15) states that proper thermal retorting may produce oil yields 
of up to 125% Fischer Assay from eastern shales. 

case either, When compared on a normalized basis,  Run 80BSU-10 produces a higher oil yield 
than Run 80BSU-11. Both runs a r e  for  Sunbury shale. Based on this observation, it is  possible 
that the HYTORT process could produce 2 to 5% more  oil than we estimated in our study. 

yield percentages shown below: 

Our estimate for the burned spent shale sulfur retention is based on the data-in the EPRI 
The details of the calculation are pre- 

The amount of oil produccd from each retort  is  a very important parameter for computing 

Janka and Dennison (3) give a plot of Fischer Assay oil yield vs  organic carbon content for 

The value is 

It i s  only fair ,  however, to note the 8OBSU-11 run (2) is  not an optimum for  the HYTORT 

The oil selling price was recalculated for  the following processes using the increased oil 

. HYTORT (102% and 105%). . Paraho C-H (110% and 125%), 
TOSCO 11 (110% and 125%). and 

* Paraho D-H (110% and 125%). 
The results of these calculations a r e  given in Figure 4. 

The 1.25 multiplying factor applied to the Paraho C-H case  increases the oil production to 
nearly 11.3 gallons per ton. This value is close to the top Fischer Assay line in Flgure 2. It is 
lower than the 12.5 gallons per ton used in the BTADDS calculations. 

Increased oil production will bring down the selling price of the product oil significantly 
and will reduce the differences in the selling prices between the cases, but the relative ranking of 
the cases remains unchanged. 

SUMMARY 

We have tried to analyze each process impartially and believe that, based on our input data, 
the relative rankings shown ear l ie r  are correct.  The oil yield data in (14) and (15) do, however, 
indicate that the differences between the HYTORT, Paraho and TOSCO II processes may not be a s  
great a s  w e  have indicated. 

Our oil costs are different from those of the BTADDS. There are several reasons for this. 
1. Economy of Scale. The plants in this study are roughly five times the s ize  of the plants 

in the BTADDS. Some economic benefit can be gained by going to plants larger than those in the 
BTADDS. 

2. Capital Costs. Most of the capital costs from the BTADDS for individual process units 
are higher than those predicted by our  correlations. On a cost vs  capacity basis, our retort  capital 
costs were significantly less than the BTADDS retorts.  Overall, our capital costs are lower. 
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FIGURE 1 

O I L  SELL ING PRICES FOR VARIOUS PROCESSES WITH 
DIFFERENT RETORT MODULE CAPITAL  COSTS 
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FIGURE 2 

TWO DIFFERENT PLOTS OF FISCHER ASSAY O I L  Y I E L D  
VS WT% ORGANIC CARBON FOR EASTERN O I L  SHALE 
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FIGURE 3 

EFFECT O F  HEATING RATE ON OIL Y I E L D  FROM EASTERN 
AN0 WESTERN O I L  SHALE (TAKEN FROM REF. 14 ) .  
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FIGURE 4 

PRODUCT O I L  SELL ING PRICE FOR FOUR CASE 
STUDIES WITH INCREASED O I L  PRODUCTION. 
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3. Mined vs  Purchased Feed Shale. Our study uses shale purchased and delivered at 
$4.00 per ton. The BTADDS included the mine as part  of their plant. 

4. Hydrotreated Oil. Our design included oil hydrotreaters. The major product from the 
BTADIX was raw shale oil. 

5. Different Financial Factors. The capital cost basis for this study was mid-1981. The 
capital cost basis for  the BTADDS was fourth quarter 1980. Our study used an 18% return on equi- 
ty. The BTADIX used what appears to be a 12% return on equity. 

6. Different Oil Yield Input. We usedahigher HYTORT oil yield, based on Run 80BSU-11 
(Table I) ,  than was used in the BTADDS. We used a lower Paraho C-H oil yield, based on extrapo- 
lated Fischer Assay data (Table III). These two factors explain why our  study predicted that 
HYTORT produced a lower cost oil than Paraho C-H and the BTADDS predicted the reverse.  

CONCLUSIONS 

Our study, based on the input data used, indicates the following. 
. Without further development, western shale retorting processes are not adequate for use 

with eastern shales. 
. A s  described here,  the HYTORT process produces oil at a cost nearly competitive with 

oil produced from western shale using western retorting techniques. 
. Increasing oil yield with thermal retorting techniques by increasing the heat-up ra te  

looks promising for processes like the Paraho C-H and TOSCO 11. 

(3) 
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INTRODUCTION 

The Institute of Gas Technology (IGT), under a subcontract to HYCRUDE Corporation, par- 
ticipated in a feasibility study (Commercialization of the HYTORT Process), funded by Phillips Pe- 
troleum Company from December 1980 through May 1983. The overall objective of the Bench-Scale 
Unit (BSU) test program, which was one of the activities conducted, was to determine the effects of 
major process variables on conversion of organic carbon, yields and properties of oil and gas and 
consumptlon of hydrogen for hydroretorting of a specific Indiana New Albany shale. A s  part of the 
BSU program, a n  improved method was developed for measuring reactable organic oxygen in these 
shales, which resulted in greatly improved oxygen balances (1). The effects of particle size on 
product yields from hydroretorting a similar oil shale were measured in a high-pressure thermo- 
balance unit and a semi-batch unit; the results of this work have been presented in ear l ier  publica- 
tions (2, 3). 

was performed to identify possible improvements in BSU measurements that could lead to better 
overall material and elemental balances. A l is t  of additional potential sources of uncertainty (pri- 
marily due to the operating procedures used) was compiled. Based on the identification of these 
possible sources of uncertainty, additional equipment was ordered and installed and existing opera- 
ting procedures and calculation methods were modified. The result was excellent overall material 
balance closures (10% 2 1%). 

Before the ESU hydroretorting tes ts  were begun, a preliminary error-propagation analysis 

EQUIPMENT AND PROCEDURES 

A flow diagram of the BSU after modification is shown in Figure 1. The BSU equipment 
consists primarily of a reactor with associated equipment for feeding and measuring the flow rates 
of feed shale and feed gas and for collecting and measuring the flow rates of residue shale, liquid 
product and product gas. Simple analog controllers a r e  used to maintain reactor temperatures a t  
the desired values, to maintain feed rates a t  constant values and to maintain the reactor pressure 
constant. Representative samples of the spent shale and feed and product gases are taken every 15 
minutes during steady-atate operation. The capacity of the unit is 250 Ib/h of shale. Shale-gas 
contacting occurs in a truly continuous, countercurrent manner. Additional details of construction 
and operation of the BSU are available in ear l ier  publications (4, 5). 

The addition of mass  flow meters (in series with orifice meters), a second product gas 
meter  (in series with the first meter) and a helium tracer  system contributed to improved gas flow 
measurements. The following equipment was added to improve product sampling and analyses: 

. Sampling train for t race sulfur and nitrogen species 

. "Cold Finger" for product gas freeze-out sample 
Steady-state product shale sampler 

. On-line infrared gas analyzers 

. On-line gas chromatograph 

. Flash gas measurement system 
Additional equipment installed to improve operation and data analysis included a closed- 

loop bed level control system, electronic feed and discharge screw RPM indicators, a multipoint 
digital pressure gauge (0.1% accuracy) and an electronic temperature profiler. 
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BSU TEST PROGRAM 

Two “blank” or zeroing tests were conducted before the hydroretorting tests were begun. 
The first test was made with an “empty” reactor (at reaction temperature and pressurized with hy- 
drogen) to determine the accuracy of the metered gas flows into and out of the reactor system. Gas 
flows were measured with an accuracy of 51%. The second test was similar to the f l rs t  except that 
gravel was fed to the reactor to simulate shale movement without the complication of heat effects 
due to chemical reactions. Temperature controllers were also set  to obtain a nearly linear tem- 
perature profile in the reactor. The results of this test indicated that solids flow rates could be 
measured with an accuracy of 50.25%. 

Like oil hydrotreating and hydrocracking, oil shale hydroretorting requires that a large 
excess of hydrogen-rich gas be passed through the reactor. In commercia1 designs, this gas is re- 
cycled as  a heat carr ier .  The quantity required for  that purpose is such that only 8.5% of the hy- 
drogen it contains actually reacts on one pass through the reactor. Therefore, determination of the 

drogen gas flow rate leaving the reactor from that entering) can be subject to considerable uncer- 
tainty. This i s  because the resulting figure is a small difference between two large numbers. In 
order to provide measurements of chemical hydrogen consumption at an acceptable (+lo%) level of 
confidence, it was necessary to obtain mutually-supporting measurements using several different 
and independent techniques a s  well as to improve the accuracy of the conventional methods. 

Four methods were used to calculate H2 consumption: the appearance of combined hydro- 
gen in the product, forcing an oxygen balance, taking direct measurements (difference between H2 
fed and H2 in the product) and using a helium tracer. The basis of each method is described below: 

Appearance of Combined Hydrogen - The total chemically combined hydrogen in all reac- 
tants is subtracted from the total combined hydrogen in all products to obtain the chemical hydrogen 
consumption. This method depends on correct measurements of shale moisture contents and water 
production rates. 

Forced Oxygen Balance - This calculational method assumes that oxygen analyses of feed 
and spent shale, oil and gas a re  correct. The hydrogen consumption is then calculated from the 
water yield which has been calculated by a forced oxygen balance. 

Mrect  Measurement (by difference) - In this calculational procedure, the hydrogen (as 
H2) flow rate  in the product gas stream is subtracted from the hydrogen (as H2) feed gas flow rate  
to determine hydrogen consumption. Improved accuracy is realized by duplication of gas flow me- 
tering equipment. 

Helium Tracer  - To utilize the helium tracer  technique in the BSU test program, approxi- 
mately 5 mole % of helium was dynamically blended with the BSU feed hydrogen. Ratios of He& in 
the feed and product streams were used to calculate hydrogen consumption. 

The BSU hydroretorting test program was divtded into three phases. Phase I was designed 
to investigate the effects of two independent variables, shale heat-up ra te  and maximum bed tem- 
perature, at two levels. In this phase, four replicate runs were also conducted. The replicate runs 
provided an indication of the experimental e r ror  and of the precision of the experiments. The im- 
plicit assumption here was that, by maintaining the same test procedures throughout the BSU pro- 
gram, the experimental e r ror  would remain constant. Phase I1 was designed to study the effects of 
lower maximum shale bed temperatures and shorter shale residence times. The experimental ma- 
trix was composed of two bed temperature levels at two shale residence times. Phase 111 was de- 
signed to investigate the combined effects of high shale mass flux, shale residence time at tempera- 
ture, shale preheat and hydrogen partial pressure. 

The properties of theIndiana New Albany shale employed in the study a r e  shown in Table I. 

1 level of chemical hydrogen consumption done in the obvious way (by subtracting the measured hy- 

I 

TABLE I 

CHARACTERISTICS OF FEASIBILITY STUDY SHALE 

Shale source Henryville, Indiana 
Stratigraphic unit 
Pay thickness, ft 40 
Organic carbon content, wt % 
Fischer Assay oil yield, galhon 

Late Devonian (New Albany) 

11.9 to 12.7 
11 to 13  

RESULTS AND CONCLUSIONS 

Some standard deviations of selected resultant variables from the Phase I test results are  
shown in Table 11. The reported standard deviations of the resultant variables incorporate both ex- 
perimental uncertainty and the degree of precision in setting replicate pun conditions. It is 
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important to note that the standard deviation of hydrogen consumption of 2170 SCF/ton of dry shale 
is within the desired accuracy limits of 210%. 

TABLE II 

RESULTS OF STATISTICAL ANALYSIS OF PHASE I TEST DATA 

Variable Standard Deviation 

Hydrogen consumption, SCF/tonb 170' 
Gross oil yield, gal/tonb 0.3 
Adjusted oil yield, gal/tonb 0.2 
Carbor? conversion, % 1.3 

Oil 
Selectivity to oil, ( W 0.9 

a. Calculated by the forced oxygen balance method. 
b. On a dry shale basis. 

The Phase I test results clearly indicate that lower maximum bed temperatures (1000°F 

. Decreased hydrogen consumption - Increased oil production 
Improved oil quality 

versus 1250'F) - 

API gravity and sulfur content were used a s  an index of oil quality. Use of lower heat-up rates 
(15'F/min versus 100"F/min) also favors increased oil production and improved oil quality but does 
not appear to affect the hydrogen consumption within the temperature range employed in Phase I of 
the program. 

Figure 2 indicates the range of hydrogen consumption values calculated by the various me- 
thods for  some typical BSU runs. The direct method for measuring hydrogen consumption tended to 
give values with greater variability from the mean values. This is typical of methods that involve 
the calculation of a relatively small difference between two large numbers. There was generally 
good agreement between the hydrogen consumption figures calculated by the above methods. Use of 
four different methods provided an excellent cross-check of the hydrogen consumption values and 
increased our confidence in the experimental results. 
analytical data were generated from each BSU run, to enable identification of plausible reasons for 
occasional differences in calculated hydrogen consumption values. 

(1000'F versus 85o'F) had the following statistically significant effects: 

Additionally, sufficient experimental and 

Analysis of the Phase I1 results indicates that the higher maximum bed temperature 

* Increased oil production 
. Increased carbon conversion 
. Increased hydrocarbon gas yield 

The use of a longer shale residence time (60 minutes versus 30 minutes) results in an increase in 
carbon conversion, the major part of which goes into an increase in hydrocarbon gas yield. 

The final phase of the test program showed that the yield of oil product increased continu- 
ously a s  the hydrogen partial pressure was increased. This effect is depicted graphically in  Figure 
3. The BSU tests indicated that oil yields of up to 230% of the Fischer Assay yield can be achieved. 
It should be pointed out that these higher oil yields were achieved without an appreciable reduction 
in oil quality. Choice of a design hydrogen partial pressure for commercial operation was based on 
a cost tradeoff study of yields against pressure.  

Another aspect of commercial importance is the effect of hydroretorting time (shale resi- 
dence time) on the oil product yield. The BSU program results indicate that there is essentially no 
change in volumetric oil yield when the shale residence time is reduced from 60 minutes to 15 min- 
utes. The relatively short shale residence time requirement means that retorts smaller than ori- 
ginally estimated may be used commercially. This results in reduced capital expenditures and 
lower operating costs. 

The Phase In study addressed the specific commercial plant design areas  identified by the 
Bechtel Group, Inc. , a s  having the greatest potential for reducing product oil costs. The variables 
studied were mass flux, purge gas preheat and shale residence time. Because more than one vari- 
able was changed at a time, it was not statistically possible to isolate the individual effects of high 
shale mass  flux and purge gas preheat from the Phase III test results. However, judicious selec- 
t ion of operating conditions provided acceptable design points for the conceptual commercial plant 
design . 

The stability of HYTORT product shale oil (Table 111) was evaluated (in terms of API 
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gravity, kinematic viscosity at I O O ~ F ,  pour point and amount of precipitated solids) over a period of 
16 weeks. Storage stability was evaluated under four separate sets of storage conditions. One 
group of samples was refrigerated at  4"c, a second sample se t  was heId at 50°C (to accelerate any 
potential changes) and two groups of samples were stored at ambient temperature (25'C). An anti- 

groups. All samples were shielded from light during storage. The results of the oil stability tests, 
shown in Table IV, indicate no significant change in properties over a 16-week period. Thus, 

I oxidant (DuPont Anti-Clxidant No. 22) was added to one subsample of the two ambient temperature 

HYTORT oil can be stored prior to upgrading for several months without significant degradation. I 

L TABLE 111 

I ANALYSIS AND PROPERTIES O F  RAW HYTORT SHALE OIL USED IN STABILITY TESTS 

Ultimate Analysis, Wt % 
Carbon 
Hydrogen 
Sulfur 
Nitrogen 
Ash 

Viscosity, cSt @ 100°F 
Specific Gravity (60/60°F) 
API Gravity, "API 
Distillation, O F  

IBP 
5 0% 
EP 

Heating value, Btu/ib 1 7  
Pour -point, "F  

86.38 
10.24 
1.28 
2.13 
0 .0  

16.0 
0.968 

14.7 

159 
653 
760 

', 698 
-25 

'I 

TABLE IV 

RESULTS OF HYTORT OIL STORAGE STABILITY TESTS 

Elapsed Time. Analytical 
Storage Weeks Method 

Conditions Analysis 0 16 Accuracy - -  
+o. 1 
+o. 1 

+2.5 

+o. 1 
+o. 1 

Pour p i n t ,  "F -25 -20 - +2.5 
Precipitated solids, ppm 40 40 - +2.5 

+o. 1 
+o. 1 

14.7 14.6 - Refrigerated API gravity, "API 
- (4°C) Viscosity, cSt @ 100°F 16.0 17.6 

Pour point, "F -25 -20 - +2.5 
Precipitated solids, ppm 40 45 - 

Ambient API gravity, "API 14.7 14.1 - 
(25°C) Viscosity, cSt @ lOO'F 16.0 18.1 - 

14.7 14.3 - 
(50°C) Viscosity, cSt 0 1 0 0 " ~  16.0 18.8 - 

Heated API gravity, "API 

Pour point, "F -25 -20 - +2.5 
Precipitated solids, ppm 40 35 - +2.5 

+o. 1 
+o. 1 
+2.5 

Precipitated solids, ppm 40 40 - +2.5 

- Ambient API gravity, "API 14.7 14.5 
16.0 19.7 - 

-25 -15 - 
(Anti-oxidant Viscosity, cSt @ 100'F 
added)(25V) Pour point, OF 
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INTRODUCTION 

Oil yields substantially in excess of Fischer Assay have been obtained for eastern U. S. oil 
shales by several different retorting technologies (1-5). The possibility of oil yield enhancement 
has  now been confirmed by a number of researchers a t  different laboratories. However, the em- 
phasis of most of the available information in the literature to date has been the determination of 
the maximum oil yield possible from eastern shales. The problem of how retorting under condi- 
tions such as fast heating, steam, sweep gases, or vacuum in a fixed bed retor t  and under fluid bed 
conditions, result in higher oil yield has  not been addressed. Some of these retorting parameters 
might provide some kinetic advantages o r  they might enhance oil yield by the reduction of coking 
and cracking. Additionally, some combination of both of these explanations could be feasible as 
well as the possibility of the additional release of volatile matter from the shale by various retort- 
ing conditions. Comparison of information that has been obtained a t  the Institute for Mining and 
Minerals Research (IMMR) using a 1 lh- inch  diameter fixed bed retort and a 1 1/2-inch and 3-inch 
diameter fluid bed retort have provided insights to the mechanism of yield enhancement for eastern 
U. S. oil shales. 

EXPERIMENTAL 

Oil Shale 

crushed, blended, sieved and riffled into representative aliquots for retorting. Samples were 
stored under argon in air-tight containers to retard aging prior to retorting. All samples used for 
this study were obtained from the Cleveland Member of the Ohio Shale and were mined in Fleming 
County, Kentucky. The master batch used for the 3-inch diameter fluid bed was 20-30 mesh parti- 
cles and contained 12.2% carbon while the two samples of Ohio Shale used for  the 1 1/2-inch fluid 
bed were 16-20 mesh particles and contained 11.6 and 11.0% carbon. These samples were also 
used in the fixed bed along with another sample containing 14.6% carbon. 

Modified Fischer Assay and Fixed Bed Retorting Procedures 
The bench scale fixed bed retort and the modified Fischer Assay procedures used at the 

IMMR have been described elsewhere ( 6 ,  7). Additional procedures used to operate the bench scale 
fixed bed retort under conditions of different heating rates, sweep gases, steam and vacuum are  
detailed in Rubel and Coburn (1). 

Bench Scale Fluid Bed Retorts and Operating Procedures 

procedures and the product collection system used for this unit have been given in Rubel et al. (5). 
Similar information for the 3-inch diameter unit has been detailed in Carter et al. (4). 

Retort Product Analysis 

Application 357. Gases leaving the product collection apparatus from the fluid bed retorts were 
monitored on a Carle Gas Analyzer (Series 9(-AGC) using Carle Application 397B. This enabled 
determination of off gas weight and carbon content. A Carlo-Erba 1106 Elemental Analyzer was 
used to determine C (total), H and N in the raw and spent shale and in the oil. Raw and spent shale 
and oil were also analyzed for  moisture and ash (ASTM D3174). Raw and spent shale samples were 
subjected to thermogravimetric analysis on a Perkin Elmer TGS-2 for volatile matter and fixed 

Several master batches of Kentucky oil shale were produced from bulk samples which were 

A description of the 1 1/2-inch diameter fluid bed retort, the operating conditions and 

Gases from the fixed bed retort were analyzed on a Carle 311-H Gas Analyzer using Carle 

202 

I 



carbon determinations. 

RESULTS AND DISCUSSION 

Retort Products Distribution 
Figure 1 compares the distribution of products for the fluid bed reactors versus the fixed 

bed retort operated under modified Fischer Assay conditions. Also given is the partitioning of car- 
bon between spent shale, oil and gas. Material and carbon balances for  both fluid bed retorts and 
the fixed bed retort .were between 99 and 101%. The upper retorting temperature for all runs (both 
fixed and fluid bed) used for this comparison was between 533" and 550°C. Since gas yield has been 
shown to be dependent on upper retorting temperature (1, 5 ,  8) comparison of the distribution of 
products between spent shale, oil and gas can only be done between retorting runs with similar ma- 
ximum temperatures. A s  can be seen from Figure l, fluid bed retorting of Kentucky oil shale re- 
sults in more oil and less gas yield in comparison to the same shale pyrolyzed in a fixed bed retort. 
I n  this case,  oil yield weight was enhanced 36% and gas yield decreased 44%. These results a r e  
substantiated by the recovery of carbon in the products. Carbon recovered in the oil increased 33% 
while carbon in the gas decreased 17%. Also of significance is the fact that under fixed bed condi- 
tions 10% more carbon was recovered in the spent shale than under fluid bed conditions. A s  will be 
shown later, carbon recovered as coke is the likely source of this residual carbon. 

Effect of Upper Retorting Temperature on Products 
The most obvious effect of increasing the upper retorting temperature for both the fixed 

bed and fluid bed retorts is the substantial increase in gas make. Figure 2 is a plot of gas yield as 
percent of the raw shale versus maximum retorting temperature for the fluid bed units compared 
with fixed bed retorting a t  12"C/min to different upper soak temperatures. Under both fixed bed and 
fluid bed retorting conditions there is a marked increase in the amount of off gas produced as the 
bed temperature is increased. 
fixed bed run  at a similar retorting temperature. 
oil vapors in  the fluid bed should be minimum due to their very rapid removal ( 0 . 6  sec) from the 
fluid bed retorts by the high sweep gas velocities required to maintain fluidization. Additionally, 
more cracking of oil vapor i s  expected as the bed temperature is increased under both retorting 
conditions which results in the observed increase in gases produced. 

Evidence of oil cracking a s  the major source of the increased gas make is presented in 
Figure 3. I n  the 3-inch diameter fluid bed, a two fold increase in the amount of CH4 (0.1 to 0 . 2  
wt %) found in the off gas was noted as the bed temperature was increased from 470" to 530°C. This 
was accompanied by a shift in the composition of the gas as is shown in Figure 4. At a bed temper- 
ature of 478"C, the hydrocarbon off gas i s  23 wt % CH4 and 27 wt %C4's with intermediate amounts 
ofC2's and C3's. At a bed temperature of 533"C, CH4 composed 30 wt '%, of the gas and C4's 21 wt 
%. A s  the bed temperature increased, the.hydrocarbon off gas composition shifted toward a higher 
concentration of the lower carbon number hydrocarbons. For comparison, the amount of CH4 pro- 
duced by a comparable sample of Ohio shale retorted in the fixed bed under modified Fischer Assay 
conditions was 0 . 3  wt % of the raw shale. This is greater than the amount produced (0 .2  wt 8) by 
the fluid bed at a comparable maximum temperature. 

The information obtained from the off gas analysis implies that an optimum retorting tem- 
perature for  maximum oil yield from Kentucky oil shales must be a balance between a temperature 
high enough to remove all volatile hydrocarbons from the shale but low enough to prevent excess 
cracking. This i s  verified by the oil yield results from the fluid bed retorts. Figure 5 indicates 
that there is a optimum bed temperature of 575°C for maximum oil recovery. 

Effect of Bed Temperature on Volatile Matter Release 
Figure 6 shows the effect of bed temperature on the release from the raw shale of volatile 

matter as determined by thermogravimetric analysis (TG). Included on this curve a r e  points from 
both fixed and fluid beds. It is apparent that volatile matter release is dependent on the retorting 
temperature and not the method of retorting. Volatile matter by TG includes all volatile material 
(both organic and inorganic) in the shale. Also the amount of volatile matter removed from the 
raw shale includes the amount of organic carbon converted to fixed carbon. Therefore, the curve 
of bed temperature vs. volatile matter removed continues to increase beyond the point a t  which in- 
creased oil yield is no longer observed. However, the information of interest here is that both re- 
torting technologies effect the same amount of volatile matter release, but the volatile matter goes 
to different products. This again implies that the reduction of cracking losses is the major factor 
in oil yield enhancement. 

Oil Yield vs. Fixed Carbon Deposition 

However, the fluid beds produced considerably less  gas than the 
This is consistent with the fact that cracking of 

Further evidence for decreased cracking, as the major factor for increased oil yields 
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from Kentucky oil shales, is the relationship between oil yield and coking as  monitored by the 
amount of fixed carbon in the shale determined by TG. 
fixed carbon ratio for several fluid bed runs at different bed temperatures compared to fixed-bed 
runs under modified Fiscber Assay, inert sweep gas ,  steam and vacuum retorting conditions, In 
the fluid bed a s  bed temperature increases, CH4 production increases, the percentage by welght of 
~ 4 ' s  in the hydrocarbon gas decreases, total gas make increases and fixed carbon (coke) deposition 
increases. A l l  these factors point to increased oil vapor cracking with higher bed temperature. 
The difference in coke depositlon between the fixed and fluid beds i s  dramatic; 3 6  more fixed car- 
bon is deposited under Fischer Assay conditions. The relationship between fixed carbon deposition 
and oil yields from the fixed bed run under various conditions shows the dependence of oil yield en- 
hancement on decreased coking. Inert sweep gas conditions produced an oil yield enhancement of 
105% modified Fischer Assay with a 23% increase in fixed carbon whereas steam and vacuum runs 
produced hetween 115-120l Fischer Assay oil with only a 10% increase in the fixed carbon present 
in the spent shale over that found in the raw shale. 

oil yield provides a n  indication of the mechanism by which oil yield enhancement is obtained for 
eastern U. S. shale. 
but coke deposition is minimum with the resultant 120 wt % Fischer Assay oil yield produced. 
Fischer Assay conditions result in maximum organic volatile matter release and maximum fixed 
carbon deposition. Fixed-bed steam retorting again provides for maximum organic volatile matter 
release which, combined with moderate coking, produces an oil yield of approximately 120% of 
Fischer Assay. Fluidized bed retorting at 575°C was found to be optimum for  maximum oil yields 
from the Ohio Oil Shale in this study. This allowed for maximum volatile release with minimum 
fixed carbon deposition and a resultant oil yield of 155-160 wt % Fischer Assay. 

Figure 7 gives the spent shale-to-raw shale 

Comparison of volatile matter release (Figure 6 ) ,  fixed carbon deposition (Figure 7) and 

For a fluid bed run at 475"C, less than maximum volatile matter is released 

SUMMARY 

Bench scale  fluid bed and fixed bed retorting of Kentucky oil shale has provided evidence 
that for the small particle sizes used in this study increases in oil yield, which have been shown to 
be feasible for eastern U. S. shale, is primarily due to decreased cracking of oil vapors and that 
release of hydrocarbons from the shale depends on pyrolysis temperature and not the retorting 
technology used. The following information presented supports this statement: Under fluid bed 
conditions where oil vapors a r e  rapidly removed from the retort more oil and less gas are pro- 
duced than any fixed bed retorting conditions. Under fluid bed conditions, the proportion of CH4 in 
the gas increases with increasing bed temperature a t  the expense of a lower proportion of C4's in 
the hydrocarbon gas. CH4 produced under modified Fischer Assay conditions i s  greater than that 
obtained a t  a comparable bed temperature in the fluid bed. Oil yield from the fluid bed retorting of 
OhioOil Shale is maximized at a bed temperature of 575°C under retorting conditions used in this 
study. Removal of volatile matter as measured by TG from the shale depends on retorting temper- 
ature and not retorting method. Increases in the fixed carbon content of the spent shale relative to 
the raw shale are accompanied by decreased oil yields, increased gas m'ake and increased CH4 pro- 
duction in both fixed and fluid bed retorts. Under modified Fischer Assay conditions, 16 more 
carbon a s  determined by elemental analysis is left on the spent shale than a fluid bed run at the 
same maximum bed temperature; TG analysis of the spent shale indicates that this residual carbon 
is coke. 
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FIGURE 3. EFFECT OF BED TEMPERATURE ON 
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FIGURE 6. EFFECT OF BED TEMPERATURE ON OIL YIELD 
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INTRODUCTION 

In the Athabasca oil sands, bitumen is separated from the quartz sand grain matrix by (at 
least) a thin film of water. This separation distinguishes the oil sand from other oil sands such as 
those found in Utah, for example. This feature is a lso of crucial importance to the commercial 
success of the hot water extraction process as it is currently being practiced in the Fort MciVlurray 
region of Alberta. 

In the hot water process, oil sand is slurried with water and sodium hydroxide at about 
80°C. The slurry is then conditioned in a horizontal rotating drum into which steam is  injected. 
After conditioning the slurry i s  screened, then diluted with additional water and transported to a 
flotation vessel. In this vessel, aerated bitumen droplets float to form a froth which is subsequent- 
ly collected. The greater part of the recoverable bitumen is obtained in this primary process step 
although froth and other s t reams from this vessel a r e  further treated. Additional details can be 
found elsewhere (1-3). 

view of the wide a r ray  of interfaces present in the a i r ,  oil, water, sand and clay system it is not 
surprising to find that interfacial phenomena appear to play a major role in the process. 

It was learned at an early stage, for example, that the process is adversely affected by 
clay minerals, that alkaline reagents a r e  required to maintain near neutral solutions and that the 
presence of surface active agents i s  needed (4-6). Subsequent research has demonstrated that the 
alkaline reagents a r e  required principally to generate naphthenic carboxylate surfactants from the 
bitumen and that these surfactants are in turn the active agents in the process (7-12). It further 
emerges that complex interactions take place. Thus, the dosage of alkaline reagents required de- 
pends upon the f ine  solids (clay) content in the oil sand (10, 12). 

The surfactants generated by the alkaline reagent appear not only to promote bitumen se- 
paration and aeration but to promote solids flotation as well, havlng thus both positive and negative 
contributions to the process (7-9, 11). Unifying principles of process operation which hold for the 
complete range of Athabasca oil sands which vary in grade, age after mining and depositional en- 
vironment have thus f a r  been elusive; Sanford's correlation between oil sand fines content and pro- 
cess  aid requirements (12) being the closest approach which i s  used in practice. In this paper, we 
discuss some results from investigations into the role of the natural surfactants in the hot water 
process. 

An understanding of the mechanisms involved in the hot water process is still evolving. In 

MPER IMENTAL 

Oil Sands 
We will focus mainly on three oil sand samples which were used in this work. A l l  were 

obtained from the Syncrude Mildred Lake oil sands operation. The compositions of these oil sands 
are given in Table I. In this work, the oil sands are distinguished by their bitumen content, A rich 
o r e  would contain about 12-14% (w/w) bitumen, an average grade 10-11% and a l e a n  grade 6-9%. AS 
the grade improves the fraction of water decreases and the relative amount of fines (clays) also de- 
creases (12). 

Bench-Scale Processing 
A laboratory-scale batch extraction unit and operating procedure developed by Sanford and 

Seyer (10) was used for studying the oil sands hot water process. The procedure involves slurrying 
5OOg charges of oil sand and simulates the conditloning (tumbler) s tep and the primary and secon- 
dary recovery steps of the continuous commercial process. Samples collected from each extraction 
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were assayed for oil, water and solids content by standard methods (13). 
mary and secondary recoveries as well as a mass  balance were obtained for each extraction. Re- 
plicate extraction samples were isolated for surfactant and electrophoretic mobility determinations. 

From the assays, pri- 

TABLE I 

COMPOSITIONS OF OIL SANDS STUDIED 

Oil Sand Bitumen Water Solids Finesa --- 
( % W / ; N ? - -  - 

Rich 13 2 85 9 
Average 11 3 86 19 
Lean 6 11 83 21 

a .  The fines level is defined as the weight fraction of 
solids smaller than 44 1un and i s  expressed as a 
percentage of total solids. 

Primary oil recoveries obtained with this unit have been found to be good indicators of the 
primary oil recovery obtainable with a 227Okg/h continuous pilot unit, which i s  a scaled-down ver- 
sion of the Syncrude commercial plant. 

Surfactant Determination 
Secondary tailings is a process stream from the batch extractor (above) and contains the 

suspended clays and the bibmen not initially floated. Samples of this stream were centrifuged at 
15,000 G to remove the bitumen and solids. The concentration of carboxylate-functional surfactant 
was then determined using a foam fractionation/acid titration technique described elsewhere (14). 

The method i s  based on the tendency of surfactants to concentrate a t  interfaces. A sample 
is sparged with gas (such as a nitrogedcarbon dioxide mixture). The foam which is produced is 
then drawn off. When the process is complete a l l  of the surfactants will have been carried over in 
the foam. Meanwhile, the non-surface active salts will remain present in  both foam and residue. 
By potentiometrically titrating each phase with HC1, the total carboxylate salt content of each phase 
is obtained. The carboxylate surfactant concentration in the original sample can then be calculated. 

Electrokinetic Determinations 
Suspensions of fine solids were prepared for microelectrophoresis measurements by dilut- 

ing a small portion of original secondary tailings with supernatant solution from a previously cen- 
trifuged aliquot. In some cases ,  a further filtration of the supernatant was required in order to re- 
move all suspended material. In this manner, dispersions of about 0.1% or  less solids were ob- 
tained in the original equilibrium solution (thus, preserving the original ionic strength and electro- 
lyte composition). 

Emulsions of bitumen in the same original equilibrium solution were prepared a s  follows. 
A sample of bitumen obtained from the Syncrude oil sands operation, having less than 1% combined 
solids and water, was stored a t  4°C and used as  a reference material. A small amount of bitumen 
was dispersed in the clarified secondary tailings solution with an ultrasound generator. In some 
cases ,  emulsions were prepared using instead primary froth from the corresponding batch extrac- 
tion run to confirm the validity of employing emulsions prepared with the reference bitumen. The 
bitumen-in-water emulsions prepared had droplet radii of 4.9 2 2 . 4 ~  as measured using a cali- 
brated reference grid in the microelectrophoresis apparatus microscope (using dark-field lllumina- 
tion). 

Microelectrophoresis Measurements 
The apparatus used for these studies was a Rank Brothers' Microelectrophoresis Appara- 

tus Mark II (Rank Brothers, Cambridge, England) fitted with a rotating pr ism and video-viewing 
system. In the present work, a rectangular cell was employed, fitted with hydrogen-charged palla- 
dium electrodes. 
washing procedures proved to be satisfactory, except for the occasional need to r inse bitumen out 
with toluene and then re-wet the cell. 

The cell was used and stored in a constantly water wet condition. Detergent 

RESULTS AND DISCUSSION 

Surfactants 
Of the total amwnt  of sodium hydroxide added during processing perhaps only 5% reacts to 

210 



produce the carboxylate surfactants (14). 
served between the equilibrium concentration of carboxylate surfactants and the amount of sodium 
hydroxide used in the extraction. These surfactant correlations correspond to the supernatent equi- 
librium solution in secondary tailings slurry from the bench extractions. A s  indicated in the figure 
we commonly observe a linear relationship between the amount of sodium hydroxide added during 
Processing and the amount of equilibrium surfactant appearing in solution. It is apparent that some 

used while others yield low concentrations of surfactants even when fairly high levels of sodium hy- 
droxide a re  employed. 

Processihility curves for the oil sands investigated in the present work a r e  given in Figure 
2. They span the range of processibilities commonly observed from that for rich ore  where addi- 
tion of any base reduces recovery to that for lean o r e  where maximum oil recovery i s  achieved only 
at very high addition of base. 

tion and primary oil recovery from the bench extraction test i s  shown in Figure 3. In addition to 
the results from oil sands used in the present work, recoveries obtained in previous investigations 
of other grades and ages of oil sand a r e  included for comparison. I t  can be seen that there exists 
a critical concentration of carboxylate surfactant at which maximum oil recovery is obtained from 
the hot water process. The value of this critical concentration i s  about 1.2 x N (215%). For 
further discussion see (14). 

Interfacial Charges 
In the present work, the dispersed particles and droplets can be considered to be large, 

with thin electrical double layers ( I d  1 to 5 x M). By isolating process samples and reducing 
the solution pH it was found that the fine solids (clays) exhibited negative electrophoretic mobilities 
at all pH conditions (down to pH 2). In the case of the dispersed bitumen droplets, the electropho- 
retic mobility decreased with decreasing solution pH to an apparent isoelectric point at a pH of 
about 3. Similar behavior has been observed by T&amura and Chow (15). I t  appears that the 
charge a t  the bitumen/solution interface is primarily determined by the presence of ionized car- 
boxylic acid groups. This would be the logical result of the generation and/or adsorption of car- 
boxylate surfactants at this interface. 

The following discussion refers to process samples isolated and studied at the equilibrium 
pH levels which w e r e  reached during processing. 

The electrophoretic mobilities of the solids and bitumen droplets a r e  shown as  functions of 
the process solution pH in Figure 4. It  can be seen that in general the interfacial charges increase 
(negative) with solution pH. 

The electrophoretic mobilities of the solids and bitumen droplets a r e  shown as  functions 
of the process equilibrium carboxylate surfactant concentration in Figure 5. A s  the carboxylate 
surfactants will be fully ionized about pH 7, the increases in interfacial charge depicted in Figures 
4 and 5 appear to be due to surfactant adsorption at the interfaces. 

sorption in the range of process conditions investigated. It further appears that, in the case of the 
bitumen droplets, a pronounced maximum in the interfacial charge occurs a s a  function of surfac- 
tant concentration in the process. The surfactant concentration at which this maximum is observed 
is very nearly the same a s  the critical surfactant concentration of Figure 3. 

Comparison of Figures 3 and 5 reveals that the maximum in oil recoveries and the corre- 
sponding critical surfactant concentration all  correlate with a maximum in the bitumen/solution in- 

Figure 1 shows the relationship which is typically ob - 

, 
I oil sands yield a high concentration of surfactants in solution even when no sodium hydroxide i s  

The relationship between the equilibrium concentration of carboxylate surfactant in solu- 

! 

It appears that the solid (clay) surfaces become saturated with respect to surfactant ad- 

, 
I 

terfacial charge. We now have two common threads which apparently link oil sands and their pro- 
cessing behavior. That i s ,  maximum bitumen recovery obtained using the hot water process cor- 
responds to a single critical surfactant concentration in solution which, in turn, corresponds to a 
maximum in the bitumen/solution interfacial charge. 

DISCUSSION 

The occurrence of a maximum in the electrophoretic mobility versus  surfactant concentra- 
tion curve (Figure 5) indicates a marked change in the manner in which the surfactants a r e  adsorb- 
ing at the interface. The maximum in surface charge likely corresponds to completion of a conven- 
tional monolayer coverage. It i s  possible that, beyond this point, some form of hemimicelle for- 
mation takes place. For the present purpose, we will consider some implications of the experi- 
mental results. 

That maximum bitumen recovery from the process is associated with a maximum in the 
charge a t  the bitumedsolution interface is a rather surprising discovery and in direct contradiction 
to previous theories of the mechanism of the hot water process advanced by Levine (11) and by 
Bowman and Leja (7, 9). It i s  of interest to discuss how this arises.  
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The ear l ier  theories cited begin with the assumption that some charging of the bitumen and 
solids surfaces is necessary to prevent mutual agglomeration. Beyond this requirement, they go on 
to predict that a minimum in bitumen surface charge will be the optimum condition for air attach- 
ment and flotation. This will be the point at which the bitumen i s  most hydrophobic and it was 
thought that hydrophobic bitumen droplets and gas bubbles attached and rose to form a bituminous 
froth layer The major weakness in these treatments is the description of the carboxylic surfac- 
tant deprotonation equilibria. Here significant dissociation effects a r e  assumed to be prominent in 
the solution pH range 7-10, in which the process is operated. In fact, the surfactants will be nearly 
fully dissociated (>9Wo) by a pH of 6 (see also the discussion by Hall and Tollefson (16)). The car- 
boxylate dissociation reaction aside, Levine's prediction that a minimum in bitumen surface charge 
should correspond to a maximum flotation efficiency is not unreasonable if the bitumen aeration 
process is indeed one in which hydrophobic bitumen and a i r  bubbles contact and adhere to each 
other. 

charge will reduce the hydrophobicity of bitumen. If the bitumen surface is charged by the surfac- 
tants, it is reasonable to assume that any gas (air) bubbles in the process s lurry will become 
charged as well. 

process must be to enhance the already present-but-small separation of bitumen from the solids. 
Charging the bitumen/solution and solid/solution interfaces can likely generate sufficient electro- 
static potentials to accomplish this. Having done so, the interfacial tension will cause the bitumen 
to form droplets. Conceptually, the remainlng step is to selectively float the bitumen, over the 
solids, to form a froth. It is possible that charged a i r  (or gas) bubbles, with an associated aque- 
ous film, become dispersed in the bitumen. The bitumen droplets would become, in effect, globules 
of bituminous foam which would have a sufficiently reduced density for them to r ise  in the flotation 
vessel. The process as  just described would promote bitumen flotation over solids flotation by vir- 
tue of the fact that there will be a trade-off between the repulsive forces between the a i r ,  bitumen 
and solid moieties and the influence of the mechanical energy which is applied in the conditioning 
step. The importance of optimizing mechanical energy input to  the system has been emphasized by 
Sanford (12). 

The notion that bitumen aeration consists of producing a dispersion of a i r  o r  gas bubbles in 
the bitumen droplets is also consistent with the studies of Miller and co-authors (18-21). In 
Mil ler ' s  studies of Asphalt Ridge bitumen in hot water processing, a zero contact angle for air-bitu- 
men attachment was observed in the alkaline solution pH range. Having found bitumen to have lost 
its hydrophobicity under efficient processing conditions, these authors concluded that polar fatty 
acid salts (surfactants) stabilize a dispersion of a i r  bubbles in bitumen. 

The present results indicate that another mechanism is operative. Maximizing the droplet 

The studies of Sato et al. (17) support this hypothesis. 
A s  recognized in virtually a l l  process mechanism theories to date, the first step in the 

CONCLUSION 

The natural carboxylate surfactants generated in the hot water extraction process appear 
to  play a critical role in determining the ultimate bitumen recovery. There apparently exists a s in -  
gle equilibrium solution concentration of surfactant which corresponds to maximum oil recovery 
from the process 
grade, age after mining or depositional environment. 

I t  has also been shown that natural surfactants adsorb a t  the mineral and bitumen surfaces. 
The interfacial charges increase, in general, with increasing solution pH and surfactant concentra- 
tion. The hitumen/solution interfacial charge, however, passes through a distinct maximum and is 
entirely determined by surfactant adsorption. 

The maximum in bitumen droplet charge corresponds to the critical surfactant concentra- 
tion for maximum bitumen recovery from the process. This means that maximum recovery in the 
process i s  not associated with minimum surface charges as had previously been supposed. 

drive the separatlon of bitumen from the oil sand matrix and in which bitumen is aerated by a dis- 
persive rather than an attachment mechanism. 

This relationship appears to hold irrespective of factors such as the oil sand's 

The present results support a theory of the hot water process in which electrostatic forces 
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Figure 5. Electrophoretic mobilities of fine solids (filled symbols) 

and bitumen droplets (open symbols) as functions of 

the equilibrium carboxylate surfactant concentration in 
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INTRODUCTION 

The rapid heat-up ra te  (lo3-lo5 "C/sec) and short residence t ime pyrolysis ( < l o  sec) of 
carbonaceous materials such a s  coal (1, 2) and wood (3) particulates with high temperature (700° to 
1000°C) gases has been shown to produce significantly higher yields of gaseous and liquid hydrocar- 
bon products than conventional slow heat-up ra te  (1-lO"C/sec) and longer residence t ime (mins to 
hrs) pyrolysis. I n  the flash pyrolysis of coal, it has been found that the yield of gaseous and liquid 
hydrocarbons for certain coals can be increased by as much as 36% beyond the Fischer Assay value 
(4). The principles of flash pyrolysis follow the sequence: (a) rapid heat-up, depolymerize and 
bond break the structure of the large polycyclical coal and wood cellulose and lignin polymer mole- 
cules to form smaller free radical units; (b) allow the  lighter fraction molecules to react in the gas 
or liquid phases with each other or  with a reactive pyrolysis gas such a s  hydrogen and (c) limit the 
residence time at  pyrolysis temperature by rapidly cooling the reaction system to stabilize the re- 
action products and prevent repolymerization and charring of the hydrocarbon gases and liquids. 
These flash pyrolysis principles have been applied in several exploratory experiments performed 
with western oil shales and a r e  described in this paper. 

It i s  known that there a r e  differences in the yield and type of liquid and gaseous hydrocar- 
bon products that can be obtained depending on the thermal treatment and the origin of oil shale. It 
is  well known that eastern (Devonian) U. S. Shales yield a lower Fischer Assay of organic material 
( 4 0  galhon) than western (Eocene) U. S. Shales (-30 gal/ton). The H/C molar ratio of organic 
matter in western shale runs around 1.5 while in eastern shale it runs approximately 1 .0  (5). 
There is also evidence that the manner and the rate a t  which shale is  heated up,. as well a s  the resi- 
dence time at  temperature, can affect the yield and distribution of products. This information has 
been mainly obtained from thermogravlmetric analysis (TGA) and in static (retort) experiments.. 
There is also information available on  hy&ogenatlon (6) and superheated steam hydrolysis of oil 
shale (7). The work presented in this paper deals with the results of the flash pyrolysis of oil shale 
by heating with both reactive and non-reactive gases in an entrained tubular reactor. 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

The flash pyrolysis of oil shale was conducted in a highly instrumented 1" I. D. by 8 f t  long 
entrained downflow tubular reactor system. The equipment has been previously described in detail 
(8). A schematic flowsheet of the system i s  shown in  Figure 1. Ground oil shale in the particle- 
size range of 150 to 500 microns is  fed by gravity into the top of the reactor from a feeder enclosed 
by a high pressure vessel connected to, the reactor. The pyrolyzing gas is  supplied from high pres- 
sure storage cylinders and is preheated in an electrically-heated stainless steel  resistance tube pri- 
or to entering at the top of the reactor where it meets the shale particles. Gas temperatures up to 
1000°C can be obtained. The reactor is constructed of Inconel, a high alloy metal, having an 0 . 5 ~  
wall thickness, capable of withstanding pressures ranging up to 3000 psi. The gas mixes, trans- 
fe rs  heat, pyrolyzes and reacts with the shale particles as they concurrently flow down the 8 f t  
length of the reactor. Reactor temperatures can be controlled by four 2 f t  long clam shell electrical 
heaters along the outside lengths of the 2" I. D. reactor. Below the heated length of the reactor,  
there is  a 4 ft forced a i r  finned cooling section in which the reaction system i s  rapidly cooled to 
temperatures between 250" and 300°C. This temperature range is sufficient to terminate the pyroly- 
s i s  reaction and to prevent the liquid products from condensing and separating at this point. The 
gases enter a trap where the char and unvented shale i s  f irst  separated and the effluent gas is  then 
sent first through a water-cooled condenser (15°C) and then to a freon-cooled condenser (-40°C) 
where the liquid products a r e  separated. The remaining gases a r e  then reduced to atmospheric 
pressure,  measured in a positive displacement meter and vented to the atmosphere.  low ra tes  of 
oil shale a r e  in the order of I Ib/hr and gases in the order of 1 or  2 SCFM. Steady state operation 
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in this flow system can usually be obtained in 10 to 15 mins. 
Product analysis is obtained with an on-line programmable gas chromatograph which deter- 

mines CH4, C2H4, C2H6, BTX (benzene, toluene, xylene) CO and C02 concentrations at  8 minute 
intervals. Gas sampling taps are provided every 2 f t  along the length of the reactor. Products hea- 
vier than BTX (>Cg) a r e  collected in the condenser traps and measured at the end of each experi- 
ment. The heavier hydrocarbons (naphthalene, anthracene, etc. ) a r e  collected, measured and ana- 
lyzed. A n  analysis of the char is  also made. From these data a complete mass balance can be 
made over the entire experimental run. 

The shale residence times a r e  calculated by summing the shale particle free fall velocity 
and the gas flowvelocity. Heat-up ra tes  a r e  also estimated by calculations from the heat transfer 
of the gas to the particles. 

verted to product. A Western (Colorado Green River Formation) oil shale obtained from the 
Laramie Energy Technoiogy Center waa used in these experiments. An analysis of the oil shale is 
shown in Table I. 

The  yields a r e  based on the percent of organic carbon in the feed oil shale which is con- 

TABLE I 

ANALYSIS~ OF COLORADO SHALE GREEN RIVER FORMATION 

- Wt % 

C - 17.0 
H - 2.2 
N - 0 . 8  
0 - 17.5 
S - 0.8 
Ash -61 .9  
Cosb - 16.5 

a. Analysis made with organic C analyzer and TGA. 
b. co based on % of elemental plus ash analysis. 2 

RESULTS AND DISCUSSION 

A series of runs were performed with three types of pyrolysis gases,  methane, helium and 
hydrogen at  a pressure of 500 psi. The flash pyrolyses with CH4 and He were conducted at a reac- 
tor temperature of 800°C and the flash hydropyrolyses with H2 gas a r e  conducted at temperatures 
from 800" to 950°C. The reactor conditions, flow rates and residence times together with product 
yields including HC (hydrocarbon) gases,  HC liquids and C oxides a r e  summarized in Table U. 

The data indicate that the inert gas He gave the lowest total HC gas and liquid yield (42.7%) 
followed by H2 (61.7%) followed by CH4 gas and which resulted in the highest yield (80.5%). There 
was no formation of ethylene with He or with H2, however, with CH4 there was a significantly large 
yield amounting t o  32.4% of the organic C in the shale converted to ethylene. In the case of H2, for 
the ser ies  of runs ranging from 800" to 950°C, the methane yield at 800T  (29.5%) is higher than with 
He (24.1%) and increases markedly as the temperature r i s e s  to 950°C at  which point most of the or- 
ganic C i s  converted to CH4 (88.5%). Due to the high partial pressure of CH4 in the CH4 pyrolysis 
experiments, a CH4 balance is difficult to make. However, within experimental e r r o r  of the flow 
ra te  in and out of the reactor there does not appear to be any net production or destruction of me- 
thane. Blank and control experiments with oil shale feed before and after the experiments indicated 
no formation of ethylene or other products due to possible cracking of the methane on the walls of 
the reactor. 

(21.1%) which is about 2.5 t imes higher than with He (8.6%) or  H2 (8.9%). The improved yield with 
methane pyrolysis compared to the yield with the inert helium may be due to a free radical reaction 
such as CH2 formed from the pyrolysis of the kerogen reacting with the CH4 giving r i se  to ethylene. 
Another possibility may be attributed to preventing secondary reactions of ethylene and benzene by 
maintaining a high partial pressure of methane during methane pyrolysis. 

The HC gaseous and liquid yields fQr the flash hydropyrolysis of Colorado Shale is  plotted 
in Figure 2 as a function of reactor temperature. The trends show the high rate of increase of CH4 
yield with reactor temperature. The ethane yield decreases rapidly from 800°C (23.3%) to 900°C at 
which temperature ethane is no longer formed. The BTX (mainly benzene) goes through a maximum 
of 12.1% a t  850°C. 

The  liquid BTX (benzene, toluene, xylene) yield is  highest with the methane pyrolysis 
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TABLE I1 

MAXIlVlUh YIELDS BY FLASH PYROLYSIS O F  GREEN RIVER COLORADO OIL SHALE 
WITH VARIOUS PYROLYSIS GASES 

Constant 'Reactor Pressure  of 500 psi 
Shale Particle Size 150-300 Micron 

CH4 
Pyrolysis Gas 

Reactor Conditions 
Reactor temp. - "C 800 
Gas flow rate - SCFM 

Shale flow rate - lbs/hr 
Residence time - sec 1.7  

1 .13  - Ibs/hr 2.85 
0.55 

Product Yields (F Organic C Conversion) 

HC Gas 

4 CH , methane - 

C2H4, ethylene 32.4 

C2H6, ethane 22.1 

4 .9  

Total HC Gas 59.4 

- C H , propane 3 8  

HC Liquids 
BTX 2 1 . 1  

Total HC, Liq. and Gas 80.5 

C Oxides 
co 8.5 

7 . 7  co 

Total COX 16.2 

Total HC and C Oxides 96.7 

- 

- 2 

- 

He 

800 
1.13 
0 .71  
0.84 
1.7 

24.1 

0 .0  

10.0 

- 

34.1 

8 . 6  

42.7 

- 

6 . 1  
7 .4  

13.5 

56.2 

- 

- 

H 
2 

800 
1 .52  
0 .48  
0.64 
3 . 2  

29.5 

0.0 

23.3 

- - 
52.8 

8 .9  

61.7 

- 

14.7 
0.0 

14.7 

76.4 

- 

- 

H 
2 

850 
1.52 
0.48 
0.64 
3.2 

49 .9  

0 .0  

12. 8 

- 

2 
H 

900 
1.52 
0 .48  
0.64 
3 . 1  

72.7 

0.0 

0.0 

- 

HZ 

950 
1.52 
0.48 
0.64 
3.1 

88.5 

0 .0  

0.0 

- 
62. 7 

12 .1  

74.8 

- 

19.6  
0 .0  

19.6 

94.4 

- 

- 

72.7 

10 .1  

82.8 

- 

22. I 
0.0 

22.7 

105.5 

- 

- 

88.5 

8 .5  

97.0 

- 

29.5 
0.0 

29.5 

126.5 

- 

- 

It should be noted that the oxides of carbon (CO and C02) only indicate relative yields since 
I 

COP is evolved from the inorganic carbonates present in the shale. The increased yields of CO 

temperatures a r e  probably due to the shift reaction between H2 with C02, forming CO and H20. 

oil shale and a New Mexico sub-bituminous coal. 
H-4.2%, 0-16.88, N-1.2%, S-0.8% and Ash-17.0%. The purpose of these experiments was to de- 
termine whether there is an interaction effect of the kerogen in the shale with the coal. The H/C 
molar ratio in kemgen is >1 equivalent to the stoichiometric formula, CH1 500,7. Coal has an 
H/C ratio of <1 equal to the formula, CHO. 2. The thought was that the hydrogen deficiency in 
coal might be made up with the excess in kerogen for producing HC gases and liquids. The results 
with hydrogen as a pyrolysis gas a t  1000 psi reactor pressure and with CH4 as pyrolysis gas  at a 
reactor pressure of 500 psi for an  80% coal-20% shale mixture a r e  summarized in Table 111. The 
ylelds given a r e  based on the conversion to product from the sum total of carbon fed to the reactor 
contained both in the coal and the shale. 

In the hydrogen experiment, the most prominent product yield i s  methane. A s  the temper- 
ature increases from 750" to 800°C. the methane increases rapidly from 45.4% to 76.8% while the 
ethane decreases from 14.6% to 1.8%. Comparing these results to those previously with shale alone 
at  a hydropyrolysis pressure of 500 psi and 800°C. there appears to be a significant improvement in 
the conversion to methane. The CH4 yield from shale alone is 29.5%. From coal, it i s  15 .88  (9). 
A calculation based on these yields by partial summing for the 80/20 shale/coal mixture would 

I (14.7% to 29.5%) with no CO2 formation obtained in the HZ pyrolysis experiments at increasing , 

1 

I 
A second set of flash pyrolysis experiments was performed wlth mixtures of the Colorado 

The elemental composition of the coal was C-60$, 
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indicate a methane yield of 23. I%, whereas 76.8% was actually obtained. 
slightly higher yield i s  predicted (8.9%) than was obtained (7.1%). Thus, there appears to be an 
interaction effect of shale and coal under flash hydropyrolysis conditions. 

through a maximum of 14.18 at 900°C; the ethylene decreases rapidly from 12.8% at 850'C to 4 . 3 6  
a t  950'C, while the BTX increases significantly from 13.5% a t  800°C to  24.6% a t  950°C. The trends 
can be seen graphically in Figure 3. The total carbon conversion, which also includes the CO and 
Cog formation, appears to level off a t  about SO%, however, this would also include the COP from 
mineral matter in the shale. 

Based on the yields of ethylene and benzene for the methane pyrolysis of coal alone (10) 
and the yield from oil shale alone shown in Table II. it i s  predicted by fractional summing calcuia- 
tion that an 80/20 mixtarz of shale and coal would give a much higher yield for ethylene (19.2%) than 
was obtained (11.796) but a slightly lower benzene yield (12.9%) than was actually obtained (13.5%). 
An interactive effect between the coal and the oil shale under methane pyrolysis conditions, thus, 
also appears to exist. 

The combination of the conversion of the natural resources of coal, shale and natural gas 
to synthetic fuels and chemical feedstocks ln one process step i s  an incentive for further explora- 

For the benzene, a 

In the ser ies  of experiments with methane pyrolysis at 500 psi, the ethane yield goes 

tion of flash pyrolysis reactions. 

TABLE 111 

FLASH PYROLYSIS O F  A MMTURE O F  20% COLORADO SHALE (17% C) AND 
80% NEW MEXICO SUB-BITUMINOUS COAL (60% C) WITH HYDROGEN AND METHANE . - I  

AS PYROLYSIS GAS 

Solids Particle Size 150-300 Microns 

Pyrolysis Gas 
H2 HZ CH4 

Reactor Conditiods 
Pressure,  psig 1000 1000 500 
Temperature, 'C 
Gas flow ra te  - SCFM 1.71  1.71 1.53 

- lbs/hr 0.54 0.54 3.86 
Shale flow ra te  - I h s h r  0.94 0.94 1.04 
Residence time - sec 3.5 3.5 3.2 

Product Yields (8 Org. Carbon Conversion, Shale and Coal) 

HC Gas 

4 
CH , methane 

CZH6, ethane 

C H , propane 

C2H4, ethylene 

3 8  

Total HC Gas 

HC Liquids 
BTX 

Total HC. Liq. and Gas 

C Oxides 
co 

Total COX 

Total HC and C Oxides 

ND - Not determined. 

45.4 

14 .6  

0.0 

0.0 

60.0 

- 

17.3 

67.3 

- 

3.4  
0.0 

3.4 

70.7 

- 

- 

76.8 

1 . 8  

0.0 

0.0 

78.6 

- 

7 . 1  

85.7 

- 

5.7 
0.0 

5.7 

91.4 

- 

- 
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ND 

8.6 

0.0 

11.7 

20.3 

- 

13.5  

33.8 

- 

4.3  
3.8 

8.1 

41.9 

- 

- 

CH4 

500 

1.53 
3.86 
1.04 
3.2 

ND 

11.5 

0.0 

12.8 

24. 3 

- 

17.7 

42.0 

- 

5.0 
4 .2  

9 . 2  

51. 2 

- 

- 

CH4 

500 

1.53 
3. 86 
1.04 
3 .1  

ND 

14.1 

0.0 

8.9 

23.0 

- 

21.0 

44.0 

_. 

10.4 
4.9 

15.3 

59.3 

- 

- 

CH 
4 

500 

1.5 
3.86 
1. 04 
3.1 

ND 

10.8 

0.0 

4 .3  

15.1 

- 

24.6 

39.7 

- 

11.9 
5.0 

16.9 

56.6 

- 

- 
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CONCLUSIONS 

The flash pyrolysis of Colorado Oil Shale with methane a t  a temperature of 800°C and pres- 
su re  of 500 psi  appears to give the highest yield of hydrocarbon gas and liquid followed by yields 
with hydrogen and lowest with helium. 

In the methane pyrolysis over 54.5% of the carbon in the kerogen is converted t o  ethylene 
and benzene. The flash pyrolysis with hydrogen (flash hydropyrolysis) of t he  oil shale a t  increasing 
temperatures showed a rapidly increasing amount of methane formed and a decrease in ethane for- 
mation, while the BTX (benzene mainly) yield remained at approximately 10%. At 950'C and 500 
psi, almost all (97.0%) of the carbon in the kerogen is converted to liquid and gaseous hydrocar- 
bons. 

hydropyrolysis and methane pyrolysis conditions indicated higher yields of methane and ethylene 
and slightly lower yields of benzene than predicted hy partial additive calculations. 

tigation of the interaction of the natural resources,  oil shale, coal and natural gas under flash py- 
rolysis conditions. 

Experiments with a mixture of a New Mexico sub-bituminous coal and oil shale under flash 

These exploratory experiments appear to be of sufficient interest to warrant a fuller inves- 
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INTRODUCTION 

Civil and Environmental Engineering, School of Engineering, University of Southern California 

Carbon and graphite materials a r e  required to withstand more  and more severe  conditions 
of thermal shock, s t r e s s  and reac tor  irradiation in the s teel  making, aluminum, aerospace and 
nuclear industries. A t  the same t ime,  the sources for the precursors of these manufactured car- 
bons a r e  being depleted, so that other  sources are needed. The aim of this work i s  to demonstrate 
the applicability of new precursors f rom the delayed coking products of shale  oil to graphite manu- 
facture and to determine what chemical characteristics are required for those precursors .  

the characteristics of an ordered fluid, termed the  "carbonaceous mesophase", which forms during 
pyrolysis, usually between the temperatures of 370°C and 500'C (1). It i s  the order  developed in 
this mesophase below 500°C that determines the properties of the final product obtained after heating 
to graphitizing temperatures of 2800°C. The mesophase forms an  optically anisotropic microstruc- 
tu re  and the properties expectfd from the graphite can be related to the mesophase microstructure. 
An isotropic microstructure indicates a non-graphitizing carbon with poor graphite properties, 
whereas a flow type or fibrous s t ruc ture  indicates a needle coke morphology which tends to have 
good thermal and tensile properties (2). So the characteristics of the final product a r e  controlled 
by the mseophase formed below SOO'C and these character is t ics  can be measured in a qualitative 
way from the c ross  polarized micrographs of the pyrolysis product residues. 

In this  work, graphitizing and chemical properties of the delayed coking products from a 
Green River shale  oil w e r e  examined. Samples were  pyrolyzed, solvent fractionated and analyzed 
uslng elemental analysis, c ross  polarized microscopy, proton nuclear magnetic resonance, infra- 
r e d  spectroscopy, vapor pressure  osmometry and gas chromatography. 

It i s  known that the microstructure and properties of graphitic mater ia ls  a r e  determined by 

EXPERIMENTAL 

The crude shale oil was distilled at 0.05 mm Hg vacuum for  6 hours a t  a pot temperature 
of 19O'C. The vacuum distillate bottoms were  heat treated by refluxing under N2 gas a t  a tempera- 
tu re  of 285°C for  5 h r s ,  25 h r s  and 74 hrs .  Then all the samples including the shale oil and vacuum 
bottoms were Soxhlet extracted using hexane followed by benzene. The purpose was to isolate and 
identify the fraction(@ that i s  responsible f o r  the graphitizing properties of the sample(s). Each of 
the above prepared samples were pyrolyzed three t imes under nitrogen gas at  atmospheric pres- 
sure .  The samples (0.5g) were placed in pyrolysis cells made of aluminum tubes with 0.5 mm pin- 
hole openings for  vapor escape. T h e  tubes were placed in stainless s teel  cel ls ,  then put in a tem- 
perature-programmed furnace and purged with nitrogen gas controlled by flow meters  a t  15 L/hr .  
The temperature was programmed a t  13'C/hr to 360°C and 5"C/hr to the desired final temperature 
of 465'C (3). It i s  in this region (465'C) where the principle features  of graphitic and pregraphitic 
microstructures a r e  established and can be detected by polarized light (2, 4). 

The residues of the pyrolyzed samples were examined under polarized light using a Leitz 
SM-Lux-Pol Cross  Polarizing Microscope. These  residues w e r e  f i rs t  cast  in epoxy resin and 
polished until the surface were optically smooth, then micrographs were obtained. 

In order  to determine what changes w e r e  occurring with the processing, the samples (shale 
oil,  vacuum distillate and heat t reated vacuum bottoms) and hexane solubles along with benzene sol- 
ubles were  investigated using the following analytical methods: 

Ridge, Colorado) and some ear l ie r  samples were  done by the California Institute of Technology 
(Pasadena, California). 

2. Vapor Pressure  Osmometry: Molecular weights of the precursor samples were  ob- 
tained using a Mechrolab 301A Vapor P r e s s u r e  Osmometer (VPO). Tetrahydrofuran was used as 
solvent. 

1. Elemental Analysis: Elemental analysis was done by Huffman Laboratories (Wheat 
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3. Infrared Spectroscopy: A double-beamed infrared spectrophotometer (LR), Model 
Acculab 6-Beckman Instruments, was used with sets of potassium bromide matched liquid cel ls  of 
0.025 mm thicknesses at the concentration of 2 .5  g/ml in carbon tetrachloride. 

4. Proton Nuclear Magnetic Resonance: High resolution proton nuclear magnetic reson- 
ance of samples was done on a T-60 Varian spectrometer a t  a concentration 10 wt/vol % i n  deuter 
ated chloroform. Due to overlapping of the resonance bands, the a r e a s  were separated using the 
method of Brown, et al. (5). 

5. Gas Chromatography: Finally, the samples were further analyzed by gas chromato- 
graphy using Hewlett-Packard Model 5880 on a 30 x 0.323 mm I. D. fused s i l ica  capillary column 
coated with SE-54. The oven temperature was programmed to an initial value set a t  1OO'C (hold 2 
min) and a linear heating rate  of 5"C/min up to 270°C (hold 2 min). 
was injected at a concentration of 2.5 wt/vol % in toluene. The peaks were assigned quantitatively 
by coinjecting standard n-alkanes. 

' 

1 Microliter of each sample 

RESULTS AND DISCUSSION 

After vacuum distillation, up to 71% of heavy oil residua remained. Current operational 
and proposed refining practices of crude shale oil in recovery of high Btu volatile matter a s  useful 
fuels (aviation fuels) quantitatively produce s imilar  heavy ends. 

under light polarizers. Heat refluxing performed was to increase the aromaticity of materials. 
The aromaticity did not change much. However, optically active coa r se  mosaic textures were ob- 
served after 5 h r s  of heat treating the vacuum bottoms. Also, the examined pyrolyzed results of 
hexane- and benzene-soluble fractions of the samples surprisingly showed that none of the benzene- 
soluble materials formed any optical activity. The hexane solubles, however, were optically active 
with all the heat-treated fractions forming coarse mosaic structures. The optical micrographs of 
polished surfaces of pyrolyzed prepared samples plus their  solvent fractions are shown in Figure 1. 

The normalized results of solvent-fractionated samples given in Table I, show that the 5 
h r s  heat treated vacuum bottoms has the highest cut of hexane solubles. With excess heat treat- 
ment of 74 h r s ,  it appears that cracking of resin to form asphaltene and preasphaltene takes effect. 

The shale oil and vacuum distillate pyrolyzed residues showed isotropic microstructures 

I' 

J TABLE I 

I 

I 
PARAMETERS AND DATA OBTAINED BY SOLVENT FRACTIONATION, 

ELENLENTAL AND ANALYSIS (EA), 'H NNlR AND VPO O F  PRECURSOR SAMPLES 

Instrument and Parameter  
EA H NNlR Vpo 

MW 

- Soxhlet Extraction (% wt) 
Hexane- Benzene- Benzene- A romatic ity 

- Sample -- Soluble Soluble Insoluble - H/C fa 

Shale oil 96.7 1 .4  1 .9  1.81 0.15 270 
Vacuum distilled bottoms 96.2 2.4 1 .4  1.49 0.29 292 
Heat treated 5 96.7 2.6 ' 1.4 1.54 0.27 295 

(hours) 74 85.7 10.0 4.3 1.50 0.29 315 

The  atomic H/C ratios of samples and their solvent fractions, calculated from elemental 

vacuum bottoms 25 95.4 4.4 0.2 1.52 0.29 353 

analysis resul ts ,  showed a decrease af ter  vacuum distillation but heat treatment caused slight 
changes. It is  generally known that the lower the hydrogen-to-carbon ratio, the greater  the degree 
of ring condensation regardless of whether the rings are aromatic or  naphthenic in character. 

From V W  studies, the average molecular weight of the samples increased with processing 
up to  25 b r s  of heat treatment and decreased with 74 h r s  of treatment. 

Results from proton NMR and IR studies of all the samples revealed that percent naphtheni- 
city is  a t  minimum for shale oil and at maximum for 74 h r s  heat treated vacuum bottoms. This ex- 
plains that these cyclic compounds a r e  the ones which form into mesophase as it was shown by the 
micrographs in Figure 1. The reason that the 25 h r s  and 14 h r s  treated samples did not form 
coa r se  mosaic microstructures is the increased presence of non-mesophase forming materials 
(hexane insolubles). 

Table I. 
processing is that condensation or  polymerization reactions followed by cracking of molecules and/ 
or disproportionation reactions have occurred. Also, it  was observed that, with proper control of 
processing conditions, the coarse  mosaic microstructure can be obtained. 
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Some of the results obtained from elemental analysis, proton NMR and VPO a r e  given in 
From these and other results obtained so f a r ,  a possible explanation of the changes with 



(W 

The optical Micrographs of Polished Surfaces of Pyrolyzed Samples 
(a) Shale Oil, (b) Vacuum Dist i l led  Bottars and Heat Treated Va&um 
Bottom for (c) 5hrs., (d) 25 hrs. and ( e )  74 hrs. 
are Hexane Solubles of Samples (a)  to (e). 
Soluble Fraction. 

Figure 1. 

Samples (f) to (j) 
And (k) Shale Oil Benzene 

(Magnification is 200 Times). 
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Figure 2. 
HEXANE SOLUBLE FRACTIONS OF SHALE OIL 
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Gas chromatograms of hexane-soluble matter of the shale  oil,  vacuum distillates and 5 
hrs-heat-treated vacuum bottoms are shown in Figure 2. The chromatograms show the presence of 
certain branched aliphatic compounds attached to the left of most peaks in (a) shale  oil and (h) vacu- 
um distillates. These isocompounds disappeared with heat treatment as shown in (c) 5 h r s  thermal 
treated sample. From the micrographs of Figure 1 (f-j), it can be concluded that the presence of 
such isocompounds act as suppressors to mesophase formation. This could be due to cracking of 
these highly unstable isocompounds at the branch level into smaller volatile molecules which, in 
turn, may interfere  with the f r e e  radical aromatics that construct the matrix of the "Carbonaceous 
Mesophase". 

CONCLUSIONS 

The following conclusions may he drawn from the resul ts  of this preliminary research. 
1. With 5 h r s  of heat refluxing of shale  oil vacuum distillate bottoms, coarse  mosaic mi- 

crostructures  can be achieved. This shows that controlled processing will enhance the graphitizing 
properties of these organic products. 

2. I t  is known that a good precursor for mesophase formation i s  a highly condensed organ- 
ic  compound with a large aromatic c o r e  and few and short  aliphatic molecules. However, contrary 
to other precursors,  proton NMR and LR studies revealed that the naphthenics are most likely re- 
sponsible for mesophase formation. This  phenomena was also shown by solvent fractionation of the 
samples. Only the hexane solubles which are of low aromaticity formed mesophase during the car- 
bonization process. 

3. Gas chromatography of the  hexane-soluble fractions from shale  oil and vacuum distil- 
la te  bottoms indicates the existence of certain branched compounds. These isocompounds disap- 
peared with heat treatments of 5 h r s ,  25 h r s  and 14 hrs .  The micrographs of polished surfaces for  
these pyrolyzed hexane-soluble samples reveal that only the  heat treated vacuum bottoms show ani- 
sotropic microstructures. Therefore, the presence of these branched compounds act as inhibitors 
to mesophase formation. 

4. Shale oil delayed coking products utilization i s  indeed possible for  manufactured gra- 
phites. However, scale-up procedures a r e  required s o  that the cost  of these carbon and graphite 
composites could be compared with those derived from petroleum and coal. 
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INTRODUCTION 

One of the major causes of asphalt pavement failure is moisture-induced damage. The de- 
trimental effects of moisture and/or repeated freeze-thaw cycles in  asphalt concrete pavements 
have long been recognized by state and federal agencies and the motoring public. Moisture-induced 
damage has been studied i n  our  laboratory from a chemical and mechanistic viewpoint related to the 
bonding and debonding of asphalt components from the aggregate surfaces (€-3). Results from 
these studies indicated that certain nitrogen-containing molecules naturally present in the asphalt 
might be involved in reducing the sensitivity of the asphalt-aggregate mixtures to moisture-induced 
damage. Infrared spectrometric (1, 3-6) and elemental nitrogen analyses (3) of asphalt compo- 
nents removed by hot pyridine extraction from previously benzene-extracted aggregates showed that 
nonpyrrolic nitrogen might, in par t ,  be responsible for an increased resistance of the asphaltic 
pavements to moisture-induced damage. 

During the development of a water susceptibility test (WST) to  indicate the susceptibility of 
asphalt-aggregate mixtures to  repeated freeze-thaw cycles, we found that WST briquets prepared 
from pyridine-pretreated aggregates were highly resistant to damage during the test (2). Evidence 
that pyridine-type compounds in shale oil retarded the detrimental effects of moisture resulted 
from the analysis of a 30-year-old pavement constructed from a shale oil residue (rich in pyridine- 
type compounds) and uncrushed river run  gravel (7). Additional studies conducted at  Texas AVM 
University (8) and in our laboratory (9-10) further indicated that pyridine-type nitrogen in asphalts 
reduced the effects of moisture damage in asphaltic pavements. Nitrogen of the pyridine type is 
naturally present in asphalts in varying small amounts; however, shale oil contains significant 
amounts (1.3 wt %) of pyridine-type homologs. 

A s  part of our continuing research on moisture damage in asphaltic pavements, we began 
investigating the strength of nitrogen compound-aggregate interactions before and after subjecting 
the nitrogen compound-treated aggregates to a warm water-benzene soak. Temperature-pro- 
grammed thermal desorption of the nitrogen compounds from the treated aggregate surfaces through 
three different temperature ranges was used to determine the relative strength or  stability of the 
nitrogen-aggregate bond. Upon thermal desorption, nitrogen in the evolved gases was determined 
by a chemiluminescent detector (3, 9 ,  10). 

asphaltenes in oxidatively-aged asphalts in anticipation of their use a s  potential recycle agents for 
aged petroleum asphalts. Pavement rehabilitation projects frequently add recycle or rejuvenating 
agents to aged asphaltic pavements to restore desired viscoelastic properties to the embrittled as- 
phalt binder. 

Another area investigated was the ability of nitrogen-rich shale oil fractions to disperse 

EXPERIMENTAL 

Materials 

composition and identified by code numbers B-2959, B-3036, B-3051 and B-3602 were supplied by 
the Federal Highway Administration (FHWA), Materials Division. 

crushed in a disk grinder equipped with ceramic plates, wet screened to 20 to 35 mesh size, rinsed 
with distilled water and dried at 150°C for 24 hours. Aggregates were heated again at 150'C prior 
to use. Identification of the aggregates appears in the text. 

Solvents - Reagent-grade benzene and pyridine were dried by refluxing them for  8 hours 
over CaH before final distillation through a Vigreaux column. 2 

Petroleum Asphalts - Four extensively studied (1, 6, 11-15) asphalts of widely varying 

Aggregates - The aggregates, obtained from various asphalt paving projects, were 
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Products Derived from Shale Oil and Petroleum Liquids - A shale oil basic nitrogen con- 
centrate, a petrolene fraction from an AC-5 shale oil asphalt, a shale oil distillate fraction and Be- 
veral commercially available recycle agents (identified in the text) were used in the study. The 
shale oil basic nitrogen concentrate was obtained as  a byproduct by Suntech, Inc., Marcus Hook, 
PA, during the experimental refining of shale oil produced by the Occidental vertical-modified 
situ process. The oil sample was obtained from the U. S. Department of Energy's Anvil Points 
facility. The crude shale oil was f i rs t  hydrotreated by Suntech (16) to reduce the nitrogen content 
from 1.5 to 0.5 wt % and then topped to 281OC by distillation. A portion of the distillation residue 
(4,826 L) was treated with 2.25 wt % anhydrous hydrochloric acid (HC1) in a glass-lined reactor at 
43°C and 55.2 kPa to precipitate the hydrochloride sal ts  of the nitrogen compounds. The salts were 
thermally decomposed at 300°C to liberate the HC1 and yield the shale oil nitrogen concentrate. 
Total yield based on feed material was 13.3 wt %. The petrolene fraction (83.2 wt %) was Prepared 
by digesting 100 g of an AC-5 shale oil asphalt (8) in  4 L n-pentane, removing the asphaltenes by 
filtration and evaporating the solvent. The shale oil distillate fraction produced from the Union gas 
combustion process had a corrected boiling range of 342-382°C at  1.013 x l o 5  Pa. 

the various nitrogen-containing components used in the adsorption-desorption studies were pre- 
pared in benzene and used to treat the various aggregates. 

Procedures 
Nitrogen Compound-Treated Aperegates - One-gram lots of the 60-80 mesh sized aggre- 

gate particles were placed in vials containing 2 cc of the nitrogen compound-benzene solution. One 
hour later, the treated aggregates were recovered by vacuum filtration, washed with benzene and 
a i r  dried for 48 hours pr ior  to obtaining nitrogen analyses. One-half gram of the treated aggregate 
was further treated in a vial containing 25 cc of distilled water and 2 cc benzene for 6 hours at 60°C 
followed by vacuum filtration and water-benzene washings to remove water-displaced nitrogen com- 
pounds from the aggregate surfaces. The treated aggregates were a i r  dried and analyzed for nitro- 
gen, as described later. 

Asphalt-Aggregate Briquets - Asphalt-coated aggregates used to prepare briquets for the 
water susceptibility test (WST) were prepared using previously reported procedures (2). Briefly, 
briquets mounted on a beveled stress pedestal and submerged in water were repeatedly subjected to 
freeze-thaw cycles until the briquet failed from crack propagation o r  fracture. 

Nitrogen Analyses - Treated aggregates (0.2500 g) were placed in an Antek Model 772 mi- 
crocomputer-controlled pyroreactor and the temperature w a s  increased from 100 to  600'C at  50"C/ 
minute with a 5-minute isothermal period a t  100°C and 7-minute isothermal periods at  150, 300 and 
600°C. 

Asphaltene Settling Test - To conduct the test, 2 g of asphalt, o r  2 g of aged asphalt plus 
0.02 g of the recycle agent were digested in 50 cc n-hexane for  24 hours at 20°C. The resultant 
mixture was transferred into a 50-x graduated cylinder and the rate  a t  which the asphaltenes set- 
tled in the hexane solution was determined (2). The tes t  result was reported as the time in minntar 
required for  the asphaltene meniscus to reach the 25-cc mark on the graduated cylinder. Final vol- 
ume of precipitated asphaltenes was recorded 24 hours later. 

- 

Solutions for Nitrogen Adsorption-Desorption Studies - 10% (weight/volume) Solutions of 

RESULTS AND DISCUSSION 

A s  outlided in the Introduction, considerable evidence from previous studies indicated that 
pyridine-type compounds in bituminous mixtures reduce the sensitivity of the mixtures to moisture- 
induced damage. Because shale oil is rich in pyridine-type nitrogen compounds, the use of shale 
oil nitrogen components as modifiers in petroleum asphalt might be highly desirable. A s  part of a 
continuing study of the chemistry of asphalt-aggregate interactions, we examined the adsorption of 
a shale o i l  basic nitrogen concentrate on the surface of mineral aggregate and determined the rela- 
tive sensitivity to displacement of the adsorbed compounds from the surface of the aggregate by 
water. Results were compared with the adsorption-desorption characteristics of the model nitro- 
gen base, pyridine, on several aggregates of widely differing composition. 

Adsorption-Desorption from Mineral Surfaces of Nitrogm Compounds in Shale Oil Basic Nitrogen 
Concentrate 

placement characteristics of the nitrogen compounds in the shale oil basic nitrogen concentrate that 
are strongly adsorbed on mineral aggregate surfaces. Briefly, nitrogen components adsorbed on 
mineral aggregate particles from a dilute benzene solution of the concentrate a r e  thermally de- 
sorbed both before and after subjecting the treated aggregates to a warm water-benzene soak to dis- 
place water-sensitive components. Thermal desorption is accomplished in a temperature-pro- 
grammed furnace and the displaced nitrogen i s  detected a s  a function of temperature by a nitrogen 

Figure 1 illustrates the scheme used to evaluate the adsorption-desorption and water-dis- 

230 



detector. 

the experimental refining of shale oil by Suntech, Inc. (16) was used to evaluate the interactions of 
shale oil nitrogen compounds with mineral aggregate surfaces. Properties of the concentrate a r e  
summarized in Table I. The material was a semiviscous liquid at ambient temperature. Infrared 
analysis of the byproduct in  tetrahydrofuran showed strong doublet bands at about 1600 and 1560 
cm-l ,  which on treatment with HC1 were replaced by a new band at about 1230 cm-'. This behavi- 
or i s  typical of pyridines and indicates a high concentration of pyridine types in the concentrate. 
This, of course, is not surprising because its isolation from the experimental refining stream was 
by HC1 extraction followed by springing of the HC1 from the basic adduct by thermal treatment. 

A shale oil basic nitrogen concentrate produced as a byproduct during stream cleanup in 

TABLE I 

PROPERTIES OF SHALE OIL BASIC NITROGEN CONCENTRATE FROM STREAM CLEANUP 
DURING EXPERIMENTAL REFINING OF SHALE OIL 

Gravity, "API 
5% boiling point, "C 
95% boiling point, "C 
Carbon, w t %  
Hydrogen, wt % 
Nitrogen, wt % 
Chlorine, wt % 
Aromatics, l3C NMR, 

16.0  
297 
524 

84.03 
11.06 
3.97 
0.045 

% 27 

Figure 2 shows the desorption thermograms of the nitrogen components from the shale oil 
basic nitrogen concentrate that had been adsorbed on two paving aggregates--one from Colorado and 
one from FHWA Region 10 (Oregon) (3, 17). Note that most of the nitrogen was desorbed in the 300 
to 600'C range, indicating a strong bond with the aggregate surface. Subjecting the treated aggre- 
gates to a warm water soak in the presence of benzene to solubilize water-displaced components re- 
duced the amount of strongly adsorbed nitrogen components on the aggregate surfaces; however, 
significant amounts were resistant to water displacement, as indicated by the thermograms. A con- 
siderable amount of the nitrogen desorbed from the FHWA Region 10 aggregate in the 300 to 600°C 
range was particularly resistant to displacement by water. Because pyridine-type compounds a r e  
suspect as the dominant type in the shale oil basic nitrogen concentrate contributing to the nitrogen 
thermogram, model compound studies using the parent compound pyridine were conducted to fur- 
ther elucidate the role of pyridine compounds in reducing moisture damage in asphalt pavements. 

Adsorption-Desorption from Mineral Surfaces of Model Compound Pyridine 

dine in benzene in a manner similar to  their treatment with the shale oil basic nitrogen concentrate 
and thermograms of the nitrogen desorption obtained. Figure 3 shows the thermograms obtained 
both before and after subjecting the pyridine-treated aggregates to the warm water-benzene soak. 
Note the similarities between these thermograms for pyridine and those for the shale oil basic ni- 
trogen concentrate shown in Figure 2. The Colorado aggregate had a greater affinity for nitrogen 
found to desorb in the 150 to 300°C range than did the F'HWA Region 10 aggregate and the nitrogen 
in this desorption region w a s  quite resistant to water displacement. The Colorado aggregate 
showed a reduced amount of adsorption in the 300 to 6OOOC range compared with the FHWA Region 
10 aggregate. 

Of potential significance to moisture-induced damage is the relative amounts of nitrogen 
desorbed within each temperature range and the resistance of that nitrogen to displacement to wa- 
ter. This can best be described by quantification of the data from Figure 3 as displayed in Table 
11. Even though the Colorado aggregate showed a higher total relative surface density (RSD) of ad- 
sorbed pyridine molecules than the FHWA aggregate before water displacement (40.6 vs  33.3, re- 
spectively), the adsorbed pyridine was more easily displaced from the Colorado aggregate surface 
by water as indicated by comparing the total RSD's of the same two aggregates after water treat- 
ment (7.4 vs 17.7, respectively). Also, the RSD of nitrogen in the 300 to 600°C range after water 
treatment was 13.6 for  the FHWA Region 10 aggregate compared with 4.9 for the Colorado aggre- 
gate. Related studies using these aggregates in laboratory-prepared asphalt-aggregate mixtures 
have shown a relationship between the relative amount of nitrogen desorbed in the 300 to 600°C 
range and its resistance to water displacement to the resistance of the asphalt-aggregate mixtures 
to moistare damage. This is illustrated for the two aggregates in question by the data In Table in. 
Note the greatest tensile strength retention ratio of pavement mixtures and increased cycles to 
failure in the WST for the FHWA Region 10 asphalt-aggregate mixture when subjected to the 

The Colorado and FHWA Region 10 aggregates were treated with a dilute solution of pyri- 

231 



accelerated laboratory moisture damage conditioning. These data, together with data on additional 
asphalt-aggregate systems published elsewhere, support the proposition that adsorption of those PY- 
ridine-type nitrogen compounds in petroleum asphalts, although in much lower concentrations than 
in shale oil products, are important to the resistance of asphalt-aggregate mixtures to moisture 
damage. Thus, pyridine-type nitrogen components from shale oil should have potential value as as- 
phalt modifiers in improving the moisture resistance of pavement mixtures. 

TABLE II 

THERMAL DESORPTION OF PYRIDINE FROM AGGREGATE SURFACES 
BEFORE AND AFTER WATER TREATMENT 

Water- 
Aggregate Surface Area Benzene 

Source m2g soak 

FHWA 
Region 10 1.92 no 

Colorado 1.95 no 
Yes 

Yes 

a. Nitrogen detector readout counts divi 

Nitrogen Relative Surface Densitiesa 
Detector in Temperature Range, "C 
Readout <150 150-300 300-600 Total ~ - - - _ _  

64,019 2.6 19.2 21.5 33.3 
43,021 0 4.1 13.6 1 7 . 7  
79,340 9.6 19.5 11.5 40.6 
14,463 0 2.5 4.9 7.4 

d by aggregate surface area. 

TABLE III 

RESISTANCE OF ASPHALT-AGGREGATE MIXTURES TO MOISTURE-INDUCED  DAMAGE^ 
Tensile Strength Ratio Cycles-to- 

Aggregate-Asphalt from Accelerated Failure in Water 
System Moisture Conditioning Susceptibility Test 

FHWA Region 10 0 . 6  
Colorado 0.2 

5 
' 3  

a. Data from (3). 

Laboratory Evaluation of Shale Oil Products in Asphalt Paving Applications 
Three different ahale P ~ ! - ~ z : T &  ~ruriucis  were evaluated in our laboratorv for their DO- 

tential application in asphalt paving. These included a shale oil AC-5 asphalt prepared by a vacu- 
um distillation of a gas combustion shale oil,  the shale oil basic nitrogen concentrab discussed 
earlier and a 342 to 382°C distillate fraction from a partially hydrotreated shale oil. The nitrogen 
concentrate was evaluated both as an antistripping agent and for potential use as a recycle agent and 
the distillate fraction was analyzed only as a recycle agent. Pavement rehabilitation projects fre- 
quently add recycle agents to the aged asphaltic pavements being recycled to res tore  desired visco- 
elastic properties to the embrittled asphalt binder. 

Evaluation of Petroleum- and Shale Oil-Derived Asphalts by WST Procedure - Data in 
Table IV summarize the results obtained during the WST evaluation of several asphalt-aggregate 
mixtures prepared from petroleum and shale oil-derived asphalts using the same limestone aggre- 
gate. This particular aggregate was selected because previous studies showed that it produced 
moisture-sensitive mixtures (1). Comparisons between the number of freeze-thaw cycles in the 
WST required to  induce failure in petroleum vs shale oil asphalt briquets using this aggregate 
clearly showed that the shale oil asphalt significantly improved the briquet water resistance com- 
pared to its petroleum counterparts. The shale oil asphalt briquet showed no signs of failure after 
100-plus cycles, after which the test was finally terminated. The petroleum asphalt briquets failed 
in seven or fewer cycles. Related studies conducted at Texas AYM University using the same shale 
oil asphalt showed superior moisture-damage resistance for laboratory paving mixtures (8). These 
WST and Texas results lend support to  the previous proposition that pyridine-type compounds in 
shale oil produce asphalt-aggregate bonds that resist the detrimental action of water. 

Evaluation of Shale Oil Basic Nitrogen Concentrate a s  an Additive to  Petroleum Asphalts to 
Improve Moisture Resistance of Asphalt-Aggregate Mixtures - WST briquets were prepared using 
a Venezuelan asphalt and a quartzite aggregate that produced water-sensitive mixtures in a section 
of 1-80 in eastern Wyoming. This section of interstate highway began to show signs of moisture- 
induced damage shortly after it was constructed. Addition of 5 wt % (based on asphalt content ) of 

232 



the shale oil basic nitrogen concentrate to the asphalt-aggregate mixture in the laboratory resulted 
in an increase in briquet cycles-to-failure from less  than one complete freeze-thaw cycle for the 
untreated briquet to five cycles before the shale oil-modified briquet developed cracks. This is a 
Significant increase and demonstrated the value of using a shale oil basic nitrogen concentrate a s  an 
antistripping agent in petroleum asphalts. 

TABLE IV 

EVALUATION O F  BRIQUETS PREPARED FROM PETROLEUM AND 
SHALE OIL-DERIVED ASPHALTS 

Briquetb Cycles-to-Failure, 
Petroleum Asphaltsa Wt, g w ST 

B-2959 50 1 
B-3036 50 2 
B-3051 50 7 
B-3602 50 2 
Shale oil asphalt 50 >IO0 

a. Asphalts obtained from FHWA. 
b. All briquets prepared using 5% asphalt and 95% Hol 

limestone (7). 

In another experiment, two different silicate aggregates from Texas that had produced 
moderate to severe stripping problems in pavements were evaluated using the nitrogen thermal de- 
sorption analysis technique previously described and the WST procedure. Although both aggregates 
showed relatively low interactions of the aggregate with model nitrogen compounds, the moderate 
stripping aggregate showed more interaction than the severely stripping aggregate. The shale oil 
basic nitrogen concentrate was compared with two commercial antistripping agents for its ability to 
reduce moisture damage using these two aggregates. Briquets containing G wt % AC-20 asphalt mo- 
dified with 1 wt % (based on asphalt content) of the antistripping agents and 5 wt I shale oil basic 
nitrogen concentrate were prepared. The shale oil basic nitrogen concentrate was added a t  5 wt % 
because its nitrogen content was correspondingly lower than that of the antistripping agents. Test 
results a r e  shown in Table V. The commercial antistripping agents showed erratic response and 
sometimes increased rather than decreased the sensitivity of the briquet to moisture damage. The 
shale oil basic nitrogen concentrate was the only additive that was beneficial in the test on both ag- 
gregates when compared with the control. 

. 

TABLE V 

EFFECT OF ADDITIVES ON SILICATE AGGREGATES 

WST, Cycles to Failure 
Severe Stripping Moderate Stripping 

Additive % Added Aggregate Aggregate 

-0- 
Am idoam ine 1 
Imidazole 1 
Shale oil basic nitrogen concentrate 5 

- 5 
4 

10 
23 

17 
7 
G 

25 

Evaluation of Shale Oil Fractions a s  Potential Recycling Agents for Aged Asphalts 
Important criteria for the recycling of asphaltic pavements a r e  the restoration of pavement 

flexibility and durability. Restoration of these properties depends upon the ability of recycle agents 
to improve compatibility by softening the aged asphalts and dispersing the highly associated asphal- 
tene-like components in the aged asphalt. The asphaltene settling test (AST) was developed as  a po- 
tential indicator of asphalt compatibility (18). In the test, the asphalt is dispersed in hexane and the 
settling time of the resultant asphaltenes is measured. In theory, an observed increase in the as- 
phaltene settling time from the addition of a recycle agent to an aged asphalt is indicative of the 
ability of the recycle agent to disperse polar components of the asphalt and improve its compatibi- 
lity. 

100- pen Midcontinent (Hawkins) asphalt that was previously laboratory-aged from aviscosity value 
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of 6.7 x 104 Pa. s (at 25°C) to 4.3 x 106 Pa. s to simulate pavement aging. Cyclopave and the shale 
oil distillate fraction caused about a 42 and a 25% decrease in asphaltene settling time, respective- 
ly. The three remaining commercial additives (Paxole, Dutrex and Ashland) showed similar sett- 
ling times to the control, suggesting minimum interactions of those additives with the polar com- 
ponents of the asphalt. Only the shale oil basic nitrogen concentrate significantly increased the as- 
phaltene settling time. Although asphaltene settling time reflected the dispersion characteristics of 
asphaltenes in a dilute hexane mixture, the solvent power of the additive on the neat mixture, al- 
though important to flow properties, may not be reflected in the settling time results. 

TABLE VI 

LIST OF PROPERTIES MEASURED FOR AGED ASPHALT TREATED WITH SIX RECYCLE AGENTS 

A S T ~  Final 
Recycle Agenta min. vol, cc  

None (control) 76.1 10.0 
Cyclopave 43.9 9.0 
Shale oil distillate 56.8 9.3 
Paxole 1009 72.6 10.1 
Ashland 100 73.0 9.8 
Dutrex 739 77.6 10.3 
Shale oil basic nitrogen concentrate 93.5 11.0 

a. 1 wt % additive, based on asphalt content. 
b. Asphaltene settling time in minutes. 

A correlation between the increase in asphaltene settling time and the final volume of pre- 
cipitated asphaltenes was observed while conducting the AST. Data from Table VI a r e  plotted in 
Figure 4. The increase in volume with increased settling time is attributed to a better dispersion 
of the asphaltenes, which become more flocculent in the hexane solution. 

Based on measurements using asphalts from varying sources, mildly aged asphalts usually 
showed an increase in asphaltene settling time on addition of most commercial and shale oil-de- 
rived liquid additives. 
the other additives. When the level of aging was increased, greater variations in the asphaltene 
xZ!kg !!m- were obtained with the different recycle agents. On moderately or highly aged as- 
phalts, the shale oil basic nitrogen Concentrate a d  ::ie zk!: e!! y h n l n n e  fraction were more ef- 
fective in dispersing asphaltenes than the commercial agents. 

The shale oil distillate fraction usually produced longer settling times than 

SUMMARY 

Previous evidence that pyridine-type compounds may be responsible for increased resis- 
tance of asphalt-aggregate mixtures to moisture damage were reinforced by several recently com- 
pleted studies. Experiments utilizing selected shale oil fractions known to contain pyridine com- 
pound types showed that these fractions were effective a s  petroleum-asphalt modifiers in reducing 
the sensitivity of the asphalt-aggregate mixtures to moisture damage and also showed potential as  
recycling agents for restoring desired viscoelastic properties to aged asphaltic pavements. The 
use of shale oil products in this vital application would likely be of economic importance in a syn- 
thetic fuels industry by utilizing these less fuel-desirable components in nonfuel uses and make 
available equivalent amounts of more energy-desirable petroleum counterparts for use a s  fuels. 
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Figure 1. Scheme for studying adsorption-desorption 
and water displacement characteristics of 
nitrogen compounds on aggregate surfaces. 

FHWA REGION 10 AGGREGATE 

No Water Treat 

Water Treat 

COLORADO AGGREGATE 

No Water Treat 

A- 

l l  I I  I I I 

0 100150 150 300 300 600 600 

Temperature-Time Scale, OC 

Figure 2. Adsorption-desorption of shale oil nitrogen 
compounds from FHWA Region 10 and 
Colorado aggregates. 
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Figure 3. Nitrogen desorption thermograms of 
pyridine adsorbed on paving aggregates. 
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Figure 4. Relationship between asphaltene settling time and 
final asphaltene volume for aged Hawkins asphalt. 
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ABSTRACT 

The kingdom of Morocco has embarked on development of their 
extensive oil shale resources  to decrease further dependence on for- 
eign petroleum imports and to support internal industrial growth. The 
Office National de Recherche of d'Exploitation des Hydrocarbures 
(ONAREP) has elected to develop the T cube semi-continuous retorting 
proces 6. 

The presentation will review the retorting characteristics of 
Moroccan oil shale, the research and development program, and the 
current  status of T cube process pilot plant construction. 
tation will also review the oil shale resources in  Morocco, a s  well a s  
some of the past ONAREP's oil shale activities. 

The presen- 
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INTRODUCTION 

Oil shale can burn directly in the furnace to produce steam and electricity. Recently, in 
U. S. S. R. 
country, there is only one small power station in Huang county, Shandong, using oil shale a s  a 
boiler fuel to produce electricity. When oil shale is  pyrolyzed in retort  to produce shale oil, the 
retorted shale char may be treated to react with a i r  in order  to supply heat energy for retorting. 
It is  necessary to know the combustion properties of oil shale and i ts  char in  o rder  to get kinetic 
equations. 

gations (2-7). Most of the previous work has dealt with the combustion of oil shale char at high 
temperatures and in large samples. H. Y. Sohn (8) reported the results of an investigation to de- 
termine the intrinsic kinetics of the reaction between oxygen and char by using the TG method. In 
their experiment, the mass transfer and diffusional effects were eliminated by using a sufficiently 
high flow rate of gas and a small amount of solid particles spread thinly on the sample pan. 

There a r e  two discrete peaks in the DTA curve of oil shale combustion. It i s  easy to de- 
termine two reaction steps in the oil shale combustion. In this paper, the results of study to de- 
termine the kinetics of combustion of oil shale and its char by using DTA a r e  reported. 

probably 75% of their oil shale which was excavated was burned in the boiler (1). In our  

The kinetics of the oil shale char combustion have been determined in a number of investi- 

1 EXPERIMENTAL SECTION 

In this work, we used the Japanese "Rigaku" type thermal analysis apparatus. It is a com- 
bined apparatus of TGA and DTA. A platinum/platinum-rhodium thermocouple was used to mea- 
sure the sample temperature. Both the sample and reference holders a r e  made of platinum and a r e  
5 mm in diameter and 2 mm thick. 

and Colorado oil shale. The char is a residue of oil shale which is retorted for 10 minutes at 
510°C as in a Fischer Assay. The analysis data of oil shales and their  chars used in this work a r e  
shown in Table I and Table II. 

j 
, 

, 
I Oil shale samples used were F'ushun oil shale, Maoming oil shale, Huang county oil shale 
I 

1 

1 

I TABLE I 

ANALYSIS DATA O F  OIL SHALE USED IN THIS WORK (WT I) 
1 

1 

No, Place - -  
Fischer Analysis 

Organic 
Oil <;as A "2 Carbon% - 

Me12 Maoming (low grade) 4.5 85.2 8.0 2.3 13.52 
M811a Maoming (high grade) 8.8 84.1 3.7 3.4 22.8 71.9 1.4 17.47 

~ 8 1 2 ~  Fushun 9.8 83.3 3.4 3.5 23.8 72.2 2.9 16.30 
w821 Huang County 16.5 67.1 10.3 6.1 38.9 45 10.4 35.37 
A811a Colorado 6.4 89.9 1.8 1.9 15.0 

a. Analytical data were taken from A s s .  Prof. Qin's work and allowed to use  through his kindness. 

In order to remove water which was contained in the oil shale,  sample particles (-200 

ME21 Maoming Jin Tang 8.2 84.0 3.8 4.0 17.27 

mesh) were dried for 2 hrs  under 60°C and vacuum (600 mm Hg) condition. 
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TABLE Il 

CARBON AMOUNT IN THE CHAR USED IN THIS WORK (WT %) 

No. Place Carbon % 

M811C Maoming oil shale (high grade) char 8.51 
M821C Maoming Jin Tang oil shale char 8.86 
W821C Huang county oil shale char 31.38 

In order to compare the experimental parallel results, all experiments have been done 
with the same operating conditions: 

Working atmosphere a i r  
Heference substance w-A1203 
Heating r a t e  1 ooc/m in 
DTA measuring range 2100 wv 
Recording-paper speed 2.5 mm/min 

THEORETICAL CONSIDERATION 

The intrinsic kinetics for the reaction of 8 solid with a gas can be written as:  

dx - = k. f(pA) (1-x)' 
d t  

Where 

t - t ime(min) 
x - the fractional conversion of the solid reactant (%) 
k - the reaction rete  constant 
fpA) - the dependence of r a t e  on gaseous reactant concentration 
n - order of reaction. 

In this work, temperature i s  raised linearly with t ime during the run. Thus, we have: 

T = T  0 + a . t ,  d t = a . d t  2) 

initial temperature To heating rate  

and k is no longer a constant in non-isothermal case: 

k = A.exp(-E/RT) 

Combining Equation 1, 2 and 3 and integrating, we obtain 

3) 

dx A'f(PA) T A.f(P ) 
exp(-E/RT)dT +x e%p(-E/RT)dT 

0 4) 
(l_x)n = T - / T  

For greater  values of E/RT, the integral on the right-hand side can be replaced by an a p  
proximate solution a s  follows: 

A . f ( P  ) A ' ~ ( P ~ )  RT' ZRT 
. E (1- 7) exp(-E/RT) a j exp(-E/RT)dT = - - A fT 

4a) 

The left-hand side can be integrated and combined with 4a. So, when n = 1, 

A'f(PA) RT2 2RT 
- h(1-x) =a . - (1- 7) exp(-E/RT) E 

240 

5 )  



when n # 1 

H. Y. S o h  (1980) reported that the best value of A was obtained by using the value of T at 
x = 0.5 in the term 

and the first reaction order might be assumed so fa r  the partial pressure of oxygen was concerned. 
Thus, 

A straight-line plot of - 

will give birth to the apparent activation energy E and the straight-line interception with the ordi- 
nate axis. Substituting Equation 7 into the intercept thus obtained, we can calculate the preexpo- 
nential factor A value. 

RESULTS AND DISCUSSION 

The Reaction of Oil Shale with Air 

acts with a i r ,  there are two large peaks on the above mentioned DTA curve. The temperature of 
the first peak is 316'-356'C, the temperature of the second peak is 382"-454°C. 

2. 

The DTA curves of six oil shales '  combustion a r e  shown in Figure 1. When oil shale re- 

According to the obtained DTA curve, one can get the X - T curve (9, 10) shown in Figure 

A straight-line plot of 
, 1 

(shown in Figure 3) yields the apparent activation energy E and preexponential factor A .  The kine- 
tic equations of oil shale combustion a r e  shown in Table III. 

TABLE Ill 

THE KINETIC EQUATIONS OF OIL SHALE COMBUSTION 

No 

M812 

M811 

M821 

F811 

W821 

A811 

k (atm min)-' 1 k, (atm rnin)-' 

4.750. 106exp(-18390/RT) 1.495- 103eXP(-9462/RT) 

5.134. 105exp(-16420/RT) 1.593. 103exP(-9833/RT) 

7.387. 104exp(-14720/RT) 2.866.10 3 exp(-10880/RT) 

7.806.10 3 exp(-12320/RT) 9.933.10 3 exp(-12800/RT) 

3.765. 104exp(-14080/RT) 2. 08.IO2exp(-7887/RT) 

k=3. 786.105exp(-15890/RT) 
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Table III shows that most of oil shales used in this work have two combustion kinetic Equa- 
tions. It indicates that there are two reactions in the oil shale combustion process. But, for 
Colorado oil shale, the two peaks are too close. Only one combustion kinetic equation to express its 
combustion property can be formulated. 

The  Reaction of Char with Air 
The DTA curves of char cornbustion are shown in Figure 4. It can be seen from Figure 4 

that there i s  only one peak for each oil shale,  the obtained DTA curve. The temperatures of the 
peaks l ie in the range from 360°C to 410°C. 

According to the obtained DTA curve, one can draw a plot of 

and get their apparent activation energy E and preexponential factor A (the same method mentioned 
above). 

Table IV displays these obtained kinetic parameters. It can be seen that the combustion 
ra te  of Colorado oil shale char is  extraordinarily faster than that of other chars;  the combustion 
ra te  of two Maoming oil shale chars  i s  found to be the same and the combustion ra te  of Huang 
county oil shale char is  faster than Maoming oil shale char. 

TABLE IV 

THE KINETIC PARAMETERS O F  CHAR COMBUSTION 

-1 - No. Correlation Coefficient R k (atm min) 

4 
M811C-2 0.9950 1 1.267.10 =p(-13360/RT) 

M821C 0.9942 1 9. 872-103exp(-13010/RT) 

W821C 0.9944 1 6.380. 103exp(-12180/RT) 

A811C 0.9952 1 2.190' lO6exp(-1825O/RT) 

The Effect of the Sample Quantity on the Experiment 

milligrams of Maoming oil shale char  were taken in this work. Results a r e  in Table V. 
In order  to inspect the effect of diffusion on the experiment, several sample quantities in 

TABLE V 

THE RELATION BETWEEN SAMPLE QUANTITIES AND SAMPLE THICKNESS 

Sample Quantity Sample Thickness in the Holder 
No. (mg) Imm) 

M811C-1 6 .3  
M811C-2 9 .1  
M811C-3 18.1 
M811C-4 27.0 

0.38 
0.54 
1.08 
1.62 

Figure 5 shows the TG-DTA curve of four sample quantities of Maoming oil shale char. It 
can be seen from Figure 5 that the obtained peak temperatures are the same (about 438'C). It 
means that the peak temperature relates only to the sample property and bears no relationship to 
the  sample quantity. According to Figure 5 ,  one can get their kinetic parameters (same method as 
mentioned). 

Table VI displays the obtained combustion kinetic parameters of four samples of Maoming 
oil  shale char. It can be seen from Figure 5 and Table VI that, when the sample quantity is between 
6 .3  and 18 mg, the obtained kinetic parameters a r e  nearly the same. But, when the sample quanti- 
ty is  27 mg, i ts  kinetic parameter differs greatly from the others. An effect of diffusion can be 
elicited only when the sample amount is  more than 27 mg. 
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TABLE VI 

THE COMBUSTION KINETICS O F  SEVERAL SAMPLE AMOUNTS O F  
MAOMING OIL SHALE CHAR 

No. Correlation Coefficient 1 K - 
M811C-1 0.9979 1 1.754. 104exp(-1377O/RT) 

M811C-2 0.9950 1 1.267. 104exp(-1336O/RT) 

M811C-3 0.9960 1 1.018. 104exp(-1309O/RT) 

M811C-4 0.9954 1 4.990. 103exp(-122lO/RT) 

CONCLUDING REMARKS 

There are two large peaks on the oil shale combustion DTA curve, but there i s  only one 
peak on its char combustion DTA curve. 

Oil shale and its char combustion reaction i s  of the f i r s t  order. The kinetic parameters of 
six oil shales and their char used in this work are shown in Tables 111 and IV. It indicates that 
Colorado oil shale and its char combustion rate i s  the fastest while Fushun oil shale and i ts  char 
combustion rate is the slowest among the six oil shales used in this work. 

and the temperature i s  below 500°C. the sample quantity have no significant effect on the combus- 
tion rate. 

Under experimental conditions as mentioned, when the sample quantity i s  less than 18 mg 

/ 
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THE COMBUSTION OF OIL SHALES BY THE 
CERCHAR FBC PROCESS 

BY 

R. Puff, J-C. Kita and M. Bendif 
Plate-Forme Nationale d'Essais des Carbons Mazingarbe 

f 62160 Bully Le6 Mines, France 

ABSTRACT 

The CERCHAR experience is wide and relatively ancient in the 
area of coal refuses FBC combustion. Since 1976, CERCHAR has 
undertaken laboratory tests on different oil shales, more particularly 
Lorraine (North-east of France) and Brazilian oil shales. 

These tests have been carried out in a 500 mm diameter flu- 
idized-bed fitted with the "CERCHAR" pyramid distributor, principal 
component of the CERCHAR FBC Process. Thia paper presents the 
CERCHAR FBC Process, the test rig, the oil shales tested and the 
results obtained. The results show that these oil shales can be burned 
in a FBC boiler with a good combustion efficiency and allow a further 
development of the process, but for instance, the required economical 
conditions a re  not yet reached in France. However, a demonstration 
unit, able to burn oil shales, is now under construction in France. 
This unit will burn high ash (80% coal shales in order to produce 15 
t /h  of 3OO0C/30 bar  steam. Start-up is scheduled for October 1984. 
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EXAMINATION O F  SHALE-DERIVED POLAR COMPOUNDS AND 
THEIR EFFECTS ON DIESEL FUEL STABILITY 

BY 

J. V. Cooney, E. J. Beal and R. N. Hazlett 
Naval Research Laboratory, Code 6180, Washington, D. C. 20375 

INTRODUCTION 

Polar heterocyclic compounds present in middle distillate fuels have been implicated in the 
chemical processes involved in fuel instability. Nitrogen-containing aromatics (e. g. , pyrroles, 
pyridines, quinolines, indoles) are often intimately involved in the reactions leading to deposition of 
insoluble sediments and gums in both petroleum and shale-derived fuels (1, 2). Although results of 
fuel dopant studies a r e  useful In screening potentially active compounds, the results must be taken 
with caution (3, 4). For example, the particular accelerated (i. e. , high temperature) stress regi- 
men employed may have a variable effect upon the results obtained. Additionally, interactive ef- 
fects between labile species need to be assessed in greater detail (2, 4). 

One of the approaches we have used in the study of diesel fuel storage stability has been to 
examine the effects of adding shale-derived polar fractions to a stable shale base fuel. Thus, we  
have isolated polar compounds from two different shale sources-by mild acid extraction followed hy 

graphy - mass  spectrometry, as well as the results of accelerated storage stability tests, are de- 

; 

' 

; 
! 

I scribed in this paper. 

1 adsorption on silica gel. The identification of the extract components by combined gas chromato- 

MPERIMENTA L 

Storage Test Techniques 
The accelerated storage stability test method used has been described in detail (3). In 

summary, 300 ml samples of filtered fuel were stressed in the dark in 500 m l  screw-cap borosili- 
cate Erlenmeyer flasks (Teflon-lined caps). A l l  samples were run in duplicate and appropriate 

ues were determined after stress. 

1 , blank flask/filter holder corrections were applied! Both filterable sediment and adherent gum val- 

Hydroperoxide Levels were determined in samples of filtered, stressed fuel by iodometric 1 titration (ASTM D1583-60). 

Instrumental Methods 

MS unit consisted of a Hewlett-Packard ivlodel 5710 GC, a H-P lvlodel 5982A mass spectrometer and 
a Ribermag S4DR GC/MS data system. An all-glass GC inlet system was used in conjunction with a 
0.31 mm x 50 m SP2100 (similar to OV-101) fused silica capillary column (5). Operational parame- 
t e r s  included: sample size - 2 to 3 microliters split at 603, column flow - 1.1 to 1.2 ml/min at  a 
head pressure of 10.5 PSI, detector gain - 9 X LOW, injection port - 250'C, temperature program - 
70°C (2 rnin hold), C°C/min programmed temperature r i se ,  220°C (16 min final hold). 

Nitrogen concentration levels in fuel samples were determined with an Antek Model 720 ni- 
trogen analyzer using a Dohrmann Model S-300 combustion furnace operating at  1OOO'C. Three-mi- 
croli ter samples were analyzed in quadruplicate (at the minimum) with the actual nitrogen concen- 
tration calculated by comparison with nitrogen calibration standards. 

The nitrogen compound extracts were examined by combined GC/MS (EI mode). The GC/ 

Base Fuel 

crude shale oil by SOHIO. This fuel was produced in the U.S. Navy's Shale-11 demonstration and is 
well-characterized (2). A quantity of this fuel was available which contained no additives (sample 
'ID-I"). The D-1 fuel contained 15 ppm N (w. /v. ) and exhibited good storage stability (2). 

Nitrogen compound Source Fuels 

lected for extraction studies. Sample "Shale-I DFM" was produced by a delayed coking process 

The base fuel for the present study was diesel fuel marine (DFM) refined from Paraho 

Two high-nitrogen middle distillate fuels produced in U. S. Navy shale programs were se- 
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followed by fractionation and was finished by extraction with high strength sulfuric acid (6-8). Sam- 
ple "Shale-II DFM Composite" was produced by moderate hydmtreatment of the total crude followed 
by fractionation. This sample was a composite of several s t reams from the refining run prior to 
acid extraction. A final extraction with 92% sulfuric acid was used to produce the finished Shale-u 
DFM (which is the same as sample D-1, the base fuel in the present study) (9, 10). 

Extraction Procedure 
As shown in Figure 1, the Shale-I DFM and Shale-II DFlVi Composite fuels were initially 

subjected to extraction with a 25% molar excess of 0.20 N HC1. The quantity of acid used was cal- 
culated by assuming that all  of the nitrogen present in the fuel was basic or extractable. The ex- 
traction process was conducted for both fuels on a 10 liter scale. The  single acid extractions were 
accomplished with 2 l i ters of fuel in a 4 l i ter  separatory funnel. A -mrtIon of the fuel to be extrac- 
ted was placed in the fume! xitt the appropriate quantity of 0.20 N HC1. The contents were vigor- 
ously swirled for 5 min, allowed to stand 5 min, gently swirled for 5 min (to reduce the number of 
emulslon particles) and allowed to stand for 10 min. After careful separation of the layers,  traces 
of acid were removed from the fuel sample by washing with water. The "basic" nitrogen com- 
pounds (BNC extracts) were isolated by neutralizing the combined aqueous acid extracts to pH 8-9 
(NaHCO ), extracting the mixture twice with methylene chloride, drying the combined organic layer 
(anh. MgSOq) and removing the solvent gently by rotary evaporation (verified by GC). 

tracts) was removed from both acid-extracted fuels by batch silica gel adsorption. Again, it was 
decided to employ a relatively mild separation technique to avoid extensive chemical alteration of 
the polar species present. Thus, 2 l i t e rs  of fuel were treated once with 400 g of fully activated 
Grade 923 silica gel (100-200 mesh, W. R. Grace) with st irring for a 3h period. Gravity filtration 
afforded ca. 1550 ml of silica-extracted fuel (filtrate) and a quantity of moist silica. Excess fuel 
was desorbed from the moist si l ica by several  washings with pentane (ca. 2.5 liters). The silica 
was  next equilibrated several  t imes with methylene chloride (8 x 500 ml). The methylene chloride 
NBNC extracts were  combined and retained. Following this treatment, the silica gel w a s  treated 
with methanol (1 x 1 liter) ,  filtered and the methanol wash was retained (methanolic NBNC extract). 

3 

The residual polar material (including non-basic nitrogen compounds, the "NBNC" ex- 

RESULTS AND DISCUSSION 

Preliminary accelerated storage stability tests at 43% and 80°C indicated that both Shale-I 
DFM and Shale-I1 DFIVI Composite were relatively unstable (i. e. , much greater t h a n  1.0 mg/100 ml 
of total insolubles at 14 days - 80°C) middle distillate fuels. Although both fuels were "unstable", 
the Shale4 DFM was by fa r  the less  stable. Both fuels were found to be relatively high in nitrogen 
content (Table I). Thus, it was considered that the differences in stability of the fuels might result 
from the presence of different nitrogen compound types and/or interactive effects. The high nitro- 
gen contents of the fuels made them convenient sources of extractable material for the doping ex- 
periments which followed. 

TABLE I 

STORAGE STABILITY O F  NITROGEN COMPOUND SOURCE FUELS 

Total 
N Conc. Insolubles 

Fuel @m-w/vl Conditlons (mg/100 ml) Std. Dev. a 

Shale-I DFm 1955 43'C/49d 58.6 30.0 (4) 

8OoC/4d 52.2 8.2 (4) 
80°C/7d 76.8 24.4 (4) 

43'C/9 2d 113.6 59.5 (4) 

80°C/14d 138.9 57.5 (8) 
Shale-11 DFlvr 

Composite 3505 8O0C/14d 20.5 0 . 8  (2) 

a. Number of tr ials indicated in parentheses. 

Extraction of Nitrogen Compounds 

t rac ts  from both source fuels i s  summarized in Figure 1. A single, mild acld extraction was se- 
lected (0.20 N HC1) so that the opportunity for chemical changes in the fuel would be minimized 
(e.g. ,  alkylpyrroles are known to be acid-sensitive (11)). The BNC extracts from both fuels were 

The separation scheme which was employed for the removal of polar, nitrogen-rich ex- 
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obtained in methylene chloride solution. Subsequent treatment of the acid-extracted fuels with sili- 
ca gel afforded two ~ N C  extracts for each fuel (methylene chloride and methanol). 

content following treatment with acid and silica gel. The nitrogen balance data, which appear in 
Table II, indicate that well over 9% of the nitrogen originally present in the fuels was accounted 
for. The final entries (line 8) in the table may be explained by nitrogen compounds sti l l  adsorbed to 
the silica and/or analytical imprecision. Although several tr ial  extractions (On a 10 ml scale) were 
able to remove the bulk of the nitrogen present in Shale-I DFM, the actual batch extraction proces- 
s e s  were seen to be fa r  less efficient. Thus, although 55% of the nitrogen in the S h a l e 4  DFIu 
Composite was acid extractable, only about 10% of the nitrogen in the Shale-I DFM was acid extrac- 
table under these conditions. Line 3 in Table n refers to data obtained immediately prior to treat- 
ment of the fuels with silica gel. Since there had been approximately a four month interval between 
the acid and silica gel treatments, it was necessary to refilter the fuels and redetermine soluble ni- 
trogen levels. 

Samples of Shale-1 DFM and Shale-11 DFM Composite were analyzed for soluble nitrogen 

TABLE Il 

NITROGEN ANALYSES FOR EXTRACTED NITROGEN COMPOUND SOURCE FUELS 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

a. 

Sample 

Original 
After acid extraction 
Before silica treatment 
Isolated in CH2C12 wash of silica 
Isolated in CH30H wash of silica 
Af ter  acid and silica treatment 
Sum of 4-6 
Deficit in N balancea 

The difference of lines 3 and 7. 

N Concentration (ppm-w/v) 
Shale-I DFM Shale-II DFM Composite 

1955 
1757 
1720 
246 
139 

1286 
1671 

(49) 

3505 
1570 
1560 

685 
380 
370 

1435 
(125) 

The accelerated storage stabilities of the extracted source fuels were examined (Table III). 
The results of duplicate tr ials indicated that the fuels remained relatively unstable despite the 
treatment with acid and silica. It is  noteworthy that the mild acid treatment may have actually de- 
teriorated the stability of both fuels by a small  degree. In addition, Shale-I1 DFM Composite re- 
mained a fairly unstable fuel despite the removal of 89% of its original nitrogen content by the ex- 
tractions. 

TABLE III 

STORAGE STABILITY O F  EXTRACTED NITROGEN COMPOUND SOURCE FUELS 
(14 day/80°C Stress) 

Total 
N Conc. Insolubles 

Fuel Sample (ppm-w/Vl (mg/100 m l l  Std. Dev. 

Shale-I DFIVI Original 1955 138.9 57.5 
Acid extracted 1757 152.6 9.8 
Acid and silica extracted 1286 179.4 103.2 

Shale-I1 DFM Original 3505 20.5 0.8 
Composite Acid extracted 1570 33.8 0.2 

Acid and silica extracted 370 16.4 1.0 

Examination of Nitrogen Compound Extracts 

source fuels were examined by GC/MS. The conditions used permitted excellent separation of the 
compounds present. Both total and selected ion-counting techniques were employed, with peaks be- 
ing identified on the basis of fragmentation pattern and 2-series (5 ) .  Frequently, two or more 
compounds would be present in a peak, so that the relative amount of each was approximated by the 
magnitude of the total ion count for a given fragmentation pattern. Peak areas were determined by 
integration of the total ion count over the entire peak. 

Compounds present in the BNC, NBNC (CHzC12) and NBNC (CH30H) extracts from both 
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The results for the acid extract  components (BNC) from Shale-I DFM are summarized Ln 
Table Iv. Sixty-eight well-resolved major peaks were analyzed and over 180 distinct nitrogen cam- 
pounds were identified by class and carbon number. 
largest c lass  of compounds present,  comprising about 87% of the material identified. Also present 
were quinolines and tetrahydroquinolines. Other nitrogen compounds comprised the remainder of 
the materials examined. The peaks which were examined represent a t  least 75% of the total sample 
peak area and are, thus, representative of the total sample. 

Substituted pyridines represented by far the 

TABLE IV 

EXAMINATION O F  BNC EXTRACT FROB1 SHALE-I DFbl 

Compound Class” 

A. Pyridines 

c7 

c8 

c l o  

c12 

c2 

c3 

C 
9 

C 
11 

B. Quinolines 

C 
4 

C 
5 

‘6 

c7 

C. Tetrahydroquinol ines 

c2 

c4 

c5 

c7 

D. Indoles 
E. Othersb 

No. Isomers 

0 
2 

10 

24 

22 

15 

8 

0 
1 

3 

10 

17 

18 

4 

0 
1 

1 

9 

7 

10 

8 

4 

m 
& 

Area % 

(87.1) 
1.5 

9.6 

24.5 

22.2 

17.6 

11.8 

(7.0) 
co. 1 

0.6 

1.2 

2.7 

2.1 

0.3 

(4.1) 
<o. 1 

0.1 

0.9 

0.6 

1.0 

0.7 

0.8 

(0.4) 
[1.4) 

a. C, listing under each class denotes the number of carbon 
atoms in substituents on the heterocyclic ring. 

b. Triazines,  aikylamines. 

Results for the BNC extract of Shale-I1 DFM Composite appear in Table V. Again, alkyl- 
pyridines were the principal components (ca. 77% of the identified material) with a good amount of 
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tetrahydrwuinolines present a s  well (18.596). The larger amount of tetrahydroquinolines in the 
Shale-II DFM Composite (relative to the Shale-I DFM) is a reflection of the hydrotreatment which 
this fuel was subjected to during its processing. 

TABLE V 

EXAMINATION OF BNC EXTRACT FROM SHALE-I1 DFM CONlPOSITE 

Compound Classa 

A. Pyridines 

c3 

c4 

C 
5 

'6 

c lo  

cll 

cO 

c1 

c2 

c3 

c4 

c5 

B. Tetrahydroquinolines 

'6 

C. Quinolines 

c1 

c2 

c3 

c4 

D. Indoles 
E. Indolines 

No. Isomers 

0 
2 

2 

3 

7 

7 

9 

12 

5 

1 

0 
2 

2 

3 

9 

14 

9 

1 

9 
1 

5 

7 

1 

la 
3% 

Area 96 

(77.5) 
2.0 

2.6 

2.8 

5.6 

9.6 

24.3 

20.7 

8.9 

1.1 

(18.5) 
0.2 

0.5 

1.0 

5.6 

9.5 

1.8 

0.1 

(2.2) 
to. 1 

0.2 

1.2 

0.7 

(0.1 

(1.3) 
(0.5) 

a. C, listing under each c lass  denotes the number of carbon 
atoms in substituents on the heterocyclic ring. 

Table VI indicates the identifications of the ten largest  peaks present in the BNC extracts 
from both fuels. A s  can be seen, tri- and tetra-alkylpyridines were prevalent in both extracts. 
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m o  components (denoted by asterisks) appeared to be common to both fuels. The ten largest peaks 
correspond to approximately 324% of the total identified a rea  for the Shale-I DFM and 454% for the 
Shale-II DFIVl Composite. 

TABLE VI 

A. TEN LARGEST PEAKS - BNC EXTRACT FROM SHALE-I DFM 

- -  Rank Rel. Area Main Component Retention Time (min. 1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1000 
754 
740 
663 
659 
630 
607 
586 
537 
513 

Dimethylheptylpyridine 
Dimethylnonylpyridine 
Dimethylheptylpyr idine 
Trimethylheptylpyridine 
Dimethyloctylpyridine 
Dimethylheptylpyridine 
Dimethyloctylpyridine 
a C12 Pyridine 
Trim ethyloctylpyridine 
Trim ethylhexylpyridine 

30:49* 
37:50 
36:59 
32:53* 
34:49 
31:40 
33:57 
38:35 
35:51 
36:30 

B. TEN LARGEST PEAKS - BNC EXTRACT FROM SHALE-I1 DFM COIVIPOSITE 

-- Rank Rel. Area Main Component Retention Time (min. 1 

1 
2 
3 
4 
5 
6 
I 
8 
9 

10 

1000 
908 
682 
662 
639 
635 
508 
450 
432 
427 

Dimethylheptylpyridine 
Dimethylhexylpyridine 
Trimethylpentylpyridine 
Dimethylhexylpyridine 
Dimethylpentylpyridine 
Methylpropyltetrahydoquinol 
Dimethylpentylpyridine 
Trimethylpentylpyridine 
Trimethylheptylpyridine 
Trimethylhexylpyridine 

30:47* 
27:32 
26:31 
28:25 
24:06 

h e  26:42 
27:24 
30:19 
32:53* 
29:46 

* These two components are common to both BNC extracts. 

Both NBNC extracts (i. e. , CH C1 and CH OH solubles from silica gel treatment) for 
2 . 2  both source fuels were found to be exceedingly complex. The methylene chloride NBNC extract for 

Shale-I DFM consisted primarily of alkylbenzenes, indenes, tetralins, naphthalenes and other hy- 
drocarbons. A good variety of substituted indoles was present together with lesser  amounts of py- 
ridines, tetrahydroquinolines and quinolines. Trace  quantities of alkylpyrroles were detected. 
The methanolic NBNC extract for  this fuel was for the most part  a mixture of straight-chain car- 
boxylic acids and alkylpyridines. Small amounts of alcohols, indoles, amines, quinolines and pyr- 
roles were detected. 

alkylbenzenes , indenes, naphthalenes and hydrocarbons. A good variety of oxygen-containing spe- 
cies was found (esters and ketones). Most of the nitrogen in this extract appeared in the form of 
substituted indoles. Lesser amounts of carbazoles and pyridines were detected; no alkylpyrroles 
were found. The methanolic NBNC extract was found to  be rich in alkylpyridines with t race  levels 
of indoles detected. Once again, alkylpyrroles did not appear to be present. The presence of py- 
ridines in the methanolic NBNC extracts from both source fuels is  indicative of the inefficiency of 
the mild, batch acid extraction employed. Adsorption chromatography techniques have recently 
been applied to  samples of Shale-I DFM (12) and Shale-II DFiu Composite (13) in efforts to achieve 
analytical separations. Results obtained by these workers are consistent with the GC/MS and ni- 
trogen concentration analyses reported in this paper. 

The methylene chloride NBNC extract for Shale-I1 DFM Composite consisted largely of 

Results of Doping Experiments 

h e l s  were added as dopants to a stable shale DFM base,  fuel D-1. The extracts which were added 
were solvent-free (verified by GC) and were immediately taken up in the appropriate quantity of D-l 
following solvent-stripping. Nitrogen concentrations in the doped D-1 were then determined, with 
the amount of added nitrogen being calculated by subtracting the 15 ppm N (w/v) present in the 

Nitrogen compound extracts (BNC, NBNC (CH2C12), NBNC (CH30H) from both source 
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undoped base fuel. Stress conditions employed temperatures of 80°C and 43°C for periods of t ime 
ranging UP to 14 and 96 days, respectively (3). 

The results of doping experiments with the BNC extracts are shown in Table VII. The 
amount of total insoluble material reported i s  the mean of three experimental trials. On a ppm N 
basis,  the BNC extract derived from Shale-I DFM was the more potent sediment promoter; howev- 
er, relatively low levels of insoluble material  were generally observed in all tr ials.  Hydroperoxide 
levels were also determined in the filtrates of stressed samples. Samples of D-1 which had been 
doped with BNC from Shale-I DFM showed the highest peroxide numbers. 

TABLE VI1 

STORAGE STABILITY O F  D-1 WITH ADDED BNC EXTRACTS 

Total 
BNC Stress N Added Insolubles Peroxide Numbera 

Source Conditions (pp m-w/v) (mg/100 ml) (meq ROOH/kg f u e 2  

Shale-I DFM 43"C/49d 
43"C/92d 
8OoC/7d 
80"C/14d 

Shale-I1 DFM 43"C/49d 
Composite 43"C/96d 

80'C/7d 
80'C/14d 

72 
72 
72 
72 

545 
545 
545 
545 

1.2 
1.2 
2.2 
5.9 
3.4 
4.8 
2.5 
4.2 

106.8 (2.2) 
180.0 (8.1) 
40.1 (8.1) 
52.8 (52.5) 
15.5 (9.5) 
25.1 (15.4) 

13.1 (52.5) 
22.0 (19.1) 

a. Fuel blank values (i. e. , undoped D-1) in parentheses. 

In a similar manner, accelerated storage stability tests were conducted with the NBNC 
extracts from both sources in fuel D-1. The results,  summarized in Table WII, indicate that the 
methanolic NBNC extracts were active sediment promoters in D-1. On a ppm N (w/v) basis, the 
Shale-I DFM NBNC (CH30H) extract was 58% as effective as 2.5-dimethylpyrrole in promoting the 
formation of insoluble material (3). Since this extract was rich in alkylpyridines and carboxylic 
acids, i t  i s  possible that interactive effects between active species defined the efficacy of the dopant 
as an agent of fuel instability. All NBNC extract trials indicated that those extracts derived from 
Shale-I DFM were K-ore active in promoting sediment. 

TABLE VIII 

STORAGE STABILITY O F  D-1 WITH ADDED NBNC EXTRACTS 

Total 
NBNC Extraction Stress  N Added Insolubles 
Source Solvent Conditions (pp m-w/v) (mg/100 ml) 

Shale-I DFM CH2ClZ 43"C/49d 120 6.2 
43"C/91d 120 6.7 
80"C/7d 120 8.7 
80'C/14d 120 12.2 

CH30H 8OoC/14d 155 35.1 

Shale-II DFM CH2C12 43"C/49d 370 1 .5  
Composite 43"C/91d 370 1.4 

8OoC/7d 370 0.9 
80'C/14d 370 1.2 

CH OH 80°C/14d 398 16.9 3 

CONCLUSIONS 

Nitrogen-rich polar fractions have been isolated and characterized from two unstable shale 
diesel liquids. When these extracts were doped into a stable shale DFM and s t ressed at elevated 
temperatures,  the formation of insoluble material was observed. The activity of a given polar ex- 
tract  in the promotion of instability behavior in a stable base fuel was a complex function of inter- 
active effects between active species in the fuel. 
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NITROGEN COMPOUND EXTRACTION SCHEME 

NITROGEN COMPOUND 
SOURCE FUEL 

0.20 N H C 1  

( i n  C H , C l , )  
S e p a r a t e  L a y e r s  -Neutralize - BNC e x t r a c t  

1 
J 

Water Wash -Discard 

F i l t r a t e  

*Pentane  + e x c e s s  F u e l  
.F i 1 t r a t e 

1 
Pen tane  Wash 

I 
Me t h i  1 ene t N B N C  ex t rac t  

C h l o r i d e  Wash F i l t r a t e  ( i n  C H , C l , )  

NBNC e x t r a c t  Methanol Wash - 4 
1 F i l t r a t e  ( i n  CH,OH) 

Extracted 
S i l i c a  G e l  

Figure 1 
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HYDROTREATING O F  OIL FROM EASTERN OIL SHALE 

BY 

J. Scinta and J. W. Garner  
Phill ips Petroleum Company, Bartlesvil le,  Oklahoma 74004 

INTRODUCTION 

Oil shale  provides one of the major fossil  energy reserves  fo r  the United States. The 
quantity of resemes in oil  shale i s  less than the  quantity in coal,  but is much greater  (by at least an 
order  of magnitude) than the quantity of crude oil reserves .  With so much oil  potentially available 
from oil shale,  efforts have been made to develop techniques for  its utilization. In these efforts, 
hydrotreating bas proved to be an acceptable technique for  upgrading raw shale oil to make usuable 
products (1). 
an oil from Eastern oil shale.  

The  present work demonstrated the use  of the hydrotreating technique for  upgrading 

DESCRIPTION O F  TESTS 

The pilot plant, which had a capacity of slightly over  one gallon pe r  day, approached iso- 
thermal operation using conventional fixed-bed, trickle-flow hydrotreating. Hydrogen was recy- 
cled and the pilot plant had necessary-provisions to avoid plugging by ammonium sulfides. 

Tes t s  w e r e  made using a commercial  catalyst a t  2300 psig and 0.4  LHSV (i. e. , volumes of 
hydrocarbon feed/volume of catalyst/hour) with a hydrogen flow ra t e  of 6000 SCF/B. The  tempera- 
t u re  w a s  varied between 720 and 800°F. 

The feed fo r  these t e s t s  was an oil  recovered from Indiana New Albany shale using the 
Hytort Process .  (Details of retorting are outside the  scope of this paper.)  Although this oil is 
probably different from that which would b e  obtained In an optimized process ,  i ts  key properties 
are representative of those one would expect to obtain. These properties are given in Table I. In 
addition, properties of a Western shale oil, obtained by Phillips, are shown fo r  comparison. Many 
of the propert ies  of the Eastern oil  are s imilar  to the properties of the Western oil ,  but differences 
are present. The  most  significant differences a r e  that the Eastern oil has lower viscosity, lower 
pour point, lower elemental hydrogen content, lower arsenic  content, lower portion boiling above 
1000°F and higher portion boiling below 400'F than does the Western oil. 

DISCUSSION O F  RESULTS 

Excellent removal of nitrogen was obtained in single-atage hydrotreating without feed pre- 
processing. A s  shown by the data in Figure 1, the total nitrogen content of the product decreased 
from 800 to 70 wppm (96 to 99.6% removal) as the temperature  was increased from 720 to  800°F. 
A temperature of 783°F was needed to reduce the nitrogen content of the  shale oil  from the 1.89 wt 
% in the feed to 0.01 wt % in the product. In other Phillips tes ts  with oil from Western shale,  the 
nitrogen content was reduced to 0.01 wt To at slightly milder operating conditions. 

Since the basic nitrogen content of the feed was 47% of the total nitrogen content, reductions in basic 
and total nitrogen were comparable in these tests.  Removals might not be comparable,  however, a t  
a significantly different operating pressure.  

A correlation between temperature  and hydrogen consumption is shown in Figure 2. As the  
temperature was increased from 720 to EOO'F, chemical hydrogen consumption increased from 1950 
to 2300 SCF/B. To produce product with a nitrogen content of 100 wppm, chemical hydrogen con- 
sumptions are lower than these obtained with the Eastern oil. However, the Eastern oil has  a lower 
boiling range; thus,  it may be a more  valuable synthetic crude. 

Data on yields are shown in Figure 2. On a weight basis, the yield of liquid product de- 
creased as the temperature  was increased (from 97 to 94 wt % of feed as temperature increased 
from 720 to 800°F). On a volurne basis,  the maximum yield of liquid product (almost 107 vol % of 
feed) w a s  obtained at  about 740"F, with only slightly lower yields a t  higher or lower temperatures.  
As  temperature was increased (thereby giving more severe operating conditions), smaller  

The basic  nitrogen content of the product was approximately half the total nitrogen content. 
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percentages Of the liquid product were in the higher boiling ranges. The amount of material  boiling 
above 650°F decreased by about 18 wt % of feed to the hydrotreater when operating at  720'F and by 
about 30 Wt % of feed when operating at 800°F. The mater ia l  cracked into al l  lower boiling ranges. 
At a temperature of 720°F. the amount boiling in the C5-400'F boiling range increased by 12 wt % of 
the feed and a t  800O~ it increased by 19 wt 4, of the feed. At 720°F about 1 . 5  wt % of feed was 
cracked to C1 through c4 hydrocarbons. This  amount increased to about 4 .7  wt % when tempera- 
t u re  increased to 800°F. The amount in the 400 through 650°F boiling range appeared to increase 
by 3 or 4 wt % of the feed. Data scat ter  obscured any possible correlation between variation in 
amount of increase in 400-650'F fraction and severity of hydrotreating. 

k 
TABLE I 

PROPERTIES OF SHALE OILS 

A H  gravity a t  60/60"Fa 
Ramsbottom carbon residue, wt 4, 
Viscosity, cSt a t  40°C 
Bromine no. 
Pour point, "F 
Total nitrogen content, wt % 
Basic nitrogen, content, wt % 
Sulfur content, wt % 
Oxygen content, wt % 
Water content, wt % 
Elemental carbon content, wt 9h 
Elemental hydrogen content, wt % 
Nlckel content, wppm 
Vanadium content, wppm 
Arsenic content, wppm 
Portion boiling below 400'F, wt % 
Portion boiling between 400 and 650"F, wt % 
Portion boiling between 650 and 1000°F. wt % 
Portion boiling above 1000"F, wt % 

From Eastern 
Oil Shale 

17 .0  
1 .45  
7.65 

68 
-9 

1.89 
0 .88  
0.99 
1.25 
0 .39  

85.08 
10.05 
2 . 3  
0 . 3  

10 .3  
19.5 
36.4 
41.6 

2 .5  

From Western 
Oil Shale 

19 .1  
2.77 

45.57 
56 
80 

2 .12  
1 .10  
0.85 
1.39 
0.59 

83.83 
11.23 
6.7 
1 . 4  

34.5 
3 . 2  

25.9 
48 .4  
22.5 

a. Corrected to 60/6OoF from the measurement temperature of 33.5"C using Am 
Measurement Tables for petroleum. 

The data point at 800°F was largely ignored in drawing some of the curves ( i .e . ,  yield of 
C1 to C4 hydrocarbons, yield of C5 and heavier and increase in amount of C5 to 400°F material)  in 
Figure 2 because the data are believed to be incorrect.  An operating problem caused the light hy- 
drocarbon s t ream to be caught in a non-cooled container, from which some  of the light hydrocarbons 
weathered and were lost. 

As  shown in Figure 2,  the API Gravlty of the liquid product varied between 31.5 and 36.7 as the 
temperature varied between 720 and 800°F. 

The cracking and removal of heteroatoms caused a significant increase in the Am Gravity. 

I , 
CONCLUSIONS 

. l .  An excellent synthetic crude can be produced by single-stage hydrotreating of oil from 
Eastern shale. 

2. Operation to produce a product containing 100 ppm nitrogen (a) requires  a temperature 
of about 783°F with new catalyst a t  2300 psig, 0 . 4  LHSV and 6000 SCF/B flow of hydrogen; (b) chem- 
ically consumes 2250 SCF/B of hydrogen; (c) cracks about 4 wt 9h of feed into C1 through c4 hydro- 
carbons; and (d) reduces amount boiling above 650°F by about 27 wt % of feed. 

3. In comparison with other Phillips tes ts  using Western shale  oil ,  the Eastern shale oil  
requires  more  severe hydrotreating conditions to lower the nitrogen content to 0.01 wt % than does 
the Western oil and chemical hydrogen consumption i s  higher when hydrotreating the Eastern oil to 
an equivalent nitrogen content. 
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t ,  

I, 

6000 SCF/Bbl Flow o f  H2 
Eastern Shale Oil 

Average Catalyst Temperature, OF 

Figure 1 
CORRELATION BETWEEN CATALYST TEMPERATURE AND NITROGEN CONTENT OF LIQUID PRODUCT 
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2300 B I G  
6000 SCF H y k q a  Flar/Bbl 
Eastern shale O i l  
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INTRODUCTION 

The  recovery of oil from tar sand deposits by conventional techniques i s  not possible be- 
cause of the high viscosity of the bitumen. Processes which have been suggested for the && 
recovery of this heavy oil all require thermal and water injection treatment. Clementz (1) has 
found that asphaltenes a r e  rapidly and irreversibly adsorbed on smectite, kaolinite and illite under 
near anhydrous laboratory conditions. Based on this observation, he has suggested that the adsorp- 
tion of petroleum heavy ends on clay minerals would result  in their stabilization against dispersion 
and subsequent migration. Since clay particles coated with heavy ends may be oil wettable, they 
may readily enter the oil phase, resulting in poor recoveries. The presence of minerals in con- 
ventional oil reservoir formations can reduce permeability and obstruct flow either by the expan- 
sion of smectite and illite clays to fill pore spaces o r  by the dispersion and lodging of very small  
amounts of clays in restrictions. 

Athahasca (3) ta r  sands have shown that it i s  impossible to  remove coated clay particles from the 
bitumen, even when it i s  subjected to severe centrifuging conditions. Studies on tar sands which 
provide information on potential oil wettable minerals and the minimization of their  negative effects 
on recovery a re ,  therefore, of substantial importance. 

Recent results from studies on bitumen, extracted with benzene, from Utah (2) and 

MPERIMENTAL PROCEDURES 

The ta r  sand sample used in this study originated from the P. R. Spring Outcrop NE Sec. 
32, T-Z5-1/2S, R23F, Uintah County, Utah, and was supplied by the Laramie Energy Technology 
Center through the courtesy of Dr. J. F. Branthaver. Free bitumen was separated from the heavy 
minerals in the raw tar sand by a Soxhlet extraction technique (4) using benzene as the solvent. 
Fine clay particles were observed to escape through the thimble during extraction; these could be 
removed only by further treatment. ‘A 10% solution of bitumen redissolved in benzene was centri- 
fuged a t  8000 rev min-’ for 35 min a t  277 K, and then decanted. The fine clay particles remaining 
at  the bottom of the tube were washed repeatedly with benzene until the solution was colorless in 
order  to remove any remaining free bitumen. This centrifuged mineral  residue (CMR) was the ob- 
ject  of the present study. 

Electron paramagnetic resonance (EPR) spectra were recorded with a Varian V4500 spec- 
trometer operating at 9.2 GHz with 100 kHz magnetic field modulation. A Varian V-4557 variable 
temperature accessory was used in recording spectra at temperatures as low as 80 K. The sample 
temperature was continuously monitored by a chromel-constantan thermocouple attached to the 
sample tube. 

in the range 4000-225 Cm-’ using a Nicolet 5DXE Fourier transform infrared (FTIR) spectrometer 
and a Beckman 4250 dispersive spectrometer. 

Infrared spectra of samples prepared in KBr o r  CsI pellets and Nujol mulls were recorded 

RESULTS AND DISCUSSION 

FTIR 
The IR spectrum of the CMR shown in Figure 1 exhibits absorptions a t  3000-2800, 1710, 

1600 and 1500-1350 cm-1, thereby providing evidence that bitumen remains after Soxhlet extraction, 
probably in the form of free bitumen which has not been adsorbed on mineral surfaces and also as 

* Present address: Department of Physics, The University of Calgary, Calgary, Alberta 
Canada T2N 1N4 

- 
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bonded bitumen in mineral-or anic complexes. The observation of a decrease in intensity of the 
3000-2800 and 1500-1350 cm-f bands on further treatment of the CMR with benzene indicates that 
additional f r ee  bitumen has been removed. A further reduction in the intensity of these bands When 
the stronger,  chloroform-acetone (70:30) solvent is  subsequently used, suggests that, in this step, 
adsorbed bitumen has been partially removed. In contrast to the aliphatic bands, the carbonyl and 
aromatic bands at  1710 and 1600 cm-' a r e  unaffected by the solvent treatment. This behavior indi- 
cates that stable complexes of these functional groups are formed with the mineral matter and are 
thus resistant to solvent extraction. 

which the sand grains a r e  completely encompassed by bitumen. 
the Athabasca deposits are surrounded by a thin water film. In the P. R. Spring deposit, which iY 
of the consolidated type, bitumen is in direct contnct with and bonded to the mineral particles. 

Althuug'n a detailed study of the minerals present in P. R. Spring t a r  sands has apparently 
not been reported, quartz grains,  mica flakes, calcite and clay particles were recognizable in the 
mineral fraction remaining af te r  bitumen extraction and clays would be expected to be the major 
constituent of the CMR. IR and, more  recently, IjTIR spectroscopy have proved to be invaluable in 
the identification both of functional groups and of minerals in coals (5) and tar sands (2, 3). Figure 
1 shows the spectrum of the CMR recorded in the ranges 4000-2000 and 1800-225 Cm-l. Typical, 
prominent carbonate features (6) include a broad band in the 1400-1500 cm-l region and sharper 
bands at  A 7 0  and 720 cm-l. Treatment with dilute H2SO4 of a sample of the CMR fraction which 
had been cleaned with a chloroform-acetone solution resulted in the complete removal of the 1450 
cm-l band, in agreement with the assignment of this band to carbonates. Si-0 vibrations a r e  re- 
sponsible for broad bands in the 900-1100 cm-l region and sharper features in the 700-800 and 400- 
530 cm-l regions. Characteristic quartz features a r e  strong, broad bands at 1172 and 1082 cm-', 
originating from Si-0 stretching modes, a s  well as bands in the vicinity of 460 cm-l from Si-0 
bending vibrations. 

The IR spectra show that the CMR, a s  expected, consists principally of a mixture of clays 
(7). The presence of kaolinite can bp discounted, a t  least at concentrations >l%, because of the 
absence of the higher-frequency member of the characteristic pair  of 0-H stretching kinds at  3694 
and 3620 cm-l (8). The single band at  3620 cm-l is  characteristic, however, of smectite and illite 
clays. As shown in Figure 1 ,  other typical bands of these clays are also observed. The very 
broad band at 3400 cm-' and the sharper band at 1625 cm-', which a r e  0-H stretching and bending 
vibrations, respectively, a r e  attributable to the loosely bound, interlayer water contained in smec- 
t i te or hydrous illite. The broad band at  A 2 0 0  cm-' is characteristic of water molecules tightly 
bonded to particle surfaces in a monolayer. Weak bands appearing a t  835 and 795 cm-l a r e  
(Al ,  Mg)-O-H vibrations which can be assigned to smectite. Clays also absorb strongly at  900- 
1100 cm-l, but overlapping bands in this region prevent analysis of these features in  detail. 

forming a complex with 2,2'-dipyridyl, which is specific to smectite clay and results in a band at  
1435 cm-1 (9). Fo r  this test, the CMR was treated with a chloroform-acetone mixture and then 
with dilute H SO and HC1 acid to remove carbonate minerals. After drying for 24 h at  383 K ,  the 
sample w a s  ground for 15 min with 2,2'-dipyridyl and ethanol in a steel  ball mill vibrator, washed 
with ethanol to remove any unreacted 2,2'-dipyridyl, and a i r  dried. A KBr pellet was made and 
the XTIR spectrum shown in Figure 2 was recorded. The appearance of a band at  1435 cm-l con- 
firms the presence of smectite clay in t h e  CMR fraction. The close similarity of the IR spectra of 
illite and smectite clays precludes further,  detailed analysis; however, based on the preceding dis- 
cussion it can be concluded that these clays along with carbonates are undoubtedly the principal con- 
stituents of the CMR. 

EPR 
The EPR spectrum of the CMR shown in Figure 3(a) exhibits four main features: (a) an in- 

tense broad signal a t  g=2 which i s  probably due to iron oxide and/or hydroxide, either in the form of 
discrete particles or on the surface of illite and smectite clay particles, (b) a partially resolved, 
six-peak signal typical of Mn2+ which is superimposed on the broad signal, (c) a sharp line at 
g 3 . 0 0 3  which can be assigned to organic free radicals, and (d) an absorption at  e 4 . 3  characteris- 
tic of Fe3+ at sites of rhombic symmetry. 

The intense, broad signal at gz2 i s  probably due to Fep03. A similar spectrum has been 
observed by Griscom and Marquardt (10) for finely ground ferri tes in lunar soil samples and attri- 
buted to the oxidation of FG+ to re3+. EPR spectra of the CMR following treatment with either 
HzSO4 o r  HC1 acid and of the acid extract  ( see  Figure 3(b)) show that the broad signal has largely 
disappeared from the CMR spectrum, confirming that it originates with adsorbed or  f ree  iron ox- 
ide. 

Mn2+; here the si te is  expected to be in carbonates or  c l iy i .  i i n c e  drying the CwR a t  temperatures 
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Utah tar sands consist of complex mixtures of organic matter and mineral material in 
In contrast, the individual grains in 

A further diagnostic tes t  was made i n  order to verify the identification of smectite by 

2 4  

The six-peak spectrum superimposed on the Fe 0 s ectrum at go2.0 is  characteristic of 



II -* 
up to 573 K had no effect on the spectrum, the possibility that it originates with hydrated Mn2+ in 
smectite clays (11) can be ruled out. Malhotra and Graham (12) have reported a well resolved hy- 
perfine spectrum of Mn2+ in coal-derived calcite. The partly resolved, smeared appearance of the 
spectrum may indicate that MnC03 i s  responsible, since, in that case,  broadening of the hyperfine 
lines because of dipolar interaction is expected. Treatment with dilute HC1 or H2S04 acid resulted 
in the removal of the Mn2+ signal from the CMR spectrum and the appearance of a well resolved 
spectrum in the acid extract (Figure 3(c)). This behavior is  consistent with the assignment to 
MnC03. Shepherd and Graham (13) have observed an EPR spectrum of Mn2+ at two s i tes  in the 
mineral fraction of a sample of Circle Cliffs ta r  sand; however, detailed analysis of that spectrum 
shows that the Mn2+ occurs in dolomite. 

sharp,  isotropic line at  ~ 2 . 0 0 2 8  was reduced in intensity while the g-value and line-width were un- 
affected. This behavior is  consistent with its assignment to organic f ree  radicals and rules out the 
possibility of the cause being a defect in the smectite o r  illite clay structures. A detailed study of 
the application of the EPR technique to free radicals in P. R. Spring t a r  sand has been reported 
elsewhere by Malhotra and Graham (4). The downward shift in g-value from 2.0034 to 2.0028 and 
the increase in linewidth (see Table I) observed for the CMR in comparison to f r ee  bitumen reflects 
the selective removal of certain organic fractions during Soxhlet extraction. Treating the CMR with 
dilute H2S04 reduces the linewidth and indicates further, selective removal of organic fractions. 
The g-values and linewidths for P. R. Spring organic fractions and for the CMR a r e  summarized in 
Table I. Since g-values for aromatic hydrocarbons a r e  typically 2.0026-2.0028, but higher for 
heteratomic pe lec t ron  radicals, it i s  likely that the former contribute to the CMR free radical sig- 
nal. A s  noted earlier,  the persistence of the 1600 cm-1 aromatic band in the FTIR spectrum even 
after the CMR fraction was subjected to various treatments, suggests that the aromatic groups are 
strongly bound to the surfaces of the illite and smectite clays. These observations a re ,  thus, con- 
sistent with the report by Clementz (1) that aromatic fractions a r e  selectively adsorbed on clays. 
A bitumen covering on clay particles would render them hydrophobic and, hence, they may readily 
enter the bitumen phase during &"itu recovery processes. 

, 

When the CMR was treated with large quantities of a chloroform-acetone solution, the 

TABLE I 

! 
FREE RADICAL EPR PARAMETERS FOR P. R. SPRING TAR SAND FRACTIONS 

Sample g ,bH (mT) Reference 

Bitumen 2.0034 0.53 4 
Petrolene 2.0035 0.57 4 
Asphaltene 2.0034 0.54 4 
C M R ~  2.0028 1.33 Present work 
CiVlR treated with 

H2S04 2.0027 0.63 Present work 
CMR treated with acid and 

washed with chloroform-acetone 2.0031 0.69 Present work 

a. Centrifuged mineral residue. 

Many clay minerals and carbonates common to hydrocarbon fields contain iron which is 
released when the minerals a r e  dissolved in the acids which are used to treat  oil fields (14). Re- 
leased iron forms a fe r r ic  gel which blocks pores and reduces permeability; consequently, it i s  im- 
portant to know the amount of iron released. If, as suggested by Clementz, treatment with heavy 
ends of oil is  used to stabilize formation, it is of interest to know the effect of acids on bitumen 
coated minerals during subsequent treatment. 

The EPR spectra a t  25-275 mT of the CMR residue following treatment with 1 N  H2s04 and 
the acid extract appear in Figure 4. The signals at ge4. 3 and 9.5 originate with Fe3+ at octahedral 
si tes of rhombic symmetry (15). Of t h e  clays, kaolinite can be disallowed since EPR spectra of 
both natural and synthetic kaolinites exhibit 3 lines in the vicinity of gC4 (16, 17). This finding dif- 
f e r s  from the results for the centrifuged residue from an Athabasca asphaltene in which kaolinite 
has been reported a s  the major clay consituent (3), but is consistent with the IR results which, a s  
has been noted, indicate no evidence of kaolinite in the P. R. Spring sample. The observed powder 
pattern spectra were fitted to the spin-Hamiltonian 

= gpgE+D[Sz2- 5 S(S+l)l +E[Sx2-Sy2] 
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where the f i rs t  term is the Zeeman splitting, the second and third te rms  represent the axial and 
rhombic components of the zero  field splitting and S=5/2 and I=O for Fe3+. The derived spin- 
Hamiltonian parameters shown in Table I1 for comparison with results for various clays indicate 
that the observed Fe3+ EPR spectrum arises from illite (16) and smectite (18) clays. The EPR 
spectrum of Fe3+ in the H2S04 gives a measure of the iron released hy the acid treatment and may 
be of potential use a s  a diagnostic tool in determining the amount of iron released when formations 
a re  treated, from the EPR spectrum of core  samples. 

TABLE I1 

EPR SPIN HAMILTONIAN PARAmETERS FOR Fe3+ I N  P. R.  SPRING CIVIRa %~LYLPLES 
AND VARTOIJS C'YAYS 

Sample 

P. R. Spring ClvlR 

P. R.  Spring CMR 
H SO treated 

P. R. Spring CNlR 
H2S04 extract 

Kaolinite Clay 
Center I 

2 4  

IIa 
IIb 

Mica 

Smectite 

- 2  
-4.3 

4.18 
9.65 

4.32 
9.65 

4.2  
4.9 c: ; 
4.17 
4.29 

4.33 
9 .6  

I\H (mTL X=E/D 

91 

21.7 -0.333 
16.3 

14.3 -0.333 
8.2 

0.333 

<o. 333 

0.333 

0.333 

Reference 

Present work 

Present work 

Present work 

16. 17 

15 

18 

a. Centrifuged mineral residue. 

A complex spectrum, observed at F 1 . 9 9  for a sample of CMR from which FegO3 and 
carbonates had been removed by acid treatment, exhibited eight peaks characteristic of a vanadyl 
complex and is similar to spectra observed for Athahasca and Boscan asphaltenes. The CMR and 
Boscan spectra a r e  shown in Figure 5. Vanadyl i s  known to occur in a wide variety of carhonace- 
ous deposits in both porphyrin and non-porphyrin complexes (19, 20). The spectrum was fitted t o  
the axially symmetric spin Hamiltonian 

where AI, and AI are the parallel and perpendicular hyperfine constants. The derived EPR para- 
meters a re  shown in Table III together with the spin-Hamiltonian parameters for various vanadyl 
porphyrins and V02+ in M Z +  -hectorite clay, Si02 and A1203. Comparison indicates that the pre- 
sence of Vo2+ in porphyrins is unlikely and the observation that the vanadyl complex is not removed 
on treatment with H2S04 implies an inorganic environment. The derived parameters a r e  in better 
agreement with the data for inorgantc complexes, particularly in the case  where V02+ is doped into 
Mg2+-hectorite a t  the 5% level (22). The observation that the spectrum can be removed by bonding 
with HClfurther supports the tentative suggestion that V02+  i s  in clays. These results for P. R. 
Spring ta r  sand are in marked contrast to a study of a sample of Circle Cliffs ta r  sand in which 
vanadyl porphyrin has been identified, but no evidence has been found for V02+ in inorganic frac- 
tions (13). 

CONCLUSION 

The results from this work suggest that the EPR and FTIR techniques a r e  important tools 
in the study of fine clay particles in tar sand and petroleum deposits and have application in under- 
standing the role of clays and their effect on recovery processes. 
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, WAVE NUMBERS (cm-') 

Figure 1. IR spectra of the centrifuged 
mineral residue in the 2000-4000 
and 1800-200 cm-l regions. 

i 

m 

u! P.R. SPRING Cfl!? 
W 

I 
4ODD.D 2400.3 15CO.D BSO.0D 225.03 

MJAVENUMBERS iCn-11 

Figure 2. FTIR spectrum of centrifuged 
mineral residue which liad been 
washed with acetone and chloroform- 
acetone, and then treated with 
2,2'-dipyridyl showing the 
appearance of the 1 4 3 5  cm-1 band 
which is specific to the formation 
of a complex between 2,2'-dipyridyl 
and smectite. 
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I CENTRIFUGED RESIDUE 

CENTRIFUGED RESIDUE 
(H2 SC, TRECTED) 

JikA HzSO, EXTRACT 

H- 

Figure 3. EPR spectrum of (a) the centrifuged 
mineral residue, (b) the CMR following 
treatment with dilute H2SO4 and (c) 
a glass of the acid extract. 
MA = modulation amplitude. G = gain. 

CENTRIFUGED RESIDUE 

I I x M A  
(HzSO,  TREATED) I\ IxG 

H2 SO, E X T 3 A C T  

(GLASS) 

H- 

Figure 4 .  EPR spectra of (a) acid treated 
E m  and (b) its acid extract in 
the 2 5 - 2 7 5  mT region. 
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CENTRIFUGED RESIDUE 
6.3 x MA 
4 x G  

, 5 0 m T  . 
I I 

BOSCAN AS PH A LT E N E 
I x MA 

H- 

Figure 5. The EPR spectrum of (a) acid treated CMR and 
(b) Boscan asphaltene. 
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TABLE Ill 

EPR PARAMETERS FOR V02+ IN P. R. SPRING CUIRa AND VARIOUS WNERALS 

Sample -&- -g, Ac(mT) A,,(mTl Reference 

P. R. SpringCmR 1 . 9 9 2 8  1 .9432 7.26 18.51  Present work 
Boscan asphaltene 1 . 9 8 6 1  1 .9598 5 . 9 3  11.30 Present work 
Etioporphyrin I 1 . 9 8 7  1 . 9 4 8  5 . 6 1  17 .48  19 
Etioporphyrin I1 1.9823 1.9590 6.13 17 .11  21 

Ulg2+-hectorite 

(5% vo2f 7 . 1  1 9 . 4  22 

-A1 0 1 . 9 8 9  1 .916  7 .08  18 .12  23 

1 . 9 8 2  1 . 9 2 2  7 . 1 2  1 9 . 5 1  23 

2 3  

2 
Si0 

a. Centrifuged mineral residue. 
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INTRODUCTION 

Inspection of the chemical composition of different shale oil feedstocks has  become of in- 
creasing importance to  the refiner by providing an  indication of the oil 's utilization potential as a 
fuel and/or petrochemical feedstock. Different retort processes applied to oil shale from different 
sources produce feedstocks requiring different upgrading conditions. Knowledge of the chemical 
composition of the retorted sha le  oil provides insight for  selecting upgrading conditions, A sum- 
mary  of work recently presented (1) emphasizes the importance of determining chemical composi- 
tlon: 

i) the method of retorting has a minor effect on the hydrocarbon compo.qition of syncrude 
from the s a m e  shale source; 

ii) retorting has a marked effect on the shale  oil boiling range and on elemental nitrogen 
distribution; 

iii) bailing range end-point i s  a key control to catalyst activity; and 
iv) hydrogen consumption and catalyst performance are predictable from feed inspections. 
Because nitrogen content is high (1.5 to 2.2 wt 5%) in retorted shale oil,  i t  must be signifi- 

cantly reduced (<50 ppm) for use as a transportation fuel to  meet environmental standards and to 
minimize s torage instability problems. Catalytic hydrotreatment may be bet ter  optimized for nitro- 
gen removal if nitrogenycontaining compounds a r e  known. Hydroprocessing Australian and 
Colorado shale  oil showed that the nitrogen compound types in mater ia l  boiling greater  than 496°C 
were more difficult to remove than those in mater ia l  boiling below 496"C, although hydrogen con- 
sumption increased (1). The rate of removal of three-ring hetero compounds was less than that for  
two-ring hetero compounds. Highly alkyl-substituted nitrogen-containing species  were more diffi- 
cult to  remove than less alkyl-substituted species (2). 

drodenitrogenation reactivities of nitrogen-containing compounds. 
Green River shale oil over a wide range of t'emperature and hydrogen pressure  over a cobalt-moly- 
bdena catalyst, investigators (3) found that hydrodenitrogenation of pyridine types was faster  than 
pyrrole types a t  lower temperature and pressure  but that the converse occurred a t  more  severe  
temperatures >440'C and pressures >13.8 MPa. 

In the present studies, nitrogen compound-type distributions in shale  oils produced by di- 
rect  retorting (direct-heat mode) and hydroretorting of eastern and western u. S. oil shales were  
determined by characterization techniques. Differences in the distribution of nitrogen types in ca- 
talytic hydrotreated oils and in the retorted oi ls  provided information as to relative hydrodenitro- 
genation reactivities of different nitrogen types under hydrotreating conditions. A method for pre- 
dicting the extent of catalytic hydrotreatment as a function of the nitrogen-type composition in the 
retorted shale  oil i s  presented. 

Differences in severity of hydrotreating conditions have been found to affect relative hy- 
For example, hydrotreating 

SHALE OIL PROCESSING 

The retorted shale oils studied in this work had been produced by direct  retorting o r  hy- 
droretorting. Shale oils from Green River Formation oil shale  of western Tert iary (Eocene) age 
produced by direct  retorting (4) using Paraho, Geokinetics, o r  Occidental technologies and by hy- 
droretorting using the Institute of Gas Technology (IGT) Hytort technology ( 5 )  were studied. Shale 
oi ls  from the Kentucky New Albany and Sunbury oil shale of eastern Devonian and Mississippian age 
produced by hydroretorting using IGT Hytort technology were also studied. 

The upgraded shale oils studied had been processed from the retorted oils by catalytic hy- 
drotreatment. The hydrotreating conditions employed in upgrading Occidental, Paraho, Geokinetics 
and the IGT Hytort oi ls  are shown in Table I. Shale oils from direct  retorting were hydrotreated 
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over nickel-molybdena catalysts a t  s imilar  hydrogen p res su res  (10.4 MPa). Space velocities 
(LHSV) were about 1 .0  except f o r  Soh10 hydrotreatment in which the LHSVcO. 6. In the hydrotreat- 
ment of Occidental oil,  the catalyst temperature was increased resulting in greater  hydrogen con- 
sumption and nitrogen reduction. 
moved 68% of the nitrogen content in the Occidental oil ,  but a relatively lower temperature in the 
LETC-3 process removed 80% of the nitrogen content in the Paraho oil. Because Sohio hydrotreat- 
ment recycled the residuum, unreactive nitrogen compound types in the higher-boiling residuum 
were concentrated in the hydrotreated oil (6). A higher temperature and lower space velocity than 
flat empioyed in the LETC-S process  were necessary to achieve 80% nitrogen reduction in the 
Paraho oil. 

The hydrotreating conditions used in the LETC-2 process re- 

TABLE I 

HYDROTREATING CONDITIONS USED IN UPGRADING SHALE OILS 
USING NICKEL-MOLYBDENA CATALYSTS 

H2 
Process  Tempera- H2 Con- Nitrogen 

Hydro- ture ,  Pressure ,  sumption3 Removal, 
Retort treating LHSV "C MPa Kmole/m 96 - - -  Source 

Green River 
Green River 
Green River 
Green River 
Green River 
Green River 
Green River 
Sunbury 
New Albany 

Occidental 
Occidental 
Paraho 
Paraho 
Occidental 
Geokinetics 
Hytort-1 
Hytort-2 
HytOA-3 

L E T C - I ~  
LETC-2 
Sohiob 
LETC-3 
LETC-4 
LETC-5 
HTC-GC 
HTS-3 
HTNA-3 

1 .0  
1 .0  

<O. 6 
1 .0  
1.0 
1.1 
0.4 
0.4 
0.6 

350 
399 
406 
385 
413 
413 
428 
437 
426 

10.4 
10.4 
10.4 
10.4 
10.4 
10.4 
13.8 
13.8 
13. 9 

7 .5  
9.0 

12.0 
8 .3  
9.4 
9 . 8  

36.2 
36.7 
25.0 

51.7 
61.5 
79.7 
80.3 
83.4 
80.6 
80.1 
83.4 
85.6 

a. LETC processing utilized bench-scale equipment without residuum recycle at the Laramie 
Energy Technology Center. 

b. Standard Oil of Ohio commercially hydrotreated 11622 m3 of oil and recycled about 1:3 residu- 
um to fresh feed. 

c. IGT processed the Hytort oils using a bench-scale catalytic hydrotreating unit without residuum 
recycle. 

Shale oi ls  retorted by IGT Hytort were also hydrotreated over nickel-molybdena catalysts. 
Significantly higher catalyst temperatures and hydrogen pressures  and lower space velocities were 
used to achieve 80 to 8696 nitrogen reduction in these oils. A s  expected of retorted oils having high 
aromatic content, hydrogen consumption significantly increased during the production of the hydro- 
t reated oil. 

CHARACTERIZATION TECHNIQUES 

The resul ts  of the nitrogen compound-type distributions presented were determined by the 
following characterization techniques and discussed in detail in ear l ier  work (7-9). The determina- 
tion of nitrogen compound types in retorted and hydrotreated shale oils involved chromatographic 
and spectrometric techniques. The chromatographic procedure resulted in little compound altera- 
tion with good material recovery. It was also flexible--having applicability to  samples of different 
aliphatic and aromatic content. The chromatographic procedures incorporated basic alumina ad- 
sorption chromatography of the whole shale oil followed by silica gel chromatography of one o r  
more complex fractions generated by the alumina chromatography. Different adsorbent activities, 
sample loadings and solvent gradients were employed depending upon aromatic content of the shale 
oil.  Several fractions generated from an oil often contained s imilar  compound types which were 
differentiated by using spectrometric techniques. Each fraction was analyzed by infrared spectro- 
scopy and mass spectrometry. 'H and I3C NMR spectrometry were also utilized in the la ter  stages 
of the work. Total nitrogen was measured by chemiluminescence detection and basic nitrogen was 
determined by differential potentiometric titration analysis. 

NITROGEN COMPOUNDTYPE DISTRIBUTIONS 

Approximately 90% of the nitrogen content in retorted whole shale oil w a s  classified a s  
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one of four nitrogen types: amides,  pyridines, pyrroles  and hindered pyridines. Amides include 
compound types such as alkyl-substituted hydroxypyridines, benzamides. oxazoles, anilides and 
acetylpyrroles. Pyridines include alkyl-substituted pyridines, quinolines and acridines. Pyrroles 
include akyl-Substituted indoles, carbazoles, diazaromatics and benzocarbazoles. Hindered pyri- 
dines a r e  represented by pyridine-type compounds that have alkyl substitution sterically hindering 
the  nitrogen atom. The above nitrogen types also include the respective alicyclic analogs. The re- 
maining 10% of the nitrogen content was distributed in arylamines, nitriles and piperidines and a l so  
included losses  associated with i r revers ible  adsorption and sample drying during chromatography. 
Because these latter compound types are a l so  formed as reaction intermediates during hydrotreat- 
ment, they a r e  not discussed. 

listed in Table 11. The distribution of types i s  somewhat different in oi ls  produced from Green 
River shale  by the first four listed retorting processes. Amide-type nitrogen ranges from 0.97 W t  
To in the Paraho oil to 0.31 wt  % in  the Hytort-1 oil. Pyridine-type nitrogen ranges from 0.65 W t  ’% 
in the Geokinetics oil to 0.32 wt % in the Hytort-1 oil. However, considerably la rger  amounts of 
nitrogen in pyrroles and hindered pyridines are found in the Hytort-1 oil than in any of the oils pro- 
duced by direct retorting. The oils produced from the Sunbury and New Albany shales  by Hytort-2 
and Hytort-3 contain greater  amounts of pyrrolic nitrogen than do the oils from the Green River 
shale. 

\ 

The amounts of major nitrogen types in six retorted and five hydrotreated shale  oi ls  are 

t 

TABLE I1 

DISTRIBUTION O F  NITROGEN COMPOUND TYPES IN RETORTED AND 
HYDROTREATED SHALE OILS 

Process 

Paraho 
Geokinetics 
Occidental 
Hytort-1 
Hytort-2 
Hytort-3 

LETC-1 
LETC-2 
Sohio 
LETC-3 
LETC-4 

Wt % Nitrogen 

Total Hindered 
in Sample Amides Pyridines Pyrroles Pyridines 

> 

Retorted Oils 

2.19 0.97 0.77 0.28 0.15 
1.70 0.32 0.85 0.24 0.15 
1 .51  0.38 0.63 0.22 0.13 
2.20 0.31 0.32 0.69 0.66 
1.95 0.25 0.33 0.83 0.31 
1.93 0.33 0.28 0.88 0.24 

Hydrotreated Oils 

0.73 0.082 0.245 0.089 0.175 
0.49 0.026 0.172 0.086 0.132 
0.44 0.032 0.157 0.143 0.098 
0.42 0.009 0.128 0.123 0.113 
0.25 0.025 0.063 0.049 0.076 

The nitrogen-type distributions among the hydrotreated shale  oils presented in the lower 
portion of Table II a r e  also significantly different. With the exception of the oil from the LETC-3 
process ,  total nitrogen contents in the oi ls  decrease with increasing severity of hydrotreating con- 
ditions (Table I), but the distribution of amides, pyridines, pyrroles  and hindered pyridines do not 
proportionally decrease. For example, the pyrrolic nitrogen in the Sohio and LETC-3 oils range 
from 0.143 to 0.123 wt % compared with 0.086 and 0.089 wt % for  the LETC-2 and LETC-1 oils, 
respectively. However, total nitrogen removal was 80% during Sohio and LETC-3 hydrotreating 
compared with 68 and 52% nitrogen removal during LETC-2 and LETC-1 hydrotreatment. The  nt- 
trogen-type composition in the LETC-5 hydrotreated oil was not determined. 

HYDRODENITROGENATION REACTIVITIES OF NITROGEN CUNIPOUND TYPES 

As  previously stated, amounts of different nitrogen types are not removed proportionally 
to  the total nitrogen removal. On the basis  of nitrogen removal in percent, Figure 1 shows the 
amounts of nitrogen removal for  different compound types. For example, Sohio hydrotreatment 
removed about 80% of the nitrogen from the Paraho retorted oil, but i t  removed 97qb of the amide- 
type, 80% of the pyridine-type, 50% of the pyrrole-type and only 36% of hindered pyridine-type 
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nitrogen. The nitrogen-type distribution assumes negligible interconversion of nitrogen compound 
types. This may not have been the case with LFTC-1 o r  LETC-2 hydrotreatment. Actual in- 
creased amounts of hindered pyridine-type nitrogen was found in the LETC-1 and LETC-2 oils rela- 
tive to that in the feedstock (Occidental retorted oil), probably from the buildup of reaction interme- 
diates formed from partial hydrogenation of acridine or quinoline ring systems under mild hydro- 
treating conditions. 

Differences in the amount of nitrogen removal for different nitrogen compound types re- 
suiting from hydrotreatment suggest that different compound types have different bydrodenitrogena- 
tion resciivities. Rektive reactivities of the different nitrogen types expressed a s  percent nitrogen 
removal divided by 100 were determined from data used in Figure 1. These resul ts  for compound 
types in the Sohio, LETC-3 and LETC-4 oil8 are llsted in the top portion of Table III. Only the r e  
sul ts  for these oi ls  are listed because of similar total nitrogen removal (80 t o  83%). Because oils 

activities. Fo r  data comparison, the average reactivity value was determined for each nitrogen 
type and normalized to that of the amide-type nitrogen (a relative value of 1.00 meaning the easiest 
nitrogen type to remove). Normalized values of reactivity are presented in the bottom portion of 
Table In. Results suggest amide- and pyridine-type nitrogens a r e  relatively easy to remove, 1.00 
and 0.876, respectively. Pyrrole-type nitrogen (0.637) i s  relatively more difficult to remove and 
hindered pyridine-type nitrogen (0.352) i s  the most difficult to  remove. However, in the calcula- 
tion of reactivity, one must not overlook possible contributions from nitrogen-type interconversions 
caused by hydrogenation. The  hydrotreating conditions necessary for  80% nitrogen removal a r e  
suggested to minimize the amount of buildup of reaction intermediates. 

/ 

were retorted and hydrotreated by different processes, each nitrogen type displays a range of re- I 

TABLE I11 

RELATIVE HYDRODENITROGENATION REACTMTIES OF NITROGEN COMPOUND TYPES 
I N  OILS UNDER HYDROTREATING CONDITIONS FOR 80% NITROGEN REMOVAL 

Compound Types 
Hydrotreat ing Hindered 

Process  Amides Pyridines Pyrroles  Pyridines 

Sohio 0.967 0.797 0.493 0.355 
LETC-3 0.991 0.834 0.564 0.257 
LETC-4 0.934 0.899 0.778 0.402 

Average 0.964 0.843 0.612 0.338 

Normalized Valuesa 

Sohio 1.00 0.824 0.510 0.367 
LETC-3 1.00 0.842 0.569 0.259 
LETC-4 1.00 0.963 0.833 0.430 

Average 1.00 0.876 0.637 0.352 

a. Reactivities relative to  amide nitrogen which i s  the easiest  
nitrogen compound type to hydrodenitrogenate. 

HDN FACTOR CAIXULATIONS 

The amount of nitrogen removal by catalytic hydrotreatment may be estimated from the 
nitrogen-type composition of the shale oil feedstock and hydrodenitrogenation reactivities. A hy- 
drodenitrogenation (HDN) factor is determined for each nitrogen compound type by multiplying the 
normalized reactivity by the percent of total nitrogen for  each compound type (i) as shown below: 

Normalized Reactivity x Percent of Total Nitrogen 
HDN Factor = 

( i) 100 

T h e  summed HDN factor, which i s  the sum of individual HDN factors for  the four different nitrogen 
compound types, suggests the degree of difficulty of nitrogen removal from a given feedstock during 
catalytic hydrotreatment. 

The nitrogen compound-type distributions in s ix  retorted shale oils a r e  presented on the 
basis of percent of total nitrogen in the top portion of Table IV. Calculations of the HDN factors 
are presented in the bottom portion of Table IV. Summed HDN factors range from 0.747 to  0.830 
f o r  oils produced from Green River shale by direct retorting. However, these values are signifi- 
cantly different from that for the Hytort-1 oi l  (0.574) produced from Green River shale. The oils 

272 



produced from the Sunbury and New Albany shales by the Hytort-2 and -3 process have Similar Val -  
ues (0. GO2 and 0.632) compared with that for  the Hytort-1 oil. 

TABLE IV 

HDN FACTOR CALCULATIONS 

96 of Total Nitrogen 
Retorted Hindered 

o i l s  Amides Pyridines Pyrroles Pyridines Total 
Paraho 44.3 35.2 12.8 6 . 8  99 
Geokinetics 18.8 50.0 14.1 8 .8  92 
Occidental 25.2 41.7 14.6 8 .6  90 
Hytort-1 1 4 . 1  14.5 31.4 30.0 90 
Hytort-2 12.8 16.9 42.6 15.6 88 
Hytort-3 17.1 14.5 45.6 12.4 90 

HDN Factors Norm a1 izeda 
Retorted Hindered Nitrogen 
Oils Amides Pyridines Pyrro les  Pyridines Summed Content 

Parahob 
Sohio 0.443 0.290 0.065 0.025 0.823 1.00 
LETC-3 0.443 0.296 0.073 0.018 0.830 1.00 

Geokinetics 0.188 0.438 0.090 0.031 0.747 1.29 
Occidental 0.252 0.402 0.122 0.037 0.813 1.45 
Hytort-1 0.141 0.127 0.200 0.106 0.574 1.00 
Hytort-2 0.128 0.148 0.271 0.055 0. GO2 1.12 
Hytort-3 0.171 0.127 0.290 0.044 0.632 1.14 

a. Nitrogen content for each retorted oil i s  normalized to  the nitrogen content in the Paraho 
oil (2.19 wt '% nitrogen). 

b. Normalized reactivity values from Table In used in the HDN factor  calculations for  the 
Paraho oil. 

I HDN FACTOR ANALYSIS 
I 
> Relationships of the HDN factors generated from the nitrogen-type composition in a feed- 

stock and the percent nitrogen removal under hydrotreating conditions were established. Because 
total nitrogen content affects percent nitrogen removal, the nitrogen contents in the retorted oils 
w e r e  normalized to that in the  Paraho-retorted shale oil. These values are a lso  presented in the 
bottom portion of Table IV. Summed HDN factors a r e  adjusted for nitrogen content by multiplying 
by the nornialized nitrogen content. The adjusted HDN factor for each oil feedstock i s  determined 

, i 

, using the equation below. 

i Adjusted HDN Factor = Summed HDN Factor x Normalized Nitrogen Content 

Adjusted HDN factors for the oi ls  were  plotted versus nitrogen removal for different hydrotreating 
conditions. The resulting relationships are shown in Figure 2. Oils produced from Green River 
shale by direct  retorting gave a nearly linear relationship (r2 = 0.934) under moderate hydrotreat- 
ing conditions. Oils produced by hydroretorting from either Green River o r  Sunbury and New 
Albany shales  establish a different linear relationship ( r2  = 0.988) under severe hydrotreating con- 
ditions. In each case, about 80 to 86% nitrogen was removed. 

Larger values of adjusted HDN factors indicate nitrogen compound-type compositions rela- 
tively more  susceptible to  hydrodenitrogenation. Smaller adjusted HDN factors for  the hydrore- 
torted oi ls  suggest a nitrogen-type composition of more  unreactive compound types compared with 
that in the oils produced by direct retorting. Greater amounts of m o r e  aromatic and sterically- 
hindered alkyl-substituted nitrogen compounds are Present in oils produced by the Hytort process, 
particularly, greater  amounts of pyrrole- and hindered pyridine-type nitrogen. During hydrore- 
torting, a hydrogen atmosphere allows partial hydrogenation of unsaturated hetero compounds re- 
sulting in greater  percentages of nitrogen in unreactive nitrogen compounds. 

defined by ei ther  relationship previously discussed. These data a r e  shown in Flgure 2. 
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Hydrotreatment of Paraho o i l  by LETC-3 or Sohio processes removes 80% of the nitrogen content 
under moderate conditions, but hydrotreatment under severe conditions, such a s  those used on the 
Hytort oils ,  removes 99% of Paraho oil's nitrogen content. The extent of nitrogen removal is  very 
much dependent upon the conditions of catalytic hydrotreatment. Theoretically, a set  of curves si- 
milar to those in Figure 2 could be generated for differently retorted oils subjected to different by- 
drotreating severity. 

The relationships in Figure 2 may be used to estimate relative amounts of nitrogen remov- 
al from an oil feedstock under moderate or severe hydrotreating conditions. For example, 
Rockwell International recently produced six light oils  from Ohio oil shale using different conditions 
of flash hydropyrolysis temperatures  and shale residence times (10). These hydroretorted oils dif- 
fered in their nitrogen-type csmpositions. Adjusted HDN factors were calculated: 1.022 for an oil 
Groiuced at  a lower temperature (650°C) and 0.694 for an oil produced at  a higher temperature 
(772'C). From the relationship generated by the Hytort data in Figure 2,  the amounts of nitrogen 
removal estimated under severe hydrotreating conditions for upgrading the low and high tempera- 
tu re  produced oils a r e  95 and 84%. respectively. l H  and % NMR data indicated that the higher- 
temperature-produced oil contained about three times the amount of di- and polyaromatic com- 
pounds (22 mol I). A relatively grea te r  aromaticity was also found in the nitrogen-containing com- 
pounds; the amount of quinolines was signlficantly greater than that of pyridines. I t  is  expected that 
the more aromatic nitrogen compounds would be more difficult to hydrodenitrogenate. 

SUMMARY 

The ease  of removing nitrogen from shale oil by catalytic hydrotreatment is dependent upon 
feedstock characteristics. Several characterist ics related to nitrogen distribution which affect hy- 
drodenitrogenation include the amount of nitrogen, nitrogen compound-type composition and distri-  
bution of nitrogen according to boiling point. Nitrogen compound-type distributions were signifi- 
cantly different in oils from eastern and western U. S. oil shales produced by direct retorting or 
hydroretort ing. 

different hydrodenitrogenation reactivities. Upgraded oils studied had been hydrotreated over 
nickel-molybdena catalysts at  moderate to  severe temperatures <440"C and pressure d3.8 MPa. 
Reactivities of nitrogen compound types calculated at  these conditions indicated that least to most 
difficult compound types to remove a r e ,  respectively: amides, pyridines, pyrroles and hindered 
pyridines. 

trogen removal by catalytic hydrotreatment. HDN factors a r e  calculated from nitrogen-type com- 
positions of oil feedstocks and hydrodenitrogenation reactivity values. Adjusted HDN factors a r e  
dependent upon the source of the oil  shale,  retorting method of the oil shale and hydrotreating con- 
ditions. Nearly linear relationships result  by plotting adjusted HDN factors versus  nitrogen re- 
moval. Feedstocks hydrotreated by different conditions than described in this work may show dif- 
ferent hydrodenitrogenation reactivities and the relationships of HDN factors and nitrogen removal 
may be different from those presented. Refinement of characterization techniques will better define 
nitrogen compound types resulting in improved HDN factor calculations. Compositional analyses of 
differently retorted and hydrotreated shale oils will provide additional data useful in the develop- 
ment of HDN factor analysis. 

This work has shown that the types of nitrogen compounds (functional group basis) display 

The development of HDN factor analysis may allow estimation of the relative amount of ni- 
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Figure 2. Relative ease of nitrogen removal from shale oils by catalytic hydrotreatment. 
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INTRODUCTION 

Oil shale, shale oil and retorted (spent) oil shale a r e  r ich in nitrogen. They contain 2 to 3 
times as much nitrogen as found in coal, coal tar  or coal char .  Retorted oil shale  contains char  
which can be burned. Some processes for recovering shale oil utilize the retor ted shale as a fuel. 
The NO emission from the combustion of retorted shale has been measured by Lyon and Hardy (1) 
and by Taylor et al. (2). Lyon and Hardy's resul t  suggests emissions of NO will probably exceed 
present standards for coal combustions (140 mg NO/MJ)*, but we found emissions of NO l e s s  than 
this value. 

The concentration of NO and C02 in the exhaust gas  as a function of time during the com- 
bustion of retorted shale in a fluidized bed has  been reported (2). Only when the concentration of 
COS decreased to 1/5 of i ts  maximum value, signaling the end of char combustion, did the concen- 
tration of NO in the exhaust gas  reach i ts  maximum, as shown in Figure 1. The present work was 
initiated to explain this delay in NO emissions. 

reduced by the char. There are at  least  5 possible products of this reduction as indicated by the 
following reaction: 

One explanation for the low NO emissions during most of the char  combustion i s  that NO is 

C s N y ( c h a r )  + N O + N  +NH + C O  + C O + H  0 

Furusawa et  al. (3) have found that coal char and activated petroleum coke reduce NO a t  

2 3 2  2 

elevated temperatures and they have measured the ra tes  for  the reduction reaction. They made the 
surprising discovery that char continues to reduce NO in the presence of oxygen even as the char i s  
being consumed by oxidation. The principal products of the reaction a t  temperatures between 500 
and 600°C were  found to be N2 and C02; above 775°C the concentration of CO exceeds cos (4). 

The object of the present work is to measure the rate of reduction of NO by retorted shale 
as a contribution to a general model of retorted shale combustion, leading to strategies for the con- 
t rol  of NO emissions from retorted-shale combustors. 

EXPERIMENTAL PROCEDURE AND RESULTS 

Two kinds of experiments were performed to determine the rate of reduction of NO by re- 
torted oil shale. In both kinds of experiments, NO, diluted in N2, was passed through a shale  bed 
and the decrease in NO concentration was measured. The rate was calculated from the t ransi t  
(contact) time of NO through the bed. In one kind of experivent,  the gas  flow rate was held constant 
and the temperature was increased at  a fixed rate. In the other experiments, the temperature was 
fixed and the gas flow rate was changed. 

measurements. It consisted of a silica-glass tube 4.2 cm inside diameter and 0.8 m long. The 
tube was mounted vertically inside an electr ic  furnace. Preheated gas was passed upward through 
the tube. A perforated glass  plate near the center of the tube retained the sample of crused shale 
and distributed the gas  flow. The  sample of 104 L/Mg (24.8 gallons of oil per  metric ton) shale 
came from Colorado t rac t  C-a and had been crushed and sieved to a s i z e  distribution between 0.21 
and 0.43 mm. A gas flow of approximately 3.5 L / d n  (STP) of nitrogen was sufficient to se t  the 

* In the U. S. emission standards are written in units familiar to industry. 
the NOx standards are written in t e r m s  of pounds of NO2 per  106 Btu of fuel value in the coal, 
i. e. , 0.5 Ib N02/106 Btu for  new utility boilers. In metric units, this i s  equal to 140 mg NO/ 
MJ. The standards are written in t e r m s  of NO2 because NO is  oxidized to NO2 in the atmos- 
phere. 

A fluidized bed was used both for  the preparation of retorted shale and for reaction-rate 

For coal combustion, 
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100-g shale bed into a fluid like motion at a temperature of 500°C. Details of the bed a r e  given in 
Table I. 

TABLE I 

Mass of raw shale bed 
mass  of re tor ted shale  bed 
Organic carbon concentration (retorted) 
~ e n g t h  cf static bed 
Dtan-eter of bed 
Volume of static bed (raw and retorteda) 
Shale density (raw) 
Shale density ( re tor ted,  calculated) 
Bed void fraction (static, calculated) 
Par t ic le  s ize  range (diam.) 
Inlet concentration of NO 

100.0 g 
87 g 
2.9 wt B 
6.5 cm 
4.2 cm 
90. o cm3 
2.22 g/cm3 
1.9 
0.50 
0.21 to 0.43 mm 
249 ppm 

a. Part ic le  s ize  did not decrease with retorting; only the 
particle density decreased. 

A loo-g sample of raw oi l  shale  was retorted by heating it in flowing nitrogen to a temper- 
a ture  of 550°C at a ra te  of 25"C/min. T h e  sample was kept at 550'C for  3 min and then cooled ra- 
pidly to room temperature in flowing nitrogen by opening the electr ic  furnace. The retorted shale 
contained approximately 2.9 wt % organic carbon. The weight loss of the raw shale  during retorting 
was 13%. 

In all  experiments, Np containing 249 ppm of NO was passed upward through the bed of re- 
torted oi l  shale. The large amount of carbon (4 g) and the low concentration of NO was planned to 
assure  a nearly constant carbon concentration during each experiment. A t  the end of all  the experi- 
ments, approximately 10% of the  char could have been consumed. 

means of a mass  spectrometer. The m a s s  spectrometer was calibrated using purchased gas stand- 
ards .  Two standards for NO were  purchased. When the mass spectrometer w a s  calibrated by 
means of one standard, the concentration of NO in the other standard could be measured to within a 
few pprn . 
14.5 C h i n  in the NO-N2 mixture flowing a t  7.8 L/min (measured a t  25" and 1 atm). At tempera- 
tures below approximately 1'75"C, the shale  sample removed some of the NO from the gas stream 
by adsorption. A s  the temperature was increased above 1'75"C, the concentration of NO in the exit 
gas  exceeded the inlet concentration of NO. At 2Oo"C, the inlet and exit concentration were nearly 
equal and a s  the temperature was  increased above 200°C, the concentration of NO decreased by re- 
action with the retorted shale as shown in Figure 2. The sample was again cooled to room temper- 
a ture  under Pure N2 and then reheated t o  500°C at the same rate  of heating and in the same  gas mix- 
ture but at a flow ra te  of 4.9 L/min. A larger  fraction of the NO was removed from the gas stream 
at the slower flow because of the 1 .6  t imes longer period of contact between the solid sample and 
the gas. 

In subsequent isothermal experiments using the same bed of retorted shale in the same 
apparatus, the temperature w a s  held constant a t  various temperatures between 280°C and 400°C. 
The rate of flow of N O  bearing Np gas  through the bed was also kept constant. After measuring the 
exit gas concentration of NO at several flow ra tes ,  the temperature was changed and the process 
was repeated. In the course of these experiments, the bed was operated at a range of flow rates  
both below and above those required for  fluldization. Whether or not the bed was fluidized made no 
discontinuity in the measured rate of reaction. 

The concentrations of NO and C02  in the gas stream from the reactor  were measured by 

In the first experiments, the temperature of the retorted shale was increased a t  the rate  of 

The effective rate  constant (k) was evaluated a t  selected temperatures by the expression 

where (NO)i/(NO), is  the ratio of the NO concentration into and out of the reactor and t is the actual 
t ransi t  time of the gas through the bed a t  temperature. The transit t h e  was calculated from the 
bed volume, bed height and bed void volume (in a s ta t ic ,  non fluidized condition, Table I) ,  using the 
measured inlet gas flow rate  and the bed temperature. The results of the nonisothermal experi- 
ments a r e  given in Figure 3. Because the temperature of the reacting bed changes only about 5°C 
during the gas transit time, the nonisothermal experiments can be analyzed as a ser ies  of 
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isothermal experiments (Table n). The resul ts  of the isothermal experiments are given in Figure 
4 .  The reaction ra te  from both the isothermal and nonisothermal experiments is plotted as a func- 
tion Of temperature on Figure 5. An average value of the rate  as a function of temperature, the 
line in Figure 5, can be expressed as 

keff (s-') = 4. o x 

where E is 59.7 kJ/mole. 

TABLE I1 

Temperature of Fluidized Bed, "C 
275 300 325 350 375 400 425 450 475 _ _ - - - - _ _ - - -  

Flow = 7 . 8  L/min 
NOoUt, ppm 189 163 140 116 91 68 4 4  25 12  

k, s-1 1 . 5  2 . 4  3 . 3  4 . 6  6 . 3  8 . 5  12  16 22 

N O O U ~ ,  pprn 185 152 117 87 60 38  21 9 3 

k, s-l 0 . 9 9  1 . 7  2 .8  4.0 5 . 6  7 . 7  10 15 20 

t ,  0 . 1 8 8  0 . 1 8 0  0 . 1 7 2  0 . 1 6 5  0 .159  0 . 1 5 3  0 . 1 4 8  0 .142  0 . 1 3 8  

Flow = 4 . 9  L/min 

t ,  s 0.299 0 . 2 8 6  0 . 2 7 4  0 . 2 6 3  0 . 2 5 3  0 . 2 4 4  0 . 2 3 5  0.227 0 . 2 1 9  

DISCUSSION 

The results have been presented in t e rms  of an effective rate  constant for  87 g of a parti- 
cular retorted oil shale. In order  to make these resul ts  more general and to make comparisons to 
other measurements of NO reduction rates  with other carbonaeous mater ia ls ,  it i s  necessary to 
take into account the amount and form of the agent effective in the NO reduction. 

The principal reaction products of nitric oxide reduction by coal char  a r e  N2 and C 0 2  a t  
temperatures from 502°C to 660°C. A t  680°C, CO is also found and it becomes abundant at 775°C 
and the principal reaction product a t  910'C, the maximum temperature investigated by Wrusawa 
et al. (4). 

reduction reaction a s  
W e  measured the concentration of C 0 2  in the exit gas expecting to verify the principal NO 

2 N 0  + C = C 0 2  + N2 

However, the exit gas concentration of C 0 2  was a t  most 4 5  ppm. This maximum concentration was 
found a t  the maximum temperature investigated (475°C). when all the NO flowing into the bed was 
reacted. 

It appears possible that the principal agent for  NO reduction by retor ted oil shale a t  tem- 
peratures below 500°C is  the hydrogen in the char. Oil shale retorted at 500°C contains a char of 
the approximate composition CHo. 4N. 07. The coal char used by Furusawa et al. (4) had the com- 
position CHO. 17N0.00,. The oil shale char used in this investigation has  approximately twice the 
hydrogen concentration and ten times the nitrogen concentration of this coal char. 

actor where the transit time was calculated from the "effective" length of the bed and the superfi- 
cial gas velocity. The bed used was a mixture of inert alumino-silicate particles and char particles 
both approximately 0 . 6  mm in diameter. The "effective" length is  the length of bed due to the char 
particles alone. The coal char contained 26% ash and it is not c lear  how this was taken into account. 
Retorted oil shale is also a mixture of "inert" silicate and carbonate minerals with char. The mix- 
ture  i s  on a scale much smaller  than the particle s ize;  each particle contains many mineral parti- 
cles and many zones or particles of char .  

Furusawa e t  al. (4) measured the ra te  of reduction of NO by coal char  in a packed bed re- 

To calculate the effective residence time, Kunii, Wu and Wrusawa (5) used the equation 

where &ic is the mass of char ,  pb is the bulk density of a pure char bed and F is the flow rate. 
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Fig. 1 :  Concentrations of CO2 and NO as a function of time during the 
batch combustion of retorted Tract C-a oil shale in a fluidized 
bed. 
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Fig. 2:  Concentration of NO in the exit of a fluidized bed of retorted 
oil shale showing the rerrioval of NO as the bed is heated (heating 
rate 14.5"C/minute). Inlet NO concentration, 249 ppm. 
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I Fig. 3: Reduc i o n  o f  NO concen t ra t i on  as a f u n c t i o n  o f  t r a n s i t  ime and 
temperature. The slope of these l i n e s  i s  equal t o  the  r e a c t i o n  
r a t e  constant  f o r  the case o f  a constant  r a t e  o f  heating. 
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the experiments were conducted. 

The number on each l i n e  i s  t h e  sequence i n  which 
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Fig. 5: Arrhenius Plot of effective rate constant for reduction of NO by 
retorted oil- shale. The solid circles represent the results from 
heating the retorted shale bed at a constant rate; the open 
circles show the results when the bed was kept at the same 
temperature until a constant NO concentration was observed in the 
exit gas. 
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Using the same definition to calculate an effective residence time in o u r  experiments results in re- 
sidence times only 1/25 as long as those we used above, hence, a ra te  constant 25 x larger. Using 
this  larger ra te  constant for comparison, we find that oil shale char  i s  103 t imes more  reactive for  
NO reduction than is coal char. 

An alternate approach for comparison is &o convert the rate to units used by Chan, 
Sarofim and Beer (6) who show an Arrhenius plot indicating agreement of their resul ts  with these of 
Furusawa e t  al. We have not been able to make this comparison with certainty because of a con- 
fusing difference in units, but our preliminary comparison indicates oil shale  char  i s  > 103 times 
m o r e  reactive than the Montana Lignite Char used by Chan et al. While previous work (7, 8) has 
demonstrated that oil shale  char  i s  m o r e  reactive also towards oxidation and gasification than is 
coal char ,  the greater  reactivity of oil shale char towards reduction of NO is  m o r e  dramatic. 

The reason for  the greater  activity i s  unknown. I t  may be due in par t  to the higher hydro- 
gen content of oil shale char. The char  in retorted oil shale (7) has a specific surface area of ~ 3 6 0  
M2/g which is s imilar  to that of the coal char  used by Chan et  al. (6). However, the oil shale char  
may also be more accessible. Retorted oil shale is 97 wt % ash and contains 20 volume % intercon- 
nected porosity. The char  in retorted oil shale  is probably distributed primarily along these pores 
because they were created when the shale  was retorted by the loss of volatile carbonamus material. 
Thus, the char in retorted oil shale may be more  available for NO reduction than char particles 
prepared by coal pyrolysis. Also, the great  excess of ash  in retorted oil shale may provide cata- 
lytic sites. Finally, we must not overlook the possibility that the NO i s  not reduced by char  alone, 
but by some other reducing agent in the retorted shale, for  example, iron-bearing minerals. 

' 
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INTRODUCTION 

The two existing commercial processes for upgrading Athabasca bitumen use delayed cok- 
ing and fluid coking, and produce synthetic crudes which a r e  low in paraffins and relatively high in 
aromatics and naphthenes. The problems of producing specification transportation fuels from 
these feedstocks have been discussed in ear l ie r  reports (1, 2). In previous work, middle distillates 
from delayed coking of bitumen were catalytically refined by severe hydroprocessing using conven- 
tional hydrotreating catalysts. The aromatics conversion to naphthenes was monitored using C13 
NMR analysis and the kinetics of hydrogenation was elucidated together with the effects of thermo- 
dynamic equilibria (2). 

men and uses low resolution mass spectrometry to provide compositional analyses of the fuel pro- 
ducts generated. The mass  spectrometric method determines differences in reactivity of aromatic 
and saturated compound types including the effects of thermodynamic equilibria and cracking. Ce- 
tane numbers of fuel products were determined by engine tests and the relationships obtained be- 
tween aromatic content and cetane rating a re  compared with previous results obtained for refined 
distillates from a delayed coking process.  

The present work deais with hydroprocessing of middle distillates from fluid coked bitu- 

EXPERIMENTAL 

The feedstock used in this study was a middle distillate fraction from a synthetic crude 
produced by fluid coking of Athabasca bitumen. Table I presents properties of the feedstock. A 
commercial Ni0-WO3&-Al2O3 catalyst (Katalco Sphericat NI-550). tested in a previous study, 
was used for hydroprocessing the feed (2, 3). 

report (2). The experimental runs were carried out using 70 grams of catalyst in 100 cc of reactor 
volume. The catalyst was sulfided at 380°C and atmospheric pressure  by passing a mixture of 10% 
H2S in hydrogen over the bed for 2 hours. The volume of H2S passed was equivalent to eight times 
the amount of sulfur required for  the formation of sulfides. The continuous flow reactor was oper- 
ated in the up-flow mode, the liquid feed and hydrogen were mixed, passed through a pre-heater 
and then over the fixed bed of catalyst. The unit was run for 8 hours on oil before the first steady- 
state sample was taken. Experimental r u n s  were performed at temperatures of 340-440'C, liquid 
space velocities of 0.75 to 2.00 hr-1 and a hydrogen flow rate a t  STP of 530 L hydrogen per L of 
feedstock (3000 scf/bbl). All r u n s  were  at a pressure  of 17.3 MPa (2500 psig). The reactor sys- 
tem was maintained at steady-state conditions for 1 h r  prior to and 2 h rs  during the period in which 
product was collected. 

Compositional analysis of the feedstock and hydrotreated products was performed by low 
resolution mass spectrometry using a modification of the method of Robinson (4). The samples 
were run on a CEC 103 mass spectrometer. The aromatic carbon content was determined by C13 
NMR analysis using a Varian SL-200 spectrometer. Sulfur content was analyzed by the Wickbold 
technique and carbon, hydrogen and nitrogen analysis was carried out using a Perkin Elmer 240B 
analyzer. 

engine Using a constant compression ratio method. 

A detailed description of the semi-pilot plant hydrotreating system is given in a n  earlier 

Cetane numbers were determined on a standard Cooperative Fuels Research (CFR) test 
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TABLE I 

PROPERTIES OF MIDDLE-DISTILLATE FEEDSTOCK FROM SYNTHETIC CRUDE A 
(FLUID COKED BITUMEN) 

Relative density, 15/15'C 
Carbon 
Hydrogen 
Sulfur 
Nitrogen 
Average molecular weight 
% Aromatic carbon by C13 NMR 
Cetane number (CCR method) 
Distillation (D86) 
IBP'C 
5% 
10% 
2 0% 
50% 
9 0% 
FBP 

0.862 
87.2 wt % 
11.7 wt % 
97 ppm 
37 ppm 

200 
16.9 
31 

163 
183 
192 
210 
251 
296 
318 

RESULTS AND DISCUSSION 

Hydrocarbon Compositions and Effects of Processing 

nificantly different from those of conventional crudes. This is a consequence of the unique oil sands 
The chemical characteristics of middle distillates from the Athabasca syncrudes are sig- 

i 
j 

! ditions. 
t 

1 
1 
1 

compositions and the upgrading processes employed. The mass spectrometric method used in this 
work allows the identification of a number of distinct hydrocarbon group types and the amount of 
each group type found in a particular fuel i s  a function of the feedstock source and processing con- 

Table I1 shows compositional analyses of middle distillates from two Athabasca syncrudes 
produced by fluid and delayed coking of bitumen and designated A and B, respectively. Also inclu- 
ded are compositions of products from secondary hydrotreating of the above distillates from this 
and previous work. The distillates a r e  from approximately the same boillng range (2. 3). 

TABLE II 

COMPOSITIONAL ANALYSES (MASS I) O F  MIDDLE DISTILLATES FROM 
ATHABASCA SYNCRUDES BEFORE AND AFTER SECONDARY HYDRTREATING 

(Experimental Conditions: 380°C, 17.3 MPa, LHSV 0.75) 

I 
1 
i 

I 
, 

Paraffins 
Total Cyclo paraffins 

Non-condensed 

Condensed 

Condensed 

monocycloparaffins 

dicycloparaffins 

polycycloparafflns 
Total Aromatics 

Alkyibenzenes 
Benzocycloparaffins 
Benzodicycloparaffins 
Naphthalenes 
Naphocycloparaff ins 
Fluorenes 
Triaromatics 

Cetane Number 

Synthetic Crude A Product from A Synthetic Crude B Product from B 
Secondary Hy- Delayed Coked Secondary Hy- 

drotreating of Fluid Coked Bitu- drotreating of Bitumen with 
men with Primary Distillate from Primary Distillate from 

Hydrotreating A (this work) Hydrotreating B (2,3) 

15.8 19.5 26.4 27.2 
42.4 79.3 48.9 69.6 

20.5 39.2 24.5 32.2 

14.4 28.3 16.8 26.3 

7 . 5  
41.9 
17.3 
12.9 
5 . 2  
3 .5  
1 . 6  
1 . 0  
0 . 4  

31 

11.8 
1 .3  

0 . 5  
0 .6  
0 .2  

- 

- 
- 

42.5 

285 

7 . 6  
24.8 
11.3 

8.7 
2 .6  
1 . 6  
0 .1  
0.5 - 

36 

11.1 
3 . 1  
0 . 9  
1 . 3  
0 . 6  
0.3 - - 
- 

45 



A comparison of distillates from syncrudes A and B shows some important differences in 
their chemical compositions. Syncrude A (from fluid coking) yields distillate which i s  significantly 
lower in paraffins (15.8%) than that from B (26.4%). (Distillate from A i s  also marginally lower in 
total cycloparaffins. ) The aromatic contents of the two distillates are also significantly different 
with distillate from A having an amount which is approximately 17% higher. 
may be attributed to differences in severity of primary hydrotreating. These major differences in 
chemical composition a r e  reflected in the cetane numbers 31 and 36 for  A and B, respectively. 

(this work together with ear l ie r  results) shows almost complete elimination of aromatics under the 
given processing conditions and these results confirm previous analysis by C13 NMR. Both pro- 
ducts show a marginal increase in paraffins which indicates some cracking, possibly ring scission 
of cycloparaffins. 

An examination of the aromatic hydrocarbon group types in Table U shows major contribu- 
tions frum 4 predominant species in syncrude distillates (alkylbenzenes, benzocycloparaffins, ben- 
zodicycloparaffins and naphthalenes). 
contributing factor in cetane improvement. Figure 1 shows summarized chemical changes for con- 
version of some of the aromatic group types to their  corresponding naphthenes. This work also 
demonstrates that such reactions are controlled by thermodynamic equilibria. 

In previous work, where C13 NMR was used to monitor the effects of changing experimen- 
tal conditions on aromatics conversion, plots of aromatic carbon content vs. reaction temperature 
were made, the processing effects w e r e  "mapped out" with changing LHSV and optimum operating 
conditions were  established (2, 3). In the present work, some of the implicit relationships between 
the kinetic and thermodynamic equilibrium effects (including cracking) are resolved by separately 
mapping out the individual hydrocarbon group types. 

Figure 2 shows the effect of change of LHSV on the mass  % of alkylbenzenes in product 
from secondary hydrotreating of syncrude A distillate over the complete temperature range. A 
series,of smooth, round, almost symmetrical curves is obtained showing a minimum a t  380-400°C. 
Above this tenpera ture ,  the effect of thermodynamic equilibrium is observed a s  the concentration 
of alkylbenzenes increases again. I t  is  assumed that cracking occurring under these processing 
conditions for this equilibrium reaction i s  not significant. 

produces a ser ies  of v-shaped curves which show a marked loss of roundness above 380°C. 
3 may be linked with Figure 4 which shows corresponding plots for  conversion of benzodicycloparaf- 
fins (see Figure 1). In this case,  it is  clear that extensive cracking during this particular equili- 
brium reaction occurs above 400°C and the curves pass through a maximum at 420°C. I t  is  assumed 
that, in this high temperature range, ring scission in a 3-ring structure occurs with the generation 
of a corresponding 2-ring species. 

curs  under extreme processing conditions. Figure 5 shows plots of condensed dicycloparaffin mass 
% vs LHSV over the complete temperature range. A s  expected, the curves produced a r e  more or 
less the mi r ro r  image of Figure 3 (the corresponding plots for benzocycloparaffins) and pass 
through a maximum at 370-390°C as a result  of the equilibrium shift. The curves indicate that, 
although the dicycloparaffins seem reasonably stable for most of the observed conditions, some 
cracking is likely at  low space velocities (0.75 and 1.00) and at higher temperatures (crossing of 
curves in  Figure 5). FIgure 6 is  a similar plot for the condensed polycycloparaffins in which case 
extensive cracking i s  observed at temperatures a s  low as 360-380°C. These reactions may be im- 
portant for fuel quality improvement by ring opening of naphthenes. 

Effect of Aromatic Content on Fuel I nition ualit 
Figure 7 shows a plot of % tromati: carbYn content (determined by C13 NMR) versus ce- 

tane number for fuel products produced by secondary hydrotreating of distillates from syncrudes A 
and B under different conditions of temperature and LHSV. These plots reveal the processing se- 
verities required to produce fuels which meet the current Canadian diesel ignition specification (ce- 
tane number 40). 

The curvature of these graphs has been attributed to the presence of very stable aromatic 
species which would appear to have a markedly adverse effect on diesel ignition quality (3). 

The plots indicate qualitative differences between syncrudes A and B. For  any level of 
aromatic content, the syncrude produced by delayed coking shows better cetane rating. Most likely, 
it is  a consequence of the higher paraffin content in this feedstock. 

To some extent, this 

A comparison in Table II of products from the syncrudes after secondary hydrotreating 

The saturation of these species is, therefore, the major 

On the other hand, Figure 3, which i s  a similar plot for saturation of benzocycloparaffins, 
Figure 

Mass spectrometric analysis also suggests that some cleavage of two-ring structures oc- 

SUMMARY 

Secondary hydrotreating was performed on a middle distillate from a syncrude produced by 
fluid coking of Athabasca bitumen and products were analyzed by Low resolution mass spectrometry. 
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1. MONOAROMATIC REDUCTION TO S A T U  RATES 

p +3H, - -gr 

I 2. D I A R O M A T I C  R E D U C T I O N  
I 
i 

1 FIGURE 1, SUMMARIZED CHEMICAL CHANGES DURING HYDROTREATING OF 
MIDDLE DISTILLATES FROM SYNTHETIC CRUDE. 
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The processing effects on several  hydrocarbon group types were "mapped out" in terms of temper- 
a ture  and LHSV. It  was concluded that alkylbenzene and benzocycloparaffin saturation i s  accom- 
panied by a minimum of cracking but for the equilibrium reaction involving saturation of henzodicy- 
cloparaffins, cracking was observed above 400°C at all space velocities. The cracking of polycy- 
cloparaffins was also found to be extensive by examining the corresponding p!ots for these hydrocar- 
bon group types. 

The effects of aromatic content on fuel ignition quality of the two syncrudes were compared. 
Although the trends were remarkably similar,  consistent differences in quality were observed 
throughout the range. 
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INTRODUCTION 

At the time of the conception of the NIOSH shale oil studies, oil prices were  going up and 
there was  renewed interest in synfuels, especially shale oil. Originally, most of oil shale extrac- 
tion work was done on a demonstration project basis with a small  work force (1). Then Union Oil 
Company of California and the COLONY project (2) of TOSCO and Exxon began commercial scale 
projects in shale oil production on the Colorado plateau. With an unfavorable change in the h s i -  
ness climate, the Colony project was dropped and the Union Oil Company project was delayed. 
Union i s  now expected to go into production shortly. Thus, health considerations of exposure to  
kerogen become important. Three completed NIOSH studies involving this synfuel will be discussed. 
These include a mortality study, a case-control stuhy and a morbidity study. In addition, two new 
studies involving shale oil will be presented. 

METHODS 

The  first study to be  done was the  mortality study (3). The universe from which the sam- 
ple was drawn was estimated to be about 800 people. The basis for this l i s t  was three employee 
groups: a) 294 employees of the U. S. Bureau of Mines who worked at  the Anvil Points Oil Shale 
Facility near  Rifle, Colorado from 1948 to 1956; b) 135 employees who worked at  the Anvil Points 
facility from 1966 to 1969 for the joint venture of the Colorado School of Mines Research Institute 
and Colony; and c) 15 men who worked from 1956 to 1959 at the Union Oil Retort Facility at  Grand 
Valley, Colorado. Leads to additional workers in these groups resulted in a master  list of 1215. 
From this master  group, a non-random sample consisting of 713 white males who worked in min- 
ing, retorting, maintenance o r  supervisory jobs involving actual production of shale oil was chosen 
for  mortality follow-up. Clerical workers,  short-term (less than one month) personnel and em- 
ployees for whom we had only names and no other data were excluded from the final cohort. Of the 
485 living subjects of this cohort, 321 men and 4 women were  examined in the morbidity study. 
Table I gives the breakdown of the 713 subjects by vital status. 

TABLE I 

FINAL COHORT 

In Morbidity Study I n  lviortality Study 

Known living 325 
Known deceased 

(a) Death certificates 
(b) No death certificates 

Vital status unknown 

Grand Totals 3 25 713 

Wortality 

states of Colorado and Utah, and (b) all white males in the United States. Mortality statistics were 
averaged for the years 1968, 1969 and 1970 to calculate expected death rates,  The U.S. population 
was used only for all causes to check for the "healthy worker effect". Standardized Mortality 

Standard populations for  determining expected deaths were: (a) all white males in the 
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Ratios (SMR) were calculated using a modified life table procedure. Death certificates were coded 
by a nosologist utilizing the EIghthRevision International Classification of Diseases Adopted for 
Use in the United States (4). 

Case-Control 

the trachea, bronchus and lungs, and 15 men died of cancer of the digestive organs and peritoneum. 
In an  attempt to clarify the effects of certain risk factors, namely smoking, radioactive exposure 
and metal mining exposure, a case-control study of 12 oil shale workers dying from respiratory 
cancer and 15 workers dying from digestive cancer was done. Two separate control groups were 
used: the first was composed of 27 oil  shale workers who had died from diseases of the circula- 
tory system and the second was composed of 27 living oil shale workers. Workers were matched 
as closely a s  possible on the basis of age, job classification and length of service in that job. Odds 
ratios were calculated by the method of Guy (5). 

Morbidity 
The third study, the morbidity study, was related to the mortality study in that the 485 

known living survivors from the mortality study formed the basis for the morbidity study. 321 men 
and 4 women agreed to participate, for a participation ra te  of 67%. The balance of 160 workers 
were untraceable, had moved to  distant points that were too costly to  visit, or declined to partici- 
pate. Coal miners at 3 Utah mines were  used for comparison because they worked on the Colorado 
plateau, did not work with oil shale materials,  were readily available and could be matched by age. 
However, they were exposed to coal mine dust, a well documented cause of respiratory symptoms. 
We considered other sources of controls i n  the region such a s  uranium miners,  smelter workers,  
metal miners,  etc. , but rejected them because of confounding cancer risks which was our primary 
objective to evaluate among the oil shale workers. Thus, it w a s  felt that coal miners were the best 
of a poor choice for the control population. Each worker was questioned about his work history, 
smoking history and information on medical problems and respiratory symptoms, the respiratory 
symptoms a re  to be reported in a separate paper later. A complete dermatological examination 
was given by certified dermatologists and sputum and urine cytologies were done. Only results of 
skin examination, sputum and urine cytologies will be reported here.  

During the course of the mortality study, it was determined that 16 men died of cancer of 

RESULTS 

Mortality Study 

utilizing Colorado-Utah white males as controls. We also show an SMR for all causes using all  
U. S. males a s  a control. Statistically significant increases in SMR's are seen for all  malignant 
neoplasms and cancer of the colon. Nonstatistically significant increases a r e  seen for cancer of 
digestive organs and peritoneum, cancer of respiratory organs and cancer of the trachea,  bronchus 
and lungs. Statistically significant decreases are seen for all  causes (U. S. control), diseases of 
the circulatory system and ischemic heart disease. The significant decrease in a l l  causes may be 
a consequence of the "healthy worker effect" and i s  a common characteristic of working populations 
(6). 

Smoking is always an item of interest when increased SMR's for respiratory and lung can- 
ce r  a r e  seen. Table 111 presents a summary of the smoking history data that was available for this 
cohort. Unfortunately, these data were only available for 325 living workers and 53 deceased wor- 
kers. Smokers and ex-smokers account for 307 of the 378 men o r  81.2% of this group. However, 
the value of 37.8% for  smokers is  a low prevalence for  smokers in an industria1 population (7). 

Employment in the oil shale industry has been er ra t ic  and lengths of employment have 
varied from weeks to months. Length of employment is skewed towards short-term employment 
with a median of 9 months and an arithmetic average of approximately 30 months. Over 50% of the 
workers have 2 years o r  less employment in oil shale work. This limits the iwplications of oil 
shale exposure a s  a causative agent in the development of chronic disease. 

Table I1 presents a listing of the SIVIR'S for all  causes and several specific causes of death 

Case-Control Study 
Table IV is a breakdown of the various categories of smoking by disease. It is quite ap- 

parent that smoking is an important factor in lung cancer. Smokers account for all but one case of 
lung cancer in both the case group and the deceased control group. I n  digestive cancer,  smokers 
account for the majority in both the case  group and the deceased control group. 

The results of the case  control study a re  numerically illustrated in Table V. Looking a t  
the results for lung cancer, we see elevated odds ratios for radioactive exposure in the study 
group versus both control groups. The values a r e  7 . 9  using the living control. W e  also see a n  
elevated odds ratio for smoking using the living control. Unsurprisingly, the odds ratio is 1.1 for 
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smoklng using the deceased control group. A s  smoking i s  suspected as belng associated with vari- 
ous diseases of the circulatory system (8). there would be competition by both lung cancer and cir-  
culatory system disease with the end result being a depressed odds ratio for smoking. Metal min- 
ing exposure was not related to lung cancer in this case  control study. 

TABLE II 

STANDARDIZED MORTALITY RATIOS 

Cause of Death 

All causes (U. S. control) 
Al l  causes (CO and UT control) 
All malignant neoplasms 

Digestiveorgans and Peritoneum 

Respiratory Organs 
Colon 

Trachea,  bronchus and lung 
Diseases of circulatory system 
Ischemic heart  diseases 
Diseases of respiratory system 
Accidents 

Observed 

205 
205 
49 
15 
7 
16 
16 
76 
55 
18 
18 

Expected 

246 83b 
221 93 
36 136' 
10 150 
3.1 226a 
11 145 
10 160 

72 76a 
18 100 
15 120 

102 7 5b 

a.  Statistically significant, p . 05  
b. Statistically significant, p . 01 

TABLE III 

SMOKING DATA 

MORBIDITY COHORT + CASE CONTROL COHORT 

Smoking Status Number Percent 

Ex-smokers 164 43.4 
Smokers 143 37.8 
Nonsmokers 71 18.8 

Total 378 100.0 

Smokers + Ex-Smokers = 307 o r  81. W0 

TABLE IV 

SMOKING 

CASE CONTROL STUDY 

Disease Category 
Living Deceased 

Case Control Control - - _ _ _  
Lung cancer Smokers 11 6 10 

Ex- and nonsmokers 1 6 1 
Digestive Smokers 9 2 11 

cancer Ex- and nonsmokers 6 13 3 

A similar situation exists for  digestive cancer. Again, we see  elevated odds ratios due to 
radioactive exposure except that while both ratios a r e  elevated, the ratio using the deceased con- 
trol  group is much higher, 7.2 versus 2.2. A s  w e  a r e  concerned with relatively small numbers, an 
increase of hvo people makes a large change in the results. Smoking shows an elevated odds ratio 
for digestive cancer in the living control group of 9.8 and a depressed odds ratio of 0.4 in the de- 
ceased control group. As smoking is known to be associated with circulatory disease deaths (see 
above reference) and since the cause of death for  the deceased population was circulatory system 
problems, the low odds ratio in this control group i s  expected. Metal mining exposure seems to 
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have little influence as f a r  as digestive cancer is concerned. 

TABLE V 

ODDS RATIO 

CASE CONTROL STUDY 

Odds Ratio 
Living Deceased 

Cause Of Death Exposure Controls Controls 

Lung cancer Smoking 11.0 1.1 
Radioactivity 7.9 7.1 
Metal wining 1.3 0.3 

Digestive Smoking 9.8 0.4 
cancer Radioactivity 2.2 7.2 

Metal Mining - 1.1 

In summary, the case-control study suggests that smoking and radioactive exposure have 
stronger association with lung and digestive cancers than does oil shale exposure in this population. 

Morbidity Study 
Table VI presents a brief summary of important presumed r i sk  factors in the morbidity 

study. Although the study group and the control group are well matched for age, the oil shale wor- 
kers  had worked more t ime in other oil work, uranium mining and farming. In addition, the oil 
shale workers had spent more of their working t ime outdoors than the controls. 
shale workers were current smokers but despite this,  their pack yea r s  were considerably greater.  
These imbalances of r i sk  factors, coupled with the short duration of exposure to  oil shale, make in- 
terpretation, difficult. 

Fewer of the oil 

TABLE VI 

AGE, SMOKING, OCCUPATION AND OTHER VARIABLES FOR 
THE OIL SHALE AND CONTROL GROUPS 

-- Oil Shale Control 

Number 325 
Mean age (years) 56 
% current smokers 28 
Mean pack years 35 
iviean years  in oil shale work 6 . 0  
Mean years  in oil shale production work 2.9 
h e a n  years  in other oil work 1.3 
h e a n  years  in uranium mining 1.9 
Mean years  in other mining 2.0 
Mean years  in farming 3.4 
Mean percentage of time spent at  work 
out of doors over last 20 years 
Mean percentage of time spent off duty 
out of doors over last 20 years 

41 

58 

323 
56 
37 
21 
0 
0 
0.1 
0.2 
29.8 
2.5 

23 

51 

The mean of 6 years  conceals a rather skewed distribution of work in oil shale; 5% of the 
oil shale group had worked less than 4 years. For  work in oil shale production, the figures were 
2 .9  years  for the mean and 1.3 for the median, with 90% having worked less  than 8.4 years.  

Sixteen men in each of the study group and control group were suspected as having one or 
more tumors. Most of the suspected tumors were biopsied; eight basal cell and two squamous cell  
carcinomas were found in the oil shale group. The latter four tumors were on the nose, face, neck 
and finger, respectively. The corresponding exposures for these four men were: two years  a5 of- 
fice manager in oil shale for the first ;  two years in oil shale as miner and foreman, but 19 years in 
uranium mining for the second; three years in oil shale as powderman and carpenter,  but nine years 
processing uranium and vanadium plus 38 years  in ranching for the third; and four years  in oil shale 
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in mechanical design for the latter. 
The results of the dermatological examinations a r e  shown in Table VII. Oil shale workers 

have a higher mean number per person of pigment changes and keratoses and a higher percentage of 
persons having nevi and keratoses. The control population has a higher mean per  person of nevi, 
telangiectasiae and papillomata and a higher percentage of persons having pigment changes, 
telangiectasiae and papillomata. 

TABLE VI1 

SUMMARY S T A T I S I C S  OF DERMATOLOGICAL EXAMINATION F I N D I N G S  

Mean Number P e r  Person 
Oil Shale Control 

Percentage with Enti$ 
Oil Shale Control -- -- Entity 

Nevi 4.3 5.4 77 64 

Telangiectasiae 18.5 22.0 80 83 
Pigment change 0.8 0.7 31 34 

Keratoses 3.0 1.9  43 37 
papillomata 1.7 1.9 45 47 

A logistic regression model showed a significantly increased prevalence of actinic kera- 
toses associated with oil shale exposure (p< 0.01). However, hyperpigmentation did not show a 
significant trend with oil shale exposure. As one would expect, both age and sun exposure were al- 
so significantly correlated with the presence of actinic keratoses;  papillomata were correlated with 
age and both pigment changes and telangiectasiae were correlated with sun exposure. Leukoplakia 
was noted on the lips and oral  mucous membranes of 1 0  oil shale workers and 14 controls. Table 
VI11  presents the cytology findings for controls and oil shale workers by smoking group. Among 
smokers, the oil shale group had a higher proportion with metaplasia than the controls. This did 
not constitute a statistically significant difference, however, (x2 = 2.48). Correction for age and 
pack years did not reduce the observed disproportion to any great extent. The ex-smokers showed 
a similar tendency to have a higher ra te  of metaplasia while the nonsmokers revealed the opposite 
effect, though again nonsignificantly ( For dysplasia, both smokers and ex-smokers 
showed slight excesses among the oil shale workers but nonsmoking controls had about twice the 
prevalence as the oil shale group. Statistical significance was not achieved, however, (-2 = 1.98). 

= 0.58). 

TABLE VIU 

PULMONARY CYTOLOGY BY SMOKING HABITS AND STUDY GROUP 

Normal Metaplasia 
Cytology No Dysplasia Dysplasia n 

Oil Shale Control Oil shale Control Oil Shale Control Oil S1:sle Control -------- 
Smokers 40 51 34 24 26 25 88 105 
Ex-smokers 45 51 31 26 24 23 143 117 
Nonsmokers 68 53 22 28 10 19 58 67 

TOTALS 28ga 289’ 

a. Fewer than overall totals because of missing and unsatisfactory samples. 
b. One additional control had an invasive malignancy. 

A logistic model relating years  of work in oil shale production to presence or absence of 
signs of metaplasia and dysplasia was fitted to the oil shale group, divided into current smokers 
and non-smckers. For  metaplasia there  was a positive relation with production work in both smok- 
ing groups (p c 0.05 for both) and the two coefficients were similar in magnitude. For dysplasia, 
both smoking groups showed a negative trend with years of exposure although these were both sta- 
tistically signlficant. One rather strange result of these analyses is that age did not appear to be 
related to either metaplasia or dysplasia. In addition, pack years  was not significantly associated 
with these two factors among the smokers. 

In summary, actinic keratoses showed a significant and positive association with oil shale 
exposure after allowing fo r  age, sunlight and other exposures. In addition, the prevalence of meta- 
plasia was positively associated with years of oil shale production work. 
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NEW PROJECTS 

NIOSH is currently involved in two new oil shale projects, a feasibility study of commu- 
nity-based occupational health registry of oil shale workers and an extension of a DOE mortality 
contract with the Institute of Occupational Medicine in Edinburgh, Scotland to identify survivors of 
Scottish Oils Ltd. for the determination of the prevalences of shale workers pneumoconiosis and 
skin tumors. This second project will also look at mineralogical characterizations and documenta- 
tion of the mining and retorting processes htilized in the Scottish shale industry. 

Jewish Hospital and Research Center in Denver. With this contract, we  hope to accomplish the 
following work: 

1. Abstract medical records of cases of cancer diagnosed in the period 1979 through 1981 
in the counties in planning region XI -- Garfield, Rio Blanco, Mesa and Moffat Counties. This in- 
formation will be offered to the Colorado State Tumor Registry. 

from oil shale workers and appropriate controls, which can be used as base line data toward a fu- 
ture registry. The design will address the need for longitudinal study of workers and controls, es- 
pecially with regard to quality assurance and research needs for early detection of respiratory ha- 
zards in the industry. Stability of personnel dictates the involvement of local medical facilities with 
collaboration of the Preventive Medicine Department of the University of Colorado Health Sciences 
Center. The outcome of this objective will depend, in part, on whether company cooperation is ob- 
tained, since the design of the study changes substantially if access to the workforce at the work 
site is not possible. 

3. Assess the feasibility of a worker registry in the oil shale industry, in cooperation 
with currently active Western Slope oil shale companies o r ,  independent of them, in a community- 
based effort. If coordination with industry-based efforts proves possible, means for such coordi- 
nation will be developed. Data collection in the respiratory evaluation in item 2 will be evaluated 
for use in a community-based registry. Success and obstacles encountered in conducting pulmonary 
evaluation will be assessed for their implications for a long term registry of oil shale workers. A 
system of record keeping will be developed in an appropriate institution in Garfield County. 

turned over to the Colorado State Cancer Registry. The Garfield County Health Officer, Dr. Mary 
Jo Jacobs, has been working on local funding to continue this work. Item 2,  the design and initia- 
tion of a protocol for pulmonary function studies, is progressing well. Procedures and question- 
naires have been developed and tried out on a group of molybdenum workers at Leadville, Colorado. 
Final revisions a r e  in progress. Item 3, an industry-supported registry has suffered a setback be- 
cause of the business recession and abandoning o r  backing off of companies interested in the de- 
veloping of shale oil. The loss of the combined Exxon-TOSCO project was a big blow to shale oil 
development in general. 

The Scottish project involves workers who formerly worked for Scottish 011s Ltd., a com- 
mercial producer of shale oil, until it shut down in the middle 1950's. The Institute of Occupational 
Medicine is currently involved in a mortality study of these workers for W E .  NIOSH recommended 
that a morbidity study of shale workers' pneumoconiosis and skin lesions be done on the survivor 
group of this cohort. 

A s  of the wrlting of this report ,  1605 men have agreed to participate in the dermatology 
portion of the study and 1324 of these men have agreed to have chest X-rays taken. Presently, 978 
men have completed dermatology questionnaires and the first  part of the chest X-ray survey invol- 
ving 585 men has been completed. The study is to be completed by October 1, 1984. 

The feasibility study of a community-based registry has been awarded to the National 

2. Design and initiate a protocol for  pulmonary function studies and questionnaire data 

To date, item 1, the cancer case  abstractions, have been completed and the data have been 

CONCLUSIONS 

Standardized Mortality Ratios were calculated for a cohort of '713 oil shale workers who 
were employed primarily at the U. S. Bureau of Mines Anvil Points Oil Shale Facility at Rifle, 
Colorado, from 1947 through 1969. In  addition, 325 living oil shale workers from the above cohort 
were  examined in a morbidity study primarily aimed at dermatological changes. The following con- 
clusions were generated from the data collected: 

1. Oil shale workers appear to exhibit the "healthy worker effect". With one major ex- 
ception, noted below, the SMR's for  major disease classification have either been normal or  less 
than normal. 

tory system including ischemic heart disease. They show no difference in SMR for diseases of the 
respiratory system and a slight, but not significant, increase for  accidents. 

3. Oil shale workers show a significant increase of malignant neoplasms particularly fo r  
the colon and less so for cancer of the trachea, bronchus and lung. In light of the several other 

2. Oil shale workers show decreased deaths for all causes and for diseases of the circula- 
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carcinogenic r isk factors previously mentioned and investigated in the case-control study, it i s  dif- 
ficult to implicate oil shale exposure, pe r  se, as responsible for the increase in SMR for respira- 
tory cancer and digestive cancer. The  case-control study indicates a stronger association between 
these cancers and exposure to radioactivity and smoking than with exposure to  oil shale. 

4. The prevalence of actinic keratoses was associated significantly and positively with oil 
shale work exposure after allowing fo r  age, sunlight exposure and other exposures. 

5. The prevalence of metaplasia was positively associated with years  of production work 
in oil shale. 
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INTRODUCTION 

Australia's most extensive oil shale deposits are located in the state of Queensland (Figure 
l ) ,  where oil reserves exceed 2000 billion barrels (1). Much of this i s  of low oil  yield and located 
at considerable depths. A number of deposits a r e ,  however, being studied for commercial develop- 
ment, including one at  Julia Creek in the north-west part of the large Toolebuc formation containing 
a Cretaceous oil shale. On the eastern coast ,  the Condor, Rundle and Nagoorin deposits of Tertiary 
oil shales have estimated recoverable reserves of 8500, 2000 and 3000 million bar re l s ,  respective- 
ly (2-4). 

The depositional environments of these oil shales are very different. The three eastern 
deposits appear to be dominated by Pediastrum and other planktonic algae inhabiting what was a 
shallow lacustrine environment (5),  together with high concentrations (up to 50%) of humic material. 
Julia Creek oil shale was deposited in a marine environment and contains cyanobacteria and other 
marine algal species, with humic acid comprising only a very small  percentage of the organic mat- 
ter (6). Evidence for these differing origins may be reflected in the trace element contents of the 
kerogens where elements, such a s  arsenic which preferentially accumulates in marine algae (7) ,  
should be more abundant in the marine deposit. 

mineral matrix binding the kerogen, rather than kerogen-associated elements. These minerals 
also differ significantly between deposits; in Julia Creek shale, calcite and quartz predominate, 
whereas the Tertiary shales contain primarily claystone, limestone and sandstone. Compreherr- 
sive elemental analyses were,  therefore, carried out on the raw shales,  to characterize them and 
to indicate differences in the environmental impact that might be posed by the products of oil shale 
retorting. 

The latter have been more  fully investigated in measurements of the partitioning of t race  
elements between retort  waters, shale oils,  gases and spent shale. Products for these studies 
were generated using the Fischer Assay procedure which yields products similar to those of some 
commercial retorting processes and, thus, provides a comparative product assessment. 

While atmospheric emissions of volatile elements, o r  the accumulation of others in  shale 
oil  or retort  water, may be undesirable from environmental or processing viewpoints, a further 
problem is created by those elements remaining in the retorted shale. The retorting process will 
concentrate non-volatile elements in this residue, while transforming others into soluble species on 
pyrolysis of the associated organics. Leaching of trace elements from both spent and raw shale 
storage heaps may pose a further environmental problem, with leaching conditions in the sub-tropi- 
cal climate of north Queensland quite different to those encountered in the U. S. Column leaching 
studies on raw and spent shales have been carried out to define the extent of the problem. 

retort  waters and leachates. Spark-source mass spectrometry (SSMS) and instrumental neutron 
activation analysis (INAA) together provided data for 65 elements. More precise data for specific 
elements were obtained using inductively-coupled plasma emission spectrometry (ICP) and atomic 
absorption spectrometry (AAS). 

The trace element content of a n  oil shale is ,  however, likely to be dominated more by the 

Multi-element techniques were applied to the analysis of raw shales, retorted shales, oil ,  

EXPERIMENTAL 

Bulk samples (1-2 kg) of raw shale, for use in Fischer retorting and leaching studies, 
were ground to -2 mm particle s ize  and dried at  ll0'C for 17 h. 
were further ground, using a tungsten carbide mill, to -74 m. 

For  INAA, 100-200 mg shale samples were irradiated for two days in a thermal neutron 
flu of 5 x 10l2  n cm-2s-1 in the Australian Atomic Energy Commission HIFAR reactor. Retort 

For chemical analyses, samples 
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waters were analyzed after freeze drying, while oils were analyzed directly. High resolution gam- 
ma spectrometric measurements were  made after cooling periods of 5-7 days and 28-40 days. 

plate detection for maximum element coverage. Lutetium was added a s  an internal standard to pro- 
vide quantitative data. Retort waters were analyzed via this procedure after evaporation onto a 
graphite substrate. 

For partitioning studies, shales were retorted under standard Fischer Assay conditions (8) 
and the product oil, water and spent shales analyzed for trace element content. Off-gas samples 
wei's c o i k t e i i ,  but not anaiyzed. Oiis for analysis by ICP and AAS were f i r s t  digested with sulfur- 
ic acid-hydrogen peroxide to decompose the organic matter. 

Analytical methods were  checked fo r  accuracy using the USGS Green River Shale SGR-1 
and Coady Shale SCo-1 samples. 

Leaching of raw and spent shales (150 g) was car r ied  out in 50 cm x 2.5 cm diameter glass 
columns under saturated conditions, using distilled water drawn through the bed at  0.5 mL min-' by 
a peristaltic pump. Leachates were analyzed by INAA and SSMS using the procedures followed for 
retort waters. Specific elements were analyzed by ICP and AAS. Dissolved organic carbon w a s  
measured on a Beckman Carbon Analyzer, while selected anions were determined using standard 
wet chemical procedures (9). 

Spark-source mass spectrometric analysis of the oil shales was carried out using photo- 

RESULTS AND DISCUSSION 

Elemental Composition of Raw Shales 
Analytical data for raw shales from the four Australian deposits are shown in Table I. For 

comparison, data for Green River shale (10) and a Devonian eastern U. S. shale (11) are also in- 
cluded. Although it was possible to quantify 65 elements, the tabulated data contain only those ele- 
ments which most reflected the differences between deposits. 

TABLE I 

ELEMENTAL COMPOSITION OF RAW SHALES 

(Dry Basis: p g  g-' except a s  shown) 
Julia Green River Antrim 
-- Condor Rundle Nasoorin (10) 0 Creek 

c(org)  
C(1norg) 
N a  
Mg 
A 1  
S 
c1 
K 
Ca 
T i  
V 
C r  
Mn 
Fe 
c o  
Ni 
c u  
Zn 
A s  
Se 
Br 
Nlo 
Cd 
Sb 
U 
T1 

15.05.1 (%) 
7.25.1 (I) 
0.19+0.01 (96) 
0.185. 01 (73) 

1.85.1 (%) 
0.613.07 (%) 

950260 
0. 163. 02 (%) 
23.723.4 (%) 
340217 
0.21+0.01 (90)  

9725 
1255 
0.84s. 02 (I) 
10.85.3 
237212 
6 523 

6 6 5  
1220+60 

8.222.7 
26.720.5 

295230 
2 823 
2923 
3 823 
6.421.5 

10.320.1 (%) 

0.475. 03 (I) 
0. 76+0.18 (%) 
6.7920.35 (%) 
0.620.1 (I) 
0.5720.01 (I) 
0.57+0.06 (%) 
0.24s. 01 (I) 
0.3920.06 (%) 

0.720.1 (%) 

104211 
4822 
390211 

3821 
10825 
3222 

4.975.13 (5%) 

10025 
9.721.3 

3229 
1.320.4 
0 . 6 3 . 2  

1.820.9 

4.25.4 

0 . 2 3 .  1 

1.120.2 

15.43.1 (%) 

0.83s. 05 (%) 
1.865.54 fi) 
5.735. 32 (%) 

0.26+0.01 (%) 

2.585.45 fi) 
0.40+0.08 (%) 

0.83.1 (%) 

1.05.1 (%) 

0.935.09 fi) 

79210 
4222 
650220 
3.2620.09 (96) 
17.520.4 
53210 
4322 
7 025 
7.721.1 
<1 
1023 
1. 620. 4 
1.83.4 
0.23.1 
0.95.4 
0.420.2 

30.43.1 (%) 
0.55.1 6) 
0.393.02 (96) 
0.513.03 (%) 
3.8620.22 (%) 
1.09.1 fi) 
0.29+0.01 (%) 
0.21+0.02 (8) 
1.045. 22 (%) 
0.175.05 (%) 
83210 
2 522 
23227 
2.19.06 (%) 
12.13.3 
3722 
4122 

1421 

1925 
4.321 
2.250.5 
0.75. 2 

0.45.2 

6 023 

1221 

4.35.9 

26.222.6 (%) 
3.0520.31 (I) 
2.365.06 (%) 
2 . 8 7 9 . 0 6  (%) 
3.4120.06 (96) 
2.5420.25 (5%) -- 
1.0120. 2 (%) 
5. 7220.03 (%) 
0.115. 05 (%) 
166218 
33.350.7 
24225 
1.9420.16 (%) 
13.33.3 
24.223.2 
51.222. 4 
69.322.8 
42.321.7 
2.420.6 -- 
31.852.5 
1.20+0.06 
2.5020.19 
4.79s. 05 

10.0 (%) - 
0.39 (97) 

7.35 (%) 
3.2 (%) 

3.12 (%) 

1.14 (%) 

- 

0.51 (%) 
0.42 6) 

156 
83 
195 
4.66 6) 
24.4 
81 
79 
39 
28 
2.7 - 

114 
0.67 
4.00 

28 

The Julia Creek sample i s  distinctly different from the oth,ers. Calcium, inorganic car- 
bon, zinc, vanadium, arsenic,  selenium, thallium, molybdenum, cadmium, antimony and uranium 
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are all 1-2 orders of magnitude higher in concentration, while aluminium, titanium and iron are by 
Comparison lower. The high calcite and quartz and relatively low clay mineral  content explain 
many of these differences. Results fo r  Sunbury and other U. S. marine-derived shales show simi- 
lar elevated levels of uranium, molybdenum, zinc and arsenic (12). Vanadium concentrations a r e  
also high in these U. s. samples, but not to the extent of the Julia Creek sample. 

phate seawater, arsenate i s  co-adsorbed by the algae and converted to a range of organoarsenic 
compounds (7). It h a s  also been suggested that arsenic and selenium may replace sulfur in organo- 
sulfur compounds (13) and this may also be t rue  for antimony. Antimony is also concentrated by 
some bacteria. 

Uranium in Julia Creek shale is associated mainly with phosphatic fish skeletal remains 
and high concentrations have been identified in strata rich in fish debris (14). Arrhenius et al. (15) 
found that concentration of uranium occurs through complexation with phosphate ion after the death 
of the organism. Phosphate is present a s  apatite in the skeletal debris. In Chattanooga shales, 
uranium concentrations as high as 100 mg g-l  have been found, present mainly as the oxide miner- 
a l s ,  although some organic association w a s  detected (16). 

To examine trace element associations, concentration-depth profiles were  studied f o r  two 
Julia Creek drill core samples. In agreement with the findings of Ramsden (14), cadmium, zinc 
and thallium were found to be associated with pyritic sulfur, whereas uranium correlated well with 
organic carbon (17). Vanadium exhibits an association with both the clay and organic fractions. In 
the shallow core, arsenic, selenium, antimony and molybdenum showed a strong association with 
both organic sulfur and organic carbon (Figure 2). Data from the deeper core  suggest that arsenic 
and selenium are predominantly associated with pyritic sulfur in the oil shale, but still associated 
with organic species in the coquinite. 

Molybdenum i s  associated with pyritic sulfur in the coquinite but appears to be associated 
with organic species in the shale. It is  needed by cyanobacteria a s  a catalyst for nitrogen fucation 

There is considerable evidence for the uptake of arsenic by marine algae. In low phos- 

(18). 
Vanadium,while also present as oxides, vanadates and silicates, is present in high con- 

centrations as vanadyl porphyrins (19, 20). A range of both vanadium and nickel porphyrins have 
been isolated by Ekstrom et al. (21) and evidence has been found indicating a mild thermal history, 
but possibly a biological transformation from chlorophyll. Both vanadium and nickel form strong 
complexes with porphyrin-type molecules; however, a high V/Ni complex ratio is  favored by oxi- 
dizing rather than anoxic conditions. Although the methanogenic bacteria would have created anoxic 
conditions in the sediments, overlying waters were  most likely oxygenated and it i s  here that com- 
plexation would have occurred. Potter et al. (22) explained high V/Ni ratios in Kentucky shales on 
the basis of low sedimentation rates permitting high vanadium uptake from seawater by organic mat- 
ter. The ratio of dissolved vanadium to nickel is at least 30 times greater in seawater than in river 
o r  lake waters (23). In addition, there a r e  species of tunicates which a r e  efficient concentrators of 
vanadium and these may have been present amongst the precursor organisms (18). 

approximate the values for average sedimentary shales as reported by Turekian and Wedepohl (24). 
Differences in minor element content of the shales are associated with slightly differing lithologies. 
Rundle shale, for example, is higher in calcium and magnesium than either Condor or Nagoorin 
shales, due to the presence of both calcite and dolomite. Green River shale contains even more  
carbonate, calcium and magnesium than Rundle shale, with measurably higher concentrations of ar-  
senic, antimony, molybdenum and cadmium. 

Trace  Element Partitioning 

Table II and data for the concentrations of 19 t race  elements found in oils and retort  waters a r e  
given in Table III. 

Trace  element abundances in the three Australian Tertiary shales a r e  very similar and 

Details of oil and water yields and total weight losses in Fischer Assays are shown in 

TABLE ll 

FISCHER ASSAY PRODUCT DETAILS OF OIL SHALES 

Oil Yield Water Weight Loss 
Sample (g/100 g Dried Raw Shale) (mL/100 g Dried Raw Shale) (g/lOO g Dried Raw Shale1 

Julia Creek 7.62 
Condor 5.38 
Rundle 10.64 
Nagoorin 4.95 
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1.60 
9.73 
2.68 
7.98 

12.0 
18.7 
21.7 
25.7 



TABLE III 

PARTITIONING O F  TRACE ELEMENTS IN SHALE OIL AND RETORT WATERS 

Oil 

Element 

Julia Creek Condor Rundle 
Oil Water ~'obility Oil Water lVlobility 

-1 -1 -1 Mobility -1 Water 
-1 

URL % J L & s l l g g = L  

A1 
A s  
Br 
Ca 
c1 
c o  
Cr  
cu 
Fe 
K 
Mg 
Mn 
Na 
Ni 
sb 
Se 
T i  
V 
Zn 

37 
42 

60 
66 

0.3 

0.16 
1.2 
0.49 
17 
33 
9 
0.4 
3.6 
1.9 
1.8 
10 
13 
10.2 
5 

<1 0.046 
19 5.3 
1.1 0.49 
50 0.002 
370 1.15 
1.6 0.37 
0.29 0.093 
0.08 0.063 
0.22 0.015 

3.2 0.041 
0.07 0.025 
11 0.024 
4.2 0.089 
0.04 0.48 
12 3. ii 
0.016 0.29 
CO.1 0.037 
C0.07 0.031 

15 0.17 

153 <l 
1.3 0.24 
0.12 2.4 
22 19 
49 2110 
0.42 4.8 
6.7 1.0 
0.41 0.27 
6.9 5.4 
20 10 
14.4 10.7 
0.14 0.52 
3.9 11 
3.5 8.4 
~0.03 ~0.03 
0.25 0.05 
0.91 0.13 

1.2 0.17 
<0.1 CO.1 

0.012 
0.85 
0.72 
0.088 
3. I 
1.3 
0.96 
0.16 
0.002 
0.016 
0.023 
0.015 
0.028 
0.93 
0 
11.0 
0.002 

<o. 01 
0.09 

25 
5.7 
0.18 
35 
29 
0.26 
3.5 
0.32 
16 
26 
22 
0.28 
6.1 
1.4 

<O. 03 
0.11 
13.4 
<o. 1 
1.5 

<1 
3.8 
0.95 
18 
600 
2.7 
0.08 
0.57 
0.7 
8.8 
8.7 
0.12 
6.5 
5.2 

<O. 03 
0.2 
0.023 

<o. 1 
0.31 

Element 

A 1  
A s  
Br  
Ca 
c1 
c o  
Cr 
Cn 
Fe 
K 

Mn 
Na 
Ni 
Sh 
Se 
T i  
V 
Zn 

k g  

Nagoorin 
011 Water Mobility 

pgg-l llg L-l % 

24 <1 ' 0.003 
9 1.5 4.1 
0.67 1.32 0.74 
32 180 0.15 
240 1050 3.3 
0.78 4.9 3.6 
1.2 0.36 0.36 
0.46 0.12 0.073 
23 18 0.012 
8 83 0.34 
7. 1 95 0.16 
0.26 0.32 0.017 
26 18 0.07 
1.3 11.4 2.6 
0.4 ~0.03 2.9 
0.58 0.37 0.5 
2.4 0.43 0.009 

<o. 1 <0.1 <0.02 
1.6 0. 80 0.23 

Green River (10) 
Oil Water bLobility 
-1 2 u L d L  

9.7 <1 0.0062 
4.1 3.4 3.8 

<1 6 0.003 

2.0 0.21 3.8 
0.22 0.01 0.38 

<o. 7 <0.1 0.27 
60 1.2 0.084 
5 5 0.023 
8.2 <17 0.021 
0.16 <0.10 0.056 
51.5 1360 0.19 
4.1 1.3 4.7 
0.005 0.15 0.28 
0.81 1.25 5.1 

<o. 5 (0.6 0.009 
0.60 <0.07 0.11 
0.69 0.09 0.27 

- - - 
- - - 

0.005 
9.2 
0.5 
0.016 
0.74 
0.57 
0.88 
0.12 
0.005 
0.032 
0.0001 
0.005 
0.01 
0.55 
0 
0.15 
0.035 

<o. 01 
0.24 

I 

On the basis of these data, mobilities of elements into the oil and water phases were cal- 
culated as the percentage by weight of the element transferred to these phases from the raw shale 
(Table In). Data for Green River shale are included for comparison (11). 

During retorting, aluminium, arsenic,  chromium, iron, titanium and zinc partitioned pre- 
dominantly into the oil fraction, Vanadium was found in Julia Creek oil and antimony in both Julia 
Creek and Nagoorin oil. Cobalt, nickel and chlorine partitioned mainly in the retort  waters in each 
case. Arsenic and selenium a r e  the most mobile elements in all  shales. Cobalt and nickel (except 
in Julia Creek shale) were also mobilized to greater than 1%, into the retort  water. Apparent ano- 
malies, such as the low mobilities of zinc, nickel and chromium in Julia Creek shale and the high 
mobilities of antimony in Nagoortn and titanium in Julia Creek shales,  are the result of higher or 
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lower concentrations, respectively, of the element in the raw shale, when compared with the value 
for an average sedimentary shale (24). 

tion of the element; this has already been demonstrated for vanadium, uranium, molybdenum, a r -  
senic, selenium and antimony in Julia Creek Shale. The possibility that a small fraction of ele- 
ments in either phase may result  from the carryover of shale flnes cannot be discarded. 

including fines, which preferentially dissolve on contact with the weakly basic re tor t  water. Typi- 
cal analyses of these waters (Table IV) showed them to be primarily dilute solutions of ammonium 
carbonate, with high,concentrations of chloride and thiosulfate ion. Dissolved organic carbon con- 
centrations are also high, especially in the Nagoorin sample and a r e  due to the presence of a ple- 
thora of metal-binding organic species, principally carboxylic acids, but also phenols, aromatic 
amines and heterocyclic bases. 

and oils, it i s  their ultimate concentration rather than their  mobility which i s  important. On the 
basis of recommended "safe" environmental concentration limits for waters (25) considerable treat- 
ment would be required to remove elements such a s  arsenic, selenium, cobalt, nickel and other 
heavy metals, in addition to toxic organic species, before discharge to a waterway would be per- 
missible. 

The chemical form and concentration of elements remaining in the spent shale will also be 
of concern, especially if the retorting process has rendered them readily leachable from the spent 
shale storage heaps. Concentrations of all but the mobile elements a r e  altered little from those in 
the raw shale, but depending on retorting temperatures and conditions, non-volatile organic com- 
plexes may well be decomposed, while carbonates and other non-refractory minerals a r e  trans- 
formed to oxides. 

Preferential mobility in the oil phase must be interpreted a s  arising from organic associa- 

Elements soluble in retort  waters may be volatile organic conrplexes or inorganic species, 

In assessing the potential environmental impact posed by t race  elements in retort  waters 

TABLE N 

CHEMICAL ANALYSIS OF RETORT WATERS 

Julia Creek Condor Rundle Nagoorin 

PH 
Organic C ,  g ~ - 1  

8.4 9 .5  8.6 8.8 
2.3 4 . 1  2.2 7.4 

Ammonia, g L-1 1 . 3  5.0 29 8.6 

Alkalinity, g L-l (CaC03) 1 .6  11.5 2 .6  17.1 

s203= , g L-l 1.1 0.01 0 .3  0.05 

72 100 26 212 

SCN- , mg L-l 97 22 29 50 

-1 SO4= , mg L 

CN- , mg L - ~  24 10 4 7 

Phenolics, mg L-l 58 29 41 37 

Leaching Studies 

27) and standard batch leach tests have now been devised and accepted by the U.  S. Environmental 
Protection Agency as a basis fo r  the comparison of samples (28). Batch tests are, however, sensi- 
tive to the solution-to-solids ratio, give only a total leachable quantity and fail to reflect adequately 
the compositional changes that may occur in the leachate with time. More realistic data can be ob- 
tained by column testing, ideally conducted under non-saturated flow for extended periods of up to 
six months or more; however, data obtained from saturated flow experiments over a few days of 
continuous flow provide a useful estimate of potential pollutant release. In the present studies, the 
latter approach was adopted to enable a comparison of raw and spent shales from the four Australian 
deposits, since stockpiles of either will be potentially leachable. 

that reported previously for some U. S. shales (29) and for  Rundle shale (30). The salt  release was 
disturbingly high; the f i rs t  pore volumes released from the Condor sample contained approximately 
0 .3  E sodium and chloride, accompanied by a high sulfate concentration (0.01 MJ. The 

There have been many differing approaches to the study of leaching characteristics (26, 

The distribution of major ions in leachates from the raw and spent shales was similar to 
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concentrations of these ions were lower in the other deposits, although they exhibited higher calci- 
um concentrations consistent with i ts  elevated levels in the shales. 

The rate of t race  element release was initially rapid except for calcium and sulfate whose 
solubility was a limiting factor in some shales. In most instances, the concentrations of t race  ele- 
ments in  the leachates reduced to acceptable levels after the passage of 4-5 &re volumes. The pH 
values, however, diminished little. Values for raw shale leachates were near 7 (Table V); howev- 
er, the Rundle and Julia Creek spent-shale leachates were more basic as a consequence of oxides, 
formed during retorting, which undergo partial hydrolysis during leaching. 

TABLE V 

PH 

Na, g L-l 

Ca, g L - ~  

c1-, g L-I 

so4= , g L 
-1 

-1 
Organic C ,  mg L 

Mn, m g L  

Ni. m g L  

cu, m g L - l  

Zn, mg L - ~  

Cd, mg L-l 

AS, mg L - ~  

CN- , mg L-l 

s203= , mg L - ~  

-1 

-1 

COMPOSITION 07 THE FIRST PORE VOLUME OF COLUMN LEACHATES 

Julia Creek 
Retorted Raw 

7.7 

1 . 4  

1.0 

1.8 

5.5 

- 

252 

0.1 

1.2 

0.4 

2.3 

0.5 

0.8 

1.0 

5.5 

10.7 

1.3 

0.9 

0.9 

2.3 

36 

0.1 

0.1 

0.2 

0.3 

0.4 

0.4 

1.0 

56 

Condor 
Raw Retorted -- 
6.5 

6.7 

0.6 

12.0 

7.4 

12 

1.0 

0.7 

2.6 

2.6 

0.2 

1.4 

0.1 

15.4 

6. 1 

5.0 

0.4 

14.2 

2.5 

2 

0.4 

0.6 

1.4  

1.2 

0.1 

0.5 

0.1 

96 

Rundle 
Raw Retorted -- 
7.5 

3.7 

1.0 

3.6 

7.1 

680 

2.6 

0.2 

1.7 

1.5 

0.6 

0.6 

0.1 

7.3 

9.7 

2.3 

0.8 

3.5 

2.9 

36 

2.5 

0.2 

0 .1  

1.0 

0.1 

0.1 

0.1 

47 

Nagoorin 
Raw Retorted 

5.2 7.5 

1.2 3.6 

0.8 0.7 

1.9 5.8 

5.4 2.2 

-- 

168 10 

1.8 0.9 

0.1 0.1 

0.3 0.1 

4.0 0.2 

0.7 0.5 

4.0 0.2 

0.1 0.5 

0.8 11.4 

Leachates from Green River retorted shale a r e  also basic (PH 8.2-9.5 (27)); however, 
those from Kentucky shales, both raw and retorted,  are acidic (31). This acidity results from high 
pyrite yet low carbonate concentrations, unlike that of Julia Creek shale. Mobilization of trace ele- 
ments during leaching will be pH dependent. Most heavy metals will be more  readily leached under 
acidic conditions, while molybdenum, arsenic and selenium a r e  more soluble in basic conditions. 
Low concentrations of these latter elements were  found in leachates of Kentucky shales (31). but 
cadmium, zinc, copper and manganese concentrations were envlronmentally significant. Arsenic 
and molybdenum levels were higher in leachates of Green River shale (27, 32). 

For the Australian shales, arsenic,  cadmium, copper, nickel, zinc and manganese were  
found to exceed the recommended environmental limits (25) In the f i rs t  pore volumes of leachates. 
Changes in the distributions of these species in the leachates depend not only on pH, but also on io- 
nic strength and chemical form. Phenols and carboxylic acids, which are more soluble In basic 
solutions, are likely metal-binding agents. Preliminary results indicate that up to 6% of nickel 
and copper are in bound forms. 

some of the retorted shales. The retorting process, causes high concentrations of thiosulfate and 
ammonia to be drlven off In the retort  waters,  together wlth cyanide, sulfide and thiocyanate (Table 
IV). Residues of these species may be released from the spent shale by aqueous leaching. 

. 

. 

I t  was noticeable that cyanide and thiosulfate levels were also high for leachates from 
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Figure 1. Major oil shale deposits in 
Queensland, Australia. 
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Figure 2. Concentration-depth profiles in Julia Creek drill core samples. 
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INTRODUCTION 

The distribution of organometallic compounds i.n shale oils is  somewhat variable, hut typi- 
cal analyses indicate the presence of elemental Cd, V, Ng, Sn, Se and AS. Of these, the rela- 
tively high concentrations of arsenic have, in particular, presented problems for the processing 
and refining of oil shale into final oil products. Typically, approximately 30 ppm of arsenic com- 
pounds a r e  present in Paraho-retorted (indirect mode) shale oils, with similar arsenic concentra- 
tion ranges being found in shale oils obtained via other above-ground o r  &@I processing methods. 

to the rapid deactivation and/or poisoning of hydrogenation catalysts. The hydrodenitrogenation 
activity of a commercial nickel-molybdenum hydrotreating catalyst was found by Curtin, et al. (l), 
to decrease at  a substantially slower ra te  when charging dearsenated shale oil. Thus, one factor in 
the development of a n  oil shale conversion/oil upgrading technology program is a detailed under- 
standing of the arsenic chemistry. 

siderations and have examined potential dearsenation methods which would be applicable prior to 
hydrotreating, e. g. , reactive heat transfer solids, hydrovisbreaking, guard beds and caustic 
washing. From a processing standpoint, these methods have been moderately successful but vari- 
ous disadvantages remain. These efforts have been supplimented to a certain extent by studies di- 
rected at more  fundamental questions of the arsenic chemistry in oil shale and shale oil. In this 
context, a topic of significant current interest i s  the identification and partitioning of these t race  
arsenic compounds. 

in detail; one exception is the recently reported work of Fish and Brinckman (2). Although various 
geochemical schemes have been advanced in the l i terature,  certain analytical results (3) have sug- 
gested that arsenic exists in the indigenous oil shale primarily in inorganic forms. There have 
been numerous studies on the biogeochemical creation of kerogen and the role of ancient algae in 
this process. The uptake and metabolism of inorganic arsenic and other inorganic forms of ele- 
ments by algae (5, 6) and other microflora (7) is well decumented. It has been shown by Andrae 
and Klumpp (6) that the biomethylation of inorganic arsenic in the +5 oxidation state by marine al- 
gae produces both dimethylarsine and methylarsonate species. Concerning the origin of the arsenic 
compounds in shale oil, it has  been suggested that (I) the arsenic is originally concentrated in the 
organic matter in the oil shale and is released with little decomposition during the pyrolysis pro- 
cess and (II) the inorganic arsenic compounds present a s  a fraction of the mineral matrix react with 
various hydrocarbons upon pyrolysis to form organoarsenic compounds. 

The principal objective of this study was to characterize the arsenic distribution in both oil 
shale and shale oil. These obtained results can be used to  develop a more  complete description of 
the total A s  balance among products of a conversion process: shale oil, spent shale, gas and water 
products. For example, it has recently been shown by Fish, e t  al. (8) and Fox, et al. (9) that both 
inorganic and organic arsenic species a r e  present in oil shale retort  process waters. Results ob- 
tained by this study of the identification of specific arsenic compounds in Paraho shale oil a r e  com- 
pared with the recent "fingerprinting" study of Fish and Brinckman (2) .  The details of the proces- 
ses whereby arsenic compounds are formed in indigenous oil shale and retorted shale oil a r e  be- 
yond the scope of this study, but these data may provide added insight. 

These arsenic concentration levels reduce the efficiency of current processing systems due 

The majority of the studies dealing with arsenic have been prompted by oil-upgrading con- 

The origin and identification of the arsenic components in shale oil have not been studied 

ARSENIC DISTRIBUTION IN OIL SHALE 

Experimental 
The oil shale samples used in this study were obtained from the Green River formation. 

c -a  t rac t ,  Mahogany zone. Standard pulverizing and sieving procedures reduced these samples to 
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the -50 +325 mesh size range. 

centrate the arsenic constituents in these samples: heavy media liquids gravitational separation and 
isodynamic magnetic separation ( F r a n k ,  Model L-1). In the first  method, heavy media separations 
at densities of p: 92.25, d . 2 5  and >1.65, d . 6 5  g cm-3 were utilized and oil shale fractions of the 
following three grades,  a s  determined by Fischer Assay, 25, 31 and 44 GPT, were obtained. 

tration measurements were performed for the original oil shale, bitumen-free oil shale and the bi- 
tumen fraction. The latter two fractions were obtained using the Soxhlet cxtraotion method based 
on a 3:7 mixture of methano1:benzene. The mineral composition of the various samples was deter- 
mined fro* X-ray diffraction data (Fbiiiips, APD-3500). 

TWO separation methods were  investigated in an attempt to preferentially isolate and con- 

Arsenic concentrations were  determined by n5utron activation analysis. Arsenic concen- 

Results and Discussion 
Analysis of the three grades of oil shale indicated that the arsenic concentration is a func- 

tion of oil shale richness and increases with increasing organic content. An increase of 102% in 
the arsenic content was determined between the 25 and 44 GPT samples, i. e. , the arsenic concen- 
tration increased from 42 to 85 ppm. The major mineral constituents were identified to be anker- 
ite, dolomite, aragonite, calcite, quartz,  albite, analcime and illite. The mineral composition 
was essentially uniform among the three different shale grades and, therefore, no preferentiation 
of arsenic i s  expected on this basis. 

not an absolute determination of the partitioning of arsenic between the organic and inorganic mat- 
ter in oil shale. These results indicate a n  association between arsenic and the ofganic matter 
phase in Green River oil shale, but do not differentiate between indigenous organoarsenate com- 
pounds and inorganic A s  compounds which a r e  intimately associated with the organic matter.  Re- 
sults a r e  later presented which support the latter alternative. 

The results of the Soxhlet extraction indicated that the bitumen accounted for a fairly con- 
stant fraction, approximately 20 wt %, of the total organic matter in these samples (see Table I). 
T h e  arsenic concentration in the bitumen fractions was reasonebly constant among the three differ- 
ent grades, although small ,  approximately 2 ppm. Thus, it appears that the arsenic fraction which 
may be organic in nature i s  intrinsically associated with the kerogen matrix and inseparable by 
simple ,organic solvent extraction methods. 

The measurement of arsenic concentration as a function of the organic carbon content is 

TABLE I 

ARSENIC CONCENTRATION I N  ORIGINAL AND TREATED OIL SHALE 

Grade Yield [As] + 6 a 
IGPT) Fraction (ppm) 

Original 100 41.7 5 2.3 
Bitumen 3.2 1 .7  

25 Bitumen f r e e  96.8 39.3 5 .3  
Low temp. ash 90.0 4 6 . 5 2 0 . 7  
Total organics 13. 5 ---- 

Original 100 49.7 2 0.9 
Bitumen 3.5 1 .7  

Low temp. a s h  86.8 5 5 . 0 2 4 . 2  
31 Bitumen f ree  96.5 49.3 2 2.5 

Total organics 16.2 ---- 

Original 100 84. 5 2 0 .6  
Bitumen 3.9 2.3 

44 Bitumen f r ee  96.1 84.6 L 5 . 0  
Low temp. ash 81.2 108.0 2 2 .8  
Total organics 22.9 ---- 

a. 6 represents single standard deviation for several  
measurements. 

The solid oil shale fractions insoluble in benzene (i. e. , bitumen-free oil shale) were ana- 
lyzed for both organic carbon and arsenic content and both sets of data increased with increasing 
oil r ichness (see Table I). For example, the organic carbon concentration increased by 
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approximately 20% between the 25 and 31 GPT oil shale samples and by about 41% from the 31 GPT 
to the 44 GPT sample. The corresponding values for the percent arsenic increase were 19% and 
70%, respectively. Although the arsenic concentration is somewhat dependent on the organic car- 
bon content of bitumen-free oil shale, it was determined that greater than 95% of the A s  is  associ- 
ated with either the kerogen or mineral matrix. This i s  based on the arsenic concentrations in the 
bitumen fractions and the original oil shale. 

Since the arsenic distribution is largely concentrated in the naturally occurring mineral 
matric which is closely associated with organic matter,  the isodynamic magnetic separation proce- 
dure w a s  applied to concentrate arsenic according to the magnetic properties of the oil shale for 
further characterization. The arsenic concentration was determined a s  a function of the trans- 
verse angle a t  which the fractions were collected, i. e. , < l o ,  10, 15, 20 and >25 degrees, at a fixed 
longitudinal slope of 15" and a current of 1 . 2  A .  The data obtained using this experimental configu- 
ration were directly related to the magnetic susceptibilities of each fraction. These results are 
summarized in Table II. The arsenic content was preferentially separated with respect to magnetic 
susceptibility and concentrated by about a factor of 2 . 5  relative to the original sample. 

TABLE I1 

ISODYNAMIC MAGNETIC SEPARATION YIELDS AND [As], [COrg], [ Fe] AND [SI DISTRIBUTIONS 
FOR GREEN RIVER OIL SHALEa 

Trans- 25 GFT Oi l  Shale 44 GPT Oil Shale 
verse  Angle Yield [As] 1 Fel Yield [As] [Fel 

(degree) tw tB)  (ppm) ['erg' & (ppm) ICorg1 (wt &1 & 

Original 100 42 11 .5  1 . 1  0.7b 100 85 19 .5  2 . 4  1 .3c  
>25 (6 .0)  1 . 4  144 11 .4  2 . 4  0 . 9  19 .3  136 18 .6  3 . 5  1 . 4  
25 to 20 (4.8) 19 .2  47 10 .5  1 .7  0 . 8  1 4 . 4  100 20 .5  2 . 6  1 . 3  
2 0 t o 1 5 ( 3 . 6 )  27 .4  37 11 .1  1 . 2  0 . 6  20 .8  84 21 .2  2 . 2  1 . 2  
1 5 t o 1 0 ( 2 . 4 )  38 .2  37 11 .0  0 . 8  0 .6  22 .0  78 20 .9  2 . 1  1 . 2  
< l o  (1 .2)  13 .8  35 10 .8  0 .6  0 . 5  23.6 62 21 .0  1 . 6  1 . 3  

a. Mahogany zone, C-a tract ,  particle size: 100 x 200 n;esh. 
b. Pyritic sulfur, 0.40;  organic sulfur, 0.12;  sulfate sulfur, 0 .14  wt %. 
c. Pyritic sulfur,  0.97; organic su l fur ,  0.31;  sulfate sulfur, 0 .02  wt %. 
[As] determined by Instrumental Neutron Activation Analysis (INAA). 
[Fe] and [S]  measured by X-ray Flourescence. 
( ) estimated mass susceptibility, x cgs. 

The isodynamic magnetic separation results suggest an association between the arsenic 
content and iron containing sulfide minerals, e.g. , Fel-xS, Fe(AsS)2, etc. , the principal magne- 
tic materials in oil shale. This i s  consistent with the presence of a large arsenic fraction in the 
mineral matrix and the determination by derivative thermogravirretric analysis of a pyritic sulfur 
decomposition (10) temperature of about 510°C (see Figure 1).  X-Ray diffraction results indicated 
that the more magnetic fractions contained relatively larger concentrations of ankerite, albite and 
analcime, whereas the predominantly nonmagnetic fractions contained more aragonite and calcite. 
The correlation of the arsenic concentration with constituents having a high magnetic susceptibility 
is probably the result of complex chemical interactions involving As ,  Fe and S containing species. 
This is indicated in Table II by the similar trends of the arsenic and iron concentrations a s  a func- 
tion of the transverse angle. The sulfur concentration dependence i s  not as strong since the sulfur 
composition includes pyritic, organic and sulfate sulfur a t  various wt % in the 25 and 44 GPT s a p -  
ples. A previous study (11) has also suggested that the arsenic in oil shale i s  bound up with pyrite. 

In addition to the herein reported results,  scanning electron microscopy (SEM) data indi- 
cate that arsenic is mainly present in the form of inorganic compounds in indigeneous oil shale. 
These data exhibited the same correlations with transverse angle as summarized in Table 11. In  
view of the above suggested inorganic nature of the arsenic constituents and the strong correlation 
with organic carbon content, the arsenic distribution processes need to be examined in relation to 
the organic decomposition occurring during the pyrolysis of the oil shale and in the resulting pro- 
ducts. 

ARSENIC DISTRIBUTION IN SHALE OIL 

The primary objective of these studies was to determine the arsenic distribution in shale 
oil distillates and residue according to boiling point ranges, molecular weight (size) ranges, 
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specific compounds and concentration ranges. 

Experimental 

naphtha (B. P. IBP-19l0C, 1 . 8  wt %), (b) furnace oil (B. P. 191-360°C. 35.7 wt I), (c) gas oil (B. p. 
360-516"C, 46.6 wt %) and (d) residuum (B. P. >516"C, 15.9 wt %). These fractions, except for the 

column with THF eluent to obtain molecular weight distributions. 
ther separated using prep GPC into Sixteen eqUal-VOhM! Oil-PluS-e~Uent (CHzCl ) fractions, since 
this fraction contained the highest arsenic concentration among the four separate3 samples. 

High performance liquid chromatography (HPSC) was used to separate a sample of Paraho 
shale oil into five different c lasses  cf compounds: saturate,  aromatic, polar, hexane insoluble and 
volatiles. In addition to the hexane-insoluble fraction, a hexane- and toluene-insoluble fraction was 
prepared. (See Table IV) 

Semiquantitative product identification was obtained from X-ray photoelectron spectrosco- 
py (XPS) data. XPS was employed to characterize the shale oil-insoluble fractions after extraction 
with hexane and hexane and toluene in order to identify the surface constituents in the hydrocarbon 
solvent-insoluble fractions. Spectra were obtained using a Perkin-Elmer PHI Model 550 ESCA/ 
SAM/SIhS which operated at a base pressure  of about 1 x loL8 tor r .  The samples were irradiated 
with MgKa radiation a t  a power of 400 watts. All spectra were calibrated relative to the C(1s) line 
at 285.0 eV binding energy. The analysis method to determine relative concentrations in  units of 
atomic percent i s  accurate to 22% and precise to about one-tenth of the concentration. 

A sample of Paraho shale oil was fractionally distilled into the following four cuts: (a) 

naphtha cut and the original sample were passed through a GPC (Gel Permeation Chromatography) I 
The residuum fraction was fur- 

' 

Results and Discussion 
Analysis of the four cuts obtained by fractional distillation indicated no significant correla- 

tion between the arsenic concentration and the boiling point range (see Table III). The arsenic lev- 
e l s  in all the fractions were essentially constant, 25-33 ppm, except for the naphtha fraction which 
contained an arsenic concentration of -2.7 ppm. Such a distribution suggests a fairly uniform mix- 
ture of organoarsenic compounds of varying structural complexity. The results in other studies 
(1, 12, 13) of shale oils indicate that the arsenic concentration profile may be dependent on the pro- 
cess  used in recovering the oil. Paraho shale oil is  obtained by a n  above-ground retorting techni- 
que, compared to other shale oils processed by & 

f 

and other heat transfer methods. 

TABLE III 

ARSENIC DISTRIBUTION IN PARAHO SHALE OIL ACCORDING TO BOILING POINT RANGES 

Fraction -- Yield (Wt 61 (As] (ppml 

Whole shale oil 100 28 
IBP - 191°C (naphtha) 1 . 8  2.7 
191 - 360°C (furnace oil) 36 25 
360 - 516°C (gas oil) 46 28 
>516"C (residuum) 16 33 

The GPC plots of wt % oil versus retention time of the furnace oil, gas oil and residuum 
fractions were displaced from one another according to the relationship retention time cc (effective 
molecular size)-'. Figure 2 shows the GPC curves of the three distillation fractions which a r e  
strongly overlapped and parallel the boiling point range results. The relative arsenic concentra- 
tion was fairly constant among the three separated fractions, 25-33 ppm (see Table 111). There- 
fore,  no direct dependence was found between arsenic concentration and effective molecular size 
for the tested Paraho shale oil samples. 

Due to the small displacement of the GPC curves in Figure 2 ,  further separation of the 
residuum fraction using preparative GPC was done in order  to obtain a more detailed characteriza- 
tion of the heavier molecular weight composition. The results of this separation were analogous to 
the previous data in that there was no direct dependence of relative arsenic concentration on mole- 
cular s ize  with the exception of the f i rs t  fraction (i. e. , largest molecular size) which contained an 
unusually high concentration of arsenic,  approximately 97 pprrr. The remaining fractions centered 
around a mean of ahout 30 ppm. Thus, no direct  correlation between the arsenic concentration and 
effective molecular size ranges was found, with the possible exception of very large molecular 
s izes  which, in any case,  amount to a smal l  percentage of the total oil. 

The HPLC physicochemical separation techniques were employed to obtain the following 
c lasses  of compounds: saturate,  aromatic, polar,  hexane insoluble and volatiles. The hexane- 
insoluble fraction overwhelmingly contained the highest arsenic concentration, approximately 85 
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times more than the original sample. This fraction, however, accounted for only 0.7 wt % of the 
Original sample. Based on these results,  a hexane- and toluene-insoliible fraction was also ob- 
talned for comparison purposes. 

The shale oil insolubles obtained by treatment with hexane, and hexane and toluene were 
analyzed using X-ray photoelectron spectroscopy to identify t race  arsenic constituents. Spectra 
were scanned from 0 to 1000 eV binding energy and arsenic,  magnesium, carbon, nitrogen, oxygen 
and sulfur were detected. Figure 3 shows the As(3d) and Mg(W spectra measured for  the hexane- 
and toluene-insoluble oil shale fraction. An identical spectrum was obtained for the hexane-insolu- 
ble fraction. Arsenic was determined to be present on the surface at low concentrations of approxi- 
mately 0.5% atomic. However, considering the toxicity of this element, these concentration levels 
are not insignificant. 

Binding energies of reference arsenic compounds are available in the literature (14). Due 
to the low arsenic concentrations in the complex matrix structure on the surface of the shale oil in- 
solubles, a definitive identification of specific arsenic compounds is difficult, but the data strongly 
Suggest the Presence of As20g and organic arsenic compounds, such a s  phenylarsonic acid. Fish 
and Brinckman (2) have recently identified methyl- and phenylarsonic acids and arsenate in metha- 
nol extracts of Green River oil shale using the HPLC-GFAA and GC-MS techniques. Since these 
authors used a much more rigorous experiflental procedure, their results a r e  considered to be 
more definitive than the XPS data of this study. Both se t s  of data, however, are consistent with 
each other and indicate organic as well as inorganic arsenic compounds i n  shale oil. 

In order to further identify the major arsenic constituents in shale oil, a sample of the 
hexane and toluene extracted material was demineralized using an HCl/HF mixture. The XPS 
spectra detected aluminum, carbon, chlorine, magnesium, nitrogen, oxygen, sulfur and silicon. 
Arsenic was not detected after the HCI-HF treatment. Figure 3 shows the Mg(Bp)-As(Sd) region of 
the electron spectrum for the hydrocarbon insoluble fraction both before and after acid extraction 
and the absence of the arsenic peak is clearly evident in the demineralized sample. I t  i s  known that 
arsenic pentoxide is soluble in alcohol and both alkaline and acidic solutions, but it is  not clear to 
what extent phenylarsonic acid is  soluble or reactive in acidic solution. 

I 

4 

; ’ 

CONCLUDING REMARKS 

The trace metal composition of oil shale and i ts  retort  products is  increasingly the subject 
of experimental investigation for reasons of: fundamental chemistry, processing and potential en- 
vironmental effects. The relatively large concentration of arsenic in indigenous oil shale was 
found to be in the form of inorganic compounds, particulariy in co;r.Dinatinn with other heteroatoms, 
such a 0, Fe and S. In addition, i ts  concentration in the oil shale was found to increase with or -  
ganic carbon and higher magnetic susceptibility species, such a s  iron-containing compounds. The 
arsenic distribution in shale oil appears to be characterized by both organic and inorganic species, 
including arsenic pentoxide and phenylarsonic acid. The origin of the organoarsenic compounds is 
attributed to both organometallic addition and substitution reactions during the pyrolysis process. 

In terms of arsenic removal, the results of this study indicate little possibility of signifi- 
cant arsenic reductions in the naturally occurring fossil fuel before the 011 extraction (conversion 
step). The apparent intimate association of arsenic with the organic matter phase suggests that 
dissolution of arsenic by conventional chemical and/or physical separation methods is  not feasible. 
The distribution of arsenic in the product oil is  essentially uniform with respect to boiling point 
range and effective molecular size range. Conventional removal of arsenic compounds from the 
shale oil either before or during retorting/conversion remains the more  promising approach. 

TABLE IV 

ARSENIC CONTENT O F  PARAHO SHALE OIL HPLC FRACTIONS 

Whole shale oil 
Volatiles 
Aromatics 
Saturates 
Polars 
Hexane lnoslubles 
Hexane/Toluene 

involubles 

Yield (Wt %y 

100 
18 
34 
19 
29 

0.71 

0.23 

[As] (ppml 

33 

5 

34 
2800 

--- 
a 

4600 

[As] determined by INAA. 
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Figure 2 

GPC PLOTS OF CONCENTRATION VS. RETENTION TIME 

FOR PARAHO SHALE OIL AND DISTILLED FRACTIONS 
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ABSTRACT 

Gas chromatography with flame photometric detection was de- 
veloped a s  a means of measuring sulfur species in retort gas. Two 
potential problems were considered in detail: 1) quenching of the fluor- 
escent signal by coeluting hydrocarbons, and 2) adequate separation of 
the large number of sulfur species which could potentially occur in i-e- 
tort gas. Fluorescent quenching effects were measured on two types of 
commercially available FPD's, a single-flame detector and a dual- 
flame detector. The latter exhibited no significant quenching effects 
over the concentration ranges of interest in retort gas. However, for 
the single-flame detector quenching effects cannot be ruled out entirely. 
Although hydrogen sulfide in retort gas is usually abundant enough to 
minimize quenching effect, the minor species (COS, CHQSH, CS2, and 
CHQCH~SH) could be subject to quenching effects unless precautions 
a re  taken. These precautions include operating the detector with the 
a i r  and hydrogen flows reversed and measuring peak height rather than 
peak area, The single-flame detector exhibited both suppression and 
enhancement of the fluorescent Signal. Columns were evaluated with 
respect to their ability to separate the sulfur species of primary in- 
terest--HgS, COS, CHQSH, SOz, CSZ, and CH3CH2SH--from each other 
a s  well a s  from the later eluting sulfur compounds and the potentially 
interfering hydrocarbons. Columns were also tested with respect to 
their ability to tolerate water vapor and for their stability during testa 
with actual retort gas. A method is described for the primary sulfur 
species in the range 5-50,000 ppmv using a Carbopack B HT 100 
column arranged in a backflush-to-detector configuration. 
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