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Introduction

\
Costs of solid fuels conversion have risen sharply, delaying projects,
prompting political investigations to determine whether ‘cost estimates hLd
been deliberately distorted, and startling the project sponsors themselves.
In the eight years starting in 1967, the estimated cost of a daily barrel

of synthetic oil capacity has increased up to tenfold.

In 1967, testimony to Congress projected a commercial shale oil plant
by 1970; none has yet been built, and the earliest possible start-up year
in 1979. After deferral of an application submitted in 1962, a second f
generation tar sand oil plant was planned in 1969 for 1976 startup; it is
now under construction, with startup due in 1979. i

Many factors other than regulatory delays have been responsible for
this unfortunate record. They can generally be classed as inflation, other
forms of escalation, process development, and increase in project scope.
This paper analyzes these factors and gives perspective for estimation of
future changes and avoidance of pitfalls,.

Cost Escalation

Figure 1 is a plot derived from published data. It shows how cost
estimates have increased for an oil shale plant using the TOSCO II process
and for a tar sands plant by Syncrude Canada Ltd. (SCL). The plot also
shows that the increases far exceeded the increases of the CE Plant Cost
Index published by Chemical Engineering magazine, which is intended to
reflect the changes in cost of process plants, The CE Index correlates
with a broader index of inflation, the GNP Deflator, In fact, a plot of
the GNP Deflator would be indistinguishable from the plot of the CE Index
at the scale of Figure 1. How is the obvious total failure of cost indexes

to be explained?




0il shale and tar sands plants are obviously special cases in that
they use unproven processes, so we should inquire whether cost indexes
have successfully reflected changes in costs of routine plants. The answer
is{a resounding '"no.'" For example, a 1,200 ton-per-day ammonia plant
completed in 1967 cost W. R. Grace $33.6 million, compared with a cost of
$107.4 million for a similar plant to be completed in 1978.l The increase
is 220 percent, compared with a probable increase of about 100 percent for
the CE Index. Ammonia production is well developed and relatively non-
pdlluting, so the increase should reflect escalation more than change in
design,

The year 1974 gave a particular divergence of plant costs from
1ﬁdexes, when an engineering contractor reported typical increases of
petroleum and petrochemical plants of 30 to 40 percent in 6 months while
the index rose about 14 percent. The 1974 experience is partly explained
b§ the overheating of the economy at that time and by the derivation of the
index. The CE Plant Cost Index depends on 67 Bureau of Labor Statistics
(PLS) indexes, for which all of the equipment indexes depend on list prices.
List prices are a fiction not reflecting contract prices in slack periods,
when deep discounts are available. List prices are not likely to be raised
as soon as real prices when the economy improves. This analysis was
qonfirmed by Savay.

Aside from details, indexes have a basic problem. Indexes attempt the
impossible in trying to give a single number representative of cost of
dissimilar plants when component costs are changing at greatly different
rates, as shown in Table 1 for the difficult two-year period from July 1973
to 1975. The extraordinary increases for heat exchangers and centrifugal
compressors reflect supply and demand., Many exchanger manufacturers left
the business in earlier periods of low profitability, and many foundries
shut down rather than comply with new antipollution and job safety rules.

Even the largest price increases do not explain the increases in
cost estimates in boom periods because escalation clauses make the final
costs uncertain, schedule stretchouts increase costs of interest, insurance,
and administration, and contingency allowances are likely to be increased.
A related site-specific factor, local labor shortages, requires overtime
pay and causes reduced productivity and further delays.

0il Shale Case History

The previous section showed that remarkable escalation occurred in the
capital costs of perfectly conventional process plants, and that this
escalation is not fully revealed by cost indexes. Three other factors have
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coincided with the inflationary forces to accelerate the escalation of
synthetic oil plant costs. These factors are:

e Tightening environmental controls
e Shortages of conventional fuels
e Changes in design and scope resulting from developmental
programs and definitive engineering analysis,
Table 1

COST INCREASES, JULY, 1973 TO JULY, 1975

BLS Code Item Percent Increase

1072010,03 Pressure Tanks 47 %
(Nelson Index) Heat exchangers 97
11401.03 Centrifugal compressors 92
11401.02 Industrial pumps 42
1166.04 Chemical industry machinery 67
(CE Index) Pipes, valves, and fittings 42
CE Plant cost index 26

Source: SRI

All the estimates for TOSCO II oil shale plants considered herein are
for the same shale rate (66,000 tons per stream day), but the assumed shale
assay and net yield vary. The estimates were all reported by The 0il Shale
Corporation (TOSCO),

In 1967, TOSCO estimated $130 million would buy a plant capable of
producing 52,200 BPCD (barrels per calendar day) of synthetic crude, A
plant for the same amount of unhydrogenated pipeline 0il would cost less
than $100 million, Natural gas was to be the source of hydrogen, so no



loss in yield resulted from upgrading. Shortages later forced TOSCO and
partners to abandon this desirable source of hydrogen. Ironically, the
same factor that increased the need for synthetic oil also made it more
costly.

Reported costs paralleled general inflation through late 1968, but
by 1972 costs had increased sharply. New environmental controls, including
a change of plant site from the canyon to the mesa, were required. TOSCO
and partners reduced the estimated shale assay and oil yield and made
plant design changes as a result of the development program. The plan to
market a low-sulfur fuel oil rather than refinery feedstock may have
moderated the decrease in yield., Thus an increase of about 20 percent in
the CE Index, which in this period was doing a reasonable job of measuring
inflation, accompanied a doubling of cost per daily barrel.

The early 1974 estimate of $9,900 per daily barrel was bésed on more
definitive design and energy self-sufficiency for the plant, resulting in
a lower yield. From this time on, design was fixed, but hyperinflation
took its toll.

A paper on the confusing subject of cost escalation should mention the
inadvertent confusion caused by failure of qualifying information to get
into the reports. Within the space of a few days in autumn 1974, estimates
of $630 million and $800 million were reported., The first was in constant
dollars (as used in Figure 1), and the second included estimated escalation
during the construction period at about 12 percent per year.

The estimates for March 1975 and autumn 1975 are more detailed than
the earlier ones, and they show the need for caution in taking total
estimates at face value.“’ The first included $79 million for acquisition
of o0il shale reserves not in the earlier estimates. The second increases
this figure to $155 million, mainly because the plant is assumed to run for
35 years instead of 20. The references also show a large increase in
contingencies for nonplant facilities,

Tar Sands Case History

We consider the SCL Athabasca plant history herein but note in passing
that the earlier Great Canadian 0il Sands (GCOS) plant was finished in 1967
with only about 25 percent overrun and that the estimate increased only
about 25 percent during the last year of definitive engineering.




In early 1968 SCL estimated less than half the GCOS cost per daily
barrel ($2,400 Canadian) not including a power plant or pipeline, based
on "second generation” economics, a better mine site, and a larger scale.
In hindsight, economy of scale can be elusive when large plants are built
in remote locations because the project aggravates labor shortages and much
equipment is replicated rather than increased in size.

The 1968 estimate relied on several. process steps that were in the
development stage. For the summer 1971 estimate, draglines and unit trains
replaced scrapers and belt conveyors for handling ore. However, abandoning
energy self-sufficiency and substituting natural gas as fuel and as a
source of hydrogen (and perhaps the larger scale) moderated the cost
increases, so they were only a little above general inflation, SCL gave a
range of expected costs at that time.

By 1973, GCOS had accumulated a $90 million loss, and SCL was
emphasizing proven reliability over development processes with theoretical
advantages., For the removal of water and fines from the bitumen, dilution,
centrifuging, and diluent recovery replaced flash dehydration, For upgrad-
ing of bitumen, fluid coking replaced hydrovisbreaking. The estimated
syncrude yield was reduced. In a year and a half, process changes increased
the cost more than 100 percent, and inclusion of a power plant and pipeline
added another 25 percent to the increased amount.

After the 1973 estimate, Alberta entered an investment boom accompanied
by extraordinary inflation until the end of the time covered in this study.
The rapid increases in cost estimates prompted a political investigation to
determine whether the o0il companies had deliberately distorted the estimates.
The investigation found no evidence of this but attributed the increases to
severe and unanticipated escalation, additional preproduction costs from
delays and increased manpower, and more definitive engineering. The
December 1974 estimate was $18,600 per daily barrel in constant dollars
(used on Figure 1) and $23,100 in current dollars for the initial capacity
of 104,550 BPCD.

Learning Curves

Cost estimates usually increase as processes advance from the
laboratory stage to commercial use, even without the extraordinary factors
of recent years, Costs may decline because of the discovery of a new
catalyst or corrosion inhibitor or the like, but usually optimism prevails
until dispelled by hard data., After commercialization, unit costs often



decline as larger plants are bullt and safety factors are reduced. Figure
2 shows these tendencies and also the hazard of comparing directly an
estimate for an advanced concept with a corresponding estimate for an
established process.

Amortized production costs exclusive of raw material costs, in
constant dollars (also called value added), correlate well with cumulative
production of an industry. Typically this cost decreases 20 percent
every time cumulative production doubles. In the early stages, an industry
frequently grows exponentially with time, so a linear time scale may be
superimposed on a logarithmic production scale, as shown in Figure 2. For
capital intensive industries, the capital cost tends to dominate the cost
of value added, but raw materials are affected too much by extraneous
factors to be correlatable,

Decreasing trends will probably apply to synthetic fuel costs

eventually, but the time to design and build a plant is so long that
benefit of experience will be slow in coming.

Implications for Cost Estimating

Table 2 lists factors that apply during the various stages of process
development. This table cannot quantify cost uncertainties, but it can
alert a person to omissions and unresolved questions in an estimate.

How to account for the stage of process development in an estimate
is partly a matter of philosophy. On a statistical basis, less developed
processes justify higher contingency allowances, but too much caution
inhibits desirable research and development. Hopefully, using Table 2 as
a check list will lead to better estimates in the early stages.

In summary, the cost of developmental processes may be affected by
factors other than escalation as follows:

e Raw material and product specifications
e Overall process yield

e Project scope and auxiliaries

e Process variables and subprocesses.

e Materials of construction~--corrosion, erosion.




'

The following factors may affect either developmental or commercial
project costs:

e Energy and raw material availability
e Environmental regulations
o Optimization versus derating.

Derating refers to loss of capacity through installation of pollution
control systems, change of raw material, and the like. Potential bias may
affect estimates in the form of contingencies, redundancy for reliability,
and accounting practices such as capitalizing development costs and some
operating costs.

As to the future, the environmental movement and energy shortage have
been with us long enough that they are unlikely to cause the surprises of
the past. Equipment shortages tend to attract competition, although time
is required for the competition to become affective., Thus plant costs at
constant scope seem likely to parallel more closely those of the general
economy, Estimators may temper early over—optimism in development projects
by being aware of its prevalence and by considering what questions are
unresolved at the time of the estimate.
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IN SITU OIL SHALE - RESOURCE RECOVERY
Dr. Harry E. McCarthy

Occidental Exploration and Production Company
5000 Stockdale Highway, Bakersfield, California 93309

ABSTRACT

With the completion of processing of the first large scale retort (Retort k),
Occidental is now in a position to better evaluate the potential resource recovery
from a given tract of land. The results of Retort 4 will be given and then projected
to a hypothetical tract of government land. Variation in retort size and geometrics
will be discussed. A generalized retort layout will be presented which should allow a
resource evaluation to be made on various tracts. These results will be compared with
the results of alternative retorting processes.
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Paraho 0il Shale Project

Harry Pforzheimer

P . . . . .
INTRODUCTION araho 0il Shale Demonstration, Inc., Anvil Points, Colorado

The Paraho 0il Shale Project is a privately financed program to prove the
Paraho retorting process and hardware on oil shale at Anvil Points, Colorado, near
Rifle. The project was launched in late 1973 under the sponsorship of seventeen
participants*, many of whom were active in earlier oil shale research. These com-
panies earn the right to license the Paraho 0il Shale technology on favorable terms
by participating. During 1975, these participants increased the funding for the
project from $7.5 million to $9 million and extended the term from February to May
1976.

BACKGROUND

Why is there a Paraho 0il Shale Project? Why is it being conducted at Anvil
Points? The answers to these questions go all the way back to 1964 and the Colony
Developnment programs.

The first Colony Development program was organized by Sohio Petroleum (Sohio),
The Cleveland-Cliffs Iron Company (Cliffs), and The 0il Shale Corporation (Tosco)
in 1964. A mine was opened and a semi-works scale Tosco type plant was built near
Parachute Creek, Colorado about 23 miles from Anvil Points. Operations were com-
menced in 1965 and shut down in 1966.

After the shut~down of the Tosco plant in 1966, Sohio and Cliffs made an exten-
sive survey of the world-wide technology for retorting oil shale. Among 35 different
technologies which were studied in detail, a series of new inventions by John B. Jones,
Jr. were selected as the most promising. They were referred to as the Paraho tech-
nology. ’

Before a program could be organized to test the Paraho technology on oil shale,
negotiations began with Atlantic Richfield Company (Arco) to form the second Colony
Development program. These were completed by Sohio, Cliffs, Tosco, and Arco in 1969.
Arco became the Operator of Colony for the four companies. By early 1971 the Parachute
mine and plant had been reactivated and operations attempted. In September 1971, hav-
ing completed their financial commitments, Sohio and Cliffs withdrew from funding the
second Colony program retaining their land interests. Arco and Tosco continued plant
operations into early 1972 before shutting down.

In 1971, Sohio began providing financial assistance to John Jones to help defray
certain expenses of obtaining a lease on the 0il Shale Experiment Station at Anvil
Points from the Bureau of Mines. With Parachute Creek occupied, the Anvil Points site
was needed so the Paraho processes could be tried on o0il shale. The Anvil Points lease
was approved by the President of the United States in May 1972. In 1973, organization
of the Paraho 0Oil Shale Demonstration began. By year-end, 17 participants had joined
the project.

* The seventeen Paraho participants are Atlantic Richfield, Carter 0Oil (Exxon),
Chevron Research (Standard of California), Cleveland-Cliffs Iron, Gulf 0il, Kerr-McKee,
Marathon 0il, Arthur G. McKee, Mobil Research, Phillips Petroleum, Shell Development,
Sohio Petroleum, Southern California Edison, Standard Oil Company (Indiana), Sun 0il,
Texaco, and the Webb-Chambers-Gary-McLoraine Group.
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PROGRAM

Two new Paraho retorts, a pilot plant and a semi-works size unit, were installed
at Anvil Points. The oil shale mine on the adjacent Naval Oil Shale Reserve was
reactivated. The mine and new retorts were put into operation during 1974. The pilot
plant is used to explore operating parameters in order to define conditions for testing
in the larger semi-works size retort. The experimental operations in 1974 set the
stage for the successful runs in 1975 and early 1976. The results of the Paraho oper-
ations to date have been encouraging. They demonstrate that the process works, that
the equipment is durable and that both are environmentally acceptable on a pilot and
a semi-works plant scale.

During 1975, the operation being conducted at Anvil Points progressed from the
experimental into the operability phase. A 56-day operability run in the direct fired
mode was completed on the semi-works retort in March 1975. Following this run, 10,000
barrels of the shale o0il produced were refined into seven different fuels for the U. s.
Navy in the largest such conversion of shale 0il into military products. A nationwide
product testing program by industry and government of Paraho's synthetic fuels followed.
This included an operational test of Paraho JP-4 in an Air Force T-39 jet aircraft
flight from Wright Patterson Air Force Base near Dayton, Ohio to Carswell Air Force
Base near Fort Worth, Texas; a 7-day Great Lakes cruise on Paraho heavy fuel oil by a
Cleveland-Cliffs Iron ore carrier; and a full-scale boiler burning test by Southern
California Edison of Paraho crude shale oil.

Success of the Paraho Project suggested that the next logical step should be the
construction and operation of a full-size Paraho retort. This would reduce industry's
and government's concerns about the ability to successfully scale up proven technology
to commercial size. In May 1975, Paraho announced its proposal to construct and oper-
ate a full-size Paraho module at Anvil Points. The proposal included a full-size
Paraho retort, an expanded mine and all the auxiliary equipment needed to operate this
full-size module. A cost of $76 million was estimated for construction and operation.

Considerable interest and support was evidenced by industry and government in
Paraho's full-size module proposal. The chairmen of the Armed Services Committees
of the U. S. House of Representatives and the U. S. Senate granted the right to mine
the additional shale required from the Naval Reserve. The Navy authorized proceeding
when ready. Paraho's subsidiary, Development Engineering, Inc., exercised its option
to extend the lease on the Anvil Points Oil Shale Experiment Station. The Bureau of
Mines completed a favorable environmental assessment of the module proposal. The
Solicitor's office of the Department of Interior issued Guidelines for the Federal
Prototype Oil Shale Leasing Program. These Guidelines provided, among other things,
that expenditures by lessees for patented or demonstrated technology, such as Paraho's,
would be creditable against the fourth and fifth lease bonus payments.

In July 1975, the $6 billion Synthetic Fuels Amendment was added to the ERDA
appropriation act and was approved by the U. S. Senate. With this federal assistance
in the offing, it looked like everything needed to move ahead with joint government-
industry financing would be available for the full-size Paraho module.

President Ford visited Paraho's Anvil Points operation in August 1975 with
Frank Zarb, Congressman Tim Wirth (Colo.-D) and Senator Gary Hart (Colo.-D). They
toured the mine and plant, witnessed Paraho's ability to produce oil from oil shale
and were impressed. President Ford reported favorably to the media about the size,
productivity and environmental acceptability of Paraho's operation and stated that
0il shale must have a bigger part in this country's energy program. This was before
the Energy Research and Development Administration reacted to a legal threat by an
environmentalist.
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In October 1975, ERDA decided that a new Environmental Impact Statement would
have to be prepared before Paraho could build its full-size module at Anvil Points,
This would require at least a year and was commenced immediately.

In November 1975, Paraho conducted a 26-day direct fired run on the semi-works
retort. This run, designed to confirm the results of the earlier 56-day run and
subsequent variable studies, was an outstanding success. A very stable operation
at essentially 100% on-stream time with high thermal efficiency (87%) and excellent
liquid yield (97% by volume of Fischer Assay Cg+ oil) confirmed that the Paraho
direct fired process was ready for scale-up to the full-size module. This mode will
produce more than enough low Btu gas to provide fuel for the process and to generate
all the electricity required to power and light a commercial plant.

Two federal actions adverse to oil shale occurred in December 1975. One was
the defeat of the $6 billion Synthetic Fuels Amendment in the House of Representatives.
The other was the passage of the compromise 1975 Energy Policy and Conservation Act
which rolled-back the price of domestic crude oil. Unfortunately, these actions
occurred at a time when incentives, rather than restraints were and still are needed
to encourage energy production and conservation.

On February 10, 1976, Paraho completed a 32-day run in the indirect heated mode.
Operation in this mode, which offered the potential of higher liquid yields and the
production of a high Btu gas, was one of the original objectives of the Paraho 0il
Shale Project. Selected conditions from the run indicated a high liquid yield of
98% and gas production of 850 standard cubic feet per ton containing 865 Btu per
cubic foot (dry basis).

It was not anticipated when the objective of testing the indirect mode was set
that the liquid yield on the direct mode would be as high as the 97% actually ob-
tained. All of this oil is useful product because the large amount of low Btu gas
produced in the direct mode can be used to fuel the process. 1In the indirect heated
mode it would be necessary to burn as fuel either the high Btu gas or some of the
0il produced. A potential benefit of the indirect heated mode is the production of
a higher quality, lower pour point crude shale oil. This oil may be suitable for
pipeline transmission without local upgrading or prerefining. If so, the savings
in investment and operating cost of prerefining would more than off-set the higher
costs of indirect mode retorting. Eliminating local prerefining also would elimi-
nate a major water consumer.

A confirming indirect heated run was commenced in March 1976. During this run
a series of evolutionary changes in operating conditions were made which reduced the
heat input required per ton of shale thereby increasing thermal efficiency.

OBSERVATIONS

Paraho's retort performance exemplifies simplicity in process and mechanical
design:

1. It has few moving parts and low construction and operating costs.

2. It utilizes counter-current flow and gravity transport without requiring
a separate circuit for solid, heat carrying bodies.

3. The Paraho retort consumes no water.

4. The lumps of retorted shale it produces do not create serious dust problems.

5. Retorted shale management experiments demonstrate the ability to easily
compact this material to a condition which is impermeable to water. Very
little water is required in retorted shale management. This is primarily

14
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for vegetating the surface of the retorted shale.

6. Enmigsions of sulfur and nitrogen oxide and particulates have been found
acceptable under the strict Colorado standards.

7. High thermal efficiences are attained. Rather than discard the residual
carbon on the retorted shale, -the Paraho direct heated process consumes
much of it to fuel and power the process. On the other hand, the indirect
mode produces a high Btu gas and a better quality oil. A combination of
the direct and indirect mode may be the ultimate solution. It should be
Possible to fuel the combination mode by burning carbon on the retorted
shale. This would liberate both the oil and the high Btu gas as useful
products.

In anctipation of the May 31, 1976 Paraho Project completion date, the Anvil
Points mine.was closed in December 1975 as sufficient rock was on hand to carry out
the privately funded retorting program. The retorts are scheduled to shut down on
March 31, 1976 unless additional funding is obtained. The equipment will be put in
stand-by condition and the plant secured by April 30, 1976. All final reports will
be issued by May 31, 1976 except for the Commercial Evaluation Study which will be
ready for distribution by June 30, 1976. After analysis of the results of the re-
torting program, a mode or modes of operation will be selected for the Commercial
Evaluation Study. The advantages of the Paraho process will be reflected in the
economic results obtained in this study. However, construction of a full-size
Paraho module at Anvil Points or at some other location would still be the next
logical step toward commercialization.

WHAT NEEDS TC BE DONE NOW

It is almost inconceivable, during this time of critical need for synthetic
fuel development, that the only operating, large scale, successful oil shale re-
torting project in the United States will be compelled to shut down upon completion
of its privately funded program. Continued operation of the Anvil Points facilities
would offer important benefits. Additional variable studies need to be performed
to improve efficiency and optimize operating conditions. A second generation re-
tort could result from additional work on the combination mode. Significant volumes
of shaleoil could be produced. This crude shale o0il would be extremely desirable
for large scale refining and synthetic product testing programs over an extended
period of time.

Paraho is a small privately owned company which appears to have the answer for
0il shale commercialization. It is operating at Anvil Points under a lease from
the federal government in the presence of ERDA observers. It has been successful
in accomplishing its initial objectives. Paraho does not fit into ERDA's highly
structured methodology for developing and demonstrating technologies by making re-
quests for ERDA's conceived specific proposals. What is wrong with accepting pro-
gress already made? Paraho has established by its accomplishments what should be
an acceptable basis for initiating government financial support for continued oper-
ation.

Our national alternative to supplementing our domestic crude o0il supply with
shale oil production is to purchase more and more imported crude oil. Such purchases
would be made at higher and higher prices exporting both deollars and U. S. jobs.
Under this alternate we will become more and more vulnerable to another oil embargo
and less and less capable of maintaining a prosperous economy or of mustering an
effective national defense. ’
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This nation must recognize that we have an energy shortage and that all accept-
able forms of domestic energy development will fall short of meeting our needs,
particularly for transportation fuels. New legislation must be passed to correct
the adverse federal actions of December 1975. Federal non-recourse, guaranteed loans
should be made available to help fund the building of full-size modules for oil shale.
They are the best way to eliminate uncertainties relating to the production and eco-
nomic acceptability of shale oil. Technologies already demonstrated by industry on
a semi-works scale should qualify for such funding.

-

~

After the module phase is completed, one or more retorting technologies may be
successfully demonstrated and be ready for commercial plant construction. Ten to
twenty full-size retorts might be required for such a commercial plant. To justify
moving into commercial mining, retorting, and upgrading, involving very high capital
investments, an exception to the administered oil prices under the "Energy Bill" will
be required. Industry needs to know now that a free market will exist in which crude
shale oil and refined synthetic products can compete price-wise with imports.

Conceding that our government needs to take a long look down the road to energy
independence and help in developing technologies toward commercialization, it is
still in this nation's best interest to encourage private industry to move through
the profit system into the new technologies as they reach feasibility. The future
conditions actually required to encourage commercialization by private competitive
enterprise cannot be determined at this time. When such conditions do occur, if
federal funding assistance is required, it should be available. Non-recourse guar-
anteed loans may be needed to encourage the construction of the first group of com-
mercial plants by industry and for socio-economic projects by the communities to be
impacted by such commercial plants for which actual private commitments to build are
made.

H. Pforzheimer
Program Director

sam
August 1976
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DOD SYNTHETIC FUELS R&D PROGRAM
Lt. L. A. Lukens

U.S. Navy Energy and Natural Resources R&D Office
Navy Department, Washington, DC 20360

ABSTRACT

The DOD is now, and will remain so over the forseeable future, extremely de-
pendent upon an adequate supply of petroleum products. This dependency, when coupled
with the politico-economic and source availability uncertainties of conventional
petroleum supplies, has led the DOD to seek alternative sources of liquid hydrocarbon
fuels. The DOD Synthetic Fuels R&D Program is primarily directed towards optimizing
the production of military specification fuels from domestic sources of ccal, oil
shale, and tar sands, and assessing the suitability of these fuels for service use.
To date, several synthetic fuels derived from coal, oil shale, and tar sands have been
examined. Over the next several years, the DOD, in cooperation with other federal
agencies, plans to continue programs directed towards the production and utilization
of synthetic military fuels. Only through this effort will the military departments
be able to keep pace as an informed customer with the development of national syn-
thetic fuels industry-an industry which will provide a viable alternative to our
present and ever increasing dependence upon imported oil.

17



Net Energy Analysis of Oil Shale Systems

By Dr. Kenneth P. Maddox

Colorado School of Mines Research Institute
P. O. Box 112, Golden, Colorado 80401

Introduction

Net energy analyses of three shale-oil-producing systems have been con-
ducted. The presentation of these analyses is divided into several parts. First
the methodology is outlined, next process descriptions are given, and after that
results are listed and comparisons are made with conventional energy-producing,
systems. Then a discussion of the results follows, and conclusions are drawn,
The final section describes some uses of net energy analysis in decision-making.

Methodology

Fuel systems generally can be divided into steps. For the purpose of this
analysis seven steps, or modules, were chosen. The seven steps are: (1) Ex-
traction, (2) TransportI, (3) Process, {(4) Transport II, (5) ConversionI, (6)
Conversion II, and (7) Distribution. All systems follow the same general sequence
although there may be minor variations of format from one system to another.

An analysis of a multi-step fuel system reduces to the combination of
analyses of individual modules. The diagram of one module of a fuel system (Fig. 1)
displays the important features of modular analysis. The first law of thermo-
dynamics is observed--Ein=Eout. Also, energy derived from and used within the
system is always internal to the module. These precautions reduce one problem
associated with energy analyses, construction of system boundaries.

Energy input consists of two parts, Principal Energy and External Energy.
Principal Energy is the primary energy input. External Energy is the sum of
fuels, electricity, and of the energy embodied in materials which are purchased
or "imported' from energy systems other than the one being analyzed.

The energy '"backup'’ needed to deliver External Energy must be considered
to fully account for energy drain from other energy systems. This is diagrammed
as ascending higher orders of External Energy. Two different methods have been
used to compute the higher-order energy inputs. Conversion factors developed
from economic input-output data 1) were applied to material dollar costs, after
appropriate deflation to the base year of 1967. This method is the best available
for each material input without employing tedious calculations. However, for fuels
and electricity the alternative of iteration combined with empirically derived approxi-|
mations at or above order three is used. This alternative is more precise, and
flexible, than the application of conversion factors similar to those used for material
energy equivalents.

|
|
|
'
|
|
|
|
|
|
n
"

Energy Product and Energy Loss comprise Eout. Energy Product is defined
as the major energy form produced by the module, plus other energy produced for
outside distribution, plus the energy equivalent of salable byproducts. Energy Loss
has been divided into three parts. Physical Loss is the sum of losses of the Principa
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Energy input due to spillage, leakage, disposal of waste materials, etc. Internal
Consumption is the energy required from Principal Energy to provide heat or power
for the process. The third loss category is External Loss. Normally this is the
sum of the external energy inputs. In some circumstances, however, an external
energy input will be incorporated in the Energy Product, e.g. additives to petro-
leum products.

Modules are combined simply by adjusting the Energy Product of one module
to equal the Principal Energy of the following module, and so on. This automatically
requires a corresponding change in the External Energy, the Energy Loss, and the
Principal Energy of the modules in the fuel system. Finally, totals for the fuel
system, a sequential combination of seven modules, are: (1) Principal Energy--
the initial Principal Energy input to the system, (2) External Energy--the sum of
External Energy inputs of each normalized module, (3) Energy Loss--the sum of
Energy Loss outputs of each module, and (4) Energy Product--the final Energy
Product output plus the sum of byproduct energies of each module.

Process Description

One difficulty with analyses of synthetic fuel processes is the absence of
commercial data. In this analysis, the best available data is used. However, in-
formation presented here should be viewed as probable, not actual, characterization
of oil shale processes.

The three oil shale retorting systems studied are the Bureau of Mines Gas
Combustion Retort, the TOSCO II Retort, and the Union B Retort. Because the data
for each process are calculated averages, and because it is not realistic to draw
fine distinctions among oil shale processes without further information, the results
will not be specifically identified with each process. Rather, the letters A, B, and
C (not corresponding to the order listed above) will be used to identify results.

Bureau of Mines Gas Combustion Retort

The Bureau of Mines Gas Combustion Retort features direct heating of shale
by hot combustion gases from partial burning within the retort. A schematic dia-
gram is shown in figure 2. The flow of shale and gas is countercurrent. Conse-
quently, incoming shale is first preheated and then retorted, while air entering the
retort is heated prior to combustion by hot spent shale as it exits.

The Gas Combustion Retort has, from an energy efficiency standpoint,
advantages and disadvantages. It makes use of carbon remaining on the spent shale
after kerogen is pyrolized, and the sensible heat of both spent shale and combustion
gases is well utilized. However, the Fischer Assay oil yields {(82-87%) are lower than
for other types of retorts; and the Gas Combustion Retort cannot handle finely crushed
material without briquetting, which adds to capital and operating costs {and therefore
to energy use).

TOSCO 11 Retort
The TOSCO 11 Retort (Fig. 2) transfers heat from hot (1200°F) ceramic

balls to finely crushed raw oil shale. Sensible heat is recovered from the spent shale
(950°F); and the ceramic balls are recycled and heated by gas recovered from the
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retort, as is the incoming raw shale.

Advantages of the TOSCO II Retort are: high oil and gas yields (as high as
108 percent of Fischer Assay); high-Btu gas, since there is no dilution from com-
bustion within the retort; direct retorting of fine shale, even dust.

Disadvantages are: chemical potential of residual carbon is not recovered;
the retort is mechanically complex, with many moving parts; shale must be finely
crushed, which adds to processing.

Union B Retort

The Union B Retort (Fig. 2) uses externally heated recycled gas to pyrolize
oil shale. The product gas from the retort is split; and one part of the gas is burned
to heat the other, which is then returned to the retort. A rock pump is used to
move shale from bottom to top of the retort. There is no combustion in the retort.
The Union B retort yields up to 100 percent of Fischer Assay and produces a high-
Btu gas. It is rather simple mechanically. However, the residual carbon on the
spent shale is not utilized; and there is little sensible heat recovery, either.

The fuel systems studied in these analyses produce two different final energy
forms--gasoline and electricity. The oil shale gasoline systems produce gasoline
from oil shale extracted by underground mining, crushed and retorted aboveground,
refined at or near the plant site, pipelined 300 miles, and distributed by truck 70
miles. The transportation mileages and refinery type are characteristic of the
Rocky Mountain region. Oil shale electric systems are based on underground ex-
traction, aboveground crushing and retortion, generation at or near the plant site,
and 150-mile transmission. Conventional petroleum systems correspond to the oil
shale systems in refining, product type, and transport distances.

Results and Discussion

Tables 1 and 2 display results for the net energy analysis of three oil shale
systems. It canbe seen from Table 1 that (with current technology) more external
energy is required to produce 100 energy units of gasoline from oil shale processes
than from conventional petroleum systems. Furthermore, the process losses for
oil shale are higher than for petroleum. However, the initial recovery of petroleum
is low, i.e. unrecovered resource is high; and consequently the sum of losses and
unrecovered resource for oil shale is comparable to that for petroleum. Similarly,
external losses and process losses for oil shale converted to electricity are higher
than for petroleum electricity; but the sums of losses and unrecovered resource
are comparable.

The analyses of oil shale systems (and of conventional petroleum) are based
on commercial or near -commercial current technology. No attempt has been made
to estimate the potential of tertiary oil recovery, of subsequent extraction of shale
mine pillars, or of improvements in retorting efficiency. Comparisons incorpor -
ating such changes require additional studies.

Three questions which appropriately concern the public and their represent-
atives in business and in government are:
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How much energy is produced by oil shale systems
compared to the amount necessary to operate the system?

How efficient are the processes of oil shale systems?
How well do oil shale systems use natural resources?

These basic questions require many modifications, additions, and explanations to
respond fully to all the concerns voiced by interested parties. Nevertheless, they
are valid, and can be answered generally in the following ways. First, oil shale
systems deliver much more energy than they require from other sources. Gasoline-
producing systems provide 6-8 times the amount they use, while shale -electric
systems deliver 4-6 times as much energy as they consume. Second, process
efficiencies for an oil shale system are typically 50-60%, considerably less than

the efficiency of a petroleum system (approximately 80%). Process losses to pro-
duce 100 units of output are more than three times as much for shale as for petroleum.
Process losses are primarily due to retorting, and at the present time different
retorting methods vary little in overall efficiency. Third, oil shale systems make
as good use of natural resources as do present-day petroleurn systems; but neither
oil shale recovery nor petroleum recovery is high; and it appears that efforts more
fully to extract our finite fossil fuels are essential.

Conclusion

Net energy analyses offer valuable information on energy-producing systems
and can be helpful in focusing attention on concerns about use of finite natural fuel
resources. Net energy analysis supplements other planning and decision-making
tools - e.g. economic analysis, technical feasibility, environmental study, social
impact planning. Potential applications include selection of priorities for research
and development, aid to energy policy planning, identification of conservation goals
for end use consumption, determination of potential improvements in the energy
processing and delivery system, and contribution to decisions about resource manage-
ment and environmental effects.

One example may illustrate the use of net energy analysis. Suppose that it
is necessary to provide space heating on a large scale (perhaps to replace dwindling
sources of natural gas). Assume the available resources are oil shale and coal.
Either resource may be surface or underground mined. Oil shale may be liquefied
or further converted to electricity. Coal may be burned directly for space heating
(highly unlikely), liquefied, gasified, burned in a steam-electric power plant, or
perhaps converted via magnetohydrodynamics. At end use the fuels may be burred
in forced-air or water-radiant systems, while electricity may be used for direct-
radiant heating or to power heat pumps. Is there a best option or a best set of options
among these many possibilities? Which ones produce least resource impact? Which
require least ''energy support' from existing energy systems? Which are most proc-
ess efficient (and thus perhaps least likely to produce unfavorable impacts)? Where
can improvements in each system be made, and how large are the potential effects
of improvements? These are all questions which can be answered using net energy
analysis.

Net energy analysis can be employed at the micro level or at the macro level;
i.e. the importance of an analysis may be its detail of an energy system, or the
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central question may be a large-scale comparison of alternatives. A comprehensive
analysis will provide both process specifics and sunmary aggregations.

Many assumptions concerning energy system processes and resource-related
variables largely affect net energy analyses. However, difficulties comparing one
analysis with another or applying results to different questions can be overcome if
investigators are careful to list their assumptions, to explain their methodologies,
and to define their stropes of study. Net energy analysis should be presented so
that the reader can determine for himself how appropriate a study is to his needs.

Net energy analysis is a useful tool which can and should be used to aid those
involved in questions of energy supply and demand. It does not supplant, but rather
supplements, other planning inputs. New problems often require new ways of looking
at things. Net energy analysis is one new way of looking at energy supply and demand.
It is a good addition to the decision-making process.

1/ Herendeen and Bullard 1974
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MECHANISMS HELPING TO HEAT OIL-SHALE BLOCKS
John Ward Smith and Donald R. Johnson

U.S. Energy Research and Development Administration
Laramie Energy Research Center, Laramie, Wyoming 82071

INTRODUCTION

0il shale rubble piles, like those created in the vertical modified
in-situ combustion process pioneered by Occidental 0il Shale, Inc., or
those postulated in Project Bronco, consist of oil-shale blocks of assorted
sizes. Heating these blocks through to produce their oil seemed a formidable
problem until work in the Laramie Energy Research Center's large scale batch
combustion retorts showed that temperatures high enough to evolve shale oil
were attained completely through blocks weighing several tons (lfg)l.
Although some anomalously high rates of temperature increase in shale blocks
during combustion retorting have been reported (2,3) and explanations for
these high rates attempted (5,9), the high rates appear too rapid for ready
explanation. However, some mechanisms do operate to help heat oil-shale
blocks and evolve their shale oil. Three separate mechanisms are identified:
(1) thermal exfoliation of the shale; (2) gas evolution assisting and
augmenting the exfoliation; and (3) combustion of light decomposition
products from the organic matter in the 0il shale. Existence of each of
these is demonstrated and their combined effects are evaluated.

EXPERIMENTAL

Thermal Expansion and Exfoliation

ERDA's Laramie Energy Research Center developed apparatus to measure
the thermal expansion and exfoliation effects on oll shale in relation to
temperatures. The apparatus, to be described in detail elsewhere, consists
of a position transducer suspended from one end of a beam and a stainless
steel pad suspended from the other. The beam, supported on a knife edge
at its center like a balance beam, is free to move. In operation the stain-
less steel pad rests on the flattened face of an oil-shale specimen prepared
as a cylindrical core about 1/2-inch in diameter and 1-1/2 inches long. The
pad contains a thermocouple for measuring the sample temperature. Weight
on the beam is adjusted to place a small load (0.5 to 1 gm) on the core to
maintain contact between the core and the pad. As the sample length changes
during heating, the pad is moved which moves the position transducer to
generate a corresponding electrical signal.

The sample rests on the bottom of a platinum tube equipped with a gas
exit tube running up its side from the lower corner. A gas inlet is attached
at the top of the sample chamber, permitting controlled flow of a selected
gas around the sample. A bell jar over the beam closes the system and
provides the complete atmosphere control so vitally necessary to oil-shale

1 Underlined numbers in parentheses refer to items in the list of references
at the end of this report.
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thermal studies (7). The sample chamber is surrounded by a furnace that
provides rapid and uniform heat transfer to the sample. The heating rate
of the furnace is programmable. This arrangement 1s very similar to the
simultaneous DTA-TG-EGA apparatus developed for oil-shale study at the
Laramie Energy Research Center (4).

Thermal expansion plotted with temperature is shown in Figure 1 for
an oil-shale specimen cored perpendicular to the bedding planes from a
1-foot Mahogany zone sample yielding 35 gallons per ton. The sample was
run in a nitrogen atmosphere and was heated at the rate of 10° C. per minute.

Several expansion events are recorded in Figure 1. The sample apparently
began to increase in length as heating began. The initial lengthening
probably expresses the linear expansion of the organic matter in the oil
shale, undoubtedly many times (~20) larger than the mineral expansion.

In 35 gallon per ton oil shale the organic matter represents about 40 volume
percent of the rock (6). If the length increase between 50° and 100° C. is
due to expansion of the organic matter, the organic matter's expansion
coefficient is about 3.4 x 1074 length per unit length per °C. This rather
large linear expansion is on the order of but somewhat smaller than values

in the same temperature range reported for asphalt and paraffin. Consequently
it is not an unreasonable value. 1Its validity is limited, however, by
possible inclusion of effects from the thermal event which occurs next.

The thermal expansion trace (Figure 1) shows that very rapid lengthen-
ing occurs through the temperature interval 190° to 225° C. By the time
this sample had reached 225° C. it had increased its length by about 8 percent.
This elongation is accompanied by sharp irregularities in the trace. These
irregularities are real, expressing equipment response to sudden events,
the development of fissures. Visual examination of a core sample heated
through this temperature interval and then cooled reveals numerous fissures
approximately parallel to the bedding planes.

Two factors contribute to development of these fissures in the temper-
ature range from 190° to 225° C. The primary mechanism is failure due to
thermal stress. Thils requires some explanation. 0il-shale cores perpendi-
cular to the bedding planes cut many individual beds. Some contain relatively
large amounts of organic matter and some contain relatively small amounts.
Organic-rich layers will elongate much more rapidly than organic-poor layers.
If these layers happen to be adjacent in the sample, a stress is developed.
Weak planes fail suddenly, popping the shale apart. The partings are rarely
completely across the specimen because the stress is relieved by partial
failure. The second factor, the release of combustible gases, is treated
later. However, it definitely contributes to the lengthening and to the
uneven length trace.

Above 225° C. a period of little length increase appears, almost as 1if

all the significant stress had been released. Above 300° C. a steady and
gradual length increase again occurs.
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At about 400° C. the organic matter begins to decompose rapidly.
From 400° C. until about 485° C. the sample again shows rapid, irregular
length increase. By the time it reached 485° C. this core had lengthened
by almost 14 percent. Gas development is the predominant force producing
this lengthening. In this temperature range the organic matter loses
much of its physical competence, so evolving gases push some organic-tied
layers apart.

When decomposition of the organic matter is completed at about 485° C.
(Figure 1) additional heating produces little length increase. Between
485° C. and 1000° C. this sample increased in length by only 1.1 percent.
Decomposition of dolomite and calcite, which occurred in this temperature
range, produced no significant length change, either increase or decrease.

GAS EVOLUTION AND COMBUSTION

0il shale is very sensitive to the presence of oxygen during heating.
Smith and Johnson (7) used thermal analysis to evaluate this effect. Figures
2, 3, and 4 are extracted from that paper which gives a detailed discussion
of applying thermal analysis to study of oil shale and other solid fuels.
Description of the apparatus and the conditions of these runs are given
there (7). Figure 2 shows the DTA (differential thermal analysis) and
TG (thermogravimetry) behavior of oil shale heated in an inert atmosphere.
The sample begins to lose weight at about 200° C., but its reactions are
all endothermic. In Figure 3 oil shale 1is heated in air. Sensitivity was
cut by a factor of 5 and the sample size was reduced to about 1/3 to keep
the two exotherms on the chart. The two exortherms peaking at about 330° C.
and 430° C. are due to combustion of the organic matter in two separate
phases, the second of which is burning of carbon coke. Combustion of light
ends to evolve heat definitely occurred by the time the programmed heating
curve reached 200° C.

0il shale heated in an atmosphere containing only 1 percent air
(0.2 percent oxygen) shows significant heat production from oxidation of
organic matter. Figure 4 shows DTA and TG traces for such a run. Sensiti-~
vity and sample size are back to those used in Figure 2. Heat from combustion
of light organic fractions is being produced below the 200° C. point of the
temperature program even though the oxygen supply is very small. Two
exotherms are generated by oil shale heated in atmospheres containing 20 per-
cent or 0.2 percent oxygen, although their intensities decrease with smaller
oxygen concentrations. The important point is that the oil shale produces
significant heat by oxidation even at very low oxygen levels. '

DISCUSSION

Oil-shale specimens not only expand during heating but show two separate
temperature zones of fracturing. Although the behavior of only one sample
is shown (Figure 1), other oil shales exhibit similar behavior. This
fracturing, occurring under no load in these experiments, will also occur
in an oil-shale rubble pile. 1In a rubble pile the shales are subjected to
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point loads. At other locations on a block the shale is free to expand
and fracture into surrounding void space under essentially no load.

The two separate zones of rapid expansion with fracturing are parti-
cularly important to heating of oil shale. This is graphically demonstrated
by comparing the temperature locations of the oxidation exotherms in Figures
3 and 4 with the temperature locations of the rapid expansion. Expansions
(which occur in any atmosphere) coincide with combustion exotherms in an
oxygen-bearing atmosphere. In addition the expansion trace in Figure 2
shows that in these zones of rapid expansion the core both expands and
contracts. During expansion the surrounding atmosphere, oxygen-bearing in
combustion-based processes, is sucked into the core, then expelled with
the contractions. This automatically provides oxygen and expels combustion
products. The combustion itself may provide some atmosphere exchange. By
burning rapidly the gases may be unable to transfer heat rapidly to the
surrounding oil shale. Gas pressure capable of expelling the remaining
combustion products would build. The remaining gas would then cool by
gradually heating the surrounding rock. This would draw in additional
oxygen-bearing gas.

In addition to the heat effects inside the block, the combustible
gases evolving from the shale will travel out from the block. They have
been observed evolving and burning along fissures in oil-shale blocks.
Such combustion at the block surface provides heat to the block and its
immediate atmosphere.

After retorting is completed, the carbon residue is distributed
throughout the shale block. Because the original organic volume fraction
has shrunk by 90 percent (8), the spent shale is now porous. The carbon
residue is available for burning if oxygen can reach it. The fissuring
produced by heating the oil shale provides access routes which help oxygen
diffuse into the spent shale.
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Explosive Rubblization of In Situ 0il Shale Retort Beds

William J, Carter

University of California, Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

Introduction:

A number of technical, environmental, economic and political problems remain to
be solved before in situ extraction of hydrocarbons from oil shale deposits becomes
a practical reality (1), Of all the technical problems, perhaps the most challeng-
ing is that of preparing the resource bed on the massive scale and with the control
and precision required for commercial exploitation. Although the requirements are
not yet fully defined, it is generally agreed that a properly-prepared in situ oil
shale retort would have the following characteristics:

a) The particle size distribution achieved by the process should peak in the
range of that required for maximum extraction efficiency. Current chemical kine-
tics and process studies places this range as roughly 5-50 cm, with the peak around
10 cm,

b) Void distributions in both the horizontal and vertical sense must be uni-
form in order to achieve a stable flame front and avoid channeling.

c¢) The permeability of the resultant rubble pile must be sufficient to support
pyrolysis and allow removal of retorted products.

d) Fines produced in the rubblization process must be minimal, both to avoid
plugging the pores through which the gases and other products must move and to
maximize the efficiency of the rubblization event.

e) The rubblized volume must be well defined, with maximum residual wall and
roof integrity in order to provide retort stability, containment of combustion pro-
ducts, safety for workers in adjacent areas, and maximum utilization of the re-
source.,

f) The economics of the process must be favorable.

Obviously, the final result must be a compromise between the ideal and that
which is achievable. At present, chemical explosives appear to be the most
feasible method for achieving these goals, but present blasting technology is
certainly not sufficiently well~advanced to guarantee any success of the event,
much less technical and economic optimization.

For this reason, the Los Alamos Scientific Laboratory and Sandia Laboratories
have jointly undertaken a basic research program, under the auspices of the Energy
Research and Development Administration, aimed at producing a controlled, predict=
‘able, and optimized breakage pattern in western, or Green River, oil shale. The
work of Los Alamos is presently directed primarily toward the modified in situ tech-
nology, in which void space and free faces can be created by conventional mining
operations, although the results will be applicable to design of true in situ oper-
ations as well. This is a long-term and continuing program which will involve a
considerable effort both in the laboratory and the field. This report is therefore
intended only to indicate the direction of the program and the long-term goals.
However, the importance of the program to the eventual success of in situ technology
makes it desirable for chemical and process engineers to be aware of the difficul=-
ties, possibilities, and achievements of research on the bed preparation problem.
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Program Qutline:

The laboratory phase of the program falls into three clearly defined but
closely related categories:

a) Measurement of material properties of oil shale. The Los Alamos effort is
concentrated on measurement of properties of the shale subjected to high strain rate
loading such as is encountered in an explosive event. Wave propagation characteris-
tics, such as Hugoniots and wave profiles on shock and release, are measured in
order to determine the stress field. This stress field must then be related to the
dynamic failure surfaces and the kinetics of the fracture process. Measurement of
these dynamic materials properties is a program which is well advanced.

b) Measurement of non-ideal explosive behavior. Detailed knowledge of the
detonation characteristics of ANFO and other commercial explosives is required in
order to define the initial conditions of the expanding stress waves into the oil
shale. Tailoring of the explosive impulse to the response of the rock is also an
eventual goal which should result in reduced fines around the borehole and en-
hanced energy transfer to the far-field region. The effect of expanding explosive
gases in propagating radial cracks is also a subject of interest. This work is
presently underway.

c) Computer modeling. Lagrangian and Eulerian hydrodynamic computer codes are
being used to synthesize the materials and explosive properties into a coherent
picture of the event. Ideally, the codes could be used both as a design tool for
shot layout and as a predictive tool for shot optimization. A series of field
tests specifically designed for testing the predictive capability of the codes are
required before the codes can be used with confidence. These tests constitute a
major part of the latter stages of the program.

Results to Date:

In the first few months of the program, attention has been directed primarily
toward propagation characteristics of the stress waves rather than the dynamic
fracture properties of the material. At low pressures, this is a particularly com-
plex problem because of the anisotropic nature of the material and its non-linear
response to dynamic stresses. Figure |1 shows the ug-up Hugoniots in the pressure
region of 50-200 kb of oil shales of varying density obtained from explosive ex-
periments on small samples. This pressure range is that which would be experienced
in the near-field region around a borehole, and lies just below the sluggish but
large-volume phase transformation identified in dolomite. The Hugoniot of a material
is the locus of thermodynamic equilibrium states attainable by a single shock along
which the energy is known, although not constant, and is fundamental to the science
of shock wave physics (2). Here, ug is the velocity of propagation of the shock
front, and up is the associated material, or particle, velocity. The shock veloci-
ties were measured by high-speed smear cameras which recorded the transit times
through small samples, and the particle velocities were determined by impedance
matching against an aluminum alloy standard. The family of Hugoniots shows a well~
defined sequence from the low density, or high kerogen content, samples to the high
density samples. Figure 2 shows these kinematic data transformed from the shock
velocity-particle velocity plane to the pressure-relative volume plane by use of the
Rankine-Hugoniot conservation relations, which require equilibrium for their validity.
The solid lines on these plots are not fits to the data, but rather calculations
based on a simple mixing theory known to be generally valid for mixtures of non-
reacting components. The Hugoniots and thermodynamic parameters for the end members
of pure kerogen and the lean rock matrix must be known. These have been obtained from
the work on dolomite by Grady, et al. (3) and from extensive shock wave work on rocks
and minerals and on polymers performed at Los Alamos in the past (4,5). It is
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evident that the theoretical Hugoniots are quite adequate to reproduce the data,
and that Hugoniots of oil shale with arbitrary kerogen content can now be calcula-
ted with confidence. These Hugoniots include the effect of shock heating, and
theories such as that of Mie-Grineisen must be used to calculate the equation of
state E(P,V) off the Hugoniot, such as along an isentrope or isotherm. Samples
were also fired with varying orientation of the shock wave to the bedding planes,
and no significant orientation effects have been found at these high pressures.
Experiments are underway to determine wave anisotropy at lower pressures, where
those effects should be larger.

In order to establish the initial low pressure response of oil shale to both
static and dynamic stresses, a program to determine the elastic constants at zero
pressure as a function of kerogen content has been undertaken (6). The shale has
been treated with the model of a transversely isotropic material, a reasonable
assumption in view of the bedded nature of the material. Pulse-echo techniques
were used to determine transverse and longitudinal sound velocities as functions of
orientation in small, carefully prepared samples. The results are shown in Figure
3, where V), V,, and V; are longitudinal velocities parallel, perpendicular, and
450 to the bedding planes and Vy and Vg are shear velocities parallel to the
bedding with particle motions perpendicular and parallel to the bedding respectively.
From these five quantities, the various mechanical properties of oil shale such as
elastic moduli, bulk modulus, and Poisson's ratio are readily obtainable as func-
tions of density or kerogen content. The discontinuity in slope observed for all
the sound velocities at a density slightly above 2.0 g/cm3 is tentatively attributed
to the fact that below this density the rock particles float more or less discretely
in a matrix of kerogen and the properties of the kerogen largely determine the
elastic properties of the shale. At higher densities, the rock properties play a

_more important role. We intend to continue such measurements under a hydrostatic
environment up to pressures of about 10 kb.

Gas guns, with bores ranging in diameter from 2'' to 6', are being used for
detailed study of low-pressure wave profiles both on loading and release with the
expectation that these profiles will have an important effect on fracture kinetics.
There is good reason to believe that the high explosive properties can be tuned to
take advantage of the dynamic response of the shale in this pressure range, as
evidenced by these profiles, and thereby promote desirable fracture characteristics
(7). Pressure gages, magnetic probes, pins, and free-surface capacitor gages are
typical diagnostics used in these experiments. Other quantities amenable to
measurement using these techniques include attenuation parameters, low pressure
Hugoniots and dynamic spall strengths. Many of these experiments have already been
performed, although discussion of them is as yet premature. As an example of the
kind of experiment which can be useful in defining the fracture characteristics of
oil shale, Figure 4 shows the velocity of the free surface of an oil shale sample
as a function of time when the material is subjected to a plane impact stress of
about 5 kb. This record was obtained using the dc capacitor technique, in which a
thin metallic coating is placed on the free surface and the time rate of change of
capacitance between the free surface and a charged parallel plate is monitored.
Internal tension due to the rarefactions sends a signal which will decrease the
free surface velocity and which can be directly related to the tensile stress
necessary to cause spall fracture. In this experiment, the bedding planes were
aligned along the direction of shock propagation. Other experiments include deto-
nation of spherical charges in meter-size blocks of oil shale with pressure and
particle velocity gages to monitor wave propagation and flash x radiography to view
cavity formation and near-field behavior. The logical extension of these experi-
ments, of course, is to small-scale field events which will test our ability to
predict the breakage pattern resulting from any given explosive configuration, a
prerequisite to optimization.

37



UFS km/s

a5
40
33
-
2
£ a0
-
3 2.3
e
20
[T}
rLof— —
L4 13 186 17T 1.8 19 20 £i 22 23 24
0i) Shole Density {g/cm?)
Figure 3. Zero-pressure sound velocities for
oil shale as a function of density, or kerogen
content. These data allow calcutation of zero-
pressure elastic moduli, assuming transverse
isntroov.
0.12
0.10
4
0.08
0.06
0.04
0.02
0
1 2 3 A
TIME pus

Figure 4. Typical capacitor free-surface record showing
spailtation of oil shale subjected to a 5-kb shock.

38




2

In order to demonstrate a quantitative understanding of the material response
obtained by experiment, efforts are underway to model the results of the one-
dimensional experiments described above. Large-two dimensional Lagrangian and
Eulerian hydrodynamic codes originally used for weapons effects calculations have
been modified to allow for plastic anisotropy, again assuming transverse isotropy.
These codes are also being used for design and analysis of the large-block experi-
ments mentioned earlier, This work is well underway, but detailed discussion of
the results would be premature. Success of the codes in predicting the results of
a large-scale rubblization effort in the field will be the test of our quantitative
understanding of the physical processes involved in blasting.

Summary:

Since the program is still in its infancy, useful results to date are very
preliminary and this paper is intended only as a program review. Eventually,
there must be closer collaboration between those concerned with extraction
efficiency and those who can set the attainable limits on the properties of the re-
tort bed. It is hoped that the results of this study will have a favorable in-
fluence on decisions affecting the future utilization of the oil shale resource.
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THE FISCHER ASSAY, A STANDARD METHOD?
Robert N. Heistand

Development Engineering, Inc.
P.0. Box A, Anvil Points
Rifle, Colorado 81650

Mr. Heistand, on loan from Sun 0il Company, is the
chief chemist for the Paraho 0il Shale Demonstration.
D.E.I. is the operator of the demonstration being
conducted at ERDA's Anvil Points Experimental Station.
The facility is located on the U.S. Naval Qil Shale
Reserve near Rifle, Colorado.

INTRODUCTION

The Fischer assay is not a standard analytical procedure.
It does not produce quantitative values such as the weight percent
nickel in a stainless steel or the ppm mercury in water. Rather,
the Fischer assay is a performance test such as the octane number
of motor fuels or the tensile strength of fibers. Because it is
an assay -- a performance test -- the data obtained are quite
dependent upon the test procedure. Variances in the test procedures,
permitted in the widely accepted USBM Fischer assay method, do cause
significant differences in the data obtained.

HISTORY OF THE FISCHER ASSAY

The Fischer assay had its origins in the early low-
temperature coal retorting research or Franz Fischer and Hans
Schrader (1), However, our present concern is with the USBM
procedure as described in detail by Stanfield and Frost and
Hubbard in Bureau of Mines Reports of Investigations 4477 and
6676 (2,3). The main details of the USBM procedure are shown in
Figure 1. Many of the details are no longer followed by laboratories
doing Fischer assays (some are no longer followed by the USBM (4)!).

The USBM Fischer assay presents many problems to analysts
attempting to use this procedure. The suggested apparatus,
particularly the cast-aluminum retort, is the major source of
problems. The softening point of the aluminum alloy is guite close
to the suggested retorting temperature and the seal of the plug
and retort is not perfect. A diagram of the USBM apparatus is
shown in Figure 2. We use these U.S.B.M. retorts in our laboratory.
By carefully controlling the retort temperature through the use
of continuous control and proportional heat (5}, the problem of
the retort melting has been lessened. Two retorts have been developed
to obviate the softening and leakage problems. The TOSCO retort (6)
shown in Figure 3, is constructed of steel. The head is fastened
with four steel studs. Thermocouples are placed both in the retort
and adjacent to the retort as shown. The overall configuration of
the TOSCO retort is similar to the USBM retort. The Core Laboratories
retort (7), shown in Figure 4, is also constructed of steel. The
cap is threaded on. The Core retort represents a drastic change
from the USBM system. Ten of these retorts are placed in an oven
with a single temperature controller. The Core Laboratories retort
systems require much less space than the TOSCO or USBM. Both
modifications, TOSCO, and Core, are designed to duplicate data
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obtained by the USBM procedure. Because of problems with the USBM
apparatus, a standardized modification is clearly needéd.

Fischer assay results, obtained from various laboratories,
do indeed differ. This difference is illustrated in Table I.
A sample of raw shale was carefully blended and riffle-split into
2 1/2 1b. packages for use as a standard in our laboratory. The
mean results from ten replicates of this standard are shown. The
four laboratories are not necessarily those mentioned previously.
These data, I feel, show that the Fischer assay is not a standard
method.

VARIANCE OF FISCHER ASSAY DATA

Without studying each laboratory's procedures in detail,
it is impossible to determine the causes of variability shown in
Table I. However, studies made in our laboratory show that modifications
in the Fischer assay, many permitted in the USBM procedure, do have
an effect on the data.

Mesh Size. The particle size of the sample has two
different effects on the oil yield. First, it seems that oil shale
richer in organics is more resistent to crushing than leaner
shales. Thus, as shown in Table II, the oil yield tends to increase
with increasing particle size (decreasing mesh size). Thus, neither
lumps nor fines may be decarded. Careful splitting (without loss .
of dust) must always be used to obtain a valid sample. Grab samples,
such as needed to obtain the 100.0 grams recommended in the USBM
procedure, may not be representative.

The other effect that particle size has on oil yield as
shown in Table III. Here the same original samples were reduced by
grinding to smaller particle size. Again, the yield decreases
~with decreasing particle size. In this case, the cause is not clear.
No apparent degradation, or partial retorting, seemed to occur with
grinding.

In order to obviate effects of mesh size of Fischer assay
data, the following are recommended:

(1) Neither large pieces nor fine dust may be discarded.

(2) Mass reduction should be by riffle splitting.

(3) Ssamples should be ground to uniform, standard mesh
size.

Temperature. In the USBM procedute, the temperatures
of three components are defined. These componenets are the receiver,
the condenser, and, of course, the retort.

Since temperature is the controlling factor of the
Fischer assay in defining the gas-liquid split (the condensation
of gaseous vapors into liquids) the temperature of the receiver
has a pronounced effect on oil yields. This is shown in Table IV
where the temperature of the receiver ranged from 20°F to 100°F.
Cchanging from the prescribed 32°F to the permissable 100°F does
affect the oil yield. An ice bath, recommended by Atwood (6)
seems best suited for controlling the receiver temperature.

The temperature of the condenser is listed as 32 + 9%F
in the USBM procedure. Yet, the condenser has no’ effect on the oil
yield data; any oil escaping the receiver and condensed in the
condenser will not be measured. Because of the low pour point
of crude shale oil, this material will remain on the condenser walls
and not be weighed with the receiver and adapter. Studies in
our laboratory have shown that removing the condenser from the
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system has had no effect on the Fischer assay data. Perhaps the
condenser can be eliminated.

The suggested time-temperature profile of the retort is
shown in Figure 5. This is a strip-chart recording from our 12-
position bench. Failure to reach the 932°F prescribed in the USBM
procedure produced low results as shown in Table V. Increased time
does not appear to increase the oil yield. The effect of increased
temperature cannot be studied using the aluminum USBM retort. It
has been suggested (8) that the location of the thermocouple well
(beneath the spout) is poor. Truer readings and better control can
be achieved if the thermocouple is located at the bottom center or
rear of the retort. This position would be similar to that suggested
by Atwood (6).

In order to obviate errors in Fischer assay data caused
by various temperature fluctuations, the following are recommended:

(1) The temperature of the receiver be controlled by
an ice bath.

(2) The condenser be eliminated.

(3) The temperature of the retort be carefully controller
with the suggested relocation of the thermcouples to
the rear of the retort.

FISCHER ASSAY ALTERNATES

With the uncertainties in the Fischer assay data, the
capital costs in fabricating a Fischer assay bench, the larger
laboratory space required, and the long time needed to complete
the test, it is no wonder that several alternatives for the Fischer
assay have been proposed in recent years. Some of these alternatives
are listed in Table VI. Pulsed NMR (9) is used to measure the
organic hydrogen content of shale. Direct organic carbon, by
controlled combustion, eliminates effects of the inorganic
carbonates (10). Thermal chromatography(ll) and laser-chromatography
(12) relate oil yields to the concentration of certain hydrocarbon
released by heating. Although each of these alternatives has certain
advantages, most suffer from the following disadvantages:

(1) They offer little or no improvement in precision.

(2) Instrument costs are similar to those of a Fischer
bench.

(3) sample size are small. This requires additional sample
preparation time and trouble.

(4) They are used to measure only oil yields whereas the
normal Fischer assay measures oil yield (gal/ton),
water yield (gal/ton), gas + Loss (wt%), specific
gravity of the oil, and coking tendency of the shale.

STANDARD FISCHER ASSAY

In spite of the differences in procedures and the
variations in the data obtained, the Fischer assay seems destined
to be the standard for the oil shale industry. No alternative
procedure offerred to date is completely satisfactory. With this
in mind, the ASTM Committee D-2 on Petroleum Products and Lubricants

has formed a subcommittee to solve the aforementioned inconsistencies.

and create a standard Fischer assay. In our laboratory, we await the
results -- a standard Fischer assay test procedure!
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COMPOSITIONAL DIAGRAMS: A METHOD
FOR INTERPRETATION OF FISCHER ASSAY DATA

V. Dean Allred

Denver Research Center, Marathon 0i1 Company
Littleton, Colorado 80120

BACKGROUND

0i1 shale can be broadly classified as a mixture of two major components, that is or-
ganic and inorganic derived matter. In the Green River oil shales the organic portion
is usually the minor constituent, but may be present in quantities varying from about
zero to as great as 50 weight percent within very small vertical intravals, i.e.,

the varves which define the bedding planes in the deposit. Obviously because of such
variations, sampling and sample preparation are extremely important if representative
assay data are obtained. However, a major point to be made in connection with this
paper is that within any given assay sample the organic concentration probably varies
quite widely for the individual shale particles. Statistically this probably accounts
for the observation that as a broad general rule, the pyrolytic decomposition seems

to take place to form volatile products and organic residue on the pyrolyzed shale in
constant proportions and independent of the inorganic matter concentration.

The commonly accepted technique for characterizing oil shale in the U. S. is the
Modified Fischer Assay (MFA)?U. Assay data from this technique are usually reported
in terms of the volatile components as: oil yield, water yield, and gas plus loss.
The retorted shale (often called spent shale) is often omitted. However, it can be
accurately reestablished since it is the difference between 100 weight percent and
the volatiles. Interestingly the weight fraction of retorted shale is possibly the
most accurately determined assay quantity since it is done gravimetrically and does
not involve condensation, separation, and density determinations as do the liquid
products. For this reason the retorted shale (or its analog, the total volatiles)
should be of great value in making correlations with MFA data. In this paper these
types of data are used to establish relationships between the oil yield, the total
organic matter, and the organic residue remaining on the retorted shale.

COMPOSITIONAL DIAGRAMS

The "compositional diagram" (CD) is a useful tool for visually evaluating oil shale
assay data -- particularly the relationship of oil yield to the total organic matter
and the organic residue left on retorted shales. The basic concepts used in the
development of the CD plot involves only simple material balances, and straight for-
ward assumptions that inorganic decomposition is small and the ratio of the products
to total organic matter is not concentration dependent and remains constant for a
given assay procedure as follows:
1. Material Balances:
a. Raw shale:
organic (*t) + inorganic (Yi) = 100 wt % 1)
b. Retorted shale:
volatiles {*v) + retorted shale (ys) = 100 wt % 2}

2. Pyrolysis Mechanism:

a. Organic matter
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Organic (*t) 8 volatiles (xv) + QOrganic Residue (xr) 3)
b. Volatile matter:
' : X X X Ly /X
volatiles ("v) » gas ("g) + water ("w) + 0il ("0) 4)
3.  Assumptions:
a. Inorganic decompos{tion neg]ﬁgib]e.
Inorganic 4 Inorganic + HZO + CO2

b.  Pyrolysis product distribution constant:

X X
x_°=K1'xi=K2’IL=K3’xN_=K4 5)
t t t t
Obviously, neither the organic residue on the retorted shale, nor the total organic '
are obtained directly from the MFA. However, if one of these quantities is known

then the other is easily calculated by equation 3 and these values can be rather

uniquely determined from the MFA data if the assumption of constant product ratios

holds. The development of a coordinate system showing these relationships is given

as figure 1. In this figure line AB is representative of equation 1 and gives the .
relationship between the total organic and the inorganic matter in the raw shale. A

1ine AD can also be drawn which represents the weight percent of the organic matter

which will pyrolyze to oil during assay. Another line AE can also be drawn which
represents the_total volatiles evolved during the pyrolysis. Obviously the difference .
between 1ine AB (total organic) and line AE (total volatiles) must be the organic :
residue (BE) which will be found with the retorted shale.

Line AE also has a unique relationship to the retorted shale value (ys) since the

volatile organic must always simultaneously be represented by a point 'G' on the line .
AB in order to_fill the requirement of equation 2. By simple geometry it follows
that the line JG can be established with a point 'H' on the line AE, giving the fol-
lowing relationships:

1. for the organic residue,
' E:W:ﬁ 6)
2. the gas and water (plus loss):
HG = DE 7)
3. and the oil:
tb=JH 8)
Figure 1 therefore becomes a diagram on which the relationship of the known values
(011, volatiles, or residual shale) from a MFA can be plotted and the value of the
other unknowns (inorganic, total organic, and_grganic residue) can be determined
directly, provided the position of the lines AE and AD can be reliably established.
The position of these lines can be determined from literature data by noting that ---

the Tine AH in figure 1 bears the same relationship between the 0il and the retorted
shale as the line AG does to the total volatiles and the retorted shale. Therefore
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.’a plot of ofl yield data (in weight percent)* versus the retorted shale (or its analog
the total volatiles) should give a straight line which will be line AH. Such a plot
. for a wide range of organic content is given in figure 2. A least square evaluation
. of these data using the constraint that the 'y' intercept equals 100 weight percent
, Teads to an equation:

¥g = - 1.282x + 100 9)

. The intercept with the x axis gives a value of 78.0 weight percent for the volatiles,
»a value of 22.0 weight percent for the organic residue, and a value of 60.8 weight
percent for the 0il as a percent of the total organic.

Wl Mathematically the relationships developed in figures 1 and 2 give some interesting
, correlations where 'M' is the slope of the line AE and x_ is the oil yield in weight
percent, as follows: ©

.\ 1. Total organic content: x, S szo < 1.644x 10)
' 2. Organic Residue: x_ ¥ (M-M)x % 0.361x, 1)
3. Gas and water: (xg + xw) E —)((1+M)xo = 0.282xo 12)

X
', 4. Product Distribution: a. 0i1: -2 = 1M 2 0.608; b. Residue: Loz lM)  0.220;
t t
(+M
()

) ¢ Gas, Water, and Loss: (x . + Xwi .
. ]
b

20.172 13)

It is also possible to independently check the assumption that the product ratios to
X total organic are constant from literature references. Table 1 summarizes these data.

Table 1. Distribution of Organic Matter

’ Data Source Shale Assay Product to Organic Ratios

\ (5) (g/tg 0i1  Gas + Water Volatiles Res idue
Smi th 25.2 0.543 0.243 0.785 0.215

' Goodfe]]ow(4) 33.2b 0.569 0.212 0.781 0.220

X Stanfie]d(z) 18-52° 0.614 0.159 0.773 0.228
stanfield(z) 27.7d 0.607 0.161 0.768 0.233

/ Hubbard(3) 78¢ 0.67 msg msg msg

. (Figure 2) f 0.61 0.17 0.78 0.22

i

a. Data from 8 replicate samples; b. Data from 42 replicate samples; c. Averaged data
from 9 samples; d. Composited sample of above 9 samples; e. Data for kerogen enriched
' shales (see Table 2 RI4872); f. 'Data cover multiple samples ranging from 5 to 93 gal/ton.
4
i, As can be seen from Table 1, the ratios for total organic to volatiles and the organic
residue are essentially constant with values of about 0.78 and 0.22 respectively --
as had been predicted from the data used in obtaining figure 2. The data of Hubbard
covers assay data obtained for kerogen enriched shales and covers a wide range of

*071 yields are commonly reported as (gal/ton). In the absence of density data,
they can be converted to an approximate weight percent using the equation (gal/ton)
¥ 2.61 {weight percent).
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concentration. Although it is not possible to make a material balance from these
data they do show that the ratios of oil to kerogen (also for water to kerogen) are
constant over a wide concentration range.

DEVIATIONS FROM THE IDEALIZED CASE

In the preceding section it was shown that a plot of assay oil yield from the Green
River oil shales as a function of the retorted shale yield statistically defined a
line represented by equation 9. Interestingly, figure 3 shows that much of the more
recent MFA data do not fit the relationship -- an observation which 1 art1cg1ar1y
true of some of the better statistical data, i.e., that of Goodfe]]ow Smith?, and
Hubbard®, as well as that from commercial laboratories. (As noted in Tab]e 1 - Good-
fellow's analysis involved 42 replicate determinations.)

It is apparent from figure 3 that the deviation from ideal shows a consistently low
retorted shale yield (or high volatile content). Therefore, it could be eas11y
argued that the problem is associated with the decompos1t1on of the inorganic port1on
of the shale and that the assumption of a 'y' axis intercept of 100 wt percent is not
valid. Further, decomposition of the inorganic portion is not entirely unexpected
since it is known that a small_amount of carbonate decomposition takes place during
the MFA procedure, e.qg., Smi th® reports 0.6 weight percent for a typical 25 gal/ton
0il shale. However, carbonate decomposition will not account for the magnitude of
observed deviation, particularly for low assay oil shales.

The latter is shown by examination of the large quantity of assay data from the cores
obtained in drilling exploratory core holes which can be readily obtained by request
from the Laramie Energy Research Center of ERDA. MFA data from core holes has the

advantage of covering the assay of barren or lean shale in addition to the very rich
shales -- something that is not normally done in routine investigation of 0il shales

Figures 4, 5, and 6 show characteristic CD plots for selected intervals of typical
cores taken from the oil shales in the Green River Formation for Colorado, Utah, and
Wyoming, respectively. As might be anticipated these data show that the retorted
shale recovery from samples with zero or negligible oil yield are typically only 98-
99 weight percent. The interesting observation is that the dominate volatile loss

is associated with water -- not gas as would be the case with carbonate decomposition.

This latter observation suggests that sample preparation, particularly drying, needs
to be reevaluated in making the MFA, (or at least determining and reporting the 'as
received' or total moisture content of the sample). In discussing the drying pro-
cedures used by various individuals one finds considerable variation between labor-
atori?s and more importantly from the procedure initially set up by Stanfield and
Frost(] Whereas the latter carefully dried their samples and often reported MFA
data on a 'moisture corrected' basis -- one now finds that assays are almost univer-
sally being done on an 'air dried' or as received basis.

Fai]ure to correct for moisture not only leads to small inaccuracies in the MFA data
as is shown in table 2. It also has a considerable effect on the data points of a
CD plot, as shown in figure 3, where the data is also plotted on a moisture-free
basis and more nearly fits the derived relationship.
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Table 2. Effect of Using Moisture-free Basis
On Modified Fischer Assay Data

Assay Item Data Source
(wt %) Goodfellow(?) smith(®) Hubbard(7)
A B A B A B
Rgtorted Shale 82.40 83.36 86.28 87.45 86.12 87.23
0il 12.60 12.75 9.51 9.63 10.06 10.19
Gas (+ loss) 3.85 3.89 2.87 2.9 2.55 2.58
Water 1.15 - 1.38 - 1.27 -
Total 100 100 100 100 100 100
Change in 011 Assay (ga1/ton)+ +0.4 +0.3 +0.3

A As reported
B Moisture-free
t+ Calculated using 2.61 times difference in o0il present.

Caution must be used in arbitrarily applying a moisture-free basis to MFA data since
'water of pyrolysis' is derived from the pyrolytic decomposition of the organic mat-
ter. The quantity of 'pyrolysis water' (E%) will be proportional to the total organic
content; (the author uses the relationship (*w) £ 0.077 (*o0) to estimate its value)
whereas, the moisture in the shale decreases with increasing organic content (i.e.,
refer to figures 4, 5, 6). Therefore, it is not uncommon for assay data to show
little or no change in MFA  water yield as a function of o0il yield.

It is therefore suggested that those involved in evaluating or standardizing the MFA
procedure take note of this problem. Certainly the relationship between drying tech-
nique and water yield needs to be evaluated -- and perhaps a much more detailed study
should be made determining the relationship between water yield and retorting
temperatures.

INTERPRETATION OF TGA DATA

Figure 7 shows a typical TGA trace for the pyrolysis of a sample of Colorado oil shale
in a C0, atmosphere. TGA does not give oil yield, and unless the volatiles are recov-
ered anﬁ analyzed it is difficult to get such data directly. On the other hand, the
data does readily lend itself to analyses on a CD plot since the volatile content is
determined rather precisely by TGA. Therefore, if the position of the oil yield line
(AE in figure 1) is known for the particular shale in question the o0il yield can be
estimated from the 'x' intercept of that line.

In the event the relationship of the o0il yield to the total volatiles is not known
for the TGA sample a second data point can be obtained by oxidizing the residual or-
ganic matter (Figure 8) at the pyrolysis temperature (to minimize carbonate decompo-
sition). The total volatile data_can then be used to establish a point on the oil
versus inorganic boundary line (AD in figure 1) and the yield estimated again from
the 'x' intercept of that line. These data are shown plotted on a compositional
diagram as figure 9. The Fischer assay o0il yield predicted from the data from fig-
ure 7 would be 34.5 gal/ton. That, based on data from figure 8, is 33.4 gal/ton
(assuming G/T = 2.61 wt %). Fischer assay of four samples of this material aver-
aged 33.38 gal/ton.

CORRELATIONS WITH TOTAL ORGANIC MATTER

Figure 10 shows data for the total organic matter as a function of the o0il yield as
reported in the literature (3,4,5,8,9? together with the correlation curve derived
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to fit these data by the investigators of the USBM3. Obviously these latter data do

not fit the relationship suggested by equation 10, nor do they seem to fit the more
precise determinations of Smith® and Goodfellow*. For this reason care should be
used in using the older literature data for total organic content and its correlation
particularly as they might apply to making energy balance calculations.

SUMMARY

A compositional diagram has been developed which provides a visual means of evaluating
0i1 shale assay data for the Green River oil shales. Of particylar value is the
ability to estimate the total organic and organic residue in the pyrolyzed shale from
Modified Fischer Assay data. For approximate purposes these relationships are as
follows:

1. Total Organic = 1.644 x (MFA oil yield)

2. Organic Residue = 0.361 x (MFA oi] yield)

3. (Gas + Water + Losses) = 0.282 x (MFA oil yield)
4. Water (from pyrolysis) = 0.077 x (MFA oil yield)

The compositional diagram can also be used to evaluate TGA (Thermogravimetric-Anal-
ysis) data for oil shales in order to estimate the oil yjeld. It is also recommended
as a tool for evaluating experimental retorting data, particularly for bench scale
and pilot plant retorts where material balance data on the feed and retorted shales
can be accurately ascertained.
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SIMULATED GROUND WATER LEACHING OF IN SITU RETORTED OR BURNED OIL SHALE
H. W. Parker, R. M. Bethea, N. Giiven, M. N. Gazdar, and J. K. Owusu

Department of Chemical Engineering and Department of Geosciences
Texas Tech University, Lubbock, Texas 79409

INTRODUCTION

Many social, political, ecological and economic factors combine to make pre-
dictions regarding the date of significant commercial shale oil production very
uncertain. Although the actual date for commercial shale oil utilization is un-
known, scientists and engineers have a responsibility to develop factual infor-
mation regarding oil shale utilization in order that technical information will
not be the delaying factor in utilization of 0il shale when required by our
nation. This paper is one addition to the technical data base needed for sound
utilization of oil shale.

After 0il shale has been retorted in situ, the long term hazard to the sur-
face environment will be the possibility of ground water movement through the oil
shale to leach various soluble salts from the spent shale. The possible environ-
mental hazard divides itself into two major aspects. One aspect regards the geo-
logical details of the particular in situ retorting site, in particular the amounts
and quality of ground water which might flow into the previously retorted zone
and subsequently have an opportunity to reach the surface. These site dependent
factors can be evaluated best by hydrologists, if they have available information
regarding interactions between previously retorted oil shale and the invading
ground water.

The present research is aimed at a systematic development of information
describing the leaching of soluble salts from retorted oil shale by ground water.
The total study includes determining the amounts of material made available for
leaching by the retorting process, and also the rates at which leaching may occur
The present paper primarily considers the amounts of material made available for
leaching as a result of retorting oil shale under varied conditions. Work now in
progress is evaluating the rates at which leaching may occur.

EXPERIMENTAL PROCEDURES

One sample of 0il shale was employed in this investigation so that the total
data set regarding quantities of materials to be leached from the o0il shale, and
leaching rate studies to be conducted in future work will be on a consistent basis.
The slab of 0il shale was first drilled to remove cores for future leaching rate
studies, and the remainder of the slab was crushed for use in the tests reported
here. The slab was from the Rifle, Colorado,mine, but it was not identified fur-
ther. Data regarding the shale sample are given in Table I.

The shale was retorted in a randomized experiment with factorial treatment
combinations. The factors were temperature (4 levels: 430,483, 630, and 780°C)
and retorting time (2 levels: 15 and 30 hours)}. Two replications were made.

These retorting temperatures represent a range of temperatures from a low tempera-
ture at which kerogen begins to decompose at a reasonable rate to high temperatures
at which carbonates decompose and other reactions in the mineral matter may occur
Actual in situ retorting may employ very long retorting times; however, experimental
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expediency necessitated rather short retorting times in this initial set of experi-
ments.

Two extremes of gaseous environment were employed. One sequence of tests as
described above was conducted with a slow purge of air through the oil shale to
burn carbon from the spent shale and provide an oxidizing environment. In addition,
the air flow purged carbon dioxide from the oil shale as carbonates decomposed to
facilitate further carbonate decomposition. This test partially simulated the
portions of 0il shale which might have been burned by air to energize the in situ
retorting process. In a second series of tests, no gas purge was used during
retorting of the shale which resulted in residual carbon on the spent shale, and
reducing atmosphere about the spent shale during retorting. These two series of
tests are distinguished as Air-Yes and Air-No in the tabular data.

Retorting of the shale was accomplished in a vertical stainless steel tube
43 cm long and 1.4 ¢cm ID. The central portion of this tube contained 50 g of oil
shale. A 1/16 inch swaged magnesia Type K thermocouple was centered inside the
tube. A horizontal screen attached to the thermocouple supported the shale in the
central portion of the retorting apparatus. For one series of experiments, air was
purged into the top of the apparatus at a rate of 0.25 1/hr. Gases and oil were
produced from the bottom of the tube into a container with a water leg seal so
air could never contact the shale in those tests conducted in the absence of air.
A close-fitting electric furnace was placed around the tube. Power input to the
furnace was adjusted by a PID type controlier actuated by the internal thermo-
couple. Approximately 0.5 hours was required to heat the apparatus to the desired
operating temperature.

After retorting, the shale was allowed to cool to room temperature, then trans-
fered to a 250 ml polyethylene bottle and 200 m1 of demineralized and deionized
water added. The retorted shale and water were mixed together for 15 hours by
revolving the bottle at 160 RPM while tilted at a 45 degree angle. The samples
were allowed to settle for 5 hours and the clear water decanted from the shale.
Prior to analysis by atomic absorption spectroscopy the samples were filtered
through Whatman No. 42 filter paper, and measurements made of the pH and conducti-
vity. These results are reported in Table III.

The 15 hour time used for extraction of the oil shale with water was thought
to be generous for extraction of the 0il shale fragments which were less than 2 mm
in diameter. To confirm this assumption, 0il shale was retorted in the absence
of air for 15 hours at 483°C and extracted by the previously stated procedure
except the pH and conductivity were measured as a function of time. These results
are shown in Figure 1. Most of the solids were extracted prior to the first obser-
vation after one hour of leaching. Additional solids were extracted during the 24
hour period of the test. The rapid extraction of solids followed by a slow increase
in dissolved solids indicated the complexity of the total problem which is being
addressed in the leaching rate studies now in progress. The additional variable
of extraction time was not considered further in this paper.

The raw shale was analyzed for several elements by colormetric procedures
in those cases when atomic adsorption was not effective. These data are given in
Table I. V, Be, Sn, and Sb were determined by the methods described in Reference
1. As, B, and Se were determined by methods described in References 2, 3, and 4,
respectively. Prior to analysis the shale was digested in HF.
EXPERIMENTAL RESULTS

Data for the 32 retorting and extraction experiments are reported in Table III.
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These results were analyzed by standard analysis of variance procedures, AQV. A
significance level of o = 0.05 was selected for interpretation of the AOV results.
Significant variations in the results are indicated in the left column in regard to
retorting time, Tm, retorting temperature, Tp, and the time temperature interaction,
TT.

For the two retorting times examined, 15 and 30 hours, little effect of re-
torting time was shown on the amounts of each element leached from the oil shale.
The total amount of dissolved solids was not influenced by retorted time as deter-
mined by the AQV analysis. The results in Table III indicate that the amounts of
several elements dissolved were dependent on retorting time by the AOV technique,
K, Mg, Sr, In, and Cd when retorted in the presence of air. Standard analysis of
covariance procedures, ANCOVA were applied to the experiments conducted in the
presence of air. When leachate pH was used as the covariant, the apparent depen-
dency on retorting time regarding the amounts of Mg dissolved was eliminated. This
set of data indicated that the only significant influence on the amount of magne-
sium dissolved was pH of the extract.. The ANCOVA examination of the data also
indicated that pH of the leachate influenced the amounts of Fe and Al extracted,
and perhaps the amounts of In, as might be expected. The ANCOVA tests indicated
that only the amount of K leached was clearly dependent on retorting time.

Retorting temperature was the major variable influencing the amounts of mate-
rial extracted. The difference in the amounts extracted after retorting at the
two highest temperatures was not great. In some cases, retorting at the highest
temperature, 780°C for the longest period of time, 30 hours, resulted in less of a
particular element being leached from the oil shale, for example Sr and In.

The relative amounts of material leached in the absence or presence of air
were not examined by statistical methods, but it appears obvious that less mate-
rial was leached after retorting in the absence of air at the two lower retorting
temperatures employed. This effect is not just a function of pH as shown in Figure
2, since the samples retorted in the presence of air had a lower pH, but a larger
amount of solids were dissolved. The X-ray diffraction studies shown in Table II
show no major alteration of the crystalline material due to retorting at the lower
temperatures either in the presence or absence of air. The X-ray diffraction data
shown in Table II show the production of a new mineral phase, hydrotalcite,
M96A12C03(0H)16 * 4H,0, at the most severe retorting conditions.

DISCUSSION OF RESULTS

These results show the influence of selected retorting conditions on the
amounts of material leached from o0il shale by pure water. Much of the ground water
associated with oil shale deposits already contains large amounts of dissolved
salts, up to 40,000 ppm (5), contrasted to the maximum of 1800 ppm observed in
these tests. The interactions of these real ground waters with oil shale will be
considerably different than observed in these tests with pure water; however, the
tests with pure water provide more reproducible and readily interpretable results.
Tests are now in progress using ground water.
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TABLE I
Properties of the 0il Shale Investigated
Fischer Assay Yield (gal/ton) 19.1
Principal mineral species present (Please see Table II)
Analysis for Selected Metals
Metal Method Amount Present Detection Limit
PPM in Shale in Shale PPM
Be Colorimetric Trace 0.2
v Colorimetric Absent 0.5
Cr AAS Absent 0.005
Fe AAS 3.68 0.1
Ni AAS Trace 0.01
Cu AAS 0.16 0.003
Ag AAS Absent 0. 005
cd AAS Trace 0.003
Hg AAS Absent 1.00
B Colorimetric 2.00
Pb AAS 0.49 0.04
As Colorimetric Absent 8.00
Sb Colorimetric Absent 0.05
Se Colorimetric Absent 0.04
Screen Analysis of Crushed 0il1 Shale
Screen Mesh Wt# Screen Mesh Wt%
(US std.) Retained (Us std.) Retained
+16 32.0 : 60 10.8
24 13.9 115 10.8
32 14 250 4.0
42 12.2 Pan- 2.5
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TABLE II.

Mineralogical Phases in Raw and Retorted 0il Shale by X-ray Diffraction

Retorting Conditions

Minerals and their relative percentages

e s

- 2 @ @ - 4

£ g N z 8 5 2 2 2

. g g5 5 s S - £ = 3
= T 85 S 2 s g > = @
{Raw Shale) 25 30 10 15 - 10 10
Yes 15 430 30 30 + 20 - 10 10
Yes 30 430 25 30 + 20 - 10 10
Yes 15 483 30 30 + 20 - 10 10
Yes 30 483 30 35 + 15 - 10 10
Yes 15 630 25 10 20 20 10 + 10
Yes 30 630 20 10 20 10 10 10 5
Yes 15 780 30 15 10 5 10 - 30
Yes 30 780 40 10 10 10 5 - 25
No 15 430 20 30 5 20 - 10 10
No 30 430 20 30 5 20 - 10 10
No 15 483 20 30 5 20 - 10 10
No 30 483 20 30 5 20 - 10 - 10
No 15 630 25 15 25 15 5 5 10
No 30 630 25 25 20 20 + 10
No 15 780 35 10 20 10 5 + 20
No 30 780 35 10 10 10 10 25

+ indicates trace quantity; - indicates
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THERMAL AND ELECTRICAL CONDUCTIVITIES OF GREEN RIVER OIL SHALES*
J. DuBow, R. Nottenburg, and G. Collins

Department of Electrical Engineering
Colorado State University
Fort Collins, Colorado 80523

INTRODUCTION

Oil-shale retorting is ? thermal process, yet the thermal conductivity of oil
shale is incompletely known. 1) A detailed knowledge of the thermal conductivity is
necessary before the temperature distributions in oil-shale rocks, in oil-shale beds,
and in the rock surrounding in situ oil-shale retorts may be accurately determined.
The limited experimental data and limited theoretical understanding of the thermal
conductivity of oil shale to date hinders control of in situ retorting processes

and limits the accuracy of mathematical simulations of oil-shale retorting.

Previous studies(2,3) of the thermal conductivity of oil shale recognized that
thermal conductivity could vary with temperature, kerogen content, and varve geome-
try. However, other aspects of the therTa; conductivity were never extensively
studied. For example, Prats and 0'Brien 2 report chemical analyses of oil-shale
samples of nearly equal Fischer assay, but which exhibit substantially different
mineral matrix compositions. It is unreasonable to expect two oil-shale samples of
equal grade but different mineral composition wouli exhibit identical thermal and
electrical conductivities during retorting. ook { ) noted that carbonate minerals,
such as nahcolite and dawsonite, decomposed over the temperature range used in their
experiments and are therefore the most likely minerals, to affect the thermal and
electrical properties of oil shale.. These studies‘‘’ ) utilized the transient line
probe technique to measure thermal conductivity. This technique relies on a dif-
fusional heat flow model and “ti'ifﬁf a thermal history sample treatment which masks
the effects of chemical reactions. However, these chemical re?g}ions signifi-
cantly effect the temperature distribution in an oil-shale retort and form a key
to understanding the behavior of thermal conductivity.

A key to unravelling some of the complexities in the thermal conductivity of
oil shale lies in simultaneous parameter measurements. In this investigation ther-
mal conductivity and electrical conductivity were measured simultaneously as a func-
tion of organic content, temperature and under stress levels simulating field condi-
tions. These parameters were correlated and, as such, yielded much more useful re-
sults than thermal conductivity data alone. Some deviations from the major trends
of previous work were observed.

SAMPLE PREPARATION

Mine-fresh rocks were obtained from the Paraho 0il Shale Development Corpora-
tion, Rifle, Colorado. Other samples were obtained from the Laramie Energy Research
Center (LERC), Laramie, Wyoming. The five samples selected were analyzed by LERC
using nuclear magnetic resonance. Their oil yield and sample number are given in
table 1. Test specimens, cut perpendicular to the bedding plane, were carefully
selected to insure that both the organic and the mineral matter were fairly evenly
distributed and that the specimens contained no visible fractures. The polished
specimens measured 2 inches in diameter and 3/4 inch thick. A groove, 0.100 inch
deep, as shown in Fig. 7, was cut on each face of the specimen. Thermocouples in
double bore ceramic tubes were inserted in the grooves, with the junction placed in
direct contact with the shale. The thermocouples were fixed in place with Saureisen
Cement.

% Supported under contract from the Laramie Energy Research Center of the U.S. ERDA.
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EXPERIMENTAL PROCEDURE

Measurements were taken in a modified Dynatech(7) TCFCM thermal conductivity
apparatus. This apparatus is shown in Fig. 1a. g?e thermal conductivity measure-
ment technique used is the ''Comparative Method." This technique does not require
(1) a diffusional model of heat flow, as does the transient line probe method; (2)
it does not require drilling an extra thermocouple insertion hole into the oil shale
sample; and (3) it does not require thermal history techniques to be uti!%gfd. The
comparative method is similar to the standard Guarded Hotplate Technique, but is
much faster and results in only a small sacrifice in accuracy. The modified appara-
tus was calibrated by measuring the thermal conductivity of Pyrex 7740 a number of
times. The results showed a maximum deviation of 4 percent from publiished NBS
results,

The oil-shale sample was sandwiched between two copper discs and the unit was
sandwiched between two Pyrex 7740 reference samples as shown in Fig. 1b. The initial
pressure was set using a Morehouse Ring Force gauge and power-screw apparatus shown
in Fig. 1a. The pressure variation was determined by the variation on a ring force
gauge dial indicator. The electrical resistance was determined by measuring the
relative voltage drop across the shale between the two copper discs as compared to a
reference resistor. A microvoltmeter was used to determine these voltages.

Complete runs were made on each sample at four average initial pressures shown
in table 2. These runs were done in an air atmosphere at an approximate average
heating rate of 65° F per hour. Experiments were started at ambient temperature and
continued until the oil shales lost structural integrity--that is, to the tempera-
ture where the shale underwent complete structural collapse. Each specimen was
heated in 45° F to 90° F increments per hour with a stack temperature gradient of
36° F to 54° F maintained across the test stack. When thermal steady state was at-
tained, which required about 45 minutes per increment, stack temperatures, pressure,
electrical resistivity, and time were recorded. The heaters were turned off during
the pressure and electrical resistivity measurements to eliminate artifacts caused
by heating and stray magnetic fields

DATA ANALYSES

Experimental data were analyzed with a HP 2100 minicomputer. Thermal conductivi=
ty was computed according to equation

/ AY At Ar
-5 TR BR
K_ = + K (1)
s~ 7T, (ke . BR §BR}
where the subscript ''s'" denotes the oil shale, ''TR'" the top reference, and "BR",the

bottom reference. K is the thermal conductivity, AT the temperature drop, and
the thermocouple to thermocouple spacing.

Electrical conductivity, stack temperatures, and pressure were also stored in a
computer memory. These three sets of experimental data permitted us to compute three

derived parameters as shown in Fig. 6: (1) one parameter coefficient of thermal
expansion was computed using Equation 2

/8,1 %\.\ (2)
Jo AT

‘\- . . . -
where jo is the original sample length,l&jﬁthe change in sample length over the temp-
erature interval AT; (2) the second derived parameter is the resistance ratio as it

was computed according to Equation 3

_V(THAT) |
R = T 3)
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) the third.deriyed parameter, energy balance, is computed according to Equation &,
Is parameter equals the ratio of the heat flowing into the top of the oil shale
T) to the heat flowing out of the bottom of the oil-shale sample (QB)'

At

LR o (4)
% ATgq
BR

(3
Th
(Q

The energy balance ratio (Q,/Q,) should equal unity at equilibrium, but deviates
significantly from unity, as shown in Fig. 6, when heat is generated or absorbed dur-
ing chemical reactions or physical transformations within the sample. The presence
of carbonate minerals in an air ambient atmosphere caused chemical reactions to oc~
cur which seriously effected energy balance and temperature distributions. The ther-
mal conductivity is not usually defined under nonequilibrium conditions such as those
encountered over much of the temperature range we observed. What was measured was an
effective thermal conductivity. Moreover, it can be shown that Equation 1 holds in
the pr?g?nce of heat generation within the sample as well as under equilibrium condi-
tions. The effective thermal conductivity included the effect of the carbonate
and kerogen decompositions, as well as the varve boundaries, cracks, and pores.

DISCUSSION OF EXPERIMENTAL DATA

The thermal conductivity versus temperature for four grades of oil shale at four
different initial pressures, is shown in Fig. 2. The effect of pressure on the
thermal conductivity becomes significant only at high temperatures. The pressures
exerted by the oil shales on the press bar as a function of temperature are shown
in Fig. 3. Even at low temperatures, these pressures were seen to increase. The
pressures continued to increase until the specimens reached the structural transi-
tion temperature, at which point the specimens failed to sustain any stress and
collapsed. The rapid decrease in pressure and eventual loss of structural integrity
over a narrow temperature range was first reported by Tisot.(lo)

The structural transition temperature also marks a significant change in the
electrical and thermal transport parameters. Fig. b4 indicates that, just prior to
the onset of structural yield, there is a change in the mechanism of the electri-
cal conductivity. A measure of the nature of the electrical conduction mechanisms
is the activation energy for electronic conduction, which is the slope of the elec-
trical conductivity versus inverse temperature (1/KT) curve. The activation energy
for electronic conduction may be obtained from Equation 5

TN 0,

E. =v=—=— 1In (5)
a KT, 5]'

whereCf and Cﬁ are the conductivities measured at temperatures T, and T,. The elec-
trical Conductivity is plotted as a function of inverse temperature in Fig. 4. Elec-
trical conductivity exhibits considerable variance at low temperatures, but all
curves tend to coincide at temperatures approaching the structural transition temp-
erature and above (Fig. 5). A least-squares fit to the data yields an activation
energy for electrical conductivity of 1.8 eV at temperatures above the structural
transition temperature. After the transition temperature, conductivity activation
energy is reduced by a factor of almost two. The rapid rise in electrical conduc-
tivity is accompanied by a marked increase in the thermal conductivity. However,
just prior to the structural transition temperature, the thermal conductivities at-
tained a minimum (Fig. 2). After the transition temperature, the thermal conduc-
tivities increase. These increases in thermal conductivity are accompanied by a more
rapid rise in the electrical conductivity, suggesting a possible electronic origin of
the increase in thermal conductivity above the structural transition temperature.
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One possible mechanism for the increase in the thermal conductivity at high temp-
erature s a fundamental change in the heat conduction mechanism at the structural
transition temperature. ‘At low temperatures the shale is nonporous and conduction is
mainly through solid-solid contact. The onset of chemical reactions in the oil shale,
such as the decomposition of carbonates, alters the manger in which heat flows through
the oil shale. Thus, in contrast to other workers,\%» the experimental data show
that the thermal conductivity often remains steady or increases with increasing temp-
erature. Near the structural transition temperature, the oil shale, which was under
uniaxial compression, began to consolidate. However, the oil shale could expand
radially, and radially directed cracks and fissures could form. These structural
ftaws fill with air and gas, which have very low thermal conductivity, and therefore
reduce the thermal conductivity of the oil shale. Above the structural transition
temperature, oil shale begins to undergo structural failure along with chemical de-
composition. Large numbers of pores which become increasingly filled with shale oil
are formed (Fig. 7). This shale oil originates in those portions of the oil shale
that begin to retort. As oil shale approaches retorting temperature, the relative
contributions of solid-fluid and fluid-fluid heat transfer mechanisms increage ?nd,
at relatively low porosities, can dominate the thermal transport properties. n

The increase of electrical and thermal conductivities at high temperatures, pos-
sibly caused by oil-filled pores, is supported by previous work which demonstrated
that, for porous rocks, the electrical and therma} conductivities can be related to
one another through a common parameter--porosity. In addition, shale oil at high
temperatures appears to be highly electrically conductive. During one experiment,
some shale oil seeped into a heater winding and caused a short circuit which dam-
aged the heater. The high electrical conductivity of hot shale oil could cause dif-
ficulty in measuring oil-shale behavior at high temperatures since the shale oil
could short-circuit thermocouples or other electrical transducers, unless they are
properly insulated. It was also observed that the gray, retorted sections of the
oil-shale samples used exhibited much higher resistivity than the unretorted sections.

The raw data exhibited considerable variations at particular temperatures. These
variations are accentuated, and interparameter correlations highlighted, when the
resistivity ratio, thermal expansion coefficient and energy balance at the tempera-
ture measurement data points are plotted for the various grades. A typical curve is
shown in Fig. 6. The energy balance should be unity in equilibrium, but it begins to
deviate substantially from unity as the shale undergoes decomposition reactions.

These samples were heated in air and, hence, were subject to a number of carbonate
decompositions beginning at about 195 F. Significant changes in the energy balance
are accompanied by resistivity changes. The structural transition temperature is
marked by rapid rises in the electrical and thermal conductivities.

SUMMARY AND CONCLUSIONS
The results from this investigation show that when oil shale is heated in air:
(1) The thermal conductivity remains relatively constant up to the struc-

tural transition temperature (0.5 + 0.15 Btu/ft-°F).

(2) 1n a narrow temperature range around the structural transition temp-
erature, thermal conductivity attains a minimum and then increases.

(3) At temperatures above the structural transition temperature, all
grades of shale exhibit the same activation energy for electronic
conduction (1.8 eV).

(4) The values of the electrical conductivity tend to coincide at temp-
eratures above the structural transition temperature.

(5) Below the structural transition temperature, the electrical con-
ductivity is low and exhibits a spread in activation energies
centered around 3.5 eV.
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(6) simultaneous measurement of electrical conductivity, thermal conduc-
tivity, and pressure permits the computation of three derived param-
eters--the coefficient of thermal expansion, the energy balance ratio,
and the resistance ratio.

(7) The experimental data point to a common mechanism for the increase
in thermal and electrical conductivities at temperatures above the
structural transition temperature. This mechanism is the filling
of pores with conductive shale oil.

The data reported here can be used to develop an improved mathematical model of
oil-shale retorting. The electrical and pressure data can be used to develop sen-
sors which predict the onset of structural failure and kerogen decomposition.
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Sample Grade (gpt)
AAIT top 21.6
AAIT bottom 25.1
AA2 top 29.6
AA2 bottom 32.2
AA8 top 47.9

Table 1 Notation For 0il Shale Grades Reported in Subsequent Figures

Uniaxial Pressure Applied

Condition . to Sample (psi)
1 120
2 310
3 460
4 600

Table 2 Notation used in Figures To Designate the Four Conditions of Pressure
applied to the Sample

a b

Fig. 1: a) Apparatus b) Test Stack
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A LABORATORY STUDY OF GREEN RIVER OIL SHALE
RETORTING UNDER PRESSURE IN A NITROGEN ATMOSPHERE

R. L. Wise, R. C. Miller and J. H. George

Laramie Energy Research Center of ERDA,
and The University of Wyoming
P.0. Box 3395, University Station
Laramie, Wyoming 82071

INTRODUCTION

In situ retorting of oil shale is being considered as a possible means of energy
recovery. Currently proposed in situ processes would involve creation of adequate
permeability in the shale beds followed by combustion or gas injection at high temp-
erature. Pressure will increase with depth of the shale for these operations.
Retorting data to provide information relative to in situ processes is meagre for the
effects of pressure and retorting atmosphere on shale oil production and quality.

In a previous study, Bae (1) investigated effects of retorting atmosphere (Ng,
CO,, H0, NH;, and H,), pressure and sweep gas rate on 0il shale retorting. The re-
tort was vertical, with upward gas flow, and there was no mechanism for removal of
produced oil except with the exit gas. Bae (1) found little effect of interchanging
the sweep gas or the sweep gas rate. However, there was a large reduction in oil
yield with increased pressure, accompanied by greater gas production and coke depo-
sits. 0il ylelds dropped dramatically with increased pressure, even when hydrogen
was used as the sweep gas, in contradiction to typical oil hydrotreating results.

Some proposed in situ recovery methods would allow segregation of produced oil
by drainage from the regions where it originated by pyrolysis. Thus it was decided
to study the effects of sweep gas identity, sweep gas rate, gas pressure and heating
rate on the retorting process in a downflow vertical oil shale retort. This paper
summarizes the important results with nitrogen as the sweep gas. In addition, the
results now available with hydrogen as sweep gas are included and discussed. This
portion of the study is still in progress.

EXPERIMENTAL WORK

Retorting System and Procedure

A flow diagram of the pressure retorting system is shown in Figure 1. Sweep
gas was taken from high pressure cylinders and regulated to a desired system inlet
pressure. The nitrogen and hydrogen sweep gases were used as obtained commercially.
No detectable impurities were found in either gas by chromatographic analysis. For
atmospheric pressure experiments, the cylinder gas was regulated to about 50 psig,
and flow rate was controlled with a metering valve, the compressor being bypassed.
To obtain the desired flow rate for the higher pressure experiments, the cylinder
gas was regulated to appropriate pressure for inlet to the reciprocating diaphragm
compressor. The gas pressure in the retort vessel was fixed by a back-pressure
regulator for these high pressure experiments. The sweep gas entered the pressure
retort at the top, flowed down through the packed shale bed and exited from the re-
tort bottom.

The pressure retort was a stainless steel commercial high-pressure cylindrical
reaction vessel of 2-9/16~inch-inside diameter by 32-~inch-inside depth. Vessel
access was at the upper end with an outside cap-type compression closure on a flat
copper gasket. The top plug was provided with three holes: a sweep gas inlet port,
a pressure measurement port and a port for a thermocouple well. The inside bottom
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of the vessel was hemispherical in shape and was provided with an exit line for gas
and 0il. A stainless steel screen conforming to the vessel bottom was used to
support the shale charge.

N

The retort vessel below the upper head was surrounded by a cylindrical electric-
al heater composed of five elements along the length of the retort. A thermocouple
was placed between each element and the outside retort wall. Current to each element
was proportionally controlled to maintain the corresponding thermocouple reading in
line with the desired heat-up rate. The actual heat-up rate of the vessel contentg
would be somewhat different from the desired rate and was monitored by four internal
bed thermocouples spaced vertically in a 1/4-inch thermocouple well.

Shale for all runs came from the Anvil Points Facility of ERDA near Rifle,
Colorado. It was crushed and screened (minus 3/4-inch and plus 1/4-inch) and mixed
to form a single uniform batch from which portions were taken for each run. The
shale analyzed 31.1 gallons of oil per ton by modified Fischer assay. Analysis of
the raw shale is shown in Table 1.

The retort vessel was loaded with 2240 grams of crushed raw oil shale for each
run. Sweep gas flow and retort pressure were adjusted to the desired values and
then the heating initiated. The heat-up was continued until a predetermined final
bed temperature was indicated on the external controller thermocouples, after which
the heaters were controlled to keep the retort temperature at this fixed value for
a period of several hours. At the termination of a run the heaters were turned off
and the sweep gas allowed to flow until the bed returned to near ambient temperature.

0il and gas exiting from the retort bottom entered an o0il collection system.
This collection system consisted of two knock-out traps in series. 0il collected in
the first of these traps could be monitored with time. A differential-pressure cell
continuously measured the hydrostatic pressure of the o0il in this trap. Since most
of the produced oil was collected at this point, a good estimate could be made of
total oil produced with time. Total oil produced was determined by draining the
various collection points and weighing.

Downstream of the oil collection system and backpressure regulator, the exit
gases were filtered, and a small portion bled off to a gas chromatograph for analysis.
Analysis was accomplished with a three-column system using a thermal conductivity
detector.

Experiments and Calculations

Using nitrogen as the sweep gas, the raw shale was retorted at pressures of 0,
750, and 1500 psig (barometric pressure approximately 11 psia). Uniform heating
rates of 14, 25, 75, and 125° F per hour were employed at each pressure. At fixed
pressure and heat-up rate, a number of sweep gas space velocities were studied, with
a maximum of about 120 SCF per hour per square foot of bed cross section.

Hydrogen sweep gas experiments have been performed in the same ranges of pres-
sure, heat-up rate, and space velocity. These experiments are not yet complete.

Actual heat-up rates were determined from the steady-state portion of average
bed temperature versus time plots. Actual nitrogen space velocities were calculated
from the measured exit gas flow rates and nitrogen content. Hydrogen feed rates were
measured with the wet-test meter prior to the heat-up period.

Material balances for each run were made on total mass, ash, carbon and hydrogen.
On some of the early nitrogen runs at atmospheric pressure the 0il collection system
then in use did not trap all of the oil produced. The collection system was subse-
quently modified to minimize this loss. On these early nitrogen runs the carbon
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Table 1. Analyses of raw and retorted shales
t

Retorted shales

Raw Atmospheric 1500 psig

shale pressure run’ run®
Total weight g 2240 1861 1911
Organic carbon wt-pct 13.7 4.4 5.5
Hydrogen do 2.01 0.22 0.40
Nitrogen do 0.46 0.29 0.30
Sulfur do 0.77 0.67 0.61
Water do 1.2 0.2 0.1
Mineral CO, do 16.4 19.0 18.0
Ash do 66.9 77.6 75.8

T Run number 9 of table 2 in Reference (2).
Run number 52 of table 2 in Reference (2).

Table 2. Pressure retort results for two example runs

Atmospheric 1500 psig
pressure run run
Heat-up rate ° F/hr 34.4 21.6
Space velocity SCF/hr~£t? 117 116
Max bed temp, °F 951 921
Organic carbon distribution
Retorted shale wt-pct 26.4 33.8
0il (Cy+) wt-pct 66.1 56.5
Gas (C3-) wt-pct 5.1 9.5
CO,-free gas (Cj3-) g 29.8 40.8
0il yield vol-pct 84.6 77.2
0il yield (Cy+) vol-pct 88.7 82.9
Table 3. 0il properties for example runs
Atmospheric 1500 psig
pressure run run
Specific gravity 0.920 0.873
Analysis, weight-percent:
H, 11.7 12.1
N, 2.0 1.9
S 0.8 0.5
C 84.7 84.3
Distillation fractions, weight~percent:
72-400° F 7 14
400~600 25 34
600-800 34 29
800 + 34 23
Pour point, ° F 86 15
Viscosity, cp:
at 100° F 24 4
at 130° F 13 3
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balances were not good. It was assumed that any initial carbon unaccounted for {n
the products was due to lost 0il. The oil yield figures were adjusted for lost oil
No such corrections have been made for any of the hydrogen experiments.

Two types of o0il yilelds as volume percent recovery of the raw shale modified
Fischer assay were calculated. One oil yield was based on liquid product only and
the other on liquid product plus all C, and heavier hydrocarbons analyzed in the
exit gases.

The final distributions of the organic carbon in the raw shale were also calcu-
lated. Organic carbon in the raw shale, retorted shale, oil and gas were all inde-
pendently determined. For presentation, the carbon in the Cy+ gases was added to
the carbon in the oll. Any carbon as CO; in the exit gases was assumed to have
come from mineral decomposition and was not included as organic carbon.

! - -

RESULTS

Nitrogen Sweep Gas Experiments

For the nitrogen runs, there was a definite decrease of oil yield with increase
of pressure. The average oil yield (including Cy+ gases) for 22 atmospheric pressure
runs was 93%, with a standard deviation of 5%. At 750 psig, the average Cu+ oil
yield for 21 runs dropped to 82%, with a standard deviation of 8%. At 1500 psig, the
average Cuy+ 01l yileld for 18 runs was only 78%, with a standard deviation of 6%.
Within the scatter in the data, no dependence of the oil yield on either heat-up rate
or sweep gas space velocity could be detected.

\

Accompanying the decrease in average 0il yield with increasing pressure for the
nitrogen experiments, there was an increase in both the average amount of gas pro-
duced and the average percentage of the initial organic carbon left on the retorted
shale as coke. Other effects of increasing pressure included a decrease in oil
specific gravity and viscosity, and an increase in amounts of lighter distillation
fractions for the oil.

Detailed results of the nitrogen sweep gas experiments are availlable in another
source (2). Results for only two example runs, one at O psig and one at 1500 psig,
are included here for illustrative purposes. These are runs 9 and 52 from Table 2
of Reference (2). Retorted shale properties are included in Table 1. Retorting
conditions, distribution of organic carbon in the products, gas production and oil
ylelds are given in Table 2. 01l properties are shown in Table 3. Increased coking
with increase of pressure is shown by the increase in organic carbon on the retorted
shale for the 1500 psig experiment when compared with the 0 psig run (See Tables 1
and 2). This 1s also confirmed by the increase in gas produced in the high pressure
run. The oil properties in Table 3 indicate that the oil from the high pressure run
was lighter with lower pour point and viscosity than the oil from the low pressure
run. No apprecilable differences could be detected in the C/H ratio for oils produced
at the various pressures. The increased gas production for the 1500 psig run over
the 0 psig run was primarily due to an increase in the light normal alkanes.

Hydrogen Sweep Gas Experiments l

The preliminary data for experiments employing hydrogen as sweep gas indicate
an increase in 0il yield with increase of pressure and also with increase of sweep
gas space velocity. 01l yields (including C,+ gases) of 100 to 125 volume percent ofjilf
the raw shale modified Fischer assay have been consistantly obtained at pressures of
750 to 1500 psig and hydrogen space velocitles in excess of 50 SCF per hour per
square foot of bed. The effect of heating rate variations at constant pressure and
space veloclty does not seem to be pronounced. There appears to be little differencegs
in o0il yleld between nitrogen and hydrogen sweep gas for runs at atmospheric pressurel
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Comparison With Previous Work

The present nitrogen results are compared with those of Bae (1) in Figure 2.
0il yields from the present study are in reasonable agreement with the previous
work for constant gas residence times in the retort. In no cases did we observe
the dramatic reduction in 0il yields found in the previous work for constant gas
feed rate. 1In the previous study (1), oil yields were found to decrease with in-
crease of pressure when hydrogen was used as the sweep gas. The present results in-
dicate just the opposite trend, that is, an increase in oil production with increase
of hydrogen pressure.

The discrepancies between the present work and the former study are probably due
to differences in the way the retorting was conducted. In the previous work the
sweep gas entered below the shale bed and exited from near the top of the bed. There
was no provision for oil produced at the lower temperatures to be removed from the
retort until it was volatilized and carried out with the sweep gas. On the average,
the 01l was subjected to higher temperatures and a longer retort residence time than
in the present work. With increased pressure this effect would be even more pro-
nounced, accounting for the large drops in oil yield noted in the former work.

Mathematical Model

Experimental oil shale pyrolysis data of Hubbard and Robinson (3) were used to
develop a simple kinetic model for oil plus gas production versus time. This model
will be described in more detail elsewhere (4). Since the Hubbard and Robinson work
was with a raw shale of different Fischer assay, the model was adapted to give ulti~
mate amounts of Cu+ 0il in line with the average nitrogen sweep gas results of the
present study.

The basic model is embodied in the equation

dx _ X
it - K1 x [l —KzF] 1)

where x is the weight percent of the initial available oil in the raw shale (by modi-
fied Fischer assay) which has been produced as Cu+ 0il and t is the time. The para-
meters K;, K2 and F are given by

K; =0 for T < 700° F
K; = exp(.03476T - 29.5994) for 700° F < T < 825° F 2)
K; = exp(.00645T - 6.0633) ' for T > 825° F
K, = 0.0006911T + 0.1766 3)
F =1+ 0.004647P7 4)

where T is the temperature in ° F and P is the pressure in psig. The heating rate
(h) is incorporated by letting the temperature at any time be given by

T=T + ht 5)
[}
where T is the initial bed temperature.
[
In a kinetic expression of the form of Equation 1, some mechanism is necessary
to initiate a non-zero rate. In this work, this was achieved by setting x = 0.125 at

T = 700° F.

The above model has been utilized to predict Cu+ o0il yield as a function of
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time for the nitrogen sweep gas experiments. Good agreement was found between model
and experimental oil yield - time curves.

N

=
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THERMAL CONVERSION OF OlL-SHALE KEROGEN IN THE PRESENCE OF
CARBON MONOXIDE AND WATER

J. J. Cummins and W. E. Robinson

U.S. Energy Research and Development Administration
Laramie Energy Research Center, Laramie, Wyoming 82071

INTRODUCT ION

The decrease in the world's oil supply must be supplemented by alternate
energy resources. One of these alternate energy resources is oil shale. 0il
shale is composed of insoluble organic material (kerogen), soluble organic
material (bitumen), and inorganic minerals. Although oil shale contains no oil,
the insoluble organic kerogen can be converted to oil by heat.

Both aboveground and underground retorting techniques (7, 11, 12, 16,)!1
have been used to process oil-shale kerogen. Some of these processes utilize
solvent, hydrogen, and steam (éﬂ 6, g, 9, lﬂ); however; present technology can
be improved relative to increased yields of products with iess environmental
impact (lé). The CO-H,0 reaction to be discussed in this report is a method by
which oil-shale kerogen is converted to gaseous and soluble products in the
presence of molecular or reactive hydrogen formed during the water shift reac-

tion shown below:

€O + H,0 _>|H2 + €0,
The converted products can be recovered along with water-soluble minerals. The
major advantage of this reaction is that more of the insoluble kerogen is con-
verted to gaseous and soluble products in the presence of CO and H,0 than is
converted by conventional methods at the same temperature. Also removal of the
water-soluble minerals would make the shale residue inert to water leaching on
disposal and the water-soluble minerals would be available for commercial use.

In recent years the C0-H,0 reaction has been used to convert organic
wastes to oil (1), to hydrogenate coal (2, 4, 10), to liquify coal or lignite (5,
7, 17) and to degrade oil-shale kerogen {13]. Since high yields of soluble
products are obtained from carbonaceous materials at low-temperatures, study of
the C0-H,0 reaction and its application to oil-shale kerogen conversion to
soluble products is continuing at the Laramie Energy Research Center.

The present paper describes the effects of seven variables on the CO and
water reaction. The seven variables are temperature, heating time, CO pressure
charged, presence and absence of carbonates, shale particle size, shale grade,
and water to shale ratio. In addition, the conversion of kerogen in the
presence of water only, the composition of some soluble products and the effect
of the CO-H, 0 reaction on some oil-shale minerals will be described. Other
processes u%ilize steam or steam and recycle gas but none have duplicated the
conditions of this study. For this reason only limited comparisons with other
kerogen conversion methods will be discussed.

EXPERIMENTAL

All of the oil-shale samples came from the Piceance Creek Basin of the
Green River Formation. Most of these samples for this research were ground to

1 Underlined numbers in parentheses refer to items in the list of references
at the end of this report.
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pass through a minus 100 mesh screen. To determine the effect of different
grades of oil shale on kerogen conversion, four grades namely 8, 18, 23, and 65
gallons of oil per ton of shale were selected for this investigation. To deter-
mine the effect of shale particle size on kerogen conversion, some large pieces
of 65 gallon per ton shale were crushed and screened to the following sizes:
0.01, 0.015, 0.029, 0.125, 0.25, and 0.50 inches. In addition, some 1-1/4'" cube
shale blocks were cut from a 35 gallon per ton piece of oil shale to determine
if the kerogen in a block of shale of this size could be converted by the CO-HZO
reaction.

Some minus 100 mesh 65 gallon per ton oil-shale sample was leached with 10
percent hydrochloric acid to remove the natural carbonates. The sample was then
washed free of acid and dried under reduced pressure at 60° C. This sample was
used to study the effect of the presence and absence of mineral carbonates on
kerogen conversion in the presence of CO-HZO.

An American Instrument Company2 I-liter reaction vessel constructed of in-
conel - 600 metal and mounted in a rocking assembly was used for all reactions.
The reaction vessel was externally heated with electrical heaters enclosed in a
metal jacket. The heating elements were controlled by a Love Controls Corpora-
tion model 49 proportioning controller.

Prior to each test a weighted amount of oil-shale sample and a selected
amount of water were placed in the pressure vessel. When sodium carbonate was
used, it was added at this time. The pressure vessel was then sealed and charged
to the selected CO pressure. The oil-shale samples were then heated in the
presence of CO and H,0 at the predetermined conditions. On completion of each
test the pressure veSsel was allowed to cool to room temperature after which a
gas sample was taken for mass spectral analysis. The reaction vessel was opened
and the heated residue and water were recovered.

The heated oil-shale residue was separated from the water by filtration.
The water was extracted in a separatory funnel with diethyl ether. The heated
oil-shale residue was air-dried at room temperature and then extracted with a
methyl alcohol-benzene mixture overnight to recover the soluble product from the
oil-shale residue. The ether-soluble product and methyl alcohol-benzene soluble
products were combined to represent the total soluble product.

A1l gas analyses were performed on a CEC 21-620 mass spectrometer capable
of analyzing low-molecular-weight polar and hydrocarbon materials. All soluble
products, all oil-shale residues and the original oil-shale sample were analyzed
for carbon, hydrogen, nitrogen, and sulfur by the standard methods used at this
Center for oil shale and oil-shale products. Mineral carbonate contents were
determined for the oil-shale sample and all heated residues. The organic
carbon contents of the oil-shale sample and the heated residues equalled the
total carbon content minus the mineral carbon content. Kerogen conversion was
calculated from the amount of organic carbon present in the oil-shale sample
before and after heating.

2 Reference to specific trade names or manufacturers does not imply endorsement
by the Energy Research and Development Administration.
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RESULTS AND DISCUSSION

Effects of Variables

Time and temperature series

The conversion of oil-shale kerogen in the presence of CO-H,0 at tempera-
tures from 300° to 450° C for heating times from 0.25 to 6 hours was inves-
tigated. The kerogen conversions relative to time are plotted in figure 1.
Kerogen conversion increases 3.7 times from about 26 to 98 percent with increased
temperatures. Kerogen conversion does not increase consistently with increased
heating time and only at 400° C does the conversion increase with increase in
heating time., Heating time has a minor effect on kerogen conversions at the
heating time selected for study. Kerogen conversion results obtained at 350° C
and 400° C by Hubbard and Robinson (11) using dry heat and no hydrogen at atmos-
pheric pressure are included for comparison with the CO-H, 0 reaction results.
Generally, conversions using the CO-H O reaction at the same temperature show
little increase in conversion with inCrease in heating time. In contrast, data
presented by Hubbard and Robinson (ll) at 350° and atmospheric pressure show a
gradual increase in conversion with increase in heating time. Also, kerogen
conversions at 350° and 400° C using the CO-H,0 reaction exceed the conversion
obtained by Hubbard and Robinson (ll) by 200 and 125 percent respectively with
98 percent of the kerogen being converted to either a soluble or gaseous product
at 450° C.

Effect of varying pressure of CO charged

The effect of varying pressure of CO charged on oil-shale kerogen conversion
while being heated at 375° C for 2 hour was investigated and the results appear
in figure 2. The five charge pressures appear at the bottom of the figure and
approximate operating pressures appear at the top of the figure. O0il-shale
conversion decreases from about 80 to 60 percent as the CO charge pressure
increases from 200 to 1000 psig and the operating pressure increases from 3000
to 6000 psig. These results suggest that no benefit in conversions results from
increasing charged CO pressure above 200 psig and an adverse effect on conversion
does result at higher CO charged pressures. Some additional tests at varying
pressures will be made in a bench scale reactor at a later date to confirm these
results.

Effect of varying mineral carbon content

The effect on oil-shale kerogen conversion of the absence of natural oil-
shale carbonates and the addition of sodium carbonate to shale samples prior to
the tests was investigated and the results appear in figure 3. Kerogen conver-
sion increased with increase temperature in the presence or absence of carbona-
tes. Almost the same amount of kerogen was converted in the presence and
absence of added sodium carbonate when raw shale was heated in the presence of
C0-H,0. A decrease in kerogen conversion was obtained when the oil-shale natural
carbonates were removed at each temperature except at 375° C. Addition of
sodium carbonate did not increase the yield equal to that obtained with the
natural carbonates present in the raw oil shale.

In general, the results show that more kerogen is converted in the presence
of the oil-shale carbonates (raw oil shale over HCl leached shale) and that the
addition of sodium carbonate does not benefit kerogen conversion during CO-HZO
reaction.
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Effect of varying particle size of oil shale

The effect of oil-shale particle size on kerogen conversion during the CO-
H,0 reaction was studied and the results appear in figure 4. About 70 to 80
percent of the kerogen is converted when less than 0.1 inch shale particle sizes
are reacted. Kerogen conversion decreases to about 50 percent as the particle
size increases to .5 inches and increases to 60 percent as the particle size
increases to the 1.25 inch cubes. The cubes became pliable, soft, and even
spongy as the result of the reaction. Generally these results show that the CO-
H,0 process will be more useful in converting finely ground oil shales to soluble
products; however, particle sizes up to at least 1.25 inches can be satisfactorily
converted.

Effect of varying grade of oil shale

The effect of varying grade of oil shale on kerogen conversion was studied
and the results appear in figure 5. Oil-shale kerogen conversion, increases
from 50 to more than 70 percent as the grade of oil shale increases from less
than 10 to more than 60 gallon of oil per ton of shale. These results suggest
that all grades of oil shale could be satisfactorily converted, but the conver-
sion tends to increase with increase in the richness of the oil shale. Very
rich oil shales, which cause considerable problems with some retorting operations,
would be converted very successful with the C0—H20 reaction.

Effect of varying amount of water

The effect of the amount of water on kerogen conversion was investigated.
The amount of water was varied from .25 to 3 milliliters water per gram of oil
shale. Kerogen conversions varied some but at 350° C and water to shale ratios
greater than 0.25 kerogen conversion appears to be independent of the amount of
H,O0 present. These results show that only small amounts of water are needed to
convert kerogen using the CO-H,0 process as the 0.25 water to shale ratio repre-
sents only the amount of water needed to wet the oil shale.

Conversion in Presence of Water Only

Kerogen was converted in the presence of water only to determine the
amount of kerogen converted at temperatures from 350° to 450° C for heating
times from .25 to 6 hours. The conversion results are compared with some of the
results obtained in the presence of CO—H20 and appear in table 1. The operating

TABLE 1. - Effect of varying the temperature and heating time on oil-shale
kerogen conversion in the presence of C0-H,0 and H,0 only

Kerogen converted, wt percent

CO—HZO HZO
Heat ing Temperature Gas Soluble Gas Soluble
time, hrs °C product product product product
2.0 - 350 1.1 39.7 4.5 36.4
6.0 350 0.1 39.0 6.5 . 464
0.25 400 2.0 66.3 12.7 57.6
1.0 4oo 1.9 75.0 19.5 69.3
1.0 450 18.7 79.2 63.4 22.7
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pressures ranged from 2400 psig to 3600 psig in the presence of H20 only and
from 4800 psig to 6000 psig in the presence of CO-H, 0. About 3 tG 9 times more
gas is formed when water alone was used over that o%tained with water and carbon
monoxide. Some carbon residue was evident in the sample heated at the highest
temperatures when water alone was used.

Relative to results obtained using CO and H,0 more kerogen is converted to
the soluble product at the lower temperatures an% less kerogen is converted to
soluble products at the higher temperatures in the presence of H,0 alone. Con-
versely, significantly greater amounts of gaseous products are produced in the
presence of H,0 only. The composition of the residual gases generated at 450° C
in the presence of water only consists of about 29 percent saturate and 10
percent unsaturate C, to C, hydrocarbons and in the presence of C0-H_0 consists
of about 19 percent methane. Hydrogen content of the gas from the test using
water only was 29 percent and the gas from CO-H, 0 test was 4k percent. These
results show that 3 to 9 times more kerogen is converted to gas in the presence
of water only than in the presence of water and carbon monoxide.

Composition of Soluble Products

The average atomic ratios calculated from the elemental analysis of the
soluble products appear in figure 7. In all cases the atomic hydrogen-to-
carbon ratio (X 10) for the soluble extracts exceeded the 154 ratio obtained
for kerogen. All of the 0/C, N/C, and S/C ratios are less than the 0/C of
5.40, the N/C of 2.56, and the S/C of 0.47 ratios obtained for the kerogen.
Using Stanfield's (12) elemental analyses of composite Fischer Assay oils, the
following atomic ratios were calculated for a representative retorted shale
oil: H/C ratio of 164, 0/C of 1=0, N/C of 2.0, and S/C of 0.3. With the
exception of oxygen amounts, the soluble extracts from the CO-H_ O reaction
appear to have average compositions similar to that of a representative Fischer
Assay oil. The presence of more oxygen in the extracts indicates a less severe
thermal history than the usual retorted oil.

Generally the results show that some hydrogen is probably added to the
soluble products during the C0-H,0 process. Also the elemental composition of
the soluble products is similar %o the elemental composition of the Fischer
Assay oils except the oxygen content which is 3 to 5 times more. This higher
oxygen content (1&) occurs because the soluble products are formed 50° to 200° C
below the normal 500° C retorting temperature at which Fischer Assay oil is
formed. These oxygen values (11) do not exceed the amount of oxygen present in
the kerogen. The soluble products should be suitable feedstock for hydrocracking
and refining operations.

During the C0-H,0 reaction numerous changes occur to the oil-shale min-
erals. |If sufficient water is present the water-soluble minerals, which are
mainly alkali carbonates, are solubilized. in addition, the crystalline forms
of the quartz minerals are altered and if dawsonite (an aluminum containing
mineral) is present it is converted to another mineral form. The removal of the
readily water-soluble minerals could prove to be an environmental advantage
because these materials may contaminate surface and ground waters when stored
with the remainder of the oil-shale residue as is commonly done with other
- conversion processes.

Effect on Mineral Compositions

A dawsonitic oil shale and the dawsonitic shale residue heated at 400° C in
the presence of CO-H20 were X-rayed. The peak intensities of five minerals
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(dolomite, feldspar, quartz, analcime, and dawsonite before and after heating at
400° C in the presence of CO—HZO) are plotted in figure 8. Three minerals
(dolomite, quartz, and dawsonite) present in the original oil-shale sample are
not detected in the shale residue after heating at 400° C. Apparently the
dolomite decomposes into calcium and magnesium carbonate with the formation of
calcite. The dawsonite probably reacts to form analcime and carbon dioxide in
the presence of C0-H,0 at 400° C. All the quartz loses its crystalline structure
upon being heated at 400° C and is converted to an amorphous form not detectable
by X-ray. Feldspar appears to be fairly stable in the presence of CO-H 0 at
400® €. Unfortunately the aluminum present in dawsonite is converted tG a

more insoluble form during the CO-H,0 reaction. To remove the aluminum for
commercial use, it would be necessafy to degrade the dawsonite to a soluble form
prior to the CO-H,0 reaction or devise a technique which would prevent the
formation of analcCime during the reaction. An environmental advantage is gained
with the removal of the water-soluble minerals because the oil-shale residue
would become essentially inert to leaching of the salts by atmospheric or ground
water moisture. However, more research needs to be done in this area.

SUMMARY

Using the CO-H, O reaction more kerogen is converted to soluble products and
and gas at lower temperatures than is obtained by dry retorting at near atmospheric
pressure.

Pressure does not appear to be a significant variable for kerogen conversion
in the CO-HZO reaction

Natural carbonates present in the oil shale are adequate to promote kerogen
conversions and additional sodium carbonate does not increase kerogen conversion.

The C0-H,0 reaction is suitable for use with either finely ground or
extremely ric% oil shales, materials that create difficulties for some oil-shale
conversion processes.

Only small amounts of water are needed to convert oil-shale kerogen to a
soluble product during the CO—HZO reaction.

More kerogen is converted to gaseous products in the presence of water
alone than in the presence of both carbon monoxide and water.

Soluble products formed in the presence of carbon monoxide and water
should be satisfactory materials for refining to needed energy fuels.

Some of the oil-shale minerals undergo major changes during the CO-HZO
reaction for example dawsonite being converted to analcime.
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HOT WATER EXTRACTION OF BITUMEN FROM
UTAH TAR SANDS

by J.E. Sepulveda, J.D. Miller and A.G. Oblad
Department of Mining, Metallurgical and Fuels Engineering

University of Utah, Salt Lake City, Utah 84112

INTRODUCTION

The dramatic projections for the energy market in the next few
years have forced applied researchers and process designers to con-
sider energy sources other than petroleum; such as tar sands, o0il shale
and coal. Physically tar sands consist of sand grains surrounded
by a bituminous film (Figure 1). This bituminous coating, if pro-
perly separated from the sands, may certainly be used as feedstock
for the production of fuels and petrochemicals.

Utah has 51 deposits of tar sands containing an estimated
25 billion barrels of bitumen in place, which is about 95% of the
total mapped resources in the United States(1). Although the extent
of Utah tar sands is small in comparison to the large bitumen potential
of Canadian tar sands, which amounts to approximately 900 billion
barrels, Utah deposits do represent an appreciable potential when
compared to the United States domestic petroleum and condensate pro-
duction of 3.2 billion barrels of equivalent oil in 1974 and the
United States crude oil imports of 1.3 billion barrels during the same
year. In spite of its significance, extraction and processing techno-
logy of Utah tar sands has not yet been developed. Since noticeable
differences in the chemical and physical properties between Canadian
and Utah bitumens have been observed, the technology acquired over
the last fifty years in Canada can not be applied to Utar tar sands
direc;]y; rather, a detailed investigation on Utah tar sands in re-
quired. .

Currently, at the University of Utah, an ambitious research
program on Utah tar sands is being conducted in order to obtain basic
information concerning products characterization and process develop-
ment. Different aspects of interest such as mining,extraction, up-
grading and characterization of the products are being studied. The
purpose of this paper is to summarize some of the advancements in the
hot water extraction of bitumen from Utah tar sands and the characteriza-
tion of this bitumen, specifically its viscosity.

FUNDAMENTALS OF THE HOT WATER PROCESS
' The Hot Water Process (HWP) was first described by Dr. K.A. Clark
in 1923 (2,3) and it is currently being used on a commercial scale
by Great Canadian 0il Sands Limited in Athabasca, Province of Alberta,
Canada (4,5). In this process, the displacement of the bitumen from
the sands is achieved by wetting the surface of the sand grains with

110

s



an aqueous solution (Figure 2). The aqueous solution contains a caustic
wetting agent, such as sodium hydroxide, sodium carbonate or sodium
silicate. The resulting strong surface hydration forces operative

at the surface of the sand particles give rise to the displacement

of the bitumen by the aqueous phase. The name of the process comes

from the fact that the system is operated at temperatures near the
boiling point of water. Once the bitumen has been displaced and the
sand grains are free, the phases can be separated by froth flotation
based on the natural hydrophobicity exhibited by the free bituminous
droplets at moderate pH values.

The mechanism of bitumen displacement from the solid surface is
not yet well understood and, as a result, a useful theoretical frame-
work does not exist. Most approaches have been based on an energy
balance for the system postulating that, in order for the bitumen to
be displaced, the total free energy of the system must decrease.
Thermodynamically, this can be expressed as (6,7):

dF = zZpdn + I¢dq + IydA < O, 1)
at constant temperature and volume
where
dF = Helmholtz free energy change
Iudn = change in free energy due to chemical reaction
L¢dg = change in free energy due to a change in surface charge
tydA = change in free energy due to a change in surface energy

Summations include all the phases and interfaces present in the system.
In the past, the term corresponding to chemical reaction and the one
corresponding to surface charge have been neglected. 1In addition,
changes in interfacial area have often been neglected, which may be
acceptable in mineral flotation systems but not in o0il displacement where
the variations in interfacial areas are significant. Further, as

pointed out by Leja and Bowman (6), the magnitude of the electrical

work term in aqueous systems may be of the same order as that of the
surface work. Consequently,it seems that neither the surface energy

term nor the surface charge term should be neglected in Equation 1.

There are several objections to this fundamental approach. The
first one is related to the difficulties in obtaining reliable informa-
tion on solid-liquid interfacial tensions and also, the complexities
appearing from the estimation of the surface charge term in Equation 1.
The second objection is that, even if the above information is available,
the model only provides a qualitative description of the process which
cannot be successfully used for process control or design. Finally,
the highly viscous nature of the bitumen in Utah tar sands may give
rise to kinetic barriers, in such a way that the equilibrium condition
predicted by Equation 1 may be unattainable in a reasonable period
of time. Also, electrostatic barriers could be expected (6).

Consequently, a radically different approach is needed. The applica-
tion of new concepts in the modeling of particulate processes, such
as Population Balance Models, which are phenomenological in nature,
may result in a better description of the system.
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EXPERIMENTAL

Hot Water Extraction Tests

As stated before, due to the difference in physicochemical pro-
perties between Canadian and Utah tar sands, the optimum operating
conditions and the phase disengagement mechanism itself would be
expected to be different. Because of the high viscosity of the Utah
bitumen, a high shear, stirred tank reactor was selected for digestion
of the tar sand samples, and wetting agents were added to assist the
phase disengagement process.

A flowsheet of the process is presented in Figure 3. Mined tar
sand feed is extruded down to smaller pieces ( 3/8") and fed to a 1-
gallon, model 1-E-150-SFTN, stirred tank reactor, manufactured by
Bench Scale Equipment Co. The impeller for this reactor consists of
two pitched blade turbines, 4" 0D, which can be easily exchanged with
several other types of turbines or propellers. Additional features
of this reactor are a torquemeter, a reflux/takeoff condenser, a temper-
ature control and heating system, a SCR speed controller and a tacho-
meter. In the reactor, the feed is contacted with the hot aqueous
solution and stirred, at constant temperature, for a specified digestion
time. Ideally, at the end of the digestion stage, the bitumen has
been displaced from the sand surface and can be separated from the
dispersed sand in a standard bench scale Denver flotation machine where
bitumen is floated with air. At this point in the research program,
no frothers or collectors have been added in the flotation stage. The
hydrophobic bitumen concentrate removed from the top of the flotation
cell would be sent to a refining plant. On the other hand, the hydro-
philic free sand grains sink to the bottom of the cell for discharge,
thickening and disposal. On occasions, relatively large Tumps of non-
floatable bitumen are found with the sand tails. This material can be
recovered from the tails, simply by screening on a vibratory screen
(14 mesh). The scavenger concentrate so produced has a grade suffi-
ciently high to either by recycled or refined as is. In any event, a
scavenger is not obtained when digestion has been done efficiently.

Analytical Techniques

Samples of the feed, concentrates and tailings obtained during
experimentation are analyzed to determine their composition with res-
pect to bitumen, sand and water. For this purpose, three Dean and
Stark assemblies (Figure 4) were set up according to the procedure
reported by the U.S. Bureau of Mines (8).

A weighed sample, contained in a double thickness cellulose ex-
traction thimble, is placed in the neck of a specially designed receiver
flask, held by four indentations. About 200 ml of reagent grade toluene
are added to the flask and heated to boiling. Toluene vapors dissolve
the bituminous materials in the sample and also, remove any trace of
water present. The vapors of the toluene - water mixture are trapped
by the condenser. Due to its higher specific gravity, water separates
from the condensate and is collected in the capillary tube,while the
toluene is refluxed. After a few hours (4-6), extraction reaches comple-
tion and the volume of water in the sample can be read from the graduated
capillary. The thimble is dried and weighed to determine the amount of
solids left, and the bitumen is calculated by difference, assuming the
density of the water is equal to unity. This analytical technique has
proved to have very good reproducibility, + 0.1%.
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Bitumen Characterization

The most appropriate way to characterize the raw bitumen for hot
water processing is by its viscosity. The viscosity is an important
property of the bitumen and the determination of its dependence on
temperature and system composition will help to establish the optimum
gond1t1oqs for the separation. Furthermore, this fundamental property
is of primary importance to insitu mining, recovery, upgrading and
material handling processes. Process design will strongly depend upon
the viscosity of the feed and products.

Samples of pure bitumen were prepared by dissolving the flotation
concentrates obtained from HWP experiments with an excess of benzene,
allowing the sand remaining in the concentrate to settle, transfering
part of the 1iquid to another vessel, and finally,evaporating the benzene

by heating the solution on a hot plate, for an extended period of time
(10-15 hours).

The viscosity of Athabasca and Utah bitumens were determined with
a rotational viscometer, Rotovisco. This instrument allows the operator
to set the temperature of the sample as desired, adjust the angular
velocity of the rotating bob and measure the torque necessary to-maintain
that velocity; so that, a flow curve (shear stress versus shear rate)
can be obtained, based on 3 easily determined calibration constants.

RESULTS AND DISCUSSION

Hot Water Extraction

Preliminary extraction experiments were performed in order to es-
tablish the range of conditions under which the separation could be
made. The main variables being considered in the Digestion and Flo-
tation stages are listed in Table I.

TABLE I. OPERATION VARIABLES CONTROLLING
THE PERFORMANCE OF THE HWP

DIGESTION: Discrete Feed Source
Wetting Agents
Impeller and reactor design
Continuous Temperature
Percentage solids in the vessel
Digestion time
Wetting agents additions
Feed size distribution
Intensity of agitation (RPM)

FLOTATION: Discrete: Cell Design
Flotation Reagents
Continuous Percentage Solids
Intensity of Agitation
Temperature

Solution pH
Flotation reagents additions

Owing to the large number of variables and the lack of background in-
formation on the subject, the effect of each individual variable on

the overall performance could not be studied separately as this would
require a very large number of experiments. Rather, experimental design
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techniques in which the number of experiments is reduced to a minimum
are being considered for application in combination with several opti-
mization algorithms. With this approach, the main objectives are to
determine the optimum experimental conditions for separation and to
formulate a mathematical description of the system response in the
region of the optimum. This sort of information, if obtained, will
provide a solid basis for the development of theoretical and semi-
theoretical models.

The excellence of the separation is quantified not only by the
grades of the concentrates and the recovery of the different components
but also by the coefficient of separation (CS), which is defined as
the fraction of the feed material which undergoes a perfect separation,
while the rest of the feed is distributed unchanged into the respective
product streams(9). 1In terms of recoveries, it can be shown that the
CS is equal to the difference between the recovery of bitumen in the con-
centrate and the recovery of sand in the same concentrate.

So far, HWP extraction tests have been performed with samples

.

from three different Utar tar sand deposits: Asphalt Ridge, P.R.
Spring and Sunnyside. Scanning electron photomicrographs of these

only with the first two samples, namely, Asphalt Ridge and P.R. Spring

samples are shown in Figure 1. Satisfactory resuits were obtained f.

which exhibited a fairly similar behavior. Typical results are presented

in Table II. Unexpectedly high coefficients of separation and recov-

eries of bitumen in the concentrate were obtained under these condi- .
tions. These high coefficients of separation are indicative of an .
excellent separation and suggest that development of a HWP for Utah

tar sands may be possible.

ASPHALT RIDGE AND P.R. SPRING SAMPLES

TABLE II. HOT WATER EXTRACTION TESTS FOR '

EXPERIMENTAL CONDITIONS

Digestion:

Flotation:

Conc.
Tail
Feed

Conc.
Tail
Feed

Wetting Agent addition: 0.2 (g sodium silicate/g
tar sands

Temperature: 200°F

Percentage Solids: 67%, by weight tar sands

Digestion time: 15 min; RPM = 1000

Percentage Solids: 20%, by weight tar sands

RPM = 1200 0

Temperature = 15°C

s., -

ASPHALT RIDGE

Weights Grade,% Recoveries,%
Tar Sand Tar Sand
14.68 83.74 16.26 97.15 2.72
85.83 .42 99.58 2.85 97.28 '.
100.00 12.65 87.86 100.00 100.00
P.R. SPRING
Weights Grade,% Recoveries,%
4 Tar Sand Tar Sand /.
20.38 70.50 29.50 99.12 7.03
79.62 .16 99.84 .88 92.97
100.00 14.50 85.50 100.00. 100.00 )
[ |
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However, there is a negative aspect related to the results pre-
sented in Table II in that, an excessive amount of sodium silicate
(20% by weight of the tar sand feed) was added as a wetting agent.
When the sodiunsilicate addition was reduced to 5%, the digested bitu-
men became very sticky and a much lower concentrate grade of 53.5% tar
was obtained. Under these conditions the recovery was 89%. The
inferior response at low sodium silicate additions may be related to
the pH of the digested pulp, whose critical role in bitumen displace-
ment has been recognized elsewhere (4,6,10).

Tar sands in general are slightly acidic so that they will consume
base when contacted with a caustic solution. Consequently, titration
curves of Utah tar sands with sodium silicate and other caustic solu-
tions ought to be determined in order to be able to predict the pulp
pH during digestion. Equilibrium pH values ranging from 8.0 to 8.5
proved to be successful in processing Athabasca tar sands (4), but
corresponding evidence for Utah tar sands has not been reported.

Samples from Sunnyside do not seem to be amenable for Hot Water
extraction. These results can be explained based on the low bitumen
content of these samples (less than 8%, by weight) which gives a brittle
nature to the feed material. 1In fact, the samples obtained could be
easily ground to -65 mesh or finer in a conventional tumbling mill.

Such was not the case with samples from Asphalt Ridge and P.R. Spring
which could only be reduced in size to a 1imited extent by extrusion.
Also, as can be observed in Figure 1, there is a remarkable constitu-
tional difference between low and high grade tar sands. Unlike the
Sunnyside sample (Figure 1c), Asphalt Ridge and P.R. Spring samples
(Figure 1a and 1b, respectively) exhibit a continuous bituminous matrix
surrounding the sand grains. With such samples shear forces can be
transferred to the bitumen-solid interface through the continuous matrix.
As a result, deformations occur at the interface which allow for the
aqueous solution to advance to the interface and wet the sand grains.
In other words, a high shear stress field helps to destroy kinetic
barriers such as those mentioned before at the end of the section on

- Fundamentals. On the other hand, the bitumen content of Sunnyside

samples is low and is not present as a continuous matrix; hence the

tar sand particles are free flowing inside the reaction vessel. In
such cases, it appears that shear stress cannot be transferred to the
bitumen-solid interface for phase disengagement. Alternative processes
such as thermocracking in fluidized bed reactors seem to be more appro-
priate to process the low grade tar sands.

In most of the experiments, the digestion time was 15 min., Separa-
tion was not significantly improved by increased digestion times
indicating that residence times shorter than 15 minutes may be acceptable.

Bitumen Characterization

The flow properties of a fluid are completely described by the
relationship between the shear stress applied to a fluid element and
the rate at which the element is deformed as a result of the applied
stress (shear rate). This relationship is characteristic of the
fluid and is referred as its flow curve. Usually, flow curves are
determined experimentally and the collected information is then
correlated on the basis of some semi-theoretical models, such as the
well known Newton's law of viscosity. A Newtonian fluid is such that
its viscosity, defined as the proportionality constant between the
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applied shear stress and the resulting shear rate, is'conStaht, equal
to the slope of the flow curve.

Flow curves for Athabasca and Asphalt Ridge bitumens are shown
in Figures 5 and 6 for various temperatures. The essentially linear
response for both samples indicates that both bitumens bqhave as
Newtonian fluids, i.e. the viscosity is independent of the rate of
shear and can be calculated from the slope of the lines, at a given
temperature. Perhaps of more practical significance is the fact that
the viscosity of the Utah bitumen is about two orders of magnitude
greater than the yiscosity of the Canadian bitumen in the temperature
range studied, as shown by the plots presented in Figure 7. This
accounts for the fact that the Athabasca tar sands can be digested in
a simple tumbling mill, while the Utah tar sands seem to require intense |
shear conditions. The measured temperature dependence of both bitumens '
follows very closely a functional relationship of the type:

no= AeB/T
where
¥ = viscosity, poises
= temperature, Ox
A, B = empirical constants

In general, this type of temperature dependance is obtained for Newtonian
fluids. Further, viscosity measurements of Athabasca bitumen agree
well with data reported in the literature (4). ]

An apparent activation energy on the order of 27 (kcal/mole) was
calculated for Utah bitumen from the data in Figure 7a, indicative of
the fact that momentum transfer is accompanied by rather significant
structural transformations.

Future studies on the effect of organic solvents on the viscosity of
bitumen is contemplated as a part of this research program.

SUMMARY AND CONCLUSIONS

Preliminary results indicate that effective disengagement and
separation of bitumen from high grade Utah tar sands (12%,by weight
bitumen) can be achieved by a hot water process, involving the addition
of wetting agents, digestion under high shear conditions, and final
separation by froth flotation. Coefficients of separation as high as
0.95 have been realized for these high grade systems. On the contrary,
effective separation of low grade Utah tar sands (less than 8%, by
weight bitumen) has not been achieved.

-.

The processing technique described in this article differs signi-
ficantly from the one used in processing Canadian tar sands, mainly
because of a considerable difference in the viscosity of the two bitu-
mens. Experimental data have established that Utah bitumen, which is
shown to behave as a Newtonian fluid, is at least two orders of magni-
tude more viscous than Athabasca bitumen.

Thus far in the research program, the following preliminary con-
clusions have been obtained:
1. Effective separations by HWP can be attained for high grade tar
sands.
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2. Rather large additions of alkaline wetting agents are
required for effective separation.

3. For the experimental conditions reported, satisfactory
phase disengagement is achieveable with digestion times of
15 min or less.
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A PROPOSED DEVELOPMENT PLAN FOR A MODIFIED
HORIZONTAL IN SITU EXPERIMENT

R. L. Wise, H. G. Harris, and H. C. Carpenter

Laramie Energy Research Center
and The University of Wyoming
P. 0. Box 3395 University Station
Laramie, Wyoming 82071

INTRODUCTION

The 0il shales of Colorado, Utah, and Wyoming are a potentially important energy
resource for the U.S., and a possible significant contributor to future national
energy independence. Since approximately 80 percent of these shale deposits are on
federal lands, the Government has a prime responsibility to ensure their efficient
and environmentally sound utilization.

Primary efforts to develop o0il shale to date have emphasized a combination of
mining and surface retorting. An alternative approach, in situ (in place) retorting,
has not been extensively investigated. If an economically viable in situ technology
could be developed, however, it could increase the ''recoverable reserves" of oil
shale, reduce a shale oil industry's water requirements, and mitigate the environment-
al impacts normally associated with mining and aboveground processing.

An Accelerated National 0il Shale In Situ Research Program was accordingly formu-
lated by a U.S. Government Interagency Oil Shale Panel (1) in March 1975.! A princi-
pal objective of the research and development program is to attempt to "advance the
technology for in situ production of shale oil to the point of commercial feasibility
by the early 1980's," with appropriate accompanying environmental safeguards. Both
true in situ and modified in situ research projects to produce shale oil are included
in the Accelerated Program.

ERDA assumed primary responsibility for implementing the research and develop-
ment portion of the program, which closely relates oil shale leasing activities of
the U.S. Department of the Interior with the activities of ERDA. The accelerated
program development plan includes two main and coordinated phases. The first of
these is the offering for sale of two tracts of Federal oil shale lands limited to
development by in situ methods. The second phase is the research and development plan
which is to be guided by the results (or lack of results) of the leasing phase.?

Lack of industrial interest in Wyoming oil shale, which is typical of lean, thin-
seam oil shale deposits throughout Wyoming, Colorado, and Utah, as indicated by the
absence of nominations, makes it imperative for the Government to assume a primary
role in the long-range, high-risk research on the substantial thin-seam o0il shale
resource values. The present ERDA program on Wyoming oil shales consists of the re-
search on true in situ processing now being conducted by the Laramie Energy Research
Center.

T"A joint announcement of the program was made by the Department of the Interior and
ERDA at a Government/Industry Conference in Washington, D.C., March 19, 1975.
Results from the Department of the Interior's call for nominations of in situ
tracts in mid-1975 yielded six tracts nominated in Colorado and three tracts nomi-
nated in Utah. The nominations were made by six companies. No tracts were nomi-~
nated in Wyoming. A tract selections committee selected one tract in Colorado and
one tract in Utah. Two alternate tracts, both in Utah, were designated by the
committee.

2
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The proposed development plan is concerned with horizontal modified in situ
research, as discussed in the Accelerated Program, and specifically with the techni-
cal, economical, and environmental feasibility of applying a combined horizontal
mining and retorting technology to shale oil production from thin-seam oil shale
deposits. The initial experiments are to be conducted in the 30- to 40-foot-thick
shale strata of either the Laney or Tipton members of the Green River Formation on
White Mountain, 5 miles northwest of Rock Springs, Wyoming.

The principal objectives of the proposed project are as follows:

1. Develop modified in situ recovery engineering expertise on lean, thin-seam oil
shale deposits.

2. Determine optimum underground support design to minimize surface subsidence.

3. Develop mining and explosive blasting techniques to ensure desired void volume
and to maximize resource utilization.

4. Design retort configurations to maximize resource recovery with minimum environ-
mental impact.

5. Investigate heat effects during retorting, including temperature gradients of
walls and surroundings.

6. Establish the effect of vertical versus horizontal sweep of the oxidizing or hot
retorting gases.

7. Examine the effects of retorting variables (e.g. shale grade, porosity, gas com-
position) on shale oil yields and shale oil quality.

8. If possible, develop technology for sensible heat and additional hydrocarbon re-
covery from previously retorted shales.

9. Determine the economic feasibility of modified in situ horizontal retorting
technology in thin-seam oil shale strata.

BACKGROUND

The Laramie Energy Research Center is a part of the nationwide facilities of the
Energy Research and Development Administration. LERC was opened in July 1924, through
a cooperative agreement with the Bureau of Mines and the University of Wyoming. Ini-
tial work was directed at developing petroleum resources in the Rocky Mountain region,
and research was focused on improving methods of refining high-sulfur, asphalt-
bearing crude oils of Wyoming.

A shift of emphasis at LERC to oil shale occurred as a result of the Synthetic
Liquid Fuels Act enacted in 1944, and since that time an increasing fraction of the
LERC research and development effort has been devoted to 0il shale. Since the early
1960's, LERC oil shale work has been primarily concerned with in situ retorting
techniques. LERC currently employs over 245 engineers, scientists, and supporting
staff, and is responsible for directing several field programs.

Since the early 1960's, work on oil shale at the Laramie Energy Research Center
has been concentrated on development of in situ retorting methods. The major effort
directed at vertical retorting has been carried out in a 10-ton pilot-scale batch
retort and a 150-ton semiworks batch retort. The overall objective of this experi-
mental program has been to demonstrate the feasibility of forward combustion retort-
ing of randomly sized, mine-run shale, i.e. the type of retorting that would most
likely be employed in a vertical, in situ chimney retort.

In the Occidental modified in situ vertical process approximately 15 percent of
the shale is mined away and blasting expands the remaining shale to create a chimney,
called the retort. The expanded, or rubblized, shale is then ignited at the top and
vertical retorting is employed for oil production. Air is carefully diluted with re-
cycle gas to give the desired oxygen concentration. To date three chimnies (each with
approximate dimensions of 30 feet x 30 feet x 70 feet) have been retorted; a substan-—

tially larger fourth chimney (120 feet x 120 feet x 270 feet) is currently being
retorted.

\- .
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Total investment by Occidental was expected to reach approximately $38 MM by year
end 1975,

While operating details of the Occidental process are proprietary, Occidental
has acknowledged the importance of experience gained by LERC in guiding their
development work. Initial experiments by Occidental were based primarily on results
obtained in the 150-ton retort.

Occidental has reported (2) approximately 70 percent recovery of oil based on
Fischer assay, while the net energy efficiency of this process varies from 55 to 80
percent for oil shale of from 10 to 40 gallons per ton assay. The ratio of energy
output to energy .input is from 10 to 24 for these shales. Occidental has stated
that the energy efficiency could be increased by optimizing the process. For example,
the energy required for gas compression was more than 50 percent of the total energy
input and hence, should be carefully controlled for efficient operation.

In addition to these ongoing studies, numerous other laboratory and field tests
have been proposed on variations of the modified in situ vertical retorting process.
For example, Lawrence Livermore Laboratory has proposed a modified sublevel-caving
mining method prior to in situ retorting, in which it is claimed would, if it were
successful, allow $6 to $9 per barrel shale oil (3). Retort sizes of 100 x 100 x
300 feet and 250 x 250 x 1,000 feet have been proposed; smaller retorts of 50 x 50 x
120 feet have been termed "noncommercial retorts."

It should be noted that the proposed RISE program is conceptual only, and no
such experiments have been conducted. In addition, the proposed development effort
follows very closely the work currently underway by Occidental. Finally, this and
other proposed techniques are applicable only to the very thick shale beds of Colo-
rado; the thinner shale beds of Wyoming and Utah are not suitable for large-scale
vertical retorting.

During World War II, underground pyrolysis of shale was attempted on a semiworks
basis (4). Initial work was through private enterprise, but later efforts were sup-
ported by the German Navy. Under wartime pressure, premature operation on a larger
scale was attempted. Horizontal chambers, 197 feet long, of rubblized shale produced
by blasting were ignited at one end and gases exhausted at the other end. First,
crosscuts 6.6 feet wide and 7.2 feet high were driven. The sides and roofs were
drilled before rubblizing to a depth of 4.9 feet, and one pound of explosive per ton
of shale was used. Since 30 to 35 percent of the shale was removed, voids were 30 to
35 percent. The deposits were about 28.2 feet thick, thus retorting the full bed
thickness was not achieved due to the mining design. Progress of the combustion front
along the top of the rubble was faster than through the bottom. This left unretorted
shale at the bottom and resulted in excessive loss of 0il by combustion, thus giving
a yield of only 30 percent of Fischer assay. Presumably, gas recycle to reduce the
oxygen content of the feed gas would have alleviated this, but was not tried. Modi-~
fied in situ horizontal retorting was thus demonstrated to be feasible, but because
of poor mining and retorting procedures resource recovery was poor.

Although not directly associated with modified in situ horizontal retorting,
LERC has conducted for several years a field program directed toward development of
true in situ horizontal retorting. Research on fracturing oil shale in place by non-
nuclear means was initiated in the late 1960's. Three in situ recovery field experi-
ments were designed and conducted by the Bureau of Mines following the fracturing
studies. Each of these experiments was based on the concept of igniting the shale in
an injection well and forcing hot gases and liquids horizontally through fractures to
several recovery wells surrounding the injection well. The hot gases were produced
by combustion with compressed air through the injection well.
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PROPOSED OVERALL DEVELOPMENT PROGRAM

It is proposed that the overall development program for modified horizontal in
situ retorting be divided into five consecutive phases extending over a total of 5
years.,

Phase 1. Preoperational Studies (approximately 12 months), including analyses
of corehole and geologic data and selection of a field site; arrangements for access
road rights-of-way; construction and maintenance of access roads; construction of
on-site support facilities; arrangement for power, water, and other utilities; selec-
tion of subcontractors and consultants, and conduct environmental baseline studies.

Phase II. Preparation of Definitive Experimental Program (approximately 9
months), including development of .final mining plan; selection of final retort con-
figuration(s); overall design of experimental rubblizing and retorting program, and
associated operation and measurement techniques; preparation of mathematical models
of retorting methods; construction of speclal laboratory support facilities; selec-
tion of associated environmental studies.

Phase I11. Initial Field Péogram (approximately 21 months), including develop-
ment of horizontal mine and initial experimental retorts; conduct of first generation
rubblizing and retorting experiments, using direct combustion and also hot gas injec-
tion; evaluation of data to identify critical parameters; performance of environmental
research studies to quantify accompanying land, water, and air impacts; completion
of associated laboratory analyses.

Phase IV. Expanded Field Program and Supporting Studies (approximately 18
months), including modification of initial retort designs; detailed evaluation of re-
torting parameters; determination of definitive heat and material balances and yields;
characterization of product oils, gases, and spent shales; identification and measure-
ment of air emissions, aqueous effluents, leachates, and solid wastes; assessment of
environmental impacts on ailr, water, and land; design of suitable pollution control
methods for future in situ field programs.

Phase V. Technical, Environmental, and Economic Evaluation of Commercial
Operations (approximately 12 months), including establishment of design parameters
for commercial-scale modified in situ retorting; assessment of technical feasibility
of commercial-scale in situ plant; analysis of economics of full-scale in situ shale
0il production; evaluation of environmental impacts of commercial-scale operations,
and control methods required; recommendations regarding industrial in situ shale oil
production from thin oil shale strata.

SITE LOCATION STUDIES

LERC has already conducted preliminary studies to identify potential field sites
for the proposed research program. Three primary criteria were used to evaluate such
sites. First, the shale deposit should be representative of the resource base which
will be ultimately available for commercial development by a combined horizontal
mining and retorting process. Based on this requirement, only shale deposits of 15
to 25 gpt average richness, with a thickness of approximately 50 feet were considered.
Second, the shale deposit should outcrop in order to avoid expensive initial under-
ground mining and site development. Third, location of the deposit should be acces-—
sible and in reasonable proximity to a population center, again to minimize field
development costs and hardship to field workers.

It should be emphasized that these criteria were specifically employed in evalua-
tion of potential sites for this program's initial field development work. However,
results from the R & D program will be applicable to a wide range of thin-bed shales
located over a wide geographical area. Other factors, of secondary importance, were
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also considered and are discussed below. A number of possible sites were investi-
gated in Colorado, Utah, and Wyoming. Based on the foregoing three criteria, however,
the most favorable potential locations were determined to be in the White Mountain
region of western Wyoming where two sites have been nominated.

White Mountain 1s an uplift in which weathering has exposed two members of the
Green River oil shale Formation, viz, the Laney and the Tipton (in descending order).
The geology and geochemistry of oil shale formation for this region have been des-
cribed elsewhere (5). The crest of White Mountain runs in a northeasterly direction,
and at its nearest point 1s within approximately 4 miles of Rock Springs, Wyoming.
Both the Laney and the Tipton members outcrop in this region, and shales of suitable
richness and thickness occur in these members. Thus, all primary criteria are met by
this region. In addition, this region is only a few miles from LERC true in situ
field test sites, and therefore offers a favorable strategic location for future
project management.

In order to pinpoint specific sites suitable for the field studies, LERC ini-
tiated in 1974 a corehole program to accumulate data on both the Laney and Tipton
members of the Green River oil shale Formation. Extensive corehole data has been ob-
tained at two separate sites. To date six coreholes have been drilled and assayed at
a total cost of approximately $62,000, and further work 1s planned. Detailed infor-
mation on the White Mountain corehole program is contained in LERC core analysis
files (6). Location of the two sites is given in figure 1. Although both of the
sites are considered suitable, site 1 in the Laney member is somewhat favored and has
been used in preliminary planning and cost estimating. Final site selection will be
based on preparation of the definitive experimental program.

In addition to the corehole program, environmental studies have been initiated
in the White Mountain region and a report titled "An Environmental Reconnaissance
Study for Sweetwater County In Situ 0il Shale Research" has been completed (7). The
purpose of the report is to identify the regulatory requirements, agencies, and en-
vironmental components of concern in the research area. These data will be used in
preparing the Environmental Assessment Report (EAR) for this project. To date appro-
ximately $35,000 has been invested in the environmental studies. These preliminary
studies represent a substantial effort in better defining the modified in situ
horizontal retorting program.

MINING PROGRAM

Objectives

The mining related objectives of the program are as follows:

(a) Develop blasting techniques to optimize oil yield by obtaining a uniform frag-
mentation and void distribution with the retort mass using conventional mine
blasting agents and equipment.

(b) Confirm theoretical design data relating to heat effects on mine pillars and
openings.

(c) Design retort configuration based on data from a and b.

(d) Design general mine plan based on ¢, with adequate mine structural components to
minimize environmental impact.

The first objective of determining the correct blast hole drilling and blasting
procedures must be incorporated with retorting technology to complete the unit retort
configuration.

In addition, the confirmation of the blasting method will define the void ratio
which in turn determines the quantity of mined material to be handled and disposed
of on surface.
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Other mining costs such as tunnelling, raising, and blast hole drilling can be
estimated with reasonable reliability.

The normal swell characteristic or increase in volume between a solid block and
its blasted broken volume is 53 percent for most oil shale formations; this results
in 35-percent voids. In order to reduce the void ratio below 35 percent, a finer
granulometry of the rubble can be obtained by using more explosives, and varying the
sequence of the detonation in order to vibrate or consolidate the broken mass to ob-
tain the necessary volume and void ratio. The determination of the percentages of
voids can only be ascertained by on-site testing due to the physical variations in
all rock formations.

Occidental 0il Shale, Inc., operators of a large in situ demonstration project
in Colorado have indicated that successful retorting has been accomplished using a

15-percent void volume while a 10-percent void volume resulted in poor oil recoveries.

Therefore, the results of this research must determine the practical limits for the
void volume.

Assuming ideal particle size and void distribution, the probably void volume
would be 28 to 32 percent. This appears to be reflected by the German experience,
as discussed in an earlier section, with regard to explosives consumption of 1 pound
per ton of shale, which is double the quantity required for normal efficient blast-
ing operations for room-and-pillar mining of shale. It is assumed the objective of
the Germans was to obtain a large percentage of small-size fragments in the total
granulometry.

Pilot Mining Plan

The pilot mining plam, as currently envisioned, will be to first drive a double
tunnel access into an offset retort mining area. The entry adits or tunnels will be
approximately 10 feet high x 12 feet wide and the retort area will be positioned as
close as possible to the tunnel portal area, but beyond any effects of surface
weathering and jointing. This is assumed to be approximately 400 feet from the

portal. A retort access tunnel will then be driven a sufficient distance to initially

permit laying out of several test areas. The location and direction of the mine
workings will be oriented to work up the dip of the rock formation.

The portal bench will be leveled to provide space for a ventilating fan, ad-
ministrative and change facilities, material storage and warehousing, and retort
support facilities. The location will take into consideration potential flooding,

waste rock disposal, accessibility, and the horizon to be mined. The bench size will

be approximately 100 feet by 200 feet.

As the retort access drift is started from the adits at the floor level of the
retort mine bed, a ramp access to the top level of the bed will be excavated and a

top level retort access drift will be driven above the one on the main or floor level.

A width of 35 feet has been assumed as the thickness for the pillar walls. It
is further assumed the mining horizon will be 40 feet thick and that the overburden
will be approximately 800 feet. The 35~foot-wide pillars will have to be verified,
particularly with regard to the effect of retorting temperature. The first experi-
mental area will be set back 70 feet from the axis of the main access adits and 40
feet from the retort access drift.

The first retort stope area is suggested to be 40 feet x 40 feet and opened at
the bottom level to begin testing drill hole and blasting methods. The minimum
length of blast hole will be 20 feet, from which data can be derived in scaling up
to longer and larger blasts. It will be necessary to excavate the rubble from this
area to determine granulometry, and to assess the drill pattern efficiency. This

128

Y.
A



mined-out space can then be used for retorting experiments by recharging rubble to
obtain results from a known or predetermined base.

The second retort will then be laid out to incorporate the experience of the
first. Area will also be allowed to drive a second parallel retort access drift,
if required, on both the main and top levels.

The development headings will be ventilated by exhausting through a vent pipe.
The fans will be mounted in series as the distance from the portal increases. A
raise to the surface will be bored for improved ventilation when the initial system
reaches its limits of effectiveness.

The above-described pilot mining plan is presented schematically in figure 2.

Commercial Projection

A preliminary concept has been projected for a commercial, thin-seam, modified
in situ oil shale project. Based on available information, it is believed that for
a commercial project to be viable, surface retorts would have to be included to
supplement in situ retorts. The surface retorts would process that shale which has
to be mined to provide the void volume for in situ retorting.

A theoretical mining plan for a commercial in situ project has been developed
and is shown schematically in figure 3. The horizontal retort having the dimensions
of 40 feet high by 60 feet wide by 500 feet long would be prepared. In a single
panel the first step would be to drive an entry 20 feet high by 40 feet wide by 500
feet long to provide a void volume of about 30 percent. A radial jumbo would be
used to drill the blast holes. Blasting, or rubblizing, would be accomplished in
20-foot steps, while backing up through the entry. Before blasting each 20-foot
section, a trench would be bored in the floor of the entry in which would be placed
the combustion airline and a perforated o0il drainline. The most economical, simplest
system must be used for providing combustion air, oil draining, and flue gas removal.

The basis of the commercial projection is 50,000 bpd total oil production, using
the following assumptions:

1. 50,000 tons/day of oil shale will be mined for creating the void volume; this

material will be surface retorted.

100,000 tons/day of oil shale will be rubblized for in situ retorting.

The shale seam will be 40 feet thick and will contain 20 gpt by Fischer assay.

The o0il recovery for the surface retort will be 100 percent.

The o0il recovery for the in situ retort will be 50 percent.

. The combustion advance rate will be 1 ft/hr, which could be accomplished only
by fine rubblizing.

[« WV, B VLI X

For the commercial operation, 1-2/3 panels of the 40-foot by 60-foot by 500-foot
panels would have to be mined and rubblized each day. To produce 25,000 bpd of in
situ oil, 33 of the panels would simultaneously be in operation.

To give some concept of the aerial extent of the operation, the advance of the
mining operation would be approximately 3 acres per day. The amount of surface area

required for a 15-year operation would be around 20,000 acres or 30 square miles.

The purpose of pilot mining as described in the preceding subsection, would be
to provide confirming data for the commercial operation.

RETORTING PROGRAM

Retorting Parameters
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Modified horizontal retorting refers broadly to techniques for recovery of oil
from shale by: (1) Horizontal mining to create the desired void fraction, (2) rub-
blization through explosive fracturing, and (3) retorting of the horizontal bed by
injection of oxygen or hot sweep gases. The actual retorting process may be through
horizontal sweep of the oxidizing or hot retorting gas, by vertical sweep of the
gases via a gas distribution system, or by a combination of the two. A principal
objective of the proposed program is to establish the efficiency of these possible
retorting techniques.

It 1s generally accepted that there are five primary variables which control in
situ retorting techniques: (1) Shale richness (gpt), (2) void volume associated with
the shale rubble, (3) oxygen content of the retorting gas medium, (4) cross-sectional
area of the retort, and (5) height or length of the retort. Secondary variables
associated with each of these primary variables include product recovery (gas and oil),
superficial gas velocity, swell factor, burn rate, retort life, retort production,
and many more.

LERC has conducted tests using 10- and 150-ton aboveground retorts designed to
simulate in situ retorting conditions since 1967. A great deal of the information
from these retorts has been utilized by Garrett Research, Inc. (now Occidental 0il
Shale Corp.) to develop their 1in situ process currently being tested near DeBeque,
Colo. Since very little information is available concerning the Garrett process and
its possible application to thin-bed shales, optimum values for the various retorting
variables are not yet known. In order to provide this information, and specifically
to develop in situ techniques to recovery oil from thin-seamed o0il shale deposits, a
series of tests have been designed to provide information concerning the retorting
variables previously mentioned.

Based on results from the 10- and 150-ton aboveground retorts, oil recovery is
a function of the superficial gas velocity and oxygen content of the retorting gas
stream. Initial test conditions will be selected to coincide with ranges that have
yielded the best results in the 150-ton retort. These conditions would have the
following ranges.

Retorting variable Range
void volume 15 - 40 pct
oxygen content 14 - 18 pct
air ratio 12,000 scf/ton
retorting rate 0.1-2.0 ft/hr
retorting area (width, length) 40 x 40 - 60 x 500 ft
retort height 25-40 ft

Methods of Heating

The major techniques for retorting the rubblized shale produced in the modified
horizontal in situ program include (1) direct combustion of the carbonaceous residue
on the spent shale, and (2) injection of hot gases (e.g., hot recycle gases) into
the rubble bed. It is also possible to use hot fluids injection (e.g., superheated
steam), but this is not initially contemplated for the White Mountain sites. Flexi-
bility of experimental design will allow application of appropriate techniques at
selected decision points.

Direct Combustion. This is the conventional method of in situ retorting, which
is essentlally an underground adaptation of surface gas combustion retorting. The
bed of rubblized shale is dgnited at the top with a mixture of air and gaseous
fuel. As combustion proceeds, a downward-moving heat front retorts the shale
bereath it. The shale oil vapors condense on the cold shale below. The resulting
shale oil drains to the bottom and is pumped to the surface from collecting trenches
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on the floor of the chimney. Approximately 45 percent of the retort gases produced
are recycled to the rubble bed and burned for additional heat. The remaining gas
i1s withdrawn, Net recovery of oil is expected to be approximately 50 percent of
Fischer assay.

The major disadvantage of the process is the production of large quantities of
low Btu gas (50 to 150 Btu/cu ft) at about 3 psig pressure. This gas cannot be vented
directly to the atmosphere. In addition, if it is less than 100 Btu/cu ft heating
value it will require either catalytic furnaces or supplemental fuel for disposal by
burning. It might conceivably be used for power generation in specially designed
turbines used on site, but this may not be economical.

Injection of Hot Gases. If hot gases are used for heating instead of in situ
combustion with air, a retort offgas of 500 to 800 Btu/cu ft is obtained. One
method of producing these hot gases is to heat recycle retort gases to around 1200° F
in an external furnace, using approximately 5 percent of the recycle gas itself as a
fuel in the furnace. The fuel gas portion of the recycle gas, of course, would re-
quire amine treatment for H,S removal prior to use as external furnace fuel. Hydro-
gen sulfide removal would also be required for the 500 to 800 Btu/cu ft gas removed
from the system for use in power generation, etc.,

One alternative to the above method would be to utilize a heated gas other than
retort recycle gases as a heating medium. Hot methane (hot natural gas) has been
employed in the past for this purpose.

In order to recover the heat from the final bottom one-third of the rubble bed
it has been suggested that, when exit gas temperatures from the bed reach approxi-
mately 200° F, the residual lower hot zone be advanced by recycling cooled product
gases from an adjoining vertical retort.

Evaluation of Retorting Methods

General. The retorting methods selected from those described above will be
evaluated on the basis of oil yield, oil quality, gas yield, gas quality, surface sub-
sidence, thermal pollution, air pollution, subsurface pollution, and on-stream effi-

cilency.

ENVIRONMENTAL RESEARCH PROGRAM

The environmental disturbances generated by the mining and in situ retorting
covered in this proposal will be addressed by a concurrent research program designed
to generate data on these concerns. The areas of research will involve impacts to
land, water, and air resources. The overall environmental research program will be
designed to accomplish the following: (1) To characterize the existing environment
before research commences in the field, (2) to monitor, sample, and completely ana-
lyze the effluents from the various process steps, and (3) to continue residue
studies and reconstitute the area after research work has progressed beyond the oper-
ational phase. A phasing diagram showing scheduling of necessary environmental work

is shown in figure 4.

Close coordination of the research will be maintained with appropriate State of
Wyoming departments and agencies. In addition, assistance of the University of
Wyoming will be integrated into the program. Also, close on-site supervision of the
environmental aspects of the experiment will be monitored by the office of the
Environmental and Conservation coordinator of LERC for the Assistant Administrator of

Fossil Energy.
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Program Costs

includes $1,700,000 total initial mining capital cost and $2,900,000 processing and
instrumentation capital cost.

A preliminary cost estimate for the total 5 year program was $30,400,000. This

The total project capital, operating, labor, and material costs for the 5-year

program are as follows:

Fiscal Year
1977 1978 1979 1980 1981

Capital 120 5,000 9,000 5,000 2,000
Subcontracts 210 1,890 2,760 1,500 720
Materials and Supplies 300 500 700 500 200
Total cost $,000 630 7,390 12,460 7,000 2,920

CONCLUSIONS

1.

2.
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Total, 5-year program $30,400,000
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in Utah and Wyoming, thus the U.S. Government has a very substantial investment
in this area.

Economic recovery of this resource, using technology currently under development,
is problematical. This fact was exemplified by industry when no bids were re-
ceived on the Wyoming tracts.

Development of true in situ horizontal techniques to the point of commercializa-
tion requires a technological breakthrough. One promising alternative for de-
velopment of thin-seam oil shale deposits is through modified horizontal retorting.
A modified horizontal experiment has been developed by the LERC engineering staff
which includes two prospective sites with core analysis nearly complete, initial
baseline environmental studies underway, a mining and retorting plan that indi-
cate commercialization possibilities both from an economic and environmental
standpoint, as well as an extensive environmental monitoring program.

LERC has a broad background and experience in collection of data and direction

of field programs involving in situ oil shale development. This background should
prove invaluable to ERDA in application to future in situ work.

Accelerated 0il Shale In Situ Research--A National Program. Interagency 0il
Shale Planning Panel, March 1975.

Cha, C. Y., and D. E. Garrett. Quart. Colo. School of Mines, v. 70, No. 3,
1975, pp. 31-39.

Lewis, A. E., and A. J. Rothman. Rubble In Situ Extraction (RISE): A Proposed
Program for Recovery of 0il from 0il Shale. March 5, 1975.

Caldwell, J. M., and G. H. Smith. Wurttemberg Shale Fields. B.I.0.S. Trip
No. 2409, October 1949.

Smith, J. W. Geochemistry of 0il-Shale Genesis, Green River Formation, Wyoming.
Wyo. Geol. Assoc. Guidebook, 1967, pp. 185-190.

132



T = e - - - ! ! - - - . -

-

6.

7.

LERC Files. Available upon request to A. W. Decora, Laramie Energy Research

Center, Laramie, Wyo.

Kerr, R, D., W. F. McTernan, et al.

Sweetwater County In Situ Oil Shale Research.

Institute, June 19, 1975.

An Environmental Reconnaissance Study for

133

Wyoming Water Resources Research




INIWIHIAX3 NLIS NI TVLNOZIYOH Q31H100W H04 dVIN V34V - 'L 34AII4

081

SINIHdS NIOH RN <
O fa)
N . -
¥ .
ll/ —— //l
C =TT P |
N ————te e~ /
N
L3S NUS Nig N
\ll.‘l h ({/LII\ \\
- .. \\/l(/ \\(.\\
- / \\\\ L) N \\:(w\mo
- ~em == oY Nem - N3

TS AUS N @

481 SN

3LLng
Lomd 4

~— &K =




-._-4 ‘-< \\-J -J \- ! - - ! .,- ! ! - - \- - -

DIRECTION OF DIP |

e R
, 40 t

35 ! _ i

" WIDE ] o 70—

)
>
-
[
b4
o
- ——o-
re—5
[}
i

R 5 N
124 \
_____________ . TR U N

PILLAR LINE —7

RAMP TO

TOP LEVEL \\\
FIGURE 2. - PILOT MINING PLAN ;}\E
o~ L—

ORIFTS

COMMERCIAL
TEST AREA

|
o
, | Loy
il f e S | 1 S S
e T .
[ PILOT MINING i | ! '
|oo'| TEST AREA I : | } }
' | | | | N
24': .___—}-.J _L_L_“,._l ._j —g L._”_d
] —_—] v y § P2
Tf_ S "25'7 41(;. ORIFTS
! JJ PILOT MINING '
W) e | FIGURE 3.
Ll b= [THT 2 COMMERCIAL MINING PLAN
J
~

+ 400’
'

L PORTALS

135




HIYVISI¥ TYINIWNOAIANI—WVYIVIA INISVHd - "+ J3N9I4

(SHLNOW) 37NQ3HIS 3WIL

21 0L 8 R KA 0
e f——— e [— - +—t —t —
1¥0d3¥ LN3IWSSISSY (4v3) L¥0d3Y LNIWSSISSV
TVINIWONIANI TYNIJ 3131dH0) TVINIWNOYIANI ¥O4 viva 1037100
504510
WY¥90Yd JILYNDY o ]
iy ONV 'ONVT SISATYNYV LN3 4907018 A931VHLS i
W3LvM—STvaais | | N33 ONV 3NQISIY « | |y 1yis3uu3L « | | TVANINNONIANI
-34 40 ONIHOLINOM e WvH908d ¥3LVM » | | 4117v00 wiv o 4vddd
NOILVL3I93A3Y NvH90Yd A90704313IN @ NY1d
SIILTAILOY SNOISSINI 81V « | | TNIANONIAN] LNINJ013A3C
- IYNOILY¥3d01S0d vIVG 3ZATYNY ONILSIX3 0350404d
3137dN0) NV HOLINOW 32143LIVHVHI 3¥vd3Yd
I 3SVHd A8 IT S3ISVHd I 3SVHd I 3SVHd
a-TYNOILVH3d01S0d TYNOILYY3d0 TYNOILYY3d03Nd




.{

OIL DEGRADATION DURING OIL SHALE RETORTING#

J. H. Raley and R. L. Braun

Lawrence Livermore Laboratory, University of California
Livermore, California 94550

INTRODUCTION

The Lawrence Livermore Laboratory is doing retorting research to support the
development of modified in situ processes for production of oil from oil shale such
as that described by Lewis and Rothman (1). Mathematical modeling studies (2,3)
of in situ retorting indicate that the heat-up time for a shale particle can range
from hours (combustion retorting) to months (hot gas retorting). A recent study
at this Laboratory (4) reported the oil yields from powdered Colorado shale
subjected to a wide variety of thermal histories. This study demonstrated that the
0il yield from powdered shale is primarily determined by the amount of decomposition
of the liberated oil. The present work supplies further data in support of this
conclusion. Also, maximum rates for the thermal decomposition of shale oil are
estimated and compared with pyrolysis rates for petroleum fractionms.

EXPERIMENTAL

Detailed descriptions of the 92 £/tonne (22 gal/ton) shale sample and of the
retorting apparatus and method have been given previously (4). In the retorting
procedure the temperature of the powdered (<800 um; ca. 95 g) shale was raised at
12°C/min (Fischer assay schedule) from ambient to the selected level and held
constant for a period ranging from 2 to 800 hr (33 days). At the end of the
isothermal period the temperature was increased, again at 12°C/min, to 500°C and
finally held there for 40 min. The weight fraction of shale converted to oil
(condensable at 0°C) by this procedure was compared with the assay value obtained
by raising the temperature of an identical sample from ambient to 500°C without
interruption, followed by the final 40 min period. This method, then, gives a
direct measure of the effect on yield of the isothermal holding period., Isothermal
temperatures covered the range from 150 to 450°C., 1In one set of experiments gas
evolution from the retort at 65 to 100 kPa (2/3 to 1 atm) resulted only from that
generated by the shale (autogenous atmosphere). In the other set, a flow of
nitrogen at 1 atm was passed through the vessel during the entire experiment.

RESULTS

The effect on 0il yield of isothermal holding periods of 8, 80, and 800 hr
at 150 to 450°C is shown in Figure 1 for the autogenous atmosphere experiments.
Yields relative to assay pass through minima of 81 to 92% at 350 to 400°C,
depending on the length of the isothermal holding period. In Figure 2 the loss in
0il yield is plotted against the amount of oil collected during the isothermal
period, expressed as a fraction of the total oil collected over the entire
experiment. The direct relationship shown between yield loss and oil produced
during the isothermal holding period was observed for holding temperatures of
300 to 375°C. This relationship could not be followed to higher holding
temperatures because of difficulty in distinguishing the oil produced isothermally
from the large amount formed before the holding temperature was attained.

*
This work was performed under the auspices of the U.S. Energy Research and
Development Administration under contract No. W-7405-Eng-48.
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Addition of nitrogen flow through the retort reduces or eliminates yield loss.
Figure 3 illustrates this effect in terms of nitrogen space velocity or sweep rate,
i.e,, retort vapor volumes per min for the given holding temperatures and periods.
The slopes of these curves over the O to 5 sweep rate range (4 yield/A sweep rate)
are also directly related to the quantities of o0il produced during the isothermal
periods in the non-sweep experiments (Figure 4).

Both observations support the conclusion that yield loss from powdered shale
is due to degradation of oil after its release from the shale and while at high
temperature in the retort. Interruption of a rapid rise in shale temperature by
an isothermal period reduces the rate of oil and gas formation. Autogenous driving
forces to remove oil from the retort — gas evolution and 0il vaporization — are
reduced correspondingly, residence times lengthened and 0il degradation increased.
Therefore, a direct relationship between yield loss and amount of oil formed during
the isothermal period is the expected result. Similarly, the extent of reduction
in yield loss by the sweep gas should be related directly to the quantity of extra-
particle oil that otherwise would have a long residence time in the retort for
degradation to proceed. As noted earlier (4), this degradation produces mainly a
carbonaceous residue ("'char') plus some gas.

OIL DEGRADATION RATE

The rates of oil degradation at 350 and 375°C can be estimated from the
yields under autogenous atmosphere, the amounts of 0il collected during the
isothermal holding times, and the volatility of the oil produced from the assay
heat-up schedule.

The rate of isothermal oil formation (Rl) is given by

= . t,
Rl klxoe k1 1)

where kj is the first order rate constant for oil formation and x, is the mass of
0il formed during the isothermal period, tf. To calculate the rate of oil
degradation (R2), two regimes can be distinguished conceptually. 1In the first
regime, R; is rapid and R2 will be essentially constant, given by

R2 = k2yo’ 2)

where ky is the first order rate constant for oil degradation and y, is the
constant mass of oil in the retort. In the second regime, which begins when R1 has
decreased to the value of k)yo, R2 can be approximated by Rj. That is,

_ -k, t
Ry = kjx e 1" 3)

Let te be the time at which Rl = kzyo. Then from Equation 3, te can be expressed

as
k,x
1 170
t,. == fn . 4)
e kl <k2yo>

tf te tf
1 kzyo <k .t
o= = R,dt = ” dt + kje 17de. 5)
[e] [o]
[o) 6] t
e
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This approximation neglects the small amount of oil in the retort which is degraded
after oil formation becomes imperceptible. Integration of Equation 5 gives

k,y t -k, t -k, t
a = 270" e +e 1% _ e 1 f. 6)

With known values for o, kj, tf, x5, and y, (derived in the Appendix),
Equations 4 and 6 can be solved for te and ko by a series of approximations. The
results are summarized in Table 1. It should be noted that estimation of y, from
simulated distillation analysis involves the assumption that o0il exists in the
retort only as vapor and spray, not as a discrete liquid phase. This assumption
appears justified under conditions of rapid oil and gas generation, as is the case
of a Fischer assay heating schedule (to 500°C in 1 hr). Under these conditionms,
yield from this apparatus that permits downflow escape of liquid oil is identical
with that from a Fischer Assay apparatus, which allows only upflow escape (4). If
a discrete liquid phase exists and flows from the retort more slowly than the spray,
the estimated value of Y, is low and that of k2 correspondingly high.

Table 1: Values for o, kl’ t t, Xy Vos and k2

f’ e

350°C 375°C

a 0.180 0.190 0.162
-5 -1

K (107%7Y (5) 0.72 0.76 4.0
£, (10%s) 28.8 28.8 2.88
te(loss) 4,35 4.03 0.818
%, (8) 7.5936 8.0426 7.6580
v, (&) 0.0560 0.0560 0.0532
k2(10‘5s‘1) 4.3 5.1 22,0

Using the mean value of k2 at 350°C, the rate constant can be expressed as:

3 9—49,400/RT

k, = 1.00 x 10" 7)

2

As shown in Table 2, the values for k, at 350 and 375°C are substantially
higher than the rate constants for pyrolysis of kerogen to oil and for thermal
cracking of petroleum fractions. As noted above, the method used to estimate k
gives maximum values. On the other hand, the high olefin and heteroatom contents
of shale oil (8) would be expected to impart thermal instability, especially with
respect to condensation or polymerization processes. Such reactions of shale oil
have been proposed previously (9) and have been observed in a closed vessel (10).
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Table 2: Pyrolysis Rate Constants

k2 at 350°C k2 at 375°C Activation
energy

(10_5 s_l) (10_5 s_l) (kcal/mole)
Shale 0il + Gas + Char 4.7 22.0 49.4
Kerogen *+ 0il (5) + Gas + Char 0.74 4.0 54,0
Asphalt (6) 1.6 7.6 49.7

California Petroleum (7)

766 T *P) 0.25 1.6 59.2
388 7> 0.28 1.7 57.5

a) M represents the average molecular weight of the distilled fraction. The
value of M for assay shale oil in our experiments is about 330 (see
Appendix).

b) Conversion to lower boiling products only.

c) Conversion to lower and higher boiling products.

CONCLUSIONS

Further evidence is supplied to show that the oil yield from retorting
powdered Colorado oil shale is primarily determined by the extent of decomposition
of the liberated oil. Yield losses occasioned by interrupting a rapid shale
heating schedule with isothermal holding periods are directly related to the
amounts of o0il produced during the holding periods. These amounts are also
related directly to the inert gas flow rates required to raise the yields to the
assay value. The estimated maximum first order rate constant for thermal
decomposition of the oil to char and gas is given by: k2 = 1.00 x 1013 ¢~49; 400/RT,
0il from Colorado shale apparently is more thermally unstable than virgin
petroleum fractions. Additional experimental data are needed on the rate of shale
0il thermal degradation.
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APPENDIX

Values of a, k te, x, and yo for Table 1

1°

The values of o and tes the latter corresponding to 800 or 80 hr, were
reported earlier (4).

With the assumption that all oil degradation occurs during the isothermal
period, tf, and since no 0il was collected in the receiver after tes

where xA is the mass of oil obtained by assay and xj is the mass of oil collected
before tf. Similarly,

where X¢ is the mass of o0il collected during tf and xt is the mass of oil
collected during the entire experiment. The mass of oil degraded, x4, then is:

Xq = % T ¥
and
*4
a4 =— .
X
o

The experimental values of these quantities are (4,11) given in Table 3.

Table 3: Values of o and 0il Masses Collected

350°C 375°C
Raw Shale Charge (g) '91.8983 96.7522 93.1773
Assay 0il (wtZ) 8.407 8.407 8.407
X, (g) 7.7259 8.1340 7.8334
x; (g) 0.1323 0.0914 0.1754
X, (8) 7.5936 8.0426 7.6580
X, () 6.3561 6.6100 6.5942
Xg (g) 6.2238 6.5186 6.4188
o 0.180 0.190 0.162

As noted in the text, the mass of free oil in the retort, yo, is assumed to
consist only of vapor and spray. The fraction of oil vaporized can be estimated

from the equilibrium flash vaporization (EFV) curve which, in turn, can be related
to the molecular weight distribution. The EFV curve was constructed (12) from the
gas chromatographic simulated distillation data (13) for oil produced under assay
conditions (Figure 5). The molecular weight scale in Figure 5 is based on the
relationship between molecular weight and boiling point of n-paraffins corrected
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for the lower volatility of unsaturated components. The correction factor was
taken from the ratio of the average molecular weight of the 388 M fraction of
California petroleum to 421, the average molecular weight of the saturates
contained therein (7).

The mass of free oil in the retort is

y0 =m, + Mo

where m;, is the mass of oil vapor in the retort and mg is the mass of oil liquid
as spray in the retort. The quantities m; and my are calculated by the following
relationships. First, the number of moles of oil vapor in the retort is

where M, is the molecular weight taken from the EFV curve (Figure 5) at the
appropriate temperature. Second, the number of moles of co-produced non-
condensable gas in the retort is .

O.22(mv + mz)

g T 21

This equation is based on the experimentally determined ratio of the mass
production rate of non-condensable gas to that of oil, which is 0.22, and the gas
molecular weight of 21 (11). Third, the total number of moles of o0il vapor and
non-condensable gas in the retort is calculated from the ideal gas law for the
measured retort free volume of 35.1 cm

_ 35.1
g T\ °
(22400) (273)

Finally, the fraction of oil in the vapor state, taken from the EFV curve, is

n +n
v

m

o T
v me

Combining the above equations yields the desired expression for the mass of free
oil in the retort:

~ (nv +n)
Yo © 3

o . 0.22 ’
¥ Yo >
B ;

Values of Y calculated from these relationships are given in Table 1.
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"Processing of Tar Sand Bitumens. Part I--

Thermal Cracking of Utah and Athabasca Tar
Sand Bitumens"

J. W. Bunger, S. Mori, and A. G. Oblad

Department of Mining, Metallurgy, and Fuels
Engineering

University of Utah, Salt Lake City, Utah 84112

Introduction

The tar sands deposits of Utah contain significant reserves of

fossil energy. The bitumen, which is impregnated in sandstone, 1s a
heavy, viscous, residue-like material and is not amenable to recovery
by conventional primary or secondary techniques. Research and develop-

ment efforts are currently being conducted in U.S. Government and in
University laboratories to study the various recovery processes by
hot water, fluid coking, and in situ combustion, etc. Additionally,
efforts are being made to determine the optimum conditions for
conversion of recovered bitumen to high quality products for use as
fuel or the manufacture of chemicals.

The study of Utah tar sand bitumens has received relatively minor
attention compared with Athabasca, Canada, bitumen. Virtually-no
literature exists regarding the processing of Utah bitumen whereas the
Athabasca bitumen is being commercially processed. The thermal cracking
of Asphalt Ridge and Sunnyside, Utah, bitumen was studied by Wenger,
et al. (1) 1in the early 1950's. These studies were performed on bitumen
which had been recovered via hot caustic water extraction followed
by a solvent clarification step. This work provided valuable qualita-~
tive information about the yields and the nature of the products derived
from Utah bitumens but results of these early studies are difficult to
interpret in light of more recent information.

The thermal processing of Athabasca bitumen on the other hand, is
well known and references to these studies are contained in an excellent
overview by Camp. (2). The Great Canadian 0il Sands, Ltd., venture
has selected delayed coking as the initial upgrading process and
technology and processing conditlions for the Athabasca bitumen are well
established. However, Utah tar sands have been recently shown (3,4)
to differ significantly from the Athabasca bitumen. This precludes the
direct adaptation of existing technology and requires an additional
research effort to identify the optimum processing conditions for this
U.S. resource.

The work reported here represents our preliminary efforts to
determine the processing characteristics and the value of the products
derived from Utah tar sand bitumens. Thermal cracking was selected for
our initial study because some variation of this general process will
most likely be employed to upgrade bitumen to raw crude oil which can,
in turn, be subjected to various hydrogenating/cracking sequences.
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Our primary aim in this study was to provide a detailed comparison of
the thermal cracking behavior of one bitumen to another and to

compare tar sand bitumen generally with a petroleum residue. A direct
comparison, under uniform, reproducible reaction conditions, provides
a basis for determining the relative value of products derived as a
function of the bitumen properties. 1In addition, theresults of this
study will provide a base from which to evaluate effects of varying
the reaction conditions on yield and product properties.

2

In this study we subjected three Utah bitumens, one Athabasca bitu-
men and a Wilmington, Calif., petroleum residue to batch-type destructive
distillation at atmospheric pressure and under an inert atmosphere.
Properties and composition of the native bitumen are summarized and
results of bench-scale thermal cracking are discussed in terms of the
bitumen composition. Properties of the products from Utah bitumen are
compared with that from Athabasca and the petroleum residue. General
conclusions about the relative value of Utah bitumens .as feeds for
thermal cracking are made.

~

Experimental Procedure

Description of Samples - Four tar sand bitumens and one petrol-
eum residue were thermally cracked in this work. Two tar sand bitumens,
the Athabasca, Canada and P.R. Spring, Utah, were identical to the samples
used in previous studies of one of the authors of the compound type
analysis. (3,4) The Asphalt Ridge and Tar Sand Triangle, Utah,
samples were similar to those two used in this previous work. Because
property and elemental analysis data corresponded closely between the
previous samples and present ones, we assumed bitumen composition to be
respectively identical for purposes of interpreting the cracking yield
data. The tar sand bitumens were extracted from the tar sand with
benzene, filtered through 4.0 to 5.5pu fitted glass filters, and flash
distilled until final conditions of 75° to 80° C and 4 to 5 torr had
been maintained for 1 hour.

The petroleum residue was a 485° C distillation residue from
a Wilmington, Calif., crude o0il. This sample was 1dentical to that
reported on earlier (3) and in conjunction with analysis resulting
from American Petroleum Institute-U.S. Bureau of Mines Research Project
60. (5) This sample was determined to be the most similar to the
P.R. Spring bitumen in terms of physical properties and composition and
was Included to establish a point of reference for our present work.

Description of apparatus- The Vycor thermal cracking reactor
consisted of a common distillation flask design with the sidearm
turned downward at the end. Heat was applied to the pot by use of a
beaded heater and to the head and sidearm by use of heating tape.
Temperature was monitored inside and outside of both the pot and head with
thermocouples. The top of the reactor was closed off with ¥ 19/38 joint
which had been fitted with thermowells. Liquid products were collected
in cold-finger type condensors using dry-ice/methanol for the final
coldfinger coolant.

Description of procedure - Approximately a 10 g-sample of bitumen
was pyrolyzed at a heating rate of about 5° C/min to an end point of
625° C. Reactor and condensors were preweighed and coke and liquid
product yields were determined directly by welght. Gas volume rate
production was determined by measuring the volume of water displaced
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at atmospheric pressure and subsequently corrected to STP conditionms.
Weight of gas produced was estimated by difference and by analysis of
gases produced.

Analysis of bitumen and products - Gas analysis was accomplished
by GC using a 1/16~inch by l6-foot activated alumina column and by
mass spectrometry. Elemental analysis and physical properties of the
bitumen and products were determined by conventional means by U.S.
Government and commercilal laboratories. Heating value (H) was
calculated from the formula (6)

H(Kcal/Kg) = 8,400(C) + 27,765(H) + 1,500(N) + 2,500(S)-2,650(0).

Simulated distillation of bitumen and liquid products was accomplished
by G.L.C. by procedures fully described elsewhere (7), using a 1/4-inch
by 18-inch column packed with 5 percent UCW-98 on 60 to 80-mesh
silanized chromosorb W. TGA and DTA were performed on a Mettler
thermogravimetric analyzer. New infrared data reported here were
gathered using a Beckman model 4860.

Results and Discussion

Bitumen, Composition and Properties

The extracted tar sand bitumens were characterized by methods
adapted from those developed for the study of high boiling petroleum
distillates and residues. Results of this study, which was conducted
at the Laramie Energy Research Center (ERDA), will soon be published, (4)
and are summarized here to provide an understanding of the nature of the
bitumen. The elemental analysis and selected physical properties are
given 1n table I. Comparison is made of the two sets of bitumens for
which the sample used for cracking was similar to, but not identical to,
that characterized. In the case of the Tar Sand Triangle sample, the
two samples are nearly 1dentical whereas some differences are noted for
the Asphalt Ridge samples.

Results of our previous studies (4) have shown marked similarities
between the two Uinta Basin samples (Asphalt Ridge and P. R. Spring)
on the one hand and the Athabasca and Tar Sand Triangle on the other.
These similarities extend beyond the elemental analysis and physical
properties and include compound type analysis and boiling point
distribution as well.

Comparison of the property and distillation data for the Uinta
Basin samples with the high sulfur bitumens reveals a higher hydrogen
and nitrogen content, lower sulfur, higher molecular weight and viscosity,
and lower content of volatile material. These results are interpreted
in conjunction with the compound type analysis to mean that Uinta Basin
samples have a higher percentage of high bolling and residual saturated
hydrocarbons with the aromatic portiom reserved appreciably for the
high boiling residue fraction. Conversely, the Tar Sand Triangle and
Athabasca bitumens are comprised of generally lower molecular weight
material with the aromatics and heterocatoms making up a comparatively
large percentage of the volatile material.

There are a few notable compositional differences between the
Wilmington residue and the tar sand bitumens which are likely to
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influence the chemical behavior but are not apparent in the gross
properties. Although the total heteroatom content of the Uinta Basin
bitumen is similar to that of the Wilmington residue, there is a greater
tendency (as a result of geochemical forces) to concentrate the
heteroatoms in the high molecular weight compounds of the bitumens.
Additionally, there is considerably more material associated with a
given quantity of heterocatoms for comparable initial boiling point
residues indicating that the average molecular weight for a 530° C
residue of the Uinta Basin samples may be 1-1/2 to 2 times that of a
530° C Wilmington sample. The Athabasca and Tar Sand Triangle
samples exhibit lesser tendencies to concentrate heteroatoms in the
residue portion than the Wilmington residue. The comparative upper
molecular weight of these samples is not known.

Quantitative Results of Pyrolysis

Product yields from the batch-type thermal cracking of the five
bitumens are given in table II. Gas yields,which range from 4.8 to
7.5 percent, do not exhibit any obvious correlation with bitumen
properties. The majority of the gas was produced above 500° C when
condensate production was tapering off. The percent gas yield and the
average molecular weight of the gas ran roughly parallel to each other.

Table II - Product yields

Product ATH TST AR PRS WIL
Gases (C_. and lighter) 7.52 5.31 4.80 7.41 6.03
Liquid cdndensate (CG_
535° ¢) 76.52 72.82 82.85 76.05 77.04
Coke 15.96 21.87 12.35 16.54 16.93

Liquid condensate yields exhibit a good inverse correlation with
carbon hydrogen atomic ratio. A secondary correlation appears to exists
with molecular weight; for a given C/H ratio, thehigher the molecular
weight, the lower the yield. The Asphalt Ridge sample, which is a likely
candidate for early commercial development, gave a high yield of almost
83 percent condensate.

Coke yield, which 1s directly related to carbon residue determina-
tion, also correlates well with the asphaltene content. Asphaltenes
derived from tar sands are probably similar to petroleum asphaltenes
in that they represent the high molecular weight, highly aromatic mole-
cules present. These molecules contain significant quantities of
heterocyclic structures with generally low alkyl and naphthenic carbon
contents. These structural features explain thelr resistance to pyrolysis
and their ability to form coke. Although the correlation between coke
yield and asphaltene content is strong, a one-to-one precursor-product
mechanism 1s not suggested. Many nonasphaltene aromatic molecules
probably undergo polymerization and condensation as well, and asphaltenes
can rupture to form lighter products. Comparison of the results of
cracking a total bitumen with results from a deasphaltened bitumen should
prove interesting.

In order to provide assurances that yield and analytical results
would be meaningful, it was imperative that high material and elemental
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balance be achieved. This was one of the principal considerations

in the experimental design. Table III shows the elemental balance for the .
Wilmington sample. Other bitumens showed similar results. The data
illustrate that carbon and hydrogen.recoveries were excellent, while

nitrogen and sulfur were slightly low. Material balance was better than

99 percent in all cases. .\
/
Table ITII - Elemental balance (Wilmington residue) -
Wt-pct (0 free basis)
Starting Analysis of \
bitumen recovered products
Carbon 86.1 86.7 \
Hydrogen 10.7 10.8 .
Nitrogen 1.1 0.9
Sulfur 2.1 1.6

Characterization of Products

Gaseous products were analyzed by gas chromatography and mass
spectrometry. All gaseous products showed the typical consitution
of a pyrolysis gas. An example of mass spectral analysis for the
products derived from the high sulfur Tar Sand Triangle bitumen is
given in table IV. The oxygenated compounds are believed to be derived
from bitumen oxygen compounds. Gases derived from the other bitumens were
of a similar constitution with that from Asphalt Ridge having a relatively
high concentration of olefins and that from the Wilmington having a
relatively high concentration of methane.

Table IV -~ Composition of Tar Sand Triangle gases

Mole, pct Mole, pct

Compound (Helium-free Compound (Helium-free

basis) basis)
Hydrogen 14.3 Cyclopentene 0.1
Methane 47.3 Pentenes (noncylic) .7
Ethylene 1.6 Isopentane .3
Ethane 10.9 n-pentane 1.3
Propylene 3.1 Ammonia .7
Propane 5.5 Hydrogen sulfide .0
1,3-butadiene 0.1 Carbon monoxide 9
Butenes 2.6 Carbon dioxide .4
Iso~-butane 0.0
n-butane 2.2 Total 100.0

Liquid products were characterized by elemental analysis,
physical properties and application of the n-d-M method (9) for carbon
type and ring structure, infrared Spectroscopy, and simulated distilla-
tion. Elemental analysis and plysical properties are given in table V.
Generally, the bulk properties are remarkably similar for all samples.
Carbon/hydrogen ratios exhibit moderate variation with values grossly
following that in the original bitumen. The Tar Sand Triangle
condensate exhibited a substantial increase in hydrogen content over
the native bitumen while other samples exhibited less marked enrichment.

15:
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Sulfur and nitrogen contents reflect the relative concentrations of I
these elements present in the native bitumen. Oxygen has been completely
removed, presumably as water and the oxides of carbon. Small amounts

of water were produced at reaction temperatures of 350° to 400° C.
Molecular weights are nearly identical for the tar sand bitumens while I

API gravity and refractive index show minor variations. The significance
of the nearly constant physical properties can be seen in the results
of the n-d-M analysis.

1
Application of the Van Ness and Van Weston (9) n-d-M method for

estimating carbon structure was made with the recognition that these

correlation charts were developed for virgin olefin-free petroleum !

samples. The presence of elther cyclic or straight-chain olefins in a

sample would probably add semiquantitatively to the aromatic carbon l

content largely at the expense of the naphthenic carbon. The percent

of olefin carbon present in condensate products derived from the ‘

destructive distillation of Asphalt Ridge bitumen (1) and delayed coking

of Athabasca bitumen (10) range from 10 to 12 percent. The n—-d-M carbon

type analysis was adjusted for the olefin content by subtracting the

olefin carbon from the aromatic carbon and assuming that all olefins

were present in a ring system. Typical ranges of carbon type and ring

type are given in table VI. Inspection of the detailed data for products i

from each bitumen revealed minor differences, with the naphthenic carbon l

exhibiting the highest variability. These analyses further confirm the

structural similarity of the pyrolysis condensates that were 1ndicated

by the similarities in the properties.

1

Table VI - Carbon and ring type analysis of condensates
Atomic
Type pct of carbon

Aromatic carbon 18-20

Naphthenic carbon (saturated) 9-16

Olefin carbon 10-12

Paraffinic carbon 55-60

Aromatic rings/molecule 0.7

Naphthenic-olefin rings/

molecule 0.8-1.2

Infrared spectra was employed to obtain additional qualitative
information about the liquid condensate products. Virtually no adsorp-
tion exists inthe free or bonded O-H or N-H region. The C-H region
showed virtually no aromatic C-H and the intensity of the methyl C-H
nearly equaled that of the methylene C-H. A broad, ill-defined adsorp-
tion peak centering about 1,705 cm indicative of the presence of
carbonyl compounds, is probably due to ketone artifacts generated upon
exposure_of the sample to air. A fairly sharp band centering about
1,640 cm was attributed to unconjugated olefins. fThe existence of asy
metry on the high frequency side of the aromatic band (1,603 cm ) yas
attributed to the presence of conjugated olefinms. Assigfments were not
made for several strong bonds present from 1,000-700 cm ~.

The bolling point distribution was determined from simulated
distillation by gas-liquid chromatography. Results are given in
table VII. In this analysis significant differences are obvious. This
is rather surprising in light of the similarities in the other properties
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Apparently an "average structure" is defined by thermodynamic considera-
tions but the actual distribution of molecular sizes relates back to
some yet unknown styuctural feature of the feed bitumen. The Wilmington
condensate is noticeably heavy which is consistent with its higher
molecular weight and slightly higher degree of ring condensation.

Table VII -~ Simulated distillation yields, wt-pct

ATH TST AR PRS WIL

Gasoline ¢.t - 200° ¢ 7.5 7.2 11.9 10.4 8.6
Kerosine 200-275° ¢ 12.9 11.5 19.9 14.7 11.6
Gas oil 275-325° C 13.7 13.0 16.9 12.8 8.1
Heavy gas oll 325-450° C 48.0 51.4 34.0 46.6 38.5
Vacuum gas o1l 450-535° C 17.9 16.9 17.3 15.6 28.2
Subtotal 100.0 100.0 100.0  100.0 95.0
Residue 0-4% 0-3% 0-5% 0-2% 5-10%

The coke was characterized by elemental analysis and heating value
(table VIII). All of the cokes had a shiney appearance with infrequent
pores. Coke from the Uinta Basin samples are extremely low in sulfur.
Incomplete combustion in analysis is thought to cause low carbon values
in some samples. Heating values were calculated from actual percentages
because oxygen content is not known.

Table VIII - Coke analysis

ATH TST AR PRS WIL
Carbon (wt-pct) 88.6 87.7 87.9 87.7 82.8
Hydrogen 2.5 2.8 3.0 2.6 2.9
Nitrogen 1.8 1.5 2.9 2.9 3.0
Sulfur 6.0 6.2 0.4 0.5 1.5
Heating value (Btu/1lb) 14,960 14,950 14,860 14,720 15,165

Discussion of Results

The experimental design optimized sample definition. This proced-
ure provides a base for comparison of results which can be derived from
visbreaking, delayed coking, catalytic cracking and catalytic hydro-
genation experiments. Although reaction conditions do not simulate
commerclal coking operations preliminary interpretation can be made of
the thermal cracking characteristics of Utah tar sand bitumens. By
relating results from Utah samples to those derived for Athabasca and
a representative petroleum residue comparison is established with
commerclally processed samples. Results for the Athabasca sample compare
favorably with literature results (2) with gas productions and composi-
tions being similar to delayed coking operations while liquid yields are
higher (77 vs 70) and coke vields are lower (16 vs 22) in the present
studv. These results are explained by the longer residence time
under higher hydrocarbon partial pressures which enhances the conden-
sation reactions.
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Certain observations regarding the rate of light gas and liquig
condensate production deserve attention. Plots of the rate of gas
production as a function of temperature revealed a trimodal curve with
the major rate of gas production occurring about 490° C with .less promin-
ent peaks occurring at 555° C and 610° C. These data suggest that sever
distinct molecular types may be present with discrete decomposition
temperatures. Analysis of ‘gases produced as a function of temperature
revealed the expected increase in olefin to saturated hydrocarbon ratio
but exhibited no clear enhancement of one component over another. At
higher temperature the C —C5/C1 ratio was enhanced. Generally, more
than half the gas produc%ion occurred after liquid condensate production
had ceased (ca, 525° C). The peak gas production occurred some 40° C
after peak condensate production. This suggests that precursors to
light gases are largely short alkyl (or naphthene) groups attached to
larger nonvolatile molecules. Cracking of medium volatility molecules
or long chain alkyl substituents to light gases would give rise to simul-
taneous condensate production which is not observed. '

Additional insight into the cracking behavior of these bitumens
is obtained from thermal gravimetric analysis (TGA). Typically, the
differential TGA curve (change in rate of weight loss vs temperature)
exhibits a brpad peak at 275° to 350° C followed by a well defined peak
at 435° to 460° C. Comparison of TGA results with those of the
simulated distillation, which determines volatility at short high-
temperature residence times, reveal that initial thermal cracking may be
taking place at temperatures as low as 150° C with appreciable cracking
existing at 300° C. The susceptibility to thermal caracking was
particularly apparent with the Wilmington sample where over 45 percent
TGA weight loss had been experienced by 375° C when the nominal IBP was
485° C. Conversely, visual observation of the production of liquids from
tar sand bitumens in the bench scale experiments showed substantially
less liquid production at 375° C than was expected based on the
simulated distillation data. The implication in these results is that
even though thermal cracking apparently occurs at lower temperatures,
mass transfer effects may be a limiting factor.

The thermal reactivity of tar sand bitumens is probably ultimately
related to the overall severity of the geochemical maturation process.
In this regard the Wilmington sample appeared noticeably more reactive
than did the tar sand bitumens. This leads to the speculation that
maturation conditions have been more severe for tar sands compared to
the Wilmington crude o0il. This factor will probably affect the
optimum reaction conditions for upgrading bitumen to synthetic crude oil.

The work reported here is the result of a preliminary investiga-
tion at one set of reaction conditions. For this reason, further discus=<
sion of the mechanistic implications of our analytical work is reserved
for future publications when the effects of varying the reaction conditig
can also be discussed. Suffice it to say that knowledge of the total
aromatic, naphthenic, paraffinic content and molecular weight data will
not be adequate to explain the results. More subtle factors which
may have significant effects on yield and yield structure include degree
and type of alkyl substitution, the type of ring condensation and the
presence of coke promoting heteroatoms such as pyridine type nitrogen.
The model compound pyrolysis study of Madsen and Roberts (l1) relates
to the effects of these compositional features.
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Conclusions

The raw liquid condensate from the low sulfur Uinta Basin samples
show good potential for hydrotreating to produce a high quality
synthetic crude o0il amenable to conventional processing. Compared to the
Athabasca bitumen sample, the Uinta Basin products are low in sulfur,
high in hydrogen, are of comparable olefin content and are produced in
higher yields, These comparative features will significantly enhance the
value of this tar sand resource. Generally, the high sulfur bitumen
from Utah, i.e., Tar Sand Triangle, will produce a similar product in
thermal processing to the Athabasca bitumen.

Our preliminary evaluation of the thermal cracking of Utah and
Athabasca tar sand bitumens showed that (1) conversion is primarily a
function of hydrogen content, (2) bitumens show appreciable cracking
at 300° C with maximum cracking at 450° C, (3) condensable product
character, although considerably uniform from one bitumen feed to
another, tends to correlate with bitumen character, (4) products derived
from tar sand bitumens compare favorably with those derived from a
representative petroleum residue, (5) coke generated from Uinta Basin,
Utah, samples is extremely low in sulfur; (6) hydrogen demands in
hydrotreating processes will probably be lower for Utah samples than
for Athabasca samples.
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COMPETING REACTIONS IN HYDROTREATING COKER DISTILLATES
FROM ATHABASCA BITUMEN ON UNPROMOTED AND PROMOTED CATALYSTS

R. Ranganathan, M. Ternan and B.I. Parsons

Energy Research Laboratories
Department of Energy, Mines & Resources
555 Booth Street
Ottawa, Ontario
KlAa 0G1

INTRODUCTION

Hydrotreating crude distillates involves competing reactions such
as desulphurization, denitrogenation and hydrogenation. Individual studies
of these reactions have been described in the literature for several model

1, 2, 3 . . : :
> ©* 7, 1In a few cases, the interaction of these competing reactions

compounds
nas been reportedA’ 5. However, it is difficult to simulate all the properties
of petroleum using model compounds. It was felt that a study with distillate
fractions was required to determine tﬁe interaction of these competing reactions
in the industrial hydrotreating process. The purpose of the present paper is

to describe the interaction of the competing reactions for various catalysts

and process conditions as they would be encountered in a refinery application.

A coker kerosene distillate, derived from Athabasca bitumen6, was hydrotreated

on unpromoted and promoted catalysts at various reaction temperatures.
EXPERIMENTAL

The catalysts used in this study were unpromoted M003/alumina
containing 3, 6, 9 and 12 wt % of MoO3 and promoted M003/alumina composed of
1.1 wt Z Co0 - 2.2 wt Z M003/alumina, 1.1 wt 2 Ni0 - 2.2 wt Z M003/alumina
and 3 wt Z Co0 - 12 wt 7 M003/alumina. The catalysts were prepared by spray-
ing aqueous solutions of metal salts on alumina powder (a mixture of 20 wt %
Continental 0il Company "Catapal SB" and 80 wt % '"Catapal N" alumina
monohydrate) in a mix—muller7. The impregnated mixtures were dried
in air at 110°C for 3 hours and then calcined at 500°C for 3 hours. The
calcined powder was mixed with 2 wt 7 stearic acid and pressed into cylindrical
pellets (L = D = 3.2 mm) in a continuous pelleting press. The pellets were
recalcined at 500-550°C for 4 hours to remove the stearic acid. A commercial
catalyst, 3 wt Z Co0 - 12 wt 7 M003/alumina (Harshaw CoMo 0603T, 3.2 mm pellets),
was also used.

The feedstock used for the hydrotreating study was a coker kerosene

distillate (193-279°C) supplied by Great Canadian 0il Sands Ltd. of Fort

McMurray, Alberta. The properties of the feedstock are listed in Table 1.
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The reaction measurements were carried out in a bench scale
continuous flow system8 with the oil and hydrogen flowing up through
a fixed bed of catalyst. The reactor was 0.025 m in internal
diameter, 0.305 m long, and was made of 316 stainless steel, The
reactor was filled sequentially from the bottom with 42 ml of berl saddles,
100 ml of catalyst pellets and 13 ml of berl saddles. The axial temperature
profile was measured by a movable thermocouple in a thermocouple well located
centrally in the reactor. The gas and liquid reaction products were separated
in one of the two down-stream vessels. When steady-state conditions had

prevailed for 1 hour, the product flow was routed to the second vessel where

the liquid product was collected for subsequent analysis.

For all the experiments the reaction pressure, liquid space velocity
and hydrogen flow rate were kept constant at 1.39 x 107N/m2 (2000 psig),
2h_1 and 890.5 m3H2/m3 oil (5000 scf Hz/bbl 0il) respectively. The reaction

temperatures were varied in the following sequence: 400, 420, 360, 320 and

400°C. The second run at 400°C was undertaken to check the series and confirm
the stability of the catalyst.

The product samples were analysed for sulphur, nitrogen, aromatics,
olefins and saturates. The conversions of higher boiling fractions to lower
boiling fractions were determined by atmospheric distillation and the sulphur
concentration by X-ray fluorescenceg. The sulphur apparatus was calibrated
using a series of oil samples analysed by the bomb sulphur technique7. The
nitrogen content was measured using a hydrogenation-microcoulometric apparatus
developed and manufactured by the Dolirmann Division of Envirotech Corp.,
Mountain View, Californialo. The Dohrmann procedure was developed for oils
containing 10-100 ppm and was calibrated using pyridine, carbazole and acetan-
ilide. The samples having higher nitrogen were diluted to reduce the nitrogen
concentration to the working range of the instrument. The aromatics, olefins
and saturates were separated using the ASTM standard FIA methodll. The conversion
of fractions boiling above 220”C to fractions boiling below 220°C was calculated

using the distillation data in the following equation:

Xgp = (100-F) — (100-P) 1)
100 - F
where P = wt 7 of product boiling below 220%¢

F = wt 7 of feed boiling below 220°C
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RESULTS AND DISCUSSION

Catalyst Pretreatment:

Preliminary studies showed that the catalyst pretreatment
conditions are important in obtaining stable activitylz. The oxides
in the catalysts are slowly converted to sulphides by the hydrogen
sulphide produced from the sulphur compounds in the feed. Large
variations in catalyst activity have been related to differences in the
extent of catalyst sulphiding. It was found that a pretreatment with the
coker kerosene feedstock at reaction conditions of 1.39 x 107N/m2 (2000 psig),
6730K, Zh_1 and 890.5 m3H2/m3 0il (5000 cu ft/bbl) for 2 hours produced an

adequate extent of catalyst stabilization.

Kinetics:

Mass transfer effects in catalysts are known to be important,
particularly when hydrotreating high boiling petroleum fractions13
However, for the system used in this work there were strong indications
that mass transfer was not controlling. The fact that the different
catalysts had markedly different activities suggests that the effect of external
mass transfer was negligible. Other experiments undertaken in this laboratory
with a higher boiling gas-o0il over extruded catalysts, having different
dimensions (0.317 mm and 0.159 mm) but the same chemical composition, also
produced the same activitylb. This indicated that pore diffusional
resistance was not controlling. Additional evidence for minimal
diffusional effects is obtained when one compares the desulphurization and
denitrogenation reaction data of two catalysts having the same metals content
(Table 2). For 1.1 wt 7 Ni0 - 2.2 wt % M003/alumina, the denitrogenation
conversion improved relative to desulphurization conversion with increasing
temperature. For 3 wt 7 M003/alumina, the desulphurization improved relative
to denitrogenation conversion with increasing temperature. Such changes
indicate that the differences in desulphurization and denitrogenation
are not due to pore diffusion effects and can be attributed to kinetics.

The kinetics of denitrogenation, desulphurization and hydrogenation
were studied on 3 wt 7 Co0 - 12 wt 7 M003/alumina catalyst. Denitrogenation
followed first order kinetics (Figure 1 A)as reported by othersls. The 4

desulphurization followed second order kinetics (Figure 1 B).
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éimilar desulphurization kinetics have been observed by others for high
sulphur crudesle. However, for low sulphur crudes, first order kinetics have
also been reportedl3. Beuther et 3116 and Schuit et al17 suggest that
desulphurization is first order for individual sulphur compounds and appears
to be second order in a feedstock containing different types of sulphur
compounds .

In the literature, the hydrogenation of aromatics is reported to
follow reversible first order kineticsls. However, in the work discussed
here the data did not fit zero order, first order irreversible, first order

reversible or second order irreversible kineties., This is probably due

to the inhibition of the hydrogenation process by sulphur compounds.

Voorhoeve and Stuiver19 reported that the hydrogenation of cyclohexane

deviated from first order kinetics when carbon disulphide was present. They

7

suggest that the hydrogenation sites are blocked by the preferential adsorption

of CSZ' In the present case it is entirely possible that the sulphur compounds

in the feedstock complicated the hydrogenation kinetics in this way.

Effects of Metal Oxide Concentration:

Several catalysts of varying MoO3 concentration were evaluated.

Figure 2 A shows that the Z conversion of sulphur increases with MoO., concentra-

3
tion and reaches a plateau after 9 wt Z MoO,. The denitrogenation results
(Figure 2 B) show similar trends. However, at 320°C the rate of increase
of conversion with metal oxide concentration was considerably greater for

denitrogenation. At all temperatures studied the denitrogenation conversion

is higher than desulphurization for the whole series of unpromoted M003/alumina
2 . ; .

catalysts. Qader et al 0 also reported that the denitrogenation conversion

was higher than desulphurization conversion for low temperature distillate

from coal tar (200 - 3250C, 0.83 wt %7 S and 0.40 wt Z N) on a WS, catalyst

at pressures above 1000 psig. However, Williams et al21 found téat de-
sulphurization conversions were greater than denitrogenation conversions
for a heavy gas-oil (345 - 525°C, 3.59 wt 2 S and 0.38 wt 7 N) on unpromoted
M003/alumina catalysts at 2000 psig. The combined results indicate that the
nitrogen in the heavier fractions is much more difficult to remove.
Hydrogenation of aromatics in coker kerosene distillate showed a
trend different from denitrogenation and desulphurization (Figure 2C). A
3wt Z M003/alumina catalyst showed significantly higher hydrogenation

conversion than the pure alumina support. However, further increases in MoO3
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concentration only slightly improved the hydrogenation of aromatics.

The conversion of fractions boiling above 220°C to fractions
boiling below 220°C (equation 1) was measured for all catalysts strudied.
At 400°C, the per cent conversion increased with increasing metal oxide
concentration up to 9 wt 7 MoO3 and decreased above 9 wt % (Figure 2 D). At
3200C, the maximum was at 6 wt 7% M003. The findings of Seshadri et a1%2
may provide a partial explanation for the maximum in conversiom. They found
that, for M003/alumina catalysts, the catalytic activity in vapour-phase aldol
condensation of n-butyraldehyde and the esr signals (indicating MOS+ concn.)

i +
showed maxima at 9 wt 7 in MoO,, suggesting that Mo5 centers may be

3
responsible for molecular weight reduction. Desulphurization, denitrogenation
and hydrogenation conversions did not show these maxima. It would appear that
quite different sites are involved for molecular weight reduction than for

the refining reactions.

Effects of Promoters: .

At low reaction temperatures the addition of promoters to M003/
alumina catalysts affected the desulphurization, denitrogenation and hydrogenation
processes differently. Comparing cata%ysts gontaining 2.2 wt 7% M003/a1umina and
1.1 wt 72 Co0 ~ 2.2 wt % M003/alumina, the conversions at 3200C for desulphuriz-
ation, denitrogenation and aromatic hydrogenation increased from 20 to 76.7Z,
30 to 487 and 31 to 437 respectively (Figures 1 A, 1 B and 1 C and Table 2). A
laboratory catalyst containing 12 wt 7 M003/a1umina was compared with a
commercial catalyst having 3 wt 7 Co0 - 12 wt Z M003/alumina. In this case the
conversions improved from 38.8 to 93.5%Z, 57.2 to 79.37% and 40.5 to 49.27
respectively. The promotion of M003/a1umina with nickel showed similar
increases in desulphurization, denitrogenation and hydrogenation (Table 2).

At 320°C the increase in conversions due to promoter addition varied in the
following order:

desulphurization > denitrogenation 3> aromatic hydrogenation
The results show that the addition of cobalt or nickel to molybdenum/alumina
significantly increases the selectivity for the desulphurization veaction in
particular. The promoter would appear to change the chemisorption character-
istics of sulphur compounds in such a way as to selectively improve desulphur-

ization.

163



Similar results were obtained by Williams et 3121 showing
that the addition of a promoter selectively increased the desulphurization
conversion. They found that, at 380°C for 3 wt % Co0 - 12 wt 7 MoO3 catalysts,
the desulphurization and denitrogenation conversions were 78% and 247 respect-
ively compared to 35% and 16% for 12 wt 7 MoO3 catalysts. The important point
to note is that the different types of compounds present in the low boiling
coker kerosene and the heavy gas-oil feedstocks did nor affect the promotion

of desulphurization by cobalt or nickel.

Comparison of Denitrogenation and Desulphurization at Different Temperatures:

The rate constants calculated using the first order equations for
denitrogenation and the second order equations for desulphurization are shown
in Arrhenius plots (Figures 3 & 4). The results obtained for botrh promoted
and unpromoted catalysts are given. It is seen from Figure 3 that the activ-

ation energies (proportional to the slopes of the lines) for denitrogenatior de-

crease with increasing concentrations of unpromoted MOO3 on alumina. On the other

hand, for desulphurization (Figure 4) the activation energies increase with
increasing MoO3 concentration. Cremer23 suggests that one of the reasons

for variations in activation energies and frequency factors is the difference in
the strength of adsorption. 1In the present work, the variations in activation
energies also suggest that the differences in denitrogenation and desulphuriz-
ation conversions on M003/a1umina are caused by differences in strengths of
chemisorption of sulphur and nitrogen compounds on the catalyst. When Ni or

Co promoter was added the activation energies for both denitrogenation and
desulphurization decreased, but there was a large iocrease in the

frequency factor for the desulphurization reaction compared to the denitro-
genation reaction.

Satterfield et 314 suggest that the interaction between desulphur-
ization and denitrogenation is temperature-dependent. They studied the
desulphurization of model compounds such as thiophene and the denitrogenation
of pyridine on commercial CoMo, NiMo and NiW sulphided catalysts at temperature.

up to 425°C and pressures up to 1.1 x 103

2
kN/m”~ (11 atm). At low temperatures,
thiophene inhibited denitrogenation and at high temperatures the sulphur

compounds ennanced the denitrogenation. The results obtained with distillate

fractions and the promoted catalysts both in the present work and by Williams
21
et al support the observations of Satterfield et alé. With the coker

distillate over Co and Ni promoted catalysts, the desulphurization was much
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higher than denitrogenation at 3200C, but the denitrogenation conversion
improved relative to desulphurization with increasing temperature (Table 2).
Also, Williams et al found that for similar promoted M003/alumina catalysts
(Table 3), the differences between the conversions for denitrogenation and
desulphurization decreased at higher reaction temperatures.

With the unpromoted catalysts, on the other hand, the hydrotreating

data shows a reverse trend. The results for the unpromoted catalysts

(Figures 1 A, 1 B and Table 2) with the coker distillate and of Williams et al
on gas-oil (Table 3) show that with increasing reaction temperature, the
desulphurization reaction conversion improves relative to denitrogenation
conversion. A comparison of relative conversions for desulphurization and
denitrogenation at different temperatures definitely indicates that the
interaction of these reactions depends on whether the catalyst is promoted

or not.
CONCLUSIONS

Comparison of molecular weight reduction and the refining reactions
on unpromoted MoO3 catalysts indicates that quite different active sites are
involved for molecular weight reduction than for the refining reactions.
Variatiom in trends for apparent activation energies of desulphurization and
denitrogenation on unpromoted catalysts indicate differences in chemisorption
characteristics of nitrogen and sulphur compounds.

With the promoted catalysts, the kinetics observed with the distillate
fractions generally agrees with the results of the pure compound studies. The
trend of the data was the same regardless of the boiling range of the distillate.
However, in the case of unpromoted catalysts, the boiling range of the feed-
stock has a considerable influence on the reaction rates. Comparison of the
high pressure data for coker kerosene reported here, the high pressure data of
Williams et 3121 and the low pressure data reported by Satterfield et ala
indicates that with increasing reaction temperature, the presence of sulphur
compounds enhances denitrogenation relative to desulphurization on promoted

catalysts but not on unpromoted catalysts.
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TABLE 1

PROPERTIES OF THE FEEDSTOCK

Properties Coker Kerosene Distillate
Boiling range, °c 193 - 279
Specific Gravity 60/60 °F 0.871
Sulphur, wt % 2.32
Nitrogen, ppm 430
Pour Point, op Below -60
Cloud Point, o Below -60
Flash Point, °r 116
Vanadium, ppm 0.40
Nickel, ppm 0.36
Iron, ppm 0.50
Ramsbottom Carbon
Residue (10% bottoms), wt 7 0.29
Aromatics + olefins, vol 7 58
Saturates, vol % 42 ‘
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HYDROCRACKING OF IN SITU SHALE OIL
P. L. Cottingham and L. G. Nickerson

Energy Research and Development Administration
Laramie Energy Research Center, Laramie, Wyoming 82071

ABSTRACT

A group of once-through laboratory hydrocracking experiments was made with crude
in situ shale oil from underground combustion retorting of Green River oil shale.
Nickel oxide-molybdenum oxide catalyst on a silica-stabilized alumina support was used
at 1500 psig pressure, 700°, 750°, and 800° F, and space velocities of 0.6, 1.0, and
2.0 volumes of oil per volume of catalyst per hour. Yields and properties of gas-
oline-boiling-range naphthas and broad~cut diesel fuels are given.
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EFFECTS OF THERMAL HYDROCRACKING ON THE
COMPOUND~TYPE DISTRIBUTION IN ATHABASCA BITUMER

A.E. George, R.C. Banerjee, G.T. Smiley und Li. Sawatzky

IWTRODUCTION

Upgrading Athabasca bitumen requires the use of pyrolytic processes,
The currently-used coking processes are wasteful, and alternatives such as
the thermal hydrocracking process are sought (1). This report deals with the
hydrocarbon-type conversions involved in hydrocracking this asphaltic
sulphurous bitumen.

Five samples of hydrocracked bitumen, selected to represent increas-
ing severities of treatment as expressed in pitch conversion to distillable

fractions, were subjected to amalysis by liquid-solid chromatography.

EXPERIMENTAL

A schematic diagram of the procedure and the breakdown to compound

types is shown in Figure 1.

Tnermal Hydrocracking

The hydrocracking pilot plant and its operation have been described
in a previous report (1). The reactor is a vertical vessel to which the total
Athabasca bitumen and hydrogen are fed at the bottom. Any gases formed can
escape upwards immediately and are rcamoved in a scrubber before the hydrogen
is recycled with the fresh make-up hydrogen to the reaction vessel. Five
saunples representing increasing degrees of hydrocracking were selected for
investigation. Three of these samples are representative of steady state con-
ditions of a liquid hourly space velocity of 2, a feed rate of 8000 grams per
hour and temperatures of 435, 445 and 455°¢C respectively. Similarly, the
other two samples were obtained at a liquid hourly space velocity of 1, a feed
rate of 4000 grams per hour and temperatures of 445 and 460°C respectively.
All the samples resulted from processing at 2000 psi operating pressure and a
iivdrogen recycle rate of 1.5 cu ft/hr at operating pressure and 250C. The
nydrogen pufity was 857. The product was separated into a light and a heavy oil

in a hot receiver vessel.
Distillation
The light oil was separated by distillation (ASTM D216-54) to light

ends boiling below 200°C and the fraction boiling above 200%¢.  The neavy oil
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did not contain any light ends boiling below 200°C. The distillation residue

above 5240C is defined as pitch.

Deasphalting

The asphaltene portion of the heavy o0il was precipitated through
the addition of twenty volumes of pentane to one volume of oil. The
asphaltenes were separated by filtration, extracted with pentane in a soxhlet
extractor and dried first on a water bath, then under reduced pressure at 500C.
The main pentane solubles and washings were combined and n-péncane was
completely evaporated from these maltenes.

Compound-Type Separation

The light ends distilling below 200°C were analyzed for saturate,
aromatic and olefinic contents on silica gel using thne fluorescent indicator
adsorption method (ASTM D1319-70).

The light oil fraction boiling above 200°C and the deasphalted
neavy oil (maltenes) were separated into compound-type concentrates of
saturates, monoaromatics, diaromatics, polyaromatics, polar material and
basic compounds in a dual-packed (silica.gel and alumina gel) liquid-solid
chromatographic column developed by the API project 60 (2), and modified in
our laboratory (3). The modification consisted of scaling down the original
procedure by a factor of 10 and applying pressure to increase the speed of
separation. The polyaromatics were eluted by benzene; the polar material was
eluted by a mixture of polar solvents (methyl alcohol, ethyl ether and benzene)
aiid the basic compounds were eluted by pyridine at lOOOC (Figure 1).

The number of moles of the variou§ typés of structures were
determined using average molecular weights that were obtained by vapour
pressure osmometry for the light oil and heavy oil. The average molecular
weights of the light oil fraction below 200°C were determined from gas chromato-
graphic simulated distillation data, assuming that the material distilling when
Lialf of the sample had distilled represented the average molecular weignt.

The aromatics in the light ends distilling below 200°C were assumed to be
mononuclear aromatics.

Tne number of sulphur-bearing structures in each fraction was
determined assuming that there was one sulphur atom per molecule. The number

of sulphur-free structures was then obtained by difference.
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Mass Spectrometric Analyses

Analyses of the approximate compositions of the cyclic saturates
were performed on a C.E.C. 21-104 mass spectrometer, operated at an ionization

potential of 70eV and using electric scan.
RESULTS
Tne Athabasca bitumen is a heavy, sulphurous oil with high asphaltene
and metal contents. The chemical nature of its hydrocarbons is mostly aromatic,
75% by wt, with a prevalent polyaromatic-polar composition of 707 of the

aromatics. The properties of the bitumen are given in Table 1.

Ef fect of Thermal Hydrocracking on the Gross Composition

Increasing hydrocracking severity causes a steady increase in the
amounts of light oil (Table 2) at the expense of the heavy oil and asphaltene
contents. The asphaltene content diminishes from 15.37 in the feedstock and
13.47 at 435°C (LHSV-2) to 2.7% at 460°C (LHSV-1). This is an appreciable
decrease, considering that the molecular weights of the treated asphaltenes
also decline. 1In these cracking reactions, asphaltenes could be formed as
well as destroyed. The presence of hydrogen pressure would suppress asphaltene
formation. The percentage of heavy oil in the product decreases steadily to
54% of its content when the severity of the operating temperature was increased
from 435°C (LHSV-2) to 460°¢C (LHSV-1). This effect is even more pronounced
considering the lower molecular weight of the products.

The severity of hydrocracking is more pronounced at the lower liquid
hourly space velocity due to the increaséd residence time of the liquids in
the reactor. A comparison of the pitch conversions of the two experiments at

445°C and space velocities of 1 and 2 is given in Table 2.

Effect of Thermal Hydrocracking on the

Compound-Type Distribution

The compound-type distribution on a weight basis is shown in
Table 3. The sulphur is included with the aromatic and polar types. Tables
4 and 5 show the number of moles per 100g of bitumen for the hydrocarbons and

for the sulphur compounds respectively.
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Saturated Hydrocarbons:

The total percentage of saturates in the liquid products of the
titumen increases markedly with increasing severity of hydrocracking,
particularly in the light ends. Although the Saturate content remains almost
constant in the light oil fraction above 2000C, the increasing percentage of
this fraction in the total product increases the total saturate content.

An approximate mass spectrometric ring analysis of the saturates of
the Athabasca bitumen shows that they are mainly cyclic with little or no
alicyclics., About 907 of the cyclic material is dicyclic, tricyeclic and
tetracyclic in equal proportions. Monocyclics are absent, and pentacyclics
or higher ring systems are present in only small amounts. The alicyclic hydro-
carbons developed because of hydrocracking. The dicyclic and tricyclic
systems prevailed, followed by the monocyclics, then the tetracyclics, or the
reverse, depending on the investigated boiling range. Pentacyclic molecules
decreased to trace amounts, while 6- and higher- ring structures disappeared.

The saturate content includes olefinic hydrocarbons ranging in
the light oil below 200°C from 8.0% to 5.2% in the least and most severely
uydrocracked products respectively. It ranges from 14.67 to 3.07 in the

light oil products above 200°C.

Mononuclear Aromatics:

The monoaromatic content of the bitumen increases drastically (175%)
at the highest pitch conversion rate and about half of this increase takes
vlace at the mildest treatment (Table 3). The number of aromatic rings,
however, increases 3.7 times (Table 4), mostly in the form of benzene structures
in the light oil. Benzene compounds are valuable as chemical feedstocks and
because of their combustion characteristics.

The numbers of sulphur structures in the monoaromatic concentrate,
mostly thiophenes, double on the mildest treatment and then remain almost

constant (Table 5). .

Dinuclear Aromatics:
This fraction's weight per cent decreases slightly on hydrocracking
(Table 3) but the number of its diaromatic rings doubles (Table 4). The
thermal staﬁility of the associated sulphur structures are indicated by their

slight decrease (Table 5) with no evidence of formation from the destruction
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of higher molecular weight components. We have evidence (6) that most of

these sulphur compounds are alkyl benzothiophenes.

Polynuclear Aromatics:

The weight per cent of this fraction decreases by more than 507 on
hydrocracking, and 547% of this decrease occurs at the least severe treatment
(Table 3). However, the number of the polyaromatic structures increases 2.75
times in the mildest treatment, then gradually to 5 times at 460°¢C (Table 4).
The associated sulphur components are unstable relative to the diaromatic
sulphur structures (Table 5) and they decrease by 307 with the mildest treat-

ment. This percentage increases gradually to 65% at 460°C.

Polar Components:

Although this fraction diminishes in weight with hydrocracking similar
to the polynuclear aromatics (Table 3), the number of these polar structures
increase (Table 4). The joining sulphur structures are thermally unstable and ’

Jecrease to 40% at 460°C (Table 5).

Basic Compounds:
More than half of these compounds are destroyed at the mildest

temperature, and only 157 remain at 460°¢C.
DISCUSSION

The increase of the saturated hydrocarbons content is caused by the
cieavage of aliphatic components from the aromatic, ﬁolar and asphaltenic
structures. At the mildest treatment this fraction appears to increase mostly
at the expense of the polynuclear aromatics and the polar materials. The
other types would also lose paraffinic and cyclic portions to the saturate
fraction and in the meantime receive the same from the higher molecular weight
complex fractions. The saturated hydrocarbons could, to a large extent,
represent cleavage products from the asphaltenes, especially in the last two
treatments. There is a strong relationship between the rate of asphaltene
destruction and the increase in saturates content (Tables 1, 2 and Figure 2).

There is also a relationship between the mole increase of the

sulphur-free monoaromatic structures (benzenes) and tae degree of asphaltenes
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couwversion (Figure 2) which suggests that these benzenes are cleaved from the
complex asphaltenic structures. However, they could be generated by the
aromatization of cycloalkanes.

Asphaltenes are considered to consist mainly of large substituted
polynuclear aromatic structures (4) and to contain more heteroatoms than the
other bitumen fractions. Therefore, it would be expected that their cleavagze
during cracking should increase the polynuclear aromatic structures as well
as tihe polar compounds. While there is a steady increase in these fractions
(Table 4), there is no direct relationship between this increase and the rate
of aspnaltene destruction.

The only compound types that increase in sufficient quantity to
explain the diminishing asphaltene content in the two most severe treatments
sre the saturates and the mononuclear aromatics. Since it is not plausible
to assume that the asphaltenes consist largely of benzene structures, a
hfdrogenation step of the asphaltene clusters before undergoing cracking must
be considered to explain the increase in monoaromatics.

It is unlikely that hydrogenation consumes appreciable molecular
hydrogen and the major consumption is probably due to reaction with free
radicals formed on cracking, unless some inorganic components in the bitumen
catalyze hydrogenation. Probably the hydrogenation of most of the polynuclear
aromatic clusters in the asphaltenes and some of the polynuclear aromatic
fractions occur by hydrogen transfer reactions. Tetralins are good hydrogen
uonoTs in these reactions but, if this is the case, then there would be an
zppreciable increase in the dinuclear aromatic structures of the products
where aspinaltenes decrease sharply. This was not observed.

It is known that cyclohexanes are not good hydrogen donors but
decalins are (5). If the addition of one aliphatic ring to cyclohexane would
increase its nydrogen-donating capability greatly, then it can be inferred
that the addition of more saturated rings would result in even better donors.
Tne saturated hydrocarbons are highly cyclized and thus should be effective
nydrogen donors. For these reasons, it can be argued that the large complex
aromatic clusters becomwe hydrogenated during the hydrocracking reactions by
hydrogen resulting from aromatization of saturated structures and that the
nydrogenated structures undergo more extensive cracking. This explains the

large increase in both the benzene structures and saturated hydrocarbons.
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TABLE 1

PROPERTIES OF ATHABASCA

v

Specific Gravity, 60/60°F
Sulphur, wtZ%

Ash, wtZ

Viscosity, cSt at 210°F

Conradson Carbon Residue, wtZ

Asphaltene (pentane insolubles), wt%

Benzene Insolubles, wtZ
Nickel, ppnm

Vanadium, ppm
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PYROLYSIS OF A HYDROGENATED COAL LIQUID
A. Korosi, H.N. Woebcke, and P.S. Virk

Stone & Webster Engineering Corporation, Box 2325, Boston, Ma 02107

Introduction.

The present work forms part of an effort at Stone & Webster
to assess how the production of olefins might be affected by
changes in feedstock origin from petroleum to coal. In what
follows, we focus on experimental results concerning the
characterization, hydrogenation, and pyrolysis of a coal-derived
liquid; for comparison, data are also presented for the pyrolysis
of a petroleum distillate, having a boiling range and hydrogen
content similar to those of the coal liquid, as well as for
pyrolysis of decahydronaphthalene, a model alicyclic substrate.
Some economic implications of these results will be reported
separately; related work in progress includes theoretical and
experimental study of alicyclic pyrolysis pathways.

Sample Preparation and Characterization.

Our investigation commenced with a sample of 'Synthoil' coal
liquid, produced from a Kentucky hvAb coal by a USBM process
recently described by Akhtar et. al. (1). The Synthoil coal liquid
was separated into seven fractions by refluxed batch distillation
at subatmospheric pressures, of order 10 mm Hg. The second fraction
(abbr. CLF), with atmospheric boiling range from 250 C to 380 C,
comprised 36 weight percent of the original sample and this fraction
was catalytically hydrogenated to yield the hydrogenated coal
liquid sample (abbr. HCL) finally pyrolysed.

The coal liquids were characterized by standard analytical
procedures, with application of the SARA separation technique (2)
to enhance mass—spectrometric analyses. The principal SARA
classification categories are Saturated hydrocarbons, Aromatic
hydrocarbons, Resins, and Asphaltenes, with some further sub-
divisions, e.g., mono-, di-, tri-nuclear aromatic hydrocarbons.
Pertinent results are presented in Table 1, (a) elemental analyses,
and (b) SARA separation data. Individual compounds detected in the
hydrocarbon fractions of the Synthoil coal liquid sample appeared
to possess predominantly the pyrene and phenanthrene types of
skeleta; the number of aromatic rings per molecule averaged two,
i.e. the naphthalene type of pi-electron system, with a range from
zgro_(alicyclic) to five (benzopyrene). It is noteworthy that coal
liquids derived from other catalytic coal conversion processes (3)

also show a preponderance of compounds with pyrene and phenanthrene
structures.

Catalytic Hydrogenation.

The coal liquid fraction, sample CLF, was catalytically
hydrggenated in two stages, with operation temperature, hydrogen
partial pressure, LHSV, respectively (350 C, 125 bar, 0.25 inv. hr)
and (309 C, 125 bar, 0.50 inv. hr). The first stage employed a
presulfided nickel-tungsten catalyst on alumina, a formulation of
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the type commonly used in hydrogenation of aromatic feedstocks.
Although detailed intermediate analyses were not obtained, it is
estimated that the first stage reduced the aromatics content of the
coal liquid from about 75 wt % to about 25 wt %. The second stage
employed a proprietary catalyst formulation which included a Pt
group metal carried on alumina; this further reduced the aromatics
content to about 12 wt %, its final value.

Approximate analyses of the coal liquids before and after
hydrogenation are indicated by Table 2, in terms of a matrix of
the major compound types detected. Fach row in Table 2 represents
a particular structural skeleton, while each column represents a
particular aromatic nucleus; carbon numbers increase from the
bottom upwards and the extent of hydrogenation increases from left
to right, Each element of the matrix is labelled by the structure
of the compound, and by two numbers representing the respective
weight percentages of that compound in the coal liquid samples
before (CLF) and after (HCL) hydrogenation. Table 2 shows clearly
the predominance of pyrene and phenanthrene structures in both the
CLF and HCL samples. The total amount of 3-ring compounds was
approximately the same, & 40 wt %, before and after hydrogenation
but compounds with 2 4 rings seemed to decrease while those with
£ 2 rings increased following hydrogenation, suggestive of some
associated hydrogenolysis. It should also be noted that the
aromatic compounds remaining in the hydrogenated coal liquid were
mainly benzenes substituted with alicyclic structures.

Pyrolysis Experiments.

The pyrolysis experiments were conducted in an electrically-
heated once-through tubular flow reactor, designed to simulate the
time-temperature history experienced in commercial steam-cracking
operations. Reactor effluent compositions were ascertained by gas-
chromatograph and mass-spectrometer analyses. Three feedstocks
were pyrolysed: the hydrogenated coal liquid sample (HCL) described
earlier, a petroleum distillate (LGO),)of Kuwaiti origin, and
decahydronaphthalene (DHN) of 99.99 wt % purity with cis-trans
isomer percentages 47-53.

Pyrolysis results are summarized in Table 3, parts (a), (b},
and (c) of which respectively concern feedstock characterization,
pyrolysis conditions, and product yields.

Comparison of HCL and LGO feedstocks in Table 3(a) reveals
substantial similarities in their physical properties, i.e. specific
gravity and distillation data, but striking contrasts in chemical
constitution, the respective paraffin, alicyclic, aromatic contents
being HCL(1.0, 83.1, 12.8) and LGO(56.9, 23.0, 20.1). Pronounced
differences also exist within each of the respective alicyclic and
aromatic roups. Thus the HCL contains mainly 3-ring alicyclics
lacking side chains, while the LGO has mainly single ring alicyclic
compounds with substantial aliphatic side chains. Single aromatic
ring compounds dominate the aromatic fractions in both the HCL and
LGO but the benzene ring substitutions differ, the HCL containing
cata-condensed alicyclic substituents, e.g. octahydrophenanthrene,
whereas the LGO contains open chain alkyl substituents, e.g. n-octyl
benzene. The HCL characterization suggests that it should be well
modelled by an alicyclic compound of 2 to 3 rings, i.e., decahydro-
naphthalene or perhydrophenanthrene. Table 3(a), column 3 shows
that the DHN specific gravity and hydrogen content are indeed very
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close to those of the HCL.

All three feedstocks were pyrolysed under substantially
similar conditions, given in Table 3(b), with steam to hydrocarbon
weight ratios 0.75%0.25, reactor residence times 0.35+0.05 sec,
exit pressures 1.80+0.05 bar, and exit temperatures 862+12 C.

Pyrolysis product spectra, shown in Table 3(c), merit
comparisons between the HCL and LGO, and also between the HCL and
DHN feedstocks.

Relative to the LGO, the HCL yielded somewhat less ethylene,
and about half the propylene. Yields of 1,3 butadiene were about
equal in both cases, but the HCL yielded only half the butenes,
making for a greater proportion of the butadiene in the C#4 fraction,
In the aromatic 'BTX' fraction, the HCL produced roughly twice as
much of each component, the ratio of C6:C7:C8 aromatic compounds
being approximately the same 1,0:0.5:0.25 for each feedstock. The
pyrolysis fuel oil fraction, with atmospheric boiling point = 205 C,
was approximately equal in each case. The respective fuel oil
samples were both aromatic, had similar hydrogen contents of
6.8540.15 wt %, and analogous Rayleigh distillation curves, but
differed in chemical constitution, the fuel oil from HCL containing
major amounts of pyrenes and phenanthrenes whereas naphthalenes
were the predominant constituents, = 47 wt %, of the fuel oil from
LGO.

Product yields from the HCL and DHN feedstocks showed striking
similarities, the yields of compounds from hydrogen through to the
C5 fraction being virtually identical. Total BTX yields from HCL
and from DHN were roughly in the ratio 2:3, with proportions of
the C6~C8 aromatic compounds the same in each case. The HCL
yielded twice as much pyrolysis fuel oil as DHN. The respective
fuel oil samples were both aromatic, and had similar hydrogen
contents and distillation curves, but their chemical compositions
differed, the sample from DHN containing a broad distribution of
aromatic compound types with naphthalenes, = 15 wt %, somewhat more
abundant than any other group.

Discussion.

Hydrocarbon pyrolysis involves mainly free radical and
pericyclic types of reactions, the principles of which are known
well enough (4,5) to permit inference of likely pyrolysis pathways
for any given molecule. Two simplified examples, pertinent to
the present experiments, are illustrated in Figure 1, which shows a
plausable pathway for each of (a) perhydrophenanthrene and
(b) octahydrophenanthrene, these compounds being respectively
representative of the alicyclic and aromatic constituents of the
HCL sample. The pathway in Figure 1(a) commences in classical
Rice-Herzfeld fashion, with hydrogen abstraction from the 10
position; the resulting radical undergoes three successive beta C-C
bond scissions and a final hydrogen atom elimination, leading to the
'primary’' unsaturated products of ethylene, 1,3 butadiene and
1,3,5 hexatriene. The hexatriene is unstable relative to its
1,3 cyclohexadiene isomer, the pericyclic pathway shown proceeding
through electrocyclic ring closure of a butadiene moiety to cyclo-
butene, followed by a 1,3 sigmatropic alkyl migration (alternately,
the hexatriene could isomerize to the all-cis form which undergoes
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electrocyclic ring closure). Finally, 1,3 hexadiene pyrolysis
leads to benzene in high yields (6), by a radical mechanism. The
pathway in Figure 1(b), with an aromatic substrate, starts with
hydrogen abstraction from the 2 position; this leads to a radical
in which beta scission either requires rupture of the strong 1-11
bond or forms a non-propagating benzylic radical at the 4 position,
making hydrogen atom elimination a likely alternative. The molecule
produced now contains a 1,4 dihydronaphthalene moiety, which is
prone to pericyclic group transfer (1,4 elimination) with formation
of the corresponding naphthalene moiety. This type of pathway will
evidently cause any originally hydro-aromatic substrate to revert
to its fully aromatic analog.

Application of the foregoing provides some insight into the
product yield spectra resulting from the HCL, LGO, and DHN
feedstocks. In regard to the appreciably lower propylene yields
obtained from HCL (also DHN) relative to LGO, we note that propylene
is primarily produced by beta scission from 4-carbon moieties of
the n- and iso-butyl type, following H abstraction from the 2 and
1 (or 1') positions respectively. Such moieties are abundant in
normal- and iso-paraffin compounds, which comprise a major portion
of the LGO feedstock, but are absent in alicyclic structures,
which predominate in the HCL. Incidentally, the propylene yield
from the HCL is far from negligible because pyrolysis of the primary
substrate molecules produces others which contain the requisite
moieties; e.g. in Figure 1(a), the primary radicals formed after
steps 3 and 6 could each abstract hydrogen from the substrate, with
the resulting molecules both containing n-butyl moieties. There
are two possible reasons why the ethylene yield from HCL was lower
than that from LGO. First, at the present experimental conditions,
appreciable amounts of ethylene arise from propylene decomposition,
with reduced yields of such 'secondary' ethylene a consequence of
the observed lower propylene yields. Second, the aromatic molecules
in the LGO probably contribute more ethylene than those in the HCL.
Ethylene production from substituted aromatic molecules requires
alkyl carbon atoms more than two sigma bonds distant from the
aromatic ring periphery, e.g., n-octyl benzene contains six such C
atoms whereas 1,2,3,4,5,6,7,8 octahydrophenanthrene contains none.
It had earlier been pointed out that the aromatics in LGO included
alkyl benzenes, whereas those in the HCL were akin to octahydro-
phenanthrene. The BTX fraction is another major product of both
HCL and LGO pyrolyses. The relatively greater amount of benzene,
and associated C7 and C8 benzenes, obtained from the HCL seems
related to the tendency of polynuclear alicyclic compounds to yield
vinyl butadienes as primary pyrolysis products which can then follow
facile pathways via hexadiene to benzene, possibly along lines
indicated in Figure 1(a). The HCL and LGO produced roughly equal
amounts of pyrolysis fuel o0il, the differing chemical constitutions
of which mainly reflect differences in the aromatic portions of the
respective feedstocks.

The congruence between HCL and DHN product yield spectra for
compounds containing less than eight carbon atoms implies a close
similarity of pyrolysis pathways. Essentially the only difference
arises in the pyrolysis fuel o0il yields, in which regard the yield
from DHN might reasonably be considered characteristic of polynuclear
alicyclic pyrolysis under the present conditions. The alicyclic
portion of the HCL would therefore be expected to yield about
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0.85x11.6 = 10 wt ¥ out of the observed 22.5 wt % fuel o0il, the
remainder, 12.5 wt %, corresponding closely with the amount of
aromatic compounds, 12.8 wt %, in the HCL feedstock. This suggests
that the hydro-aromatic compounds present in the HCL were mainly
pyrolysed to polynuclear aromatic compounds eventually contained

in the fuel oil fraction; it is likely that pathways of the type
shown in Figure 1(b) contribute to this conversion.

Finally, the foregoing has two interesting implications
concerning catalytic hydrogenation of coal-derived liquids to
provide pyrolysis feedstocks. First, the polynuclear aromatic
molecules contained in coal liquids must be hydrogenated to their
fully alicyclic analogs in order to provide desirable pyrolysis
products; partial hydrogenation leads to hydro-aromatic molecules
which tend to revert to their fully aromatic form upon pyrolysis,
contributing mainly to the relatively undesirable fuel oil fraction.
Put another way, the incremental yield of desirable olefinic
products increases most strongly as the feedstock aromatics content
approaches zero. Second, since the final stages of hydrogenation
are of decisive importance, the most appropriate catalysts should
be those capable of converting multiply substituted benzenes, i.e.,
catalysts which are relatively insensitive to the steric effects
resulting from substitution around the aromatic ring periphery.

Acknowledgements. Dr. Sayeed Akhtar, of the the Bureau of Mines,
Pittsburgh, kindly provided the 'Synthoil' coal ligquid sample.
Pyrolysis experiments were conducted in the Stone & Webster pilot
plant facilities at the Institute of Gas Technology, Chicago, with
the assistance of Mr. R. Miller.
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Table 1.

Sample

Coal Source (hvAb, MAF)
Synthoil Coal Liquid
Coal Liquid Fraction 2
Hydrogenated Coal Liquid

Sample

Synthoil Coal Liquid
Coal Liquid Fraction 2
Hydrogenated Coal Liquid

Table 2.

(a)

(b)

Analyses of Coal Liquid Samples.

Elemental Analyses.

H C N o
percent by weight

5.7 72.7 1.4 13.6
9.07 87.14 0.83 2.06
10.47 87.50 0.38 1.52
12.76 0.03 0.07

87.14

SARA Separation Data

Satur HC Arom HC Resins
percent by weight

13.6 37.4 17.7
25.7 62.6 1.7
84.1 12.8 3.1

Before and After Hydrogenation.

Note:

S C/H
atomic

6.6 0.94
0.90 1.25
0.13 1.48
0.001 1.76
Asphaltenes
31.3

0.0

0.0

Approximate Compositions of Coal Liguid Samples

Il : 0.9
I I A 0.0]
@@ $@
o0 ZEI) :EI)

! 0.6 % 1.5 4.0

! 0.0 0.2 1.6f +
@©© i 00 © 1
(u oo %EJ %5 ; ?f)

@ 3.1} 2.8 7.7 5.0 5.3!
0.4 0.2 J0.20 0 t.ef 8.7
jo® § © .

;’ S 0.4! C% % 16.7 C(E) 9.6
i 0.0; , s; 4.5 35,0
1.2 9.5 6.4/
. 0.0, 2.5 . __22.0¢

9 Q
1.1 4.4
i 0.0 13.8

Figures in table are percentages by weight of the compound.
In each row, upper figures refer to Coal Liquid Fraction 2
before hydrogenation (sample CLF), while lower figqures refer
to Hydrogenated Coal Liquid (sample HCL).
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Table 3. Summary of Pyrolysis Experiments.

(a) Feedstock Characterization.

Feedstock Sample*®

Specific Gravity, 15/15 C

Elemental Analysis: H
C

Distillation, ASTM D86,
0 (IBP)

10
30
50
70
90

100 (EP)
Hydrocarbon Group Types, wt %:
n-paraffins
_i-paraffins
alicyclics
aromatics

(b) Pyrolysis Conditions.

Steam/Hydrocarbon weight ratio

Residence time, sec

Reactor exit pressure, bar abs
Reactor exit temperature, deg C

(c) Product Yields, in weight percent.

Hydrogen

Methane

Acetylene

Ethylene

Ethane

Propadiene, Propyne
Propylene

Propane

1,3 Butadiene
Butenes

C5 olefins, diolefins
Benzene

Toluene

C8 Aromatics

Other C6, C7, C8
C9+ to 205 C

Pyrolysis Fuel 0il (2 205 Q)

Total

vol % vs., deg C

Feedstock abbreviations as follows:
HCL Hydrogenated Coal Liquid sample.

HCL

0.895
12.76
87.14

184
245
268
285
304
333
348

1.03
11.66
0.49
18.83
2.40
0.58
7.83
0.21
4.68
1.63
2.56
12.15
6.76
3.43
0.48
2.82
22.46
100.00

3.12

DHN

0.883
13.12
86.88

187

191

0.5
0.35
1.75
854

1.05
10.35
0.54
19.36
2.86
0.29
6.57
0.20
4.65
1.41
2.24
17.97
10.34
4.88
0.42
5.21
11.66
100.00

LGO Light Gas 0Oil petroleum distillate (Kuwait, desulfurized).

DHN Decahydronaphthalene.
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AN INVESTIGATION OF OXYGEN FUNCTIONS IN BITUMEN FRACTIONS
By

Speros E. Moschopedis and James G. Speight
Fuel Sciences Division,
Alberta Research Council,
11315-87 Avenue,
Edmonton, Alberta,
Canada, T6G 2C2.

INTRODUCTION

The function of hetero-atoms (i.e . nitrogen, oxygen and sulphur} within a bitumen
or petroleum has not yet been evaluated but on the basis of work carried out with a variety
of petroleum asphaltenes and resins (1), it appears that they play an important part in the
intermolecular forces which are necessary for the colloidal stability of petroleums, bitumens
and asphalts. For examp le, th e asphaltenes themselves are insoluble in the oils but are able
to exist in bitumens (or petroleums) as micellular dispersions due to the peptising effect of
the resins. Thus, the stability of the sy stem primarily depends upon the relation of asphal-
tenes and resins and finally upon the relationship between the micelles and the oily medium.
Whilst very little is known about the locale of the hetero~atoms in bitumens and asphalts,
preliminary attempts have been made to place the hetero-atoms in aromatic or non-aromatic
locations, within the Athabasca bitumen, by virtue of their retention in the cokes formed
during pyrolysis (2-4). It therefore seemed worthwhile to examine the bitumen chemically
and spectroscopically in order to gain some knowledge of the hetero-atom types in this mat-
erial . Thus, the results of investigations pertaining to the nature of the oxygen atoms within
the asphaltene and resin fractions of the bitumen are now reported.

EXPERIMENTAL

Deasphalted (pentane) Athabasca bitumen was mixed with twenty (20) parts by weight
of Fuller's earth whereby extraction with pentane yielded the oil fraction. Subsequent extr-
action with pyridine yielded the resin fraction . Further separation of the oil fraction by a
standard chromatographic technique using a silica gel-alumina column with pentane and ben-
zene yielded the saturates and aromatics, respectively . Infrared spectra were recorded as
films on sodium chloride plates using a Perkin Elmer 221 Double Beam Infrared Spectrophot -
ometer; the films were deposited from methylene chloride solution by evaporation of the sol-
vent .

Resin Interactions

Sodium salt of resins: The resins were dissolved in dioxane and the solution heated under reflux
with normal aqueous sodium hydroxide solution for 4 hr. The sodium salt of the resins was iso-
lated by evaporation of the aqueous dioxane under reduced pressure .
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Resin acids  The sodium salt was dissolved in ether and treated several times in an extraction
funnel with normol hydrochloric acid solution . The ethereal solution was washed with distill-
ed water until acid free (Congo paper), dried (anhy . sodium sulphate) and the products isolated
by evaporation of the ether under reduced pressure .

Acetylated resins:Resins and acetic anhydride were heated under reflux for 24 hr. The acetic
anhydride was removed by distillation under reduced pressure at 65°C . The residue was repeat-
edly dissolved in dry toluene and dried as before to ensure complete removal of the acetic
anhydride .

Methylated resins: Resins were methylated with diazomethane in ethereal solution.

Asphaltene Interactions
Acetylated asphaltenes: Method A Asphaltenes (5 g.), acetic anhydride (50 ml.) and pyridine
(2 ml.) were heated under reflux for 24 hr. The product was isolated by removal of the liquids
under reduced pressure at 65°C . The residue was repeatedly dissolved in toluene and the solvent
removed as before to ensure complete removal of the acetic anhydride, extracted with ether
(Soxhlet) and dried (70°C/20 mm Hg); the ether extract amounted to 4% w/w of the material.
The ether-insoluble mat erial was finally purified by washing a toluene solution with water and,
after drying over anhydrous sodium sulphate, the solvent was removed in the usual manner.
Method B The asphaltenes were extracted with ether (Soxhlet) prior to

treatment of each fraction with acetic anhydride. As above, the ether soluble fraction amounted
to 4% w/w of the asphaltenes. Thus, the asphaltene froction (5 g.) was acetylated as described
in Method A using toluene (50 ml.) as a solvent and the product was purified in o similar manner
but the ether extraction step was omitted. '

Acetyl group determinations were carried out by the Alfred Bernhardt Microanalytical
Laboratory, Elbach uber Engelskirchen, West Germany -
Hydrolysis of phthalic and n-butyric anhydrides: The anhydride (1 g.) and aqueous potassium
bicarbonate (10% w/w, 50 ml.) were stirred at room temperature for 30 min . After acidification
with normal hydrochloric acid solution, the organic product was extracted with ether and the
ethereal solution was washed (water) and dried (anhy . sodium sulphate). If a precipitate formed
as a result of acidification, the material was isolated by filtration, washed (water) and dried
(70°C /20 mm Hg). Refluxing the reactants for 15 min. gave essentially the same results.
Acetylated asphaltenes - aqueous potassium bicarbonate: Acetylated asphaltenes (1 g.) and
aqueous potassium bicarbonate (10% w/w, 75 mi.) were stirred vigorously for 30 min . at room
temperature . The asphaltenes were separated by filtration, washed with normal hydrochloric
acid solution, water and dried (70°C/20 mm Hg). Alternatively, a solution of acetylated asph-
altenes (1 g-) in chloroform (20 m!.) was stirred vigorously with aqueous potassium bicarbonate
(10% w/w, 75 ml.) for 30 min. at room temperature . The organic layer was washed with normal
hydrochloric acid, water and dried {anhy . sodium sulphate). The solvent was removed under red-
uced pressure -

- aqueous sodium hydroxide: A solution of acetylated asphaltenes (1 g.)
in benzene (50 ml.) and normal aqueous sedium hydroxide (25 ml.) was heated under refiux for
30 min. The sodium salt of the reaction product was isolated by evaporation of the liquids on a
steam bath and was finally dried under reduced pressure (70C/20 mm Hg).

RESULTS AND DISCUSSION

The use of infrared spectroscopy to identify oxygen functions, especially those res-
ponsible for corbonyl absorptions, produced during the oxidation of asphalts has received con-
siderable attention (5). However, the recognition of organically-~bound oxygen in unoxidised
asphalts and bitumens has mainly been restricted to analytical data (6) and, with few exceptions
(7), there has been little, or no, attempt to identify the oxygen types in natural asphalts or bit-

umens .
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Preliminary in frared spectroscopic examination of the bitumen itself and the frac-
tions derived therefrom (Figure 1) shows that the resin fraction exhibits the strongest absorp-
tion in the carbonyl region of the infrared (1720 ¢m.” ') and therefore was chosen as the
starting material for these investigations. The infrared spectrum of the resins (Figure 2a) is
characterised by two absorption bands in the 1500 - 1800 em.” ' region which are centred at
1600 cm.~1 and 1720 ¢cm.=1. The former is atiributed to double bonds between carbon atoms
whilst the latter is assig ned tacarbonyl oxygen (8). After hydrolysis, the sodium salt of the
reaction product exhibits a strong absorption at 1580 ecm.”'(Figure 2b); the original carbonyl
band at 1720 cm.~1 has completely disappeared whiist the 1600 ¢m .= band is presumably
masked by the strong and broad absorption band centred at 1580 ¢m .~1. These changes in the
infrared spectra of the resins suggest formation of carboxylate cations which are derived from
the hydrolysed carboxylic acid esters originally present in the resin entities. Furthermore,
treatment of the resin sodium salt with hydrochloric acid results in displacement of the sod-
ium ion and formation of the free acid. The inftared spectrum of the resin acids (Figure 2c)
shows two bands centred at 1600 cm.™1 and 1690 cm.~1. The latter band is assigned to the
carbonyl absorption of hydrogen-bonded carboxylic acid groups. These derivatives also ex-
hibit broad absorption in the 3200 - 3500 cm.~! region of the infrared due to the stretching
vibrations of hydrogen-bonded hydroxyl groups . When the hydrolysed resins are refluxed with
acetic anhydride, the result is a product with a more complex infrared spectrum. As illustr-
ated (Figure 2d), two new bands - centred at 1660 ¢m.~1 and 1760 cm Sl appear . The
absorption at 1600 cm .~} is greatly reduced when compared with the 1690 cm .V band of
the resin acids (Figure 2c) and the broad absorption in the 3200 - 3500 ¢m .~ region is also
greatly reduced. It appears that reaction with acetic anhydride has caused acetylation of
the free and hydrogen-bonded phenolic hydroxyl groups present in the hydrolysed resins
giving rise to the absorption bands at 1660 cm.”! and 1760 cm.™! which have previously
been attributed to non-hydrogen-bonded carbonyl of a ketone and/or quinone and phenyl
acetates, respectively (9).

In order_tlo obtain stronger evidence and to substantiate further the weak absorption
band at 1660 cm. ', methylated resins were treated with refluxing acetic anhydride in the
absence of a catalyst. This method has been found effective by Moschopedis (9) on coal
humic acids and was later employed by Mathur (10) during studies of soil humic acids . Thus,
examination of the infrared spectrum ?f the product (Figure 2f) again showed prominent abso-
rptions at 1660 cm ."1and 1760 em.”". It was also noted that the 1660 cm.” carbonyl band
was much more intense when the resins were methylated prior to treatmentwith acetic anhydr-
ide in agreement with previous work (9-12) that acetylation takes place much more readily
after the material has been methylated. In an attempt to ascertain the proximity of the var-
ious oxygen functions in the natural resins with respect to each other, the resins and the
hydrolysed resins were heated in sulpholane under reduced pressure in the manner outlined
elsewhere (11). In both cases, anhydride formation failed to occur thus indicating that any
carboxylic acid functions in the original resins and, for that matter, similar functions in the
hydrolysed material are not located in such close proximity which would be conducive to
anhydride formation (11). It is also noteworthy here that whilst such carbony! oxygen func-
tions exist in isolated locations, the results of preliminary studies into the quantitative an-
alysis of oxygen functions in the resins indicate that esters are the predominant locale for
oxygen in the resin fraction. These latter observo{ions notwithstanding, the results described
above lead to the concl usion that the 1720 cm.” ' infrared absorption band of the natural
resins is mainly due to the presence of esters in this material and, thus, the following trans-
formations are proposed:
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anhydride acetic
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-C- + C-OH + -O-C-CHy
non-hydrogen
bonded | -
1660 cm . 1690 cm.”! 1760 cm.

Q o
-0-C-CH; +  -C-OR

1760 em . 1720 em.”

At this stage, attention was turned to the asphaltene fraction of the bitumen. An
examination of the infrared spectrum of the asphaltenes (Figure 1) shows that characteristic
absorptions due to oxygen-containing functional groups are largely restricted to the 3200~
3500 cm .| region; this broad absorption has prev:ously been assigned to hf'drogen-bonded
hydroxy! groups (13, 14). Lack of any absorption in the 1670 - 1800.cm .~/ region of the
spectrum indicates that carboxylic acid carbonyl groups are absent from the asphaltene mol=
ecule (14). Nevertheless, it is known that hydrogen-bonded carbonyl groups of ketones and/
or qumones appear in the 1600 cm . -1 region (14) and, consequently, will be masked by the
1590 cm .~ band present in the asphaltene spectrum; the 1590 cm. {band in the infrared
spectrum of asphaltene has been mainly assigned to carbon-carbon double bonds (8).

When asphaltenes are heated with acetic anhydride in the presence of pyridine, the
infrared spectrum of the product (Figure 3a) exhibits prominent absorptions in the 1680 ~
1800 cm.” ' region. Examination of the expanded infrared specfrum shows that the infrared
bands of the acetylated material are cenfred at 1680 cm.~1, 1730 cm.~! and 1760 cm.™!

The relative intensities of the 1730 cm . 1 and 1760 cm. I bcnds appears to depend upon the
method by which the asphaltenes were treated with acetic anhydride . For example, when the
asphaltenes were acetylated in suspension (Method A) the 1760 cm.” " absorption was more

intense than the 1730 ecm.” " band. The converse is true when the asphaltenes were acetylated

in solution (Method B); in this case the 1730 ecm.”' band was more pronounced. Therefore,

it is apparent that when asphaltenes were treated in toluene solution acetylation is much more
extensive and presumably includes acetylation of hydroxy! groups which may otherwise be
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sterically hindered when the material is in suspension and which are relatively difficult to
acetylate in this state .

The observed changes in the infrared spectrum of the asphaltenes as a result of
treatment with refluxing acetic anhydride suggest acetylation of free and hydrogen-bonded
phenolic hydroxyl groups whlch are present in the asphaltenes (13). The absorption bands
at 1680 em.~1 and 1760 em.~1 have previously been attributed to non-hydrogen bonded
carbonyl of a ketone and/or quinone and to phenolic acetates, respectively (9). If the 1680
em.” 1 band is, in fact, due to the presence of non-hydrogen bonded ketones or qumones,
the appearance of this band in the infrared spectra of the products could conceivably arise
by acetylation of a nearby hydroxyl function which had served as a hydrogen-bonding part-
ner to the ketone (or quinone) ther eby releasing this function and causing the shift from ca.
1600 ecm .~ ' to higher frequencies.

The 1730 ¢cm.™' band, the third prominent feature in the spef:trum of the acetylated
products is also ascribed to phenolic acetates and, like the 1760 cm.” ' band, falls within
the range 1725 - 1760 ecm e assigned to esters of polyfunctional phenols suggesting that a
considerable portion of the hydroxyl groups present in the asphaltenes may occur as collec-
tions of two, or more, hydroxyl functions on the same aromatic ring or on adjacent periph-
eral sites or on sites adj acent to a carbonyl function in a condensed aromatic system (11).

To check the possibility of anhydride formation which could also account for the
1730 em -~ and 1760 em .”! absorption bands in the products, the acetylated asphaltenes
were treated at room temperature with aqueous potassium bicarbonate . The failure of this
procedure to cause any changes in the spectra of the acetylated asphaltenes, when model
anhydrides were hydrolysed by this reagent, is strong evidence for the exclusion of anhydr-
ides from the products of the acetylation process .

The infrared spectrum of the ether-soluble asphaltene fraction (Figure 1d) is char-
acterised by a broad absorption band at 3200-3500 cm “landa moderately strong band
centred at 1690 cm.~! The former band is assigned to hydrogen-bonded hydroxyl groups of
phenols and/or carboxylic acids whilst the latter band is assigned to the carbonyl group of
carboxylic acids (14). After refluxing in an acetic anhydride-pyridine mixture, the product
also had a band at 1690 cm .~ but with shoulders on the high frequency side which consisted
of absorptions at 1730 em.™' and 1760 cm.” ' These two bands are again assigned to the
presence of polyfunctional phenol acetates since, after treatment with aqueous potassium bi-
carbonate, no changes were observed in the position of these two bands in the infrared .
Additional evidence for the assignment of the 1730 cm.™' and 1760 cm . absorptions to
phenol acetates was obtained by hydrolysis of the acetylated products, in particular hydrol-
ysis of the acetylated ether-soluble asohaltene as the original material contains carboxyl
functions (Figure 3d) which could conceivably lead to anhydride formation . Thus, treatment
of the acetylated product with normal aqueous sodium hydroxide yielded a product with a
strong absorption centred at 1580 cm.™! (Figure 4), assigned to the presence of the carbox-
ylate ion (14), with no absorptions in the 1700-1800 cm .~ region . Since treatment with
aqueous potassium bicarbonate did not cause any chang—'-s in the infrared but hydrolysis with
aqueous sod:um hydroxide caused marked changes in the infrared spectrum, it is evident that
the 1730 cm .1 and the 1760 cm.~1 absorption bands are due to phenolic acetates and not to
carbonyl functions of anhydrides.

Finally, acetyl group determination in the products produced some interesting
information (Table). The results showed that 40 ~ 60% of the oxygen present in the unreacted
asphaltenes js accessible to acetylation ' and, in’accordance with the absorption band at
1200 em.™1 in the infrared spectra of the acetylated materials, is presumed to be in the form
of phenolic hydroxyl groups (14). However, it seems that some of these particular groups may
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be inaccessible to acetylation because of steric factors since infrared spectroscopic examin-
ation of the acetylation products in dilute solution (13) showed the presence of absorption
bands due to non~hydrogen bonded hydroxy! groups . It is conceivable that groups of this
type may be sterically hindered by virtue of their location in "hole" structures - if such
structures do in fact exist within the asphaltene molecule (15) . Nevertheless, it is apparent
that the majority of the oxygen in the asphaltenes is in the form of hydroxyl groups. The
remainder of the oxygen, apart from that in sterically-hindered hydroxyl groups, could well
exist as carbonyl functions (such as ketones and quinones), ethers, sulphur-oxygen functions
as well as carboxyl functions in the ether-soluble fraction .
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TABLE

Sample

Asphaltene product
(Method A)

Asphaltene (ether-
insoluble) product
(Method B)

Asphaltene (ether-
soluble) product
(Mzthod B)

Unreacted material

%0 m.eq./g.

---not determined---

2.49 1.56

1.82 1.14
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Product
% acetyl

2.73

3.08

2.74

m.eq./g.

0.63

0.72

0.64
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STEAM PYROLYSIS OF TOSCO SHALE OIL
FOR PRODUCTION OF CHEMICAL INTERMEDIATES

C.F. Griswold, V.F. Yesavage, and P.F. Dickson
Colorado School of Mines, Golden, Colorado

INTRODUCTION

The recent national concern for developing new sources of energy has increased
interest in creating ways to utilize the vast reserves of oil shale in the U.S.
This attention is evidenced in the numerous commercial projects being undertaken
for the production of synthetic fuels from oil shale (1). Research and develop-
ment of synthetic fuels from 0i1 shale has been directed toward processing schemes
involving retorting followed by a combination of coking, hydrostabilization,
hydrodenitrogenation, reforming, and cracking (2).

Typically, crude shale oil has a high content of organic nitrogen (2% by
weight) as reported by Sladek (3) and Atwood (4) and comprehensively characterized
by Poulson, et al. (5) and Cook (6). Since nitrogen is a poison for current
refinery catalysts, existing refineries would not be able to cope with the high
nitrogen content of raw shale oil if it were a substantial part of the refinery
feed (2,7). Frost, et al. (7) reports that the National Petroleum Council has
suggested that crude shale 0il be upgraded at the retorting site. The Energy
Research and Development Administration in Laramie has developed a method for re-
fining shale oil that involves the upgrading proposed by the National Petroleum
Council (8). The upgrading would require severe prerefining steps. Thus, any
alternative use of shale oil that does not require prerefining may be both prac-
tical and economical.

An alternative use of shale 0il is as a feedstock for production of chemical
intermediates such as ethylene, propylene, benzene, toluene, and xylene. Steam
pyrolysis of hydrocarbon feedstocks is the most extensively used method for pro-
duction of petrochemical intermediates (9). Since steam pyrolysis is not a
catalytic process, it may not require severe prerefining of the feedstock. It
therefore becomes an attractive alternative.

Previous studies of the utilization of shale 0il as a steam pyrolysis feed-
stock have been undertaken by the U.S. Bureau of Mines (10) and the Institute of
Gas Technology (11) with significant results. Chambers and Potter (12) report
maximization of ethylene should be the objective of steam pyrolysis.

The role of ethylene as a chemical building block in the petrochemical indus-
try is great and will not be further discussed here. Traditionally, most ethylene
has been produced by cracking ethane and propane due to the high product yields
possible. However, recently the availability of ethane and propane for feedstocks
has not kept up with the demand. The continuity of feedstock supply is almost
more important than feedstock price (13). Recently naphtha and heavier feedstocks
have been used as alternative feedstocks for ethylene production.

"Developmental studies of crude oil pyrolysis indicate that ethylene
and other olefins can be produced at lower cost and higher return on
investment than by conventional naphtha pyrolysis." (14)

Thus, crude shale o0il may be utilized as an economical, readily available feed-
stock for ethylene production.

An overall research program has been developed to study the utilization of

shale o1l produced from several retorting processes as a feedstock for steam
pyrolysis. The effects of feed composition, operating variables, and nitrogen
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Tevel on product distribution will be studied. The objective of this first stage
of the overall research program is to develop a steam pyrolysis unit to study the
utilization of shale oil produced from the TOSCO II retorting process as a feed-

stock for steam pyrolysis with a major goal of obtaining maximum ethylene produc-
tion.

EXPERIMENTAL BASES
Previous Work

Pyrolysis has been established as an effective process for producing chemical
intermediates. Processes have been proposed and/or developed for cracking crude
(13,14,15,16,17), vacuum.gas oil (18}, and vacuum residuum (19). The previous
significant experimental work with shale oil has been done by the Laramie Energy
Research Center of the Energy Research and Development Administration (10,20) and
the Institute of Gas Technology (11).

One series of tests by the Laramie Center involved the retorting of pulver-
ized 0il shale, entrained in steam or other gaseous media, in a vertical tube high
temperature retort. In another series, shale oil from a conventional retort was
pyrolyzed for comparison purposes. The latter series is the one relevant to this
study. The results show a significant conversion to the chemical intermediates of
interest; however, all runs were made below 12000F, which is below the temperature
interval of interest in this study.

The studies made by the Institute of Gas Technology involved the steam pyroly-
sis of a crude shale oil in a continuous flow vertical tube reactor. The experi-
mental runs were made at higher temperature than the Laramie tests. The shale oil
studied was produced from Green River formation shale by the Bureau of Mines gas
combustion and the Union 0il Co. processes. The experiments were run for reaction
times over the 1- to 4.5-second range at 1400, 1470, and 15500F for gasification
at atmospheric pressure, at partial pressures of the product gas from 0.64 to 0.76
atm. Thus, while the temperature range is sufficiently high, the reaction times
are relatively high. The results obtained by IGT will provide a basis for compari-
son.

Reaction Variables

Feed composition: The ultimate yields of chemical intermediate products is
greatly dependent on the composition of the feedstock. Numerous studies have been
conducted to determine the yields from both pure compounds and commercial feed-
stocks. The ease of conversion of various feedstocks to ethylene has been summar-
ized by Zdonik, et al. (18) and Vanderkooi (21). The feedstocks in order of
decreasing convertability are:

1. normal-Paraffins

2. iso-Paraffins

3. naphthenes

4, olefins

5. aromatics

Feeds and corresponding products of interest are summarized below:
Feed Product . Reference
Paraffin Light olefins 18,21
Light Olefins Benzene + Toluene 22,23
other light olefins ,
Naphthenes Light olefins 18
: aromatics '
Aromatics ~ Unconverted . 18,21
208
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Generally, yields of olefinic and aromatic products decrease as the weight of the
feedstock increases. Additionally, the lighter olefins may undergo secondary
reactions with each other to condense into monoaromatics (22,23). Thus, feed-
stocks having different paraffin-olefin-naphthene-aromatic (PONA) compositions
and different weights will produce different product compositions.

The shale 0il to be pyrolyzed in this study is from a TOSCO II process retort
with properties (24):

Gravity 21 API
Sulfur 0.7 wt %
Nitrogen 1.9 wt %
Molecular Weight 300

Distillation curves for the TOSCO o0il and crude shale o0ils from the gas combustion
retorting process and the Union 0il1 retorting process (the oils used by the
Institute of Gas Technology) are readily available (25).

Temperature: Chambers and Potter (12) report that cracking reactions at
highest temperature gave maximum ethylene yields. As temperature is increased,
hydrogen, methane, and ethylene yields go up, propanes, butanes, and pentanes go
up then down, and hexanes and non-aromatics go down (21). The Institute of Gas
Technology (11) conducted their pyrolysis tests between 1400 and 1550°F. Dow
Chemical (21) operates between 1382 and 15620F,

Time: For maximum yields of light olefins, low hydrocarbon residence time is
essential (26). The previous studies have been made with residence time ranges of
0.5-1.5 seconds (21) and 1.0-4.5 seconds (11). The importance of low residence
times is explained by Kamptner (17):

"The chronological course of the reaction influences the occurrence
of disturbing secondary reactions which are generally noticeable in
a reduction in the yield of valuable primary cracked products."

The residence time is based on the reactor void volume, the volume of steam flow
at atmospheric pressure and reaction temperature, and the ideal-gas volume of 300-
molecular-weight oil at atmospheric pressure and reaction temperature.

Steam-o0il ratio: In steam pyrolysis, the steam acts as a diluent to prevent
excessive coke formation, as an oil preheat heat source, and as a carrier medium.
In the temperature range of interest the steam does not participate in the reac-
tions. Studies have been made with steam-hydrocarbon mass ratios of 0.2-0.8 (21)
and 0.5-1.0 (26) for feedstocks in the range 1light naphtha to heavy gas oil.

Pyrolysis severity factor: Numerous severity factors have been developed
and/or utilized for correlating pyrolysis results (11,12,21,26,27,28). The most
common severity factor is that used by the Institute of Gas Technology which takes
the form:

S =T6
where S is pyrolysis severity factor

T is reaction temperature, F
8 is residence time, sec.

The results of this study are correlated with the IGT severity factor with an
additional factor to account for the effect of steam-hydrocarbon ratio,

0.06 1

APPARATUS AND PROCEDURE

The continuous flow reactor used in this study (Figure 1) consisted of a 12-
inch externally heated section of 1-inch schedule-40 stainless steel pipe. The
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reactor was packed with 1/2-inch porcelain balls. Chromel-alumel thermocouples
connected to a temperature recorder monitored the temperature within the reaction
zone. The heat was supplied by a Linberg single-zone tube furnace. The current
to the heated zone was controlled with a Lindberg single-zone control unit that
responded to a Platinel II thermocouple in the middle of the heated zone.

Below the reactor was a heavy oil separator in which the steam and heavy o0il
was condensed and collected. The remaining vapor then passed through a series of
water and ice-water condensers and a filter to remove any remaining condensables.

The 01l was fed to the reactor with an adjustable-stroke positive-displace-
ment pump. Distilled water was fed through a boiler and superheater and mixed
with the 0il at the entrance of the reactor. Liquid feed rates were determined by
direct measurement of volume flowed during the reaction period.

Gaseous products flow rates were measured with a wet-test meter. Gaseous
product compositions were determined by conventional gas chromatography. Solid
carbon deposition in the reactor was determined by measuring the weight gain of
the reactor packing.

RESULTS

A series of experimental runs were made to determine the relationship between
the reaction variables and product yields. A detailed compilation of the reaction
conditions and corresponding product analyses is available elsewhere (29). The
effects of the reaction variables are discussed in the following sections.

Temperature

Tests for temperature effects were made at temperatures of 1300, 1450, and
16000F for 0.8 sec residence time and 0.8 steam-hydrocarbon ratio. In Figure 2
the volumetric gaseous product yields are plotted as a function of reaction tem-
perature.

Increasing temperature rapidly increases both the weight percent of the feed
converted to gaseous products and the total volume of gaseous products. Gaseous
product yields ranged from 3.96 standard cubic feet per pound and 31.46 weight
percent converted at 1300°F to 9.23 standard cubic feet per pound and 56.68 weight
percent converted at 1600°F,

As can be seen in Figure 2, increasing temperature significantly increases
the yields of hydrogen, methane, and ethylene. Higher temperatures promote exten-
" sive additional cracking of the vaporized oil and thus the increased production of
the Tighter gaseous products. Ethylene production increased from 1.17 standard
cubic feet per pound at 1300°F to 3.27 standard cubic feet per pound at 16000F,
Corresponding increases of methane from 0.86 to 3.93 and hydrogen from 0.18 to
0.49 were obtained. Propylene production increased from 0.71 standard cubic feet
per pound at 1300°F to 0.97 at 14500F and then decreased to 0.52 at 16000F due to
further cracking to lighter products.

Residence Time

The effect of residence time within the reactor was investigated at times of
0.4, 0.8, and 1.2 sec for 14500F temperature and 0.8 steam-hydrocarbon ratio. The

¥91umet£ic gaseous product yields are plotted as a function of residence time in
igure 2.

For the.1ow residence times investigated a great varjation in product yields
qnd compositions was not expected as shown in Figure 2. As residence time is
increased from 0.4 to 1.2 sec the weight percent converted to gaseous product
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increases from 50.06 to 54.44, and the volumetric gaseous product yields increase
from 6.78 to 7.84 standard cubic feet per pound. As residence time was increased
from 0.4 to 1.2 sec, hydrogan yields increased from 0.31 to 0.45 standard cubic
feet per pound, methane yields increased from 1.92 to 2.46, and ethylene yields
increased from 2.44 to 2.78. Propylene yields remained essentially constant at
1.0 standard cubic feet per pound.

Steam-hydrocarbon Ratio

Experimental runs were made to investigate the effect of steam-hydrocarbon
rat]o on product yields and compositions at ratios of 0.4, 0.8, and 1.2 for
1450°F temperature. The volumetric gaseous product y1e1ds are plotted as a
function of steam-hydrocarbon ratio in Figure 2.

As shown in Figure 2 the effect of increasing the steam-hydrocarbon ratio is
similar to increasing the residence time. As the ratio is increased from 0.4 to
1.2, the weight percent conversion to gaseous products increases from 49.31 to
55.63, and the volumetric gaseous product yields increase from 7,02 to 7.88 stand-
ard cubic feet per pound.

Although increasing the ratio increases cracking, the cracking tends more
toward production of ethylene rather than methane. As the ratio was increased
from 0.4 to 1.2, hydrogen yields increased from 0.34 to 0,48 standard cubic feet
per pound and ethylene increased from'2.41 to 2.87. Methane production remained
nearly constant between 2.2 and 2.3 standard cubic feet per pound. Propylene
yields remained essentially constant at 1.0 standard cubic feet per pound.

Pyrolysis Severity Factor

The pyrolysis severity factor combines the effects of all the reaction vari-
ables on product compositions and yields into one variable. The IGT severity
factor (11) will be used with an additional factor to account for the effect of
steam-hydrocarbon ratio. The relation that will be used for correlation is:

5 = 76006 1at400-05 2)

where ratio is the steam-hydrocarbon mass ratio.

Figure 3 shows the effect of pyrolysis severity factor on volumetric gaseous
product yields. Greater severity of operation yields greater volumes of paraffins
(mainly methane) and light olefins.

Figure 4 shows the gas composition in mole percent as a function of the
pyrolysis severity factor. Greater operation severity results in increased hydro-
gen and methane contents and decreased contents of higher paraffins and olefins.
Except for the low temperature run, the ethylene content was nearly constant in
the range 34.37-36.39 mole percent.

The effect of severity on light olefin production is shown in Figure 5.
Greater severity of operation results in the following trends: ethylene produc-
tion first increases rapidly and then tapers off to a steady rise. If severity
were increased beyond the range of this study then an eventual decrease in ethyl-
ene production can be expected via secondary reactions as predicted by Kamptner
(17) and obtained by IGT (11). The maximum yield of ethylene obtained was 3.3
standard cubic feet per pound which corresponds to 24.2 weight percent of the
feed. Propylene production gradually increases, then gradually decreases due to
further cracking via secondary reactions. Propylene yield peaked at 1.0 standard
cubic feet per pound or 10.8 weight percent of the feed. Combining both ethylene
and propylene yields into a total light olefin yield results in a rapid initial
increase which levels off to a constant production rate and then begins to decrease
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at high severity. The maximum total light olefin yield was 3,8 standard cubic
feet per pound and 31.8 weight percent of feed.

Figure 6 shows the effect of severity on solid products. Carbon deposits
increase approximately linearly with pyrolysis severity.

Comparison with IGT

Figure 7 compares the results of a study of crude shale oil pyrolysis by the
Institute of Gas Technology with the experimental results of this study. Total
gaseous product volumetric yields and ethylene yields are compared. The IGT tests
were made on crude shale oil from the gas combustion retorting process and the
Union Qi1 retorting process, while crude shale oil from a TOSCO II process retort
was used in this study. The TOSCO oil has a much greater quantity of light ends
than the other two oils. Thus a higher total gas and ethylene production would
be expected. Figure 7 shows the expected higher production. The total volume of
gaseous products from the TOSCO oil is consistently higher than the total volume
from the IGT tests for constant reaction severity. Significantly greater yields
of ethylene were also obtained at constant reaction severity.

The comparison of the two studies is Timited to a qualitative comparison only.
The uncertainty is caused by different procedures for calculating residence time.
Reaction times for IGT's tests were calculated on the basis of the final product
rate, the "average indicated® reaction temperature, reactor pressure, and the reac-
tor volume. However, the method of determining the "average indicated” reaction
temperature was not reported. The residence times for this study were calculated
on the basis of the reactor void volume, the volume of steam flowed at atmospheric
pressure and reaction temperature, and the ideal gas volume of 300-molecular-weight
oil at atmospheric pressure and reaction temperature. Additionally, temperature
profiles were measured along the length of the reactor. The measurements showed
that the temperatures at the exit and entrance of the reactor were considerably
lower than the reaction temperature.

CONCLUSIONS

The results of the study of steam pyrolysis characteristics of a TOSCO II
shale oil were reasonably successful. Up to 24 weight percent of the feed was con-
verted to ethylene, and up to 6 weight percent was converted to propylene. The
results are comparable with reported results and predictions for crude oil, gas
0il, and shale 0il. For example, Sherwin and Fuchs (30) have predicted yields of
23 weight percent ethylene and 5 weight percent propylene for cracking unrefined
shale oil. Additionally, Stork, et al. (13) report expected ethylene yields
greater than 20 weight percent for several proposed petrochemical refinery schemes

Within the ranges studied, an increase in any one of the reaction variables
resulted in an increase of severity of operation. The effect of increasing the
temperature was extreme, while increasing the residence time or steam-oil ratio
had a much smaller effect. A modified form of a commonly used pyrolysis severity
factor satisfactorily correlated the experimental results. Increasing the sever-
ity of operation resulted in increases in weight percent of feed converted to gas-
eous and solid products, in total volume of gaseous products, and in volumetric
yields of methane and ethylene. The total light olefin yields increased sharply,
then leveled off and began to decrease with increasing severity.

The yields obtained from the TOSCO oil were greater in total gas and ethylene
than crude shale 0i1 from the gas combustion retort.
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PROPERTIES AND COMPOSITION OF JET FUELS
DERIVED FROM ALTERNATE ENERGY SOURCES
PART I. BACKGROUND AND N-ALKANE CONTENT
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Washington, D. C. 20375

JEFFREY SOLASH

Naval Air Propulsion Test Center
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INTRODUCTION

In the current climate of dwindling domestic production of petroleum, increased
importing of petroleum, potential oil embargoes, and escalating prices, the
Department of Defense has begun significant new fuels programs. These programs are
evaluating the military potential of liquid transportation fluids derived from
alternate fossil fuels - shale oil, tar sands and coal. Of major import to the U.S.
Navy are fuels used primarily for aircraft propulsion, JP-5, and ship propulsion,
Diesel Fuel Marine. The discussion in this paper will be limited to the former, jet
fuel for naval aircraft. It should be noted however, that JP-5 is sometimes used as
a substitute ship propulsion fuel.

CRITICAL PROPERTIES OF JET FUEL .

JP-5 must meet many stringent requirements if satisfactory performance in air-
craft and fuel handling and storage systems is to be attained (1). In considering
JP-5 derived from alternate fossil fuels, several critical properties stand out.
With one or two exceptions, these key properties are affected more by the chemical
characteristics of the fuel than by the physical properties. The important speci-
fication requirements may be primarily controlled by elemental composition, the
amounts of each of the hydrocarbon classes - paraffin, naphthene, aromatic, olefin -
or by specific chemical compounds. The critical properties are discussed briefly
below.

A. Heat of Combustion - This property directly controls the range of a jet
aircraft and it is desirable to maximize the value. Hydrocarbon fuels which are
liquid at ambient temperatures have net heating values between 16,000 and 20,000
BTU/1b and the minimum specification limit for JP-5 is 18,300 BTU/1b (1). Martell
and Angello have shown that the heat of combustion for jet fuels increaseslinearly
with hydrogen content (2). The amounts of nitrogen and oxygen in jet fuel are neg-
ligible with respect to heat of combustion and the variation of sulfur in the
allowable range of 0.0 to 0.4% would exert a maximum effect of 40 BTU/1b.

B. Freezing Point - Jet aircraft are exposed to low temperatures and the fuels
must not interfere with flying operations by freezing and plugging filters. Com-
mercial jet fuel (Jet A) has a specification requirement of -40°F maximum but that for
military fuels is lower. JP-5 must freeze below -51°F because the Navy jets operate
world wide as well as at higher altitudes than commercial jets. U.S. Air Force
bombers require an even lower freezing point, -72°Fmaximum, since long flights at
high altitudes permit the fuel to reach lower temperatures. It has not been practi-
cal to make JP-5 from some petroleum crudes because the freezing point cannot be met
along with the required flash point. Dimitroff et al (3) examined the influence of
composition on freezing point of several types of fuels. They found the saturate
fraction of a fuel usually exerted the greatest effect on freezing point but the
aromatic fraction seemed to be important in some cases.
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C. Flash Point - The Navy requires a high flash point for all fuels carried
onboard ships except for a small amount of aviation gasoline which is carried on
some aircraft carriers. The Avgas is stored in an armored box in the center of the
carrier and ajir/fuel vapors are minimized in the storage tanks by using a water dis-
placement system. JP-5, which is stored in the wing tanks (flush with the hull),
has a minimum flash point of 140°F in order to reduce the hazard from this and other
exposure situations. The flash point of a mixture such as a fuel is controlled by
the quantity and volatility of the front ends (4). The flash point and other flam-
mability properties of some alternate jet fuels is considered in another paper at
this Symposium (5).

D. Combustion Properties - Jet engines give high combustion efficiencies (98-
100%) for conversion of fuel to CO, and H,0. Other combustion characteristics can
be deficient under such conditions, however. Flame radiation to the combustor walls
can raise the temperature of the walls above desired levels (6,7). Soot deposition
can also affect combustor wall temperatures. Smoke in the exhaust must be controlled
both for military and environmental reasons.

The flame radiation, soot deposition, and smoke production may be closely re-
lated chemically. These three properties of a jet fuel are controlled by passing
a simple wick burning test, the smoke point, or a slightly more complicated burner
test, the luminometer number. The minimum smoke point for JP-5 is 19 mm and the
minimum luminometer number is 50.

A secondary control on combustion properties is obtained by limiting the aro-
matic content to 25% (1). Condensed polynuclear aromatics are significantly more
detrimental to smoke point than monocyclics (8).

E. Thermal Oxidation Stability - Jet fuel cools several systems in a jet air-
craft. In a subsonic plane, the major heat load comes from the engine lubricant but
for aircraft flying faster than Mach 2.2, the structure must also be cooled. The
ability of a fuel to withstand this thermal stress is the most critical fuel prop-
erty for high speed aircraft (9).

Degradation of the fuel is stimulated by the dissolved oxygen present in
equilibrium with air (50-70 mg/l). Poor fuels form solids which coat heat exchanger
surfaces and/or plug combustor nozzles. The Jet Fuel Thermal Oxidation Tester
estimates these two properties by examining varnish formation on a heated metal tube
and measuring the pressure drop through a filter.A satisfactory fuel passes a 2 1/2
hr test at 500°F.

Little research has been reported on the effect of chemical structure on ther-
mal oxidation stability at 500°F but Taylor has reported on tests in the 200-400°F
temperature range. He found that olefins, particularly multifunctional ones, in-
creased deposit formation (10). At 275°F, 10 wt % indene in decane increaseddeposit
formation 39-fold but some other aromatics decreased the deposit rate. Some sulfides
and disulfides enhance deposit formation at concentrations as low as 1000 ppm sul-
fur (11) and nitrogen compounds also participate in deposit formation (12).

F. Gum Formation - The low temperature stabillity of JP-5 is estimated by the
Existent Gum Test. A maximum of 7.0 mg/100 ml gum is allowed in this test.
Schwartz et al. have found for gasoline that sulfur compounds are the most signifi-
cant participants in gum formation but that nitrogen compounds, indanes, tetralins
and olefins are also involved (13).

PROPERTIES OF ALTERNATE JET FUELS

Jet fuels made from oil shale, tar sands and coal were examined in this study.
A brief outline of the processes involved in production of the fuels are listed in
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Table I. Further information on processing and fuel properties can be found in
another paper in this symposium (14) and in the references cited in-Table I.

Table IT lists the properties of the fuels pertinent to this paper. The
Laramie Energy Research Center in-situ shale fuels were not produced to meet the
JP-5 specs but had a boiling range (350-550°F) similar to JP-5. Since only limited
amounts of the LERC samples were available, complete specification tests were not
run. The discussion which follows compares, where possible, the alternate fuel pro-
perties with petroleum jet fuel properties taken from the literature. The effect of
composition on properties is also described.

A. Heat of Combustion - The heat of combustion of alternate fuels is plotted in
Figure 1 versus percent hydrogen. The graph shows data for the five COED, the tar
sand, and the Paraho shale o0il fuels. The line on this graph is curve D in Figure
3 of reference (2) and is based on 41 jet fuels derived from petroleum. The alter-
nate fuel data fit the curve very well. The three COED fuels with high aromatic
contents fall to the left. COED-1 and COED-5 fall slightly below the JP-5 require-
ment of 18,300 BTU/1b. Decreasing the aromatic content from about 25% to 5% (COED-1
to COED-3 or COED-2 to COED-4) increases the heat of combustion about 90 BTU/1b. The
tar sands and Paraho shale fuels have higher heating values than the COED samples with
similar aromatic contents. We feel this is due to a high naphthene content in the
coal fuels, an expected consequence of hydrogenation of the highly aromatic syncrude
obtained by coal pyrolysis (21).

B. Freezing Point/Flash Point - Most of the alternate fuel samples met the
flash point requirement for JP-5. The flash point can be changed usually by the
adjustment of the initial boiling point. The freezing point of several of the
alternate jet fuels was too high, however. The freezing point/flash point relation-
ships for the five COED (C~1 to C-5), tar sands (TS), and Paraho shale oil (0S) are
depicted in Figure 2. No consistent pattern is evident for these fuels.

For comparison, the properties of 29 petroleum derived ject fuels are also shown
on the graph. These latter fuels, which were part of the Coordinating Research
Council (CRC)-Air Force (AF) fuel bank (22), did not meet all specifications in some
cases. Examination of the CRC fuels is useful, however, to see the wide range in
freezing points encountered for fuels with similar flash points. In Figure 2, the
display is simplified by grouping the fuels by 10°F intervals for flash point. As
an example, four petroleum derived fuels had flash points between 161 and 170°F. The
freezing points for these same fuels were -26, -32, -62 and <~76°F. One alternate
fuel sample, COED-3 had a flash point in this range and it had a freezing point of
~58°F.

It is noteworthy that COED-2 and COED-4, both produced from Utah coal, had
higher freezing points than the COED fuels made from Western Kentucky coal. This
was the case even though COED's 1 through 4 had similar distillation ranges. The
Paraho shale oil sample was far above the JP-5 fuel freezing point spec of -51°F.
The LERC in-situ shale samples also had very high freezing points, -16°F for the
multistep product and - 15°F for the single step material. Flash points were not
available for these two shale fuels. :

C. Combustion Properties - The smoke points of several alternate jet fuels are
displayed in Figure 3 as a function of aromatics content. In addition, this graph
presents the smoke point vs. % aromatic relationship for 29 CRC-AF petroleum-~derived
fuels (22). The general control of smoke point by aromatic content is apparent both
for the petroleum-derived and the alternate fuels. Some fuels with low aromatic
contents exhibit low smoke points, however, and do not fit the primary relationship.
The four petroleum fuels which show this behavior possess high naphthene content,
80% or higher. COED-3 and COED-4, which have been derived by severe hydrogenation
(3000 psig to afford a low aromatic content) of a highly aromatic syncrude (21),
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should also contain high concentrations of naphthenes. Hence, the anomalous
smoke point behavior shown, both by alternate and petroleum-derived jet fuels, can
be explained on the basis that naphthenes influence this property if the aromatic
content is low.

Smith (23) has suggested a formula for calculating the smoke point of kerosenes
based on paraffin, naphthene and aromatic content but it is not useful for the fuels
discussed in this paper. The broad definition of aromatic and naphthene is not
adequate for combustion considerations. For instance, one mole/l of either butyl
benzene or naphthalene would give about the same aromatic concentration by the speci-
fication test but the latter compound would have a much greater effect on the smoke
point.

D. Stability ~ The thermal oxidation stability and gum forming tendencies of
the alternate fuels are listed in Table II. COED-I and COED-5 fail the 500°F ther-
mal stability test by slight amounts but the Paraho shale oil material fails by 50°F,
Further, this shale oil is the only fuel to fail the existent gum requirement of
7 mg/100 ml. The sulfur content of all of the alternate fuels is about the same and
well below the 0.4% specification limit. Although jet fuel has no limit on nitrogen,
the shale fuel is much higher in nitrogen than the other alternate and petroleum jet
fuels.

Clay filtration of the shale jet fuel raised the breakpoint for thermal oxi~
dation stability to 475°F but the existent gum remained high, 64 mg/100 ml, as
did the nitrogen. Acid treatment (=2 1b 98% H.SO,/bbl) reduced the basic nitrogen
to zero, enabled the thermal stability requirement to be met but did not greatly im-
prove the gum formation. Distillation to a 90% recovery gave a product which passed
both thermal stability and gum (1.2 mg/l00 ml) tests. Basic nitrogen remained high,
however. These results do not delineate the role of nitrogen in fuel stability and
additional work will be needed to clarify the stability behavior of shale fuels.

It is noteworthy that severe hydrogenation to reduce the aromatic content of
coal liquids (COED-1 to 3 and COED-2 to 4) significantly improved the thermal oxi-
dation stability (to >700°F).

E. n-Alkane Content - Since n-alkanes are likely to be related to the high
freezing points of some of the alternate fuels, the concentration of these compounds
was determined.

The saturate fractions were separated from the aromatics by pentane elation from
activated silica gel (Davison Grade 923). Each saturate fraction was then analyzed
by gas chromatography (GC) on a 300 ft. Apiezon L capillary column at 140°C. A
sample of 0.1 microliter was split 100:1 ahead of the column and the helium flowrate
through the column was 1.0 c¢/min. This column, when operated under the described
conditions, had an efficiency of 184,000 theoretical plates for n-tetradecane. A
known amount (5.0 wt %) of n-octane was added as an internal standard and the weight
% of each n-alkane was calculated by comparing electronic integrator counts to the
octane count. Identification of the n-alkane peaks was made on a Hewlett-Packard
5982 GC-MS system using a 100 ft. OV-~10l support coated open tubular column - temp-
erature programmed from 100 to 160°C and with a helium flowrate of 3 cc/min. Corro-
borating identification came from matching GC retention times for fuel components
on the Apiezon L column with standards on the same column.

The n-alkanes were the major peaks in most of the saturate fractions. The
n-alkanes from nonane to hexadecane were found in most of the alternate fuels. In
addition, small amounts of n-heptadecane were found in the shale fuels. The
n-alkane concentrations are listed in Table III. The sum of the n-alkanes in the
fuels decreases in the order: Paraho shale, LERC shales, petroleum, tar sands,

Utah COED's, W. Ky. COED's. This order holds for individual n~alkanes in the middle
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of the distillation range - C1 and C,, - but varies for smaller or larger
compounds because of dlfferences in 1n1tla} boiling point or end point.

The total n-alkane concentration does not afford a significant relationship
with freezing point. However, the freezing point does show some dependence on the
amount of the larger hydrocarbons present in fuel samples. This is illustrated for
n-hexadecane jn Figure 4. The log (% C..) vs. the reciprocal freeze point of the
11 fuels listed in Table 1I indicates a reasonable adherence to a solubility plot.
This is remarkable in view of the different distillation ranges, the variation in
aromatic/naphthene contents, and the neglect of other n-alkanes in this consideration.

The Paraho jet fuel was treated with urea to remove n-alkanes (24). The percent
of the n-alkanes removed by this process and the amount remaining in the fuel are
shown in Table IV. Overall, 47% of the n-alkanes (17% of the total fuel) were re-
moved. The percent removed increased with molecular weight. The removed material
was 98% n-alkanes with the remainder being identified by GC-MS as mostly 2-methyl
alkanes and l—-alkenes. The stripped sample with an n-C. . content of 0.17%, had a
freezing point of -54°F which places it close to the cutve in Figure 4.

DISCUSSION

Suitable jet fuels can be made from any of the alternate energy sources - oil
shale, tar sands or coal. However, refining processes may have to be modified from
those used with petroleum crude and\proce531ng conditions may have to be more severe,
particularly for oil shale and coal liquids. Since crudes from oil shale, tar sands
and coal are closer in properties to the lower API gravity petroleum crudes, hydro-
cracking and delayed coking will be used extensively in producing military fuels from
these alternate sources.

The jet fuel properties which are of greatest concern with the new fuels are
the freezing point, combustion properties, and stability, both thermal oxidative
and storage. Additional understanding is required on the effect of composition on
these properties. Development of such information will aid in selecting or modi-
fying refining processes to produce suitable fuels at reasonable costs. Techniques
to remove nitrogen from shale oil and to convert n-alkanes to lower freezing com-
pounds are needed. Cheaper hydrogenation processes must be developed for economical
conversion of coal liquids to jet fuels with satisfactory heats of combustion.

The high concentrations of n-alkanes found in the shale oil samples affords
clues on the nature of the organic material in shale. This information indicates
that oil shale contains many long, straight chain components. When thermally
stressed, as in retorting or coking, such constituents would yield smaller fragments
which would also have straight chains (25). The major products would be n-alkanes
and l-alkenes. Since the latter hydrogenate to the former, n-alkane concentration
could be considerable. It is interesting that the three shale jet fuels studied in
this work were high in n-alkanes. This is in spite of differences in production,

refining and hydrogenation processes.

Work will continue in relating composition to properties of the alternate jet
fuels. This will include attention to non-specification properties and those pro-
perties which may be inherently different due to the origin of the base stock.

ACKNOWLEDGEMENT

The authors thank the Naval Air Systems Command for support to accomplish this
research. The opinions expressed are the author's and do not necessarily reflect

those of the U.S. Navy. i



LITERATURE CITED

10.
11.
12.
13.
14,

15.

16.

17.

18.

19.

20.

21.

22.

23.
24,

25.

MIL-T-5624J, Turbine Fuel, Aviation, Grades JP-4 and JP-5, 30 Oct., 1973

C. R. Martell and L. C. Angello, "Hydrogen Content As a Measure of the
Combustion Performance of Hydrocarbon Fuels', AFAPL-TR-72-103, Wright-
Patterson Air Force Base, Ohio, May 1973.

E. Dimitroff, J. T. Gray, Jr., N. T. Meckel and R. D. Quillian, Jr.,

Seventh World Petroleum Congress, Individual Paper No. 47, Mexico City,
Mexico, Apr. 2-9, 1967.

W. A. Affens and G. W. McLaren, J. Chem. & Eng. Data, 17, 482 (1972).

W. A. Affens, J. T. Leonard, G. W. McLaren and R. N. Hazlett, 172nd ACS
Meeting, Division of Fuel Chemistry, this symposium.

Coordinating Research Council, "Evaluation of CRC Luminometer', New York,
N.Y., June 1959.

R. M, Schirmer and E. W. Aldrich, "Microburner Studies of Flame Radiation
as Related to Hydrocarbon Structure"”, Phillips Petroleum Company, Prog. Rpt.
No. 4 on Navy BUWEPS Contract NOw63-0406-d, May 1964,

M. Smith, Aviation Fuels, Ch. 49, G. T. Foulis and Co., Ltd., Henley-on-
Thames, England, 1970.

H. Ravner, C. Singleterry and R. N. Hazlett, "Aircraft Propulsion; Advanced
Fuels and Lubricants R&D Goals- - - 1970 to 1980," Naval Air Systems Command
Committee Report, June 1971.

W. F. Taylor, I&EC Prod. R&D, 8, 375 (1969).

W. F. Taylor and T. J. Wallace, I&EC Prod. R&D, 7, 198 (1968).

W. F. Taylor, Paper 680733, SAE Aeronautic and Space Eng. Mtg., Los Angeles,
CA. Oct. 1968.

F. G. Schwartz, M. L. Whisman, C. S. Albright and C. C. Ward, "Storage
Stability of Gasoline,'" Bureau of Mines Bulletin 626, 1964.

J. Solash and R. F. Taylor, 172nd ACS Meeting, Division of Fuel Chemistry,
this symposium.

H. Bortick, K. Kunchal, D. Switzer, R. Bowen and R. Edwards, "The Production
and Refining of Crude Shale 0il into Military Fuels,"Applied Systems Corp.,
Vierna, Va., Navy Contract N00014-75~C-0055, Aug. 1975.

C. M. Frost, R. E. Poulson and H. B. Jensen, 167th ACS Meeting, Division of
Fuel Chemistry, 19, No. 2, 1974, p. 156.

R. E. Poulson, C. M. Frost and H. B. Jensen, 167th ACS Meeting, Division of
Fuel Chemistry, 19, No. 2, 1974, p. 175.

C. M. Frost and R. E. Poulson, 169th ACS Meeting, Division of Fuel Chemistry,
20, No. 2, 1975, p. 176. '

C. J. Nowack, "Endurance and Emission Tests of a T63-A-5A Engine Using a

Tar Sands Derived JP-5," Naval Air Propulsion Test Center, Rpt. NAPTC-L-75-29,

23 June 1975.

R. D. Humphreys, Chem. Eng. Prog., 70(9), 66 (1974).

F. S. Eisen, "Preparation of Gas Turbine Engine Fuel From Synthetic Crude 0il
Derived From Coal," Sun 0il Co. Final Rpt. on Navy Contract N00140-74-C-0568.
Feb. 6, 1975.

Coordinating Research Council, Inc. Rpt. No. LD-148, "Fuel Inspection and
Thermal Stability Data,” 1 July 1965, New York.

M. Smith, Op. Cit., p. 85.

A. Hoppe, "Dewaxing with Urea," in Advances in Petroleum Chemistry and Refining,

Vol. VIII, ed., John J. McKetta, John Wiley & Sons, New York, 1964.

B. M. Fabuss, J. 0. Smith, and C. N. Satterfield, Advances in Petroleum Chemis-

try and Refining, Vol. IX, 157 (1964).

ES
P



¢+p3a1 ‘spues TFO

1e

e

184

e

0z 6t

8T

L1°9T

ST

EEICECECT

aTqeTTEAY JON
aTqeTTRAY JON

(OR-IN)
31sd 000€

(34) 81sd 000¢
28e3s pug

(oH-TN) 318d 00ST
28e3s 3IST

(OW-TN)

31sd 00ST
(OH-TN)

8rsd 00ST
aTqeTTRAY 30N

(on-TN) 8784 00¢T
TT0 T®30%

(OR-TN)
31sd 00ST

(OH-0D)

21Inssalg piepueils

UNQHUOHUNI

aTqeTTRAY 30N

3TqeTTRAY 30N

UoT3IPUOTIDBRIZ

uoT3BUOTIORIL

uorjeUOTIORII

uotrjEUOTIORIJ

uoT3jeBUOTIORIY
pue Suryo) paierad

Je91301pAH
1933 uoT3IeUOIIOR]

uoTFlruOIIOR1I PuB
Suryo) paieraq

uoFleBUOTIORIg PpuE
3uTtyo) paderad

JuTuT 3oy
30 pPoyiIax

“0p TedTWOY) pue KISUTYOEW POOI-DWA

8urTTTaq

BuTTTTAQ

s1sA10a4d

8F8A1014d

sTsAT0144d

sTsA1oaka

123eM 10H

n3Tg-ul

n3ys-ur

310394

dot3jonpoid
JO POuIsH

SASSTD0Yd ANY SHEO¥NOS T1dAd ALVNYALTY

I 419VL

uejpeue) 31B919-5009 {I193UI) UD1easSIY ABi1dUY IFWRILT-DUAT ¢-diop jusmdoTaaeq oyeied-oyelied x

g-unatoaiag
y—unatoalad

TR0D “&X°M
S~-@a0D

120D yeIn
=202

TeoD "KM
€-q302

T®OD yean
70300

Te0D "AA°H
OHa T-QA0D
S009-spues 1e]

dajg 2138urs
2¥AT-3TRYS

da3sTITNR
J4IT-9TeUS

oyeaed-3TeUS

¥9904nos 1eng

225



. l l l o— = - - . g R - = e —— L

19YSTY 10 3,00C SOIBDIPUT SSBd ‘THZEA WISY ‘IS3L IOLACx

i - 65~ S*9T> 0°6T< 7791 0%°0> - L> sseq g-unaTo13ad
- 8TS ‘8T 96— S'9T> 0°¢€Z 8T 11°0 - L> sseqd y-unaToi3aqd
18°¢T 787°8T 0L-> 20°6 0°8T 1°%C £0°0 LE T°0 s8h S$~-qdod
79°¢T S9%°8T o= €0°€C 0°2¢ 19 £0°0 1% T°0 00L< -aa0d
7e €T €8€ ‘8T 86— $6°SC 0°tz Ly 00 o 0°0 00L< €-qd0d
0
86°2T TLE°8T on- 96°22 0°LT 1% ¥0°0 14/ 1°0 0TS 2-adod &
08°2T %6781 A% 69°€T 0" LT 8°%C S0°0 o% 0°0 s6Y T-qaod
0S°€T 9eh ‘8T 79- $8°7T 0°0¢ £°6T 10°0 - °T ssed spueg aieJ
dazg
aT8uts
- - S1- - - €°1¢ s000°0 S - - o¥d1-2TeYS
-- -- 9T~ -- -- L'€e T000°0 6L -- -— de3isyatny
YAT-2TeYS
7LET TES ‘8T 8z~ uszoay (0°¢e 0°9¢ s0°0 089 L°T8 oSy oyeied-aTeys
(3uad1ad) (Q1/014) (do) (*sd) (mm) (3uedaady [y -3Im) (uddy (Tu 00T /3W) (€P9) Tong
uo801pAy uofisnquo) Jutod 4,0€- 3e 3Juroq soFjIeWory  anyTng ud30AITN JU2ISTXY £3TTIqQRIS
JO 3JeoH Burzeaig AITS0DSTp 9joug wngy xTewaayy

SHIIYAJO¥d TANd FIVNYILTV

IT 319vl




12303 UF PIpNTOUf Jjou dIBINIDE JOU UOTIBRIBIJUT ‘proiq Nead maot

TL°ST - S0'0 Lo 81 €T°¢ 8¢ € S8t L6°T 6C°0 g-unaTo133g
009t - Y1°0 8°0 €1°¢ 6%°¢ 88°¢ €9°¢ (78N} 0c 0 V-umato13ad
8%°s - (z0°0) IT1°0 8€°0 9L°0 €T [ X34 €9°0 20 0 §-pa0)
[ -= 990 T0°T 87T €6°T 6% T [AAN) 90°0 %=p30)
€L°¢ -- Lz o o s6°0 0L°0 MQ.O 66°0 IT°0 T0°0 £-p20)
1L - 99°0 80°T ('t 61 06°T 80°T %0°0 ¢-P20)
06°¢€ - 0 9%°0 960 99°0 €L°0 8T T 80°0 T-p30)
05°6 - ST 0 £€L°0 [ €v°T 65°C 81 %$°0 9z°0 ¢-Spues 1e]
€L°¢€T _ ¥8°0 86°¢ AN T6'¢€ 9€° ¢ 996 00°¢ S0°0 daag a78urg

J¥IT-3TRYS
TE° ST ¥9°0 T gyt 9Ty 8°¢ 80°9 TT°¢ 11°0 ¢00°0 dazstaTny

oydT-aTeuS
€£°9¢ #€°0 3 Ard [4 98 % 1S 99°9 [4983 9% L 87°¢ 06°0 oyeied ITeYS

7 L, 9T, ST, T, €T, T, 1% 0T, 6,

INIDYId IHOTIAM

S3AOYN0S FIVNYALTV WOUd
STHNd I13C 40 INIINOD dNVITIV-N

III 319VL

—— —— _ pup— —

— pu—— ——ta — . — e —_—— P ——— o

J




TeTaalew Sujjaels pue 3onpoad uaamiaq uostaiedwod U0 pased xx
18301 UF POpPRTOUT 3jou ‘93BANDOOE J0U UOTIeaBa3uy ‘jeed proag «

0°86 LE°6T €€°9¢ Te30g,
- KR 0070 T x€°0 auedapeaday
£6 A L1°0 (YA dUBDIPEXIY m
08 9T'¢T £9°0 FAREY suedapeludyg
99 TL°81 €L°T 716 dUBO9PELIIFL
0s £1°61 £e’e 999 2UBDIPTIL
113 05791 99°% 1L auedapo(
[X4 96 11 £n°s 9% L auedIpU()
61 98°¢ 69°¢ 8¢ [ued2(Q
6T 96°0 €L°0 06°0 SUBUON
~ poaouay 23813U50U0) SUEBNTY-N Fonpoig TeTiore BUfIiBI§ SuBNTV-N
»x JUDI3g (3uad1ad) uoOTIRIIUBIOUOY)

Tand lar dIvHS
OHVJVd 40 ONI4dIYLS VadnN 40 SITASTE

AT IT4VL




FREEZING POINT RANGE (°F)

10°?

NET HEAT OF COMBUSTION (BTU/LB) x

NET HEAT OF COMBUSTION VS. PERCENT HYDROGEN

19.0

18.6

18.4

o]

8.2

18.0

17.2

17.0

<
(NS T NS U O S U N T W A |

TN W AT T SN TS IS TN TN N NN W T 1

9
Figure

10 n 12

13 14 £

| PERCENT HYDROGEN BY WEIGHT

©JET FUELS FROM ALTERNATE ENERGY SOURCES

FREEZING POINT

vs FLASH POINT

© CRC JET FUELS

-eo X JET FUELS FROM ALTERNATE SOURCES
x 08
- 30
- 40 KE:3
- 50 |-
c-1
xC-3
- 60 o]
X TS
-70+ T x C-5
- 80
| | 1 | | { | {
1o 120 130 1490 150 160 7o 180
[—— —— —— RN
Figure 2 FLASH POINT RANGE (°F)

229




PERCENT AROMATICS

SMOKE POINT vs AROMATIC CONTENT

JET FUELS FROM ALTERNATE SOURCES ]

[

Figure 3

SMOKE POINT (mm)

EFFECT OF N-HEXADECANE ON FREEZING POINT

Per Cen’ (n—Ci)

<eT0°

i

40 o

Figure 4

a7

{

i

=



CHARACTERIZATION OF AROMATIC FRACTIONS FROM
NON-PETROLEUM DERIVED JP-5 TYFE FUELS

Jeffrey Solash and Renee F. Taylor

Naval Air Propulsion Test Center, Trenton, NJ 08628

Introduction

The Department of Defense has initiated programs aimed at evaluating liquid
hydrocarben fuels which are derived from alternate (fossil) sources: coal, oil
shale and tar sands. Of major importance to the Navy are aircraft fuels (JP-5)
and ship diesel fuels (DFM). The properties of these kerosene fuels are controlled
by means of stringent specifications tests. However, complete knowledge of fuel
chemical composition defines the properties of the fuel. Certain properties which
are of critical importance to the Navy can be altered by simple physical methods

(i.e., flash point (1)). However, other fuel properties depend strongly on fuel

composition and therefore,are not subject to facile alteration.

In order to gain a clearer understanding of the effects of chemical composition
on fuel properties, a detailed analysis was undertaken. The discussion in this paper
will be limited to jet fuels used in Naval aircraft (JP-5). Jet fuels derived from
coal, oil shale and tar sands were analyzed. The normal alkane analysis has been
reported elsewhere (1). Reported below are the results of analysis of the aromatic
components of these fuels.

Production of Fuels

Coal Derived Fuels

The coal derived fuels used in this work were obtained by liquefaction of a
Western Kentucky and a Utah coal via the COED process (2). In this process, coal is
pyrolyzed in an ebullated bed retort at temperatures ranging from 600 to 1600°F. The
condensed o0il is hydrotreated over Ni-Mo catalyst (~ 2500 psig Hp, 7-800°F) to
produce a low sulfur crude oil, The crude oil was then refined by hydrotreatment (3)
and distilled to give the JP-5 grade fuels,Sun 1 (Western Kentucky coal), Sun 2 (Utah
coal) and Sun 5 (Western Kentucky coal). A schematic of the major process steps used
in the production of these fuels is shown in Figure 1.

Alternative methods of refining coal derived crude oils were examined. One
such method involved selective removal of heavy aromatics and polar organics (con-
taining N, S, O) by solvent extraction. In a method developed by the Navy (4), a
straight run middle distillate from Utah coal derived crude oil (bp 350-550°F) was
consecutively treated with sulfuric acid and furfural. The resultant fuel (designeted
"Sol. Extr.") was used directly without further processing.

0il Shale Derived Fuel

Green River oil shale was mined and surface retorted by the Paraho Develorment
Corporation. A sample of JP-5 grade kerosene derived from this oil shale was supplied
to the Navy by Applied Systems Corporation, under a contract let by the Office of
Naval Research. In the Paraho process, crushed and sized oil shale is fed by gravity
into a vertical retort which is maintained at 1000°F, Shale oil which was driven from
the rock was coked and then fractionated. The middle distillate fraction was hydro-
treated and desulfurized in two stages. The major process steps employed are shown
schematically in Figure 2. The refining of this batch of shale oil has been
reported in greater detail elsewhere (5).
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Tar Sands Derived Fuel

Bitumen obtained from the Athabasca (Canadian) deposits was mined and re-
fined by Great Canadian 0il Sands, Ltd. (GCOS). Mined tar sands are treated with
basic hot water and the bitumen was isolated by froth flotation. The crude bitumen
was coked (900-1000°F) and the distillates fractionated. The straight run middle
distillate from coking was hydrotreated (1500 psig Hp; 700-750°F). The hydro-

_treated middle distillate, known as Unifined Kerosene (herein designated "Tar
Sands") is usually used for blending stock. The major process steps employed are
shown schematically in Figure 3. Details of the processing of Canadian tar sands
have been reported elsewhere (6).

Petroleum Derived Fuels

The petroleum derived fuels used in this work were typical JP-5 grade fuels
which passed all Navy specifications for JP-5 grade fuels and were typical of the
fuels used at the Naval Air Propulsion Test Center. The history and details of
refining of these fuels were not available.

Fuel Properties

The physical properties of all fuels used in this study were determined
according to Navy specification MIL-T-5624J, using ASTM standard methods. Heats of
combustion, freeze points, flash points, smoke points, viscosities, as well as n -
alkane composition for these fuels are reported in reference (1). Conmplete -
tabulations of physical properties for all fuels used in this study have been

reported (3, 4, 7,

Results and Discuss

8).

ion

PMR Analysis

The aromatic fraction of each fuel was isolated by column chromatography

over activated sili

ca gel.

The aromatic fractions, which were cleanly separated

from the fuel saturates, were combined and the solvent removed under reduced
pressure on a rotary evaporator. The aromatic concentrate was diluted approximately
1:3 (vol:vol) with spectrograde CCly and the 60 MHz FMR spectrum recorded. The PMR
spectrum of a typical JP-5 grade fuel aromatic fraction is shown in Figure L4, The
areas under the peaks which correspond to structurally distinct protons were deter-
mined and the data analyzed according to the method of Clutter and co-workers 9).
The results of this analysis describe the fuel aromatic fraction in terms of the
The calculated parameters which are presented in Table I are

"average molecule.,"
defined below:

Symbol

# Ca

# naphthene
MW

# alkyl gps
n

% mono

Average
Average
Average
Average
Average

Average

Average Molecular Parameter

Definition

number aromatic carbons per average molecule

number naphthene (tetralin) rings per average molecule
molecular weight

number alkyl substituents per average molecule

number carbons per alkyl substituent

percent monocyclic aromatics in sample

232

|

S PN . . . PR e 5 - 4 e~ - o . . . N ~ 8



*tmMJI QUC JO 98BIdAY @

*SUNI 93JY} JO 93RISAY

<]

*9STMISYO PITIToads SSOTUM ‘UMOYS SUNI OM4

JO UOTABTASD 99BISAB + Saoqowsased oFeIdAy *(6) °ousaeFed 03 Burpaoddr mna3osds WAI ZHW 09 WOLJ Pe3BINOTE) ®

6°4Tg 6°2l,
9°9Ty 0°€Tp
€'9Ty G°2Tp
8°9Ty 0°tIp
76Ty E°HIp
64y BT,
6°9Ty T'€TD
T°LTyg E£°€Tp
8°LIn #°ETlp
®°LTH G°€Tp

VINEOI

7°89 61 62 T°T.T €°0 €L © 2meToI1d
L ET9 1L 2 0+1°2 €0t0+6g'e  6°€FT el 0°0F"0 2°0+1°L  T-wmeTox3ad
€ T1+9° L8 0°0t0°2 2°0F0'E 6726591 GO*0+GET0  S0'OTSH"9 spueg J8J m
$*9+0°08 60°0¥50°2 GO'0¥66'e TG ell GrO¥E0 £°018°9 @ oUBTed
6 T+0°L8 T 0+0R*2 60*0T62*E  £°9¥ T6T 0°'0t0L*0  60°0%65°9 *I9XT *TOS
AR EIANIe) €0" 076" T 1°0¥L'e  Er T+ 96T €0*0%5H*0 2°0%6°9 ¢ ung
€€¥.°9g 60" 0+60°2 G0*0¥62 € G*0T0°HLT 0'0%9°0 2°0%9'9 g ung pady
H°2+8° 98 €0 0T6T 2 0°0FT°E  H°2¥6°SLI 0°0%L*0 T°0+6'g T ung pasy
6°08°69 T°0+02'2 CO*O+GT'E  9°€+6°LLT 60°0+69°0 0'0+H*9 2 ug
02+ Hg 417 0+62°2 CO*0+GO'E g 2FL 6L €0*0+6L*0  $0'0+69°9 T ung
oo el T W S f F e
® SJ1979WBIB]

VILIVAD N WO SOLIVANOYY THAL
FAVYD ¢-drf 40 SHHLAWVYYd HYINDTION TDVIIAY

I TI9vl

P ———y —~—— — i p——ny ——— — ——— P — e —— 3



In a separate set of experiments, some coal derived fuels were subjected to
mild but prolonged heating (110°F; 6 months) to ascertain storage stability. The
aromatic fractions of the Sun 1 and Sun 2 fuels, so treated, were isolated and sub-
jected to PMR analysis in an effort to observe changes in composition upon storage.
The results of analysis of the aromatic fractions of these fuels ("aged Sun 1,"
"aged Sun 2") are also reported in Table I.

Before a detailed analysis of the results in Table I is made, a discussion
of sources of error in the data is necessary.

There are a number of potential sources
of error: incomplete resolution of the aromatic fractions from other fuel components;

loss of low boilers during concentration of the column chromatography fractions; in-
correct estimation of the average parameters caused by using a narrow cut aromatic

fraction. Column chromatography over activated silica gel is a well known technique

which has been widely used for separation of fuel components (lO). However, it has
recently been called to our attention that n- paraffins, particularly in higher

boiling fractions, can tail into the aromatics fractions during chromatography over
silica gel (11). The data in Table I indicates that such processes are not detect-

able by PMR if they are occurring at all.

For instance, the Paraho fuel, which is

almost 40% n- paraffins (1), shows a low value for n (average number of carbons per

substi‘tuen‘t—j. If appreciable quantities of paraffins were tailing into the aromatic
fractions during the chromatographic separation, this parameter would be much higher.
It would not be required to have a large concentration of n- hexadecane, for instance,

in the separated aromatics in order to observe a large increase in n . Furthermore,
the values for n found for all fuels vary only slightly from run to run (approxi-
mately 5%) We would expect a larger variation for the n parameter if incomplete

separation were occurring.

Loss of low boiling aromatic components during concentration of the individual
However, the data in Table I indicate that this

fractions was also of concern

to us.

process is unimportant. ILoss of low boilers would result in a higher "apparent"
The % mono data in Table I shows little variation

concentration of naphthalenes.
between runs for most fuels.

Lastly, the method of Clutter and co-workers (9) may incorrectly estimate

some average parameters if narrow cut fuels are used (12),

Qualitative analysis by

glpe of some of the aromatic fractions on a 10' X 1/8" OV-225 column indicates the
presence of at least 60 distinct peaks which are not resolved (implying presence of

related structural isomers).

We therefore feel the calculated parameters in Table I
correctly reflect the composition of the aromatic fractions.

A complete discussion

of the advantages of the Clutter method, compared to others available, has been

given elsewhere (9).

In another control experiment, the molecular weights calculated from PMR

data (Table I) were compared to those determined by vapor phase osmometry (VPO) (13)

and by mass spectroscopy (MS)

mined by the three methods is presented in Table II below.

(14). A comparison of the molecular weights deter-

TABLE II

COMPARTSONS OF MOLECULAR WEIGHTS OF AROMATIC FRACTIONS

Sample

Sun 1

Sol. Extr.
Sun 5
Paraho

Petrol. JP-5

VPO

194
2ho
175
189
195
195

Molecular Weight

Ms

179

206 .

171

MR

176
198
158
176
168
176




The VPO molecular weights indicate that the PMR method correctly reveals
changes in molecular weights between samples. The mass spectrometric molecular
weights correspond very closely to those obtained by PMR. These data imply that the
PR method generates accurate molecular weights for these aromatic fractions. By
analogy, the other parameters listed in Table I are at least as accurate as the
molecular weight.,

The data in Table I suggest a fairly clear picture of the nature of the
aromatic fractions of these fuels. The average molecular weight of Sun 1 and Sun 2
(new and aged), Paraho, Tar Sands, and both petroleum fuels, Pet-1 and Pet-2, is
174+5 (Table I). Only two fuels, Sol. Extr. and Sun 5, had molecular weights which
differed markedly from this average. The former fuel had the highest distillation
end point (>5>287°C) of all fuels, while the latter fuel had the lowest distillation
end point (261°C). Most fuels had between 6.5 and 7 aromatic carbons, approximately
3 alkyl groups and 2 carbons per alkyl group in their average aromatic molecule.
This similarity in the nature of the aromatic fractions is noteworthy since the
fuels examined were derived from starting materials which are chemically, as well as
geologically, different.

While the aromatic fractions of these fuels are similar in overall features,

.there are important differences. For instance, the widest variation in the value of

any parameter was observed for # naphthene. It must be recognized that for tetralin
(1,2,3,4 - tetrahydronaphthalene), there is one (1.0) naphthene ring per molecule.

In Teble I, the # naphthene, of the aromatic fractions, varies from 0.75 and 0.7

(Sun 1 and Sol. Extr.) to 0.3 (Pet-2). This fundamental difference in the aromatic
fractions might account for differences in the viscosities of the whole fuels (17,18).
There are also variations in n, # CA, and # alkyl gp between these fuels. For
instance, one might have apriori assumed that the Sun 1 and Sun 2 fuels would
exhibit a high # Ca due to the polycondensed aromatic nature of coals (15). However,
the # CA is higher for both petroleum derived fuels used than for any of the other
non-petroleum derived fuels. This is also reflected in the % mono values. The %
mono is lowest for the petroleum derived fuels, which implies more naphthalenes

in the petroleum fuels than in the other fuels.

This apparent anomaly, that the coal derived fuels contain less dicyelic
aromatics, can be made understandable if we consider the naphthene content of these
aromatic fractions. The naphthenes present in these aromatic fractions are of the
tetralin-indane type. Clearly, these naphthenes are derived from the parent
dicyclic aromatic by hydrogenation. The aromatic protons of these naphthenes
contribute to the area of monocyclic arcmatics (7.05 - 6.6 ppm; Figure 4), while
the # naphthene is calculated from the integrated area under the protons B to the
aromatic ring of tetralin or indane (1.9 - 1.65 ppm; Figure 4)., Since vigorous
hydrotreatment will convert naphthalenes to tetralins, we should ideally compare
% mono (or # CA) between fuels which have undergone equivalent processing., This
process date was not available for the petroleum derived fuels. Instead, we can
compare the total amount of dicyclics (naephthalenes + tetralins-indanes) between
fuels.

The percent of dicyclic compounds in these fractions can be calculated to a
first approximation in the following manner:

% Dicyclics = (% mono) (# naphthene) + (100 - % mono) 1)

If the results in Table I gave a value of 1.0 for # naphthene, then each
aromatic molecule would contain a tetralin or indane type ring. Hence, values less
then 1.0 for # naphthene indicate the fraction of the total number of aromatic
molecules which are of the tetralin-indane type. For instance, in the case of the
Sun 1 fuel, 75% of the molecules are tetralins or indanes (i.e., # naphthene = 0.75).
Since the aromatic protons of these naphthenes are counted as "benzenes," we must
correct the % mono figure as shown in equation 1). The last term on the right hand
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side of equation 1) is the % naphthalenes in the sample. By working through this
equation, we find thet 78.9% of the aromatic molecules in the Sun 1 fuel are
dicyeclic (84.3 X (0.75) + (100-84,3)). Similarly, 68.5% of the aromatic molecules
are dicyclic in the Sun 2 fuel. However, the % dicyclic arometic molecules for the
Pet-1 and Pet-2 fuels was found to be 55.2 and 52.1, respectively. Hence, the coal
derived fuels have significantly more dicyclic (condensed) ring structures than the
petroleum derived fuels. As expected, the coal derived fuels contained less
naphthalenes than the petroleum derived fuels, because of the vigorous hydrotreat-
ment to which they were subjected.

In addition to correctly predicting the order of molecular weights (Table
IT), the PMR method detects changes in other parameters which are consistent with
changes in fuel properties. For instance, Sun 1 and Sun 5 were fuels produced from
a Western Kentucky coal via an identical sequence of process steps but the distilla-
tion end point of Sun 1 was 279.5°C, while the distillation end point of the Sun 5
was 261°C. The lower distillaetion end point of the Sun 5 fuel is clearly reflected
in the properties of the Sun 5 arometics: lower values for n, Mi, # alkyl gp
compared with those values for Sun 1,

While large changes in fuel aramatics are clearly detectable by the PMR
method employed, we could not detect changes in the aromatic fractions after a
storage stability test (Table I). Under the static, oxygen deficient conditions of
the storage test, aromatic hydroperoxide which forms would not decompose rapidly.
The aromatic hydroperoxides would be separated from unoxidized compounds upon silica
gel chromatography (16). The most oxygen lebile aromatics would therefore be
removed from the remainder of the aromatic "pool.” There are small and irregular
changes in the average parameters of aged Sun 1 and Sun 2, These changes are
probebly insignificant, although a statistical analysis was not performed. The
latter conclusion is consistent with the observation that no gums or sediment were
observed in the aged Sun 1 and aged Sun 2 fuels and furthermore, that the thermal
stability of both aged fuels was unchanged.

Correlation of Average Parameters with Fuel Properties

The correlation of fuel properties with compositional data has been an
active area of research for some time (19-21), Our interest in this area was
not to develop a set of equations from which one can calculate a specific fuel
physical property from compositional data (21), but rather to attempt to explain
some of the sub-specification properties of these alternate fuels., Some
proper%iﬁs which were of concern to us were the smoke point, viscosity and freeze
point (1).

In general, fuel properties were plotted against n, # Ca, # alkyl gps,
# naphthene. Each individual peremeter, combinations of parameters (i.e.,
# Ca/n X # alkyl gp) and parameters which can be calculated from the data in
Table I, such as wt. % H (aromatics) and approximete diameter of the average
arometic molecule, were plotted against the fuel property of interest. When
straight line relationships were observed, least squares regression analysis was
used to calculate the coefficient of correlation, r. It should be emphasized
that baseline data for a representative sampling of petroleum JP-5 grade fuels has
not yet been obtained. Selected fuel property-PMR parameter correlations, which
are typical of our results, are illustrated below.

It has been shown that fuel smoke point is controlled by the aromatic
content (vol. %) of the fuel (1), This correlation, as well as others (19, 22),
suggest that some property of fuel arcomatics controls combustion characteristics.
However, we could find no correlation between fuel smoke point and any property of
fuel arcmatics. Two examples, which are typical, are shown in Figures 5 and 6.
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Fuel viscosity is a fundamental property which directly controls atomization in
combustors and affects fuel control equipment. It is known that viscosity of liquid
mixtures can often be represented by a simple additivity law (25). In addition, the
viscosity of cycloparaffins, as well as tetralins and indanes, can differ widely
from the viscosity of the parent aromatic (17, 18). It was therefore somewhat
surprising that the fuel viscosity was found to correlate so closely with the
"diameter" of the average aromatic molecule (Figure 7). The diameter of the average
aromatic molecule was estimated as follows:

Diameter (A) = Fr. mono (2.8) + Fr. DI (4.9) + n(0.89) (# alkyl gp) 2)

where Fr. mono = Fraction monocyclic rings
Fr. DI = Fraction dicyclic rings, including
tetralins (from equation 1))

In these JP-5 grade fuels, we may be dealing with a special phenomenon. When lube
oil fractions are hydrotreated, the viscosity of the oil decreases (17). However,
the graph in Figure 7 implies that the viscosities of the aromatics and the
tetralins and cycloperaffins derived therefrom are similar. This view is supported
by the negligible change in fuel viscosity upon vigorous hydrotreatment of the

Sun 1 and Sun 2 fuels (3), which resulted in nearly complete dearomatization.

Dimitroff and co-workers (16, 17) have shown fuel freezing to be a complex
process with n- alkanes playing an important role, but with all fuel components
interacting during freezing. Hazlett and co-workers (1) determined that fuel freeze
point is related to the concentration of n- hexadecane but not the total n- alkane
concentration for these alternate fuels. It can be shown (26) that fuel freeze
point probably does not follow a simple additivity rule. In Figure 8, a plot of
fuel freeze point against the diameter of the average aromatic molecule is shown.
The good correlation degrades markedly when the volume % aromatics (in each fuel)
is accounted for (Figure 9). Hence, fuel freeze point seems to depend more strongly
on the size rather than the quantity of aromatics present in fuel., One possible
explanation for this behavior is that the larger aromatics cause an ordering of
non-aromatic fuel components in a way similar to the ordering of water by dissolved
soaps. As shown in Figure 8, the Paraho fuel (2.45% n- hexadecane) does not
correlate well but the urea extracted (1) Paraho fuel (0,17% n- hexadecane) does
fall near the line. Work is continuing on a variety of petroleum derived JP-5
grade kerosene in order to establish baseline data.
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Fig. 2

PROCESSING SCHEMATIC FOR PARAHO FUEL
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Fig. 3

PROCESSING SCHEMATIC FOR TAR SANDS FUEL
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Fig. 7

FUEL KINEMATIC VISCOSITY (-30°F) VS. DIAMETER OF AVERAGE AROMATIC MOLECULE
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Fig. 9
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FLAMMABILITY, IGNITION AND ELECTROSTATIC PROPERTIES OF NAVY FUELS
DERIVED FROM COAL, TAR SANDS AND SHALE OIL

W. A. Affens, J. T. Leonard, G. W. McLaren and R. N. Hazlett

Naval Research Laboratory
Washington, D. C. 20375

INTRODUCTION

As part of the coordinated synthetic fuels research and development program of
the Navy and other departments of the Department of Defense, National Aeronautic
and Space Administration, Energy Research and Development Administration, Maritime
Administration, and the Department of the Interior, the Naval Research Laboratory is
investigating the flammability and related properties of JP-5 jet fuel derived fram
sources other than petroleum. NRL has also made a related study on ship propulsion
fuels derived from coal, and these studies will be included in the last section of
this paper.

Seven samples of turbine fuels from alternate sources were examined in this
study, five from coal and one each from tar sands and shale oil. These materials
were selected because they had been processed to have properties close to that of
JP-5, the Navy's primary jet aircraft fuel. All five coal products were prepared
by the Char 0il Enerqgy Development (COED) process, followed by distillation and hydro-
genation. The preparation and properties of coal-derived jet fuels are described
in a Sun Oil Company report (1). Shale crude oil, made by the Paraho retort pro-
cess, was converted to jet fuel (and other military fuels) by delayed coking, dis-
tillation, and hydrogenation (2). The tar sands fuel was produced by the Great
Canadian 0il Sands Company (3). More details concerning the preparation of these
fuels will be given in another paper of this Symposium (4). Two conventional JP-5
fuel samples (from petroleum) were included in the study for comparison. All of the
JP-5 samples were supposed to meet the requirements of the military specifications
of jet fuel (5), but same were not met.

FLAMMABILITY AND IGNITION PROPERTIES OF JP-5 JET FUELS FROM ALTERNATE SOURCES

This portion of the paper is concerned with the flammability and related prop-
erties of alternate jet fuels. Additional properties were also investigated and
are reported in two other papers of this Symposium (4,6).

Flammability and Ignition Properties - Three flammability properties were in-
cluded in this study: flash point, flammability index, and autoignition temperature.
Flash points were determined by the Pensky-Martens Closed-Cup (PMCC) (7), Tag .
Closed-Cup (Tag) (8), or Seta Closed-Cup (Setaflash) flash point method (9). Flam—
mability indices at several temperatures were determined by the NRL flame ionization
detector method (10,11), and minimum autoignition temperatures (AIT) by ASTM D-2155
(12). Only the PMCC flash point determination is a specification requirement (60°C
minirmm) , although the flammability index at 51.7°9C is related to the "Explosive—
ness" requirement of the specification (5). The flash point and flammability index
determinations are important since they are a measure of the tendency of a liquid
fuel to form a flammable mixture with air at a given temperature. The significance
of autoignition temperature is that it is a measure of the likelihood that spontane-
ous or autoignition might occur if the fuel contacts a hot surface, such as by leak-
age onto a steam pipe.

Results - Flammability index, flash point, and autoignition data are shown in
Tables I - III. It is seen that the first three fuels in Table I (tar sands, shale
0il, and COED 5) did not meet the 60°C minimum flash point (PMCC) requirement of the
specification (5). On the other hand, the other coal samples had PMCC flash points
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which are considerably above that of the specification requirement. As is usually
the case for fuels in the JP-5 flash point range, the Tag flash points are lower
(average =2° ) than those obtained by PMCC. Both the flash point and flammability
index data for the petroleum JP-5 samples fell within the range found for the
alternate fuel samples.

Flammability Index - Flammability index (E) is defined as the ratio of the
vapor concentration in air (C, %v/v) to that at the lower flammability limit (L,
%Zv/v), so that E = C/L. Flammability index may be expressed as a decimal or as per-
cent. If E is less than 1 (100%), the vapor-air mixture is nonflammable, and if E
is equal to or greater than unity, the mixture is flammable (10). 1In the case of
liquids, the flammability index refers to the vapor-air mixture which 1s in equili-~
brium with the liquid at a given temperature. The flammability indices of all the
fuels were determined at several temperatures, and are plotted in Figure 1. The
flammability indices at 51. 7°c (125° F) are shown in Table I. Flammability index,
which is a vapor pressure function, has been shown to vary exponentially with tem-~
perature for hydrocarbons and their mixtures according to the following relationship
(11):

Log E = m/(T °C + 230) + k 1)

where T is temperature (OC), and m and k are constants. As 1s shown in Figure 1, a
plot of Log E vs reciprocal temperature is linear with slope m, and intercept k.
Slopes and intercepts are included in the table.

If we let E = 100% in Equatio¥ 1, and solve for T, a value is obtained (TE)
which is related to flash point. E is that temperature at which the concentration
of the vapor in equilibrium with the liquid fuel is equal to that at the lower flam-
mability limit. Tg may also be obtained graphically by noting the temperatures at
which the curves intersect the horizontal line at %E = 100%. 1In Figure 1, the small
triangles are actual flash points (Tag) and it is seen that they lie close to the
intersection points. A comparison of Tg and Tag flash points are shown in the ta-
ble. The slopes (m) and intercepts (k), as in the case of flammability index, are
dependent on fuel composition. In general, the slopes (negative) of the alternate
fuel samples (1554 to 1906) are lower than that of the petroleum samples (1917 and
1994), Similarly, the intercepts (5.46 to 6.14) are lower than that of the petro-
leum fuels (6.65 and 6.84), so that it can be concluded that there are differences
in composition between the alternate fuels and that of the petroleum fuel. Previous
unpublished NRL work with six conventional JP-5 fuels gave a range of 1917 to 2076
(average = 1987) for slopes, and 6.65 to 7.19 (average = 6.88) for the intercepts.

Effect of Fuel System Icing Inhibitor Additive on Flash Point - Ethylene glycol
monomethyl ether (EGME) is presently used as a fuel system icing inhibitor additive
in JP-5 (5). It has been shown that at use concentratlons (0.1 to 0.15%), EGME ad-
ditive lowers the flash point of JP-5 3 to 4°c (13). This effect complicates the
burden on refiners in meeting the minum flash point requirement of the specifica-
tion. The question of whether this problem might also exist with JP-5 from alter-
nate sources was also investigated and results are shown in Table II. A pure hydro-
carbon is also included in the table for comparison. It will be seen in the table
that the flash point depression at 0.15% EGME ranges from 2 to 5°C with the greatest
effects occurring at the higher flash points. From this data, we conclude that the
problem of flash point depression by EGME for petroleum fuels also exists for the
fuels from alternate sources.

Autoignition Temperatures - Autoignition temperatures{AIT) for the JP-5 fuels
are shown in Table III. The AIT data by the standard ASTM method (12) are shown
under "hot flames" in the table. These temperatures represent the lowest tempera-
tures at which visible ignition occurs in the standard 200-ml ASTM flask without
the aid of an external ignition source. Observations were made in total darkness
and with the aid of a thermocouple-recorder arrangement for monitoring the internal
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gas temperature inside of the flask. Cool flame ignitions were observed in the case
of four of the coal samples, and one of the petroleum samples. It will be noted
that the cool flame ignitions occurred at lower temperatures than that of the hot
flame ignitions. From the point of view of safety, it is desirable to be able to
determine a true minimum AIT. Since cool flames are precursors of hot flame igni-
tions, either type of ignition should be considered as a "positive" ignition. The
differences in the table range from 4 to 149C. If we pay attention to the lower
values in all cases (cool flame or hot flame), the AIT values for the alternate fuel
samples range from 241 to 247°C and these values are in the same range as that of
the petroleum fuel samples.

Conclusions - The tar sands, shale oil, and one of the coal samples had flash
points which were below that of the 60°C specification requirement. The remaining
fuels from coal had flash points which were higher than specification requirements
and also higher than those of the usual run of petroleum JP-5.

Flammability indices and flammability-temperature relationships of the alter-—
nate fuels were also measured, and found to differ somewhat from that of the petro-
leum fuels. Autoignition temperatures of the alternate fuels were similar to that
of petroleum derived fuels.

In general, the flammability properties fo the JP-5 from alternate sources were
not significantly different from that of JP-5 from petroleum. If the alternate
fuels were refined to more closely agree with the flash point requirement, the other
observed differences would probably be diminished.

ELECTROSTATIC PROPERTIES OF JP-5 JET FUELS FROM ALTERNATE SOURCES

Although neither electrical conductivity nor charging tendency are part of the
present specifications for turbine fuels, both properties are useful in predicting
whether an electrostatic ignition hazard exists in handling such products. There—
fore these properties were measured on the alternate fuels to determine if these
fuels posed a lesser or greater hazard than their petroleum-derived counterparts.

Determination of Electrostatic Properties - Electrical conductivity was deter-
mined by the ASTM method (14) and charging tendency with the EXXON Mini-Static Test-
er (15). The latter method measures the amount of electrical charge generated by
flowing a fuel sample through a paper filter. Since the two methods were used to
evaluate samples taken in a recent survey of jet fuels from ten commercial airports
and three military bases (16), the results of the present study can be directly re-
lated to actual field experience.

Results and Conclusions - The electrical conductivity and charging tendency of
the JP-5 samples derived from coal, tar sands and shale are summarized in Table IV.
Conductivity is expressed in terms of picosiemens/meter (pS/m) and charging tendency
as the density of charge in the fuel in microcoulombs/meter (UC/m3). The results
of the present study are compared with the data obtained for various turbine fuels
(Jet A, JP-4 and JP-5) in Figures 2 and 3. The data show that, with the exception
of the JP-5 from shale oil, the conductivity and charging tendency of the alternate
fuels are well within the ranges of the petroleum—derived Jet A samples but some-
what lower than the values obtained for the petroleum-derived JP-4 fuels. Since the
total number of JP-5 samples in the fuel conductivity survey was quite small (18
samples from only one Naval Air Station vs 338 samples of Jet A from ten airports),
it is better perhaps to restrict the comparison of the present data to the survey
data for Jet A.

The JP-5 derived from shale 0il was an exception. This fuel was an off-speci~
fication product containinga sediment which clogged the filter of the charging ten-
dency apparatus making it impossible to obtain a charge density measurement. After
this sample was filtered through a 0.45u Millipore filter, a charge density of 7035
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uC/m3 was obtained, a value somewhat above the maximum observed in the study on
petroleum derived jet fuels. However, in this case, the high charge density is of
no concern since the conductivity of the JP-5 fuel derived from shale oil was suffi-
ciently high (215 pS/m) that most of the charge generated in the filter decays in
less than one second and hence does not constitute a hazard. 1In view of the rather
low conductivities and charging tendencies exhibited by the other alternate fuels,
no greater electrostatic hazard is envisoned in the handling of these products than
their petroleum derived counterparts.

FLAMMABILITY AND IGNITION PROPERTIES OF SHIP PROPULSION FUELS DERIVED FROM COAL

The Navy has also been exploring the feasibility of burning fuel oil derived
from coal in ships' propulsion systems (17). One fuel for this purpose was prepared
from Illinois No. 6 coal by the COED process at FMC Corporation, Princeton, New
Jersey under a contract with the Office of Coal Research, Department of the
Interior (17). The crude COED product possessed a wide boiling range and, hence, a
low flash point, 14 C. Therefore this product wag distilled to remove the light
fractions (17) and raise the flash point above 60 C, the minimum acceptable for
ship propulsion fuel (18-20).

Results and Conclusions - The flammability and ignition properties of the proa-
cessed COED fuel (SP-4) are compared in Table V with the properties of three petro-
leum derived fuels. These latter fuels include the current Navy ship propulsion
fuel, Diesel Fuel Marine (DFM), and two obsolete types, Navy Distillate (ND) and
Navy Special Fuel 0il (NSFO). The flash point of the COED fuel is slightly lower
than that of the petroleum fuels and the flammability index is seen to be near the
average of the three petroleum fuels. The autoignition temperature was somewhat
higher than that of the three petroleum fuels.

A plot of flammability index vs reciprocal temperature for the processed COED
fuel along with similar plots for typical petroleum derived ship fuels are shown in
Figure 4. As in the case of the JP-5 data (Figure 1), the graphs are linear and
intersect the horizontal E = 100% line relatively close to the flash point temper-
ature,

The single sample of processed COED ship propulsion fuel (SP-4) which was in-
vestigated is not necessarily representative of synthetic fuel derived from coal.
However, the data on this sample indicate that coal derived fuels will be satisfac-
tory for ship propulsion use, at least from the viewpoint of flammability hazards.

SUMMARY AND CONCLUSIONS

The flammability, ignition, and electrostatic properties of JP-5 jet fuel from
alternate sources and a ship propulsion fuel derived from coal were investigated.
Flash points, flammability indices, autoignition temperatures, electrical conductiv-
ities and electrostatic charging tendencies were measured. In general, the prop-
erties of the alternate fuels were not significantly different from similar fuels
derived from petroleum. These differences could probably be diminished by altering
the production process and by observing care in meeting specification requirements.
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Table I - Flammability Index vs Temperature and Flash Point
for JP-5 From Alternate Sources
Flam. Index Flash Point (9C)
o ash Poin c
Source at ?;57 ¢ Slope? | Intercept? TE(°C)b
N - k
("m) (k) Tag® prccd
Tar sands 91.0 1554 5.48 54 55 57
Shale oil 87.8 1559 5.46 56 57 58
COED 5 86.0 1710 5.97 56 58 59
COED 3 31.5 - - - 76 77
COED 4 30.2 1828 5.97 76 76 78
COED 1 22.8 - - - 78 79
COED 2 21.9 1906 6.14 81 79 83
Petroleun 1 56.0 1994 6.84 62 61 62
Petroleum 2 62.0 1917 6.65 58 61 65
a - Log E = m/(T°C + 230) + k.
b - Tg(°C)= -m/k - 230.
¢ ~ ASTM D-56.
d - ASTM b-93

Table II - Effect of EGME* Icing Inhibitor Additive on Flash
Points of JP-5 From Alternate Sources

*
Flash Point (°C) * Flash Point Depression
Source YEGME (0.1%2C§GME)
0 0.10 0.15 0.30 0.50%

Tar Sands | 55 54 53 - 49 2
Shale 0il 57 - 54 53 - 3

COED 5 58 - 55 53 - 3

COED 3 76 73 71 -— 62 5

COED 4 76 72 71 - 64 5

COED 1 78 74 73 - 63 5

COED 2 79 76 74 - 65 5
Petroleum 2 61 58 57 - 52 4
n-Undecane | 66 63 62 - 56 4

EGME 41

*Ethylene glycol monomethyl ether

% Tag Closed Cup, ASTM D-56
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Table III - Autoignition Temperatures of JP-5 from Alternate Sources

Autoignition Temperature (°C)
SOURCE "
’ Hot Flame* Cool Flamex Difference
Shale oil 241 - -
Tar sands 248 - -
COED 4 248 - -
COED 1 252 248 4
COED 3 253 243 10
COED 5 253 249 4
COED 2 254 245 9
Petroleum 1 243 - -
Petroleum 2 254 240 14

*ASTM D-2155

% "Spike" in temperature-time trace and/or an observed cool flame.

Table IV - Electrostatic Properties of JP-5 Fuels from Alternate Sources

hargin

SOURCE Conductivity, Tgndeﬁcy?
ps/m uc/m3
Tar sands 0.271 170
COED 1 8.49 1274
COED 2 0.964 418
COED 3 0.371 575
COED 4 0.288 584
COED 5 4.55 2705
Shale oil, as received 246 (*)
Shale oil, filtered thru 0.45y millipore 215 7035

*Fuel contained a sediment which clogged the filter of the charging
tendency apparatus.

Ship Propulsion Fuels

Table V - Average Flammability and Ignition Properties of

Fuel Flash Point Flammability Autoignition
(°C)* Index* Tempgrature
(ESZ) * c)
Diesel Fuel, Marine(DFM) 79 36 240
Navy Distillate (ND) 79 41 238
Navy Special Fuel 0il} (NSFO) 85 30 259
Processed COED Fuel (SP-4) 73 35 266
*Pensky-Martens closed cup.
¥ %E ar 51.7°C
*
X¥Single sample.
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CHEMICAL CHARACTERIZATION OF SHALE OIL AND RELATED FUELS

by Peter W. Jones, Robert J. Jakobsen, Paul E. Strup,
and Anthony P. Graffeo

Battelle, Columbus Laboratories, Columbus, Ohio

INTRODUCTION

43201

In view of the recent activity directed towards the production of fuel oils as a
substitute for natural petroleum products, there has arisen a need for chemical

characterization of these materials.

Chemical characterization of new fuels is

important not only in order to provide an understanding of their chemical and
physical properties, but also to provide preliminary data from which their poten-
tial envirommental impact may be judged.

The results reported here represent a preliminary analytical survey of the organic
constituents of shale oil, synthoil, and Prudhoe Bay crude oil, as a prelude to the
comprehensive analytical intercomparison which will be reported subsequently.
analytical techniques employed in this study are liquid chromatography (LC), Fourier
transform infrared spectroscopy (FTIR), and gas chromatographic-mass spectrometry

(GC~-MS).
EPA publication

Streams", with regard to Level I analysis.

EXPERIMENTAL AND RESULTS

The

The apalytical procedures used are similar to those described in a recent
"Technical Manual for Analysis of Organic Materials in Process

Liquid chromatography was carried out using 25 x 250 mm columns packed with 80 g of

>200 mesh silica gel, which had been activated at 200 C for over 24 hours.

The

columns were pre-eluted with 200-ml methanol, 200-ml methylene chloride, and

finally 200-ml 60/80 petroleum ether.

Aproximately 2.0 g of shale oil, synthoi

1,

and Prudhoe Bay crude oil were separately dissolved in 25-ml 60/80 petroleum ether,

and any insoluble residue was removed by centrifuging.

Each oil was separately

eluted on a silica gel column, using the following elution profile:

200-ml1 20% methylene chloride in petroleum ether
200-ml 20% methylene chloride in petroleum ether
400-m1 20% methylene chloride in petroleum ether

400-ml 10% methanol in methylene chloride

Fraction Eluent
1 200-ml petroleum ether
2
3
4
5 400-ml1 methylene chloride
6
7 400-ml methanol

Following elution and reduction in volume of each of the fractions by Kuderna-

Danish evaporation, 1% of each fraction was used to determine the weight of material

in each fraction after complete evaporation of the solvent by this procedure.
the weight of material present in each fraction was calculated to be as follows:

Weight of Material (g) in Each LC Fraction

1 2 3 4
Shale 0il 0.50 0.37 0.12 0.06
Prudhoe Bay 0.81 0.43 0.11 0.04
Synthoil 0.13 0.46 0.21 0.04

Petroleum
Ether Origin
5 6 7 Insoluble Sampl
0.19 0.50 0.10 0.06 2.00
0.06 0.07 0.02 0.08 2,01
0.15 0.18 0.06 0.81 2,02
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Previous knowledge of the type of organic compounds which are typically observed in
the fractions of this LC separation scheme permits the following introductory obser-
vations.

(1) The hydrocarbon content of shale oil is somewhat similar to Prudhoe Bay Crude,
with slightly lower aliphatic content. There are substantially larger quanti-
ties of highly polar materials in shale oil.

(2) Synthoil contains far less aliphatic hydrocarbons than either shale oil or
Prudhoe Bay crude; its hydrocarbon content belng largely aromatic. It contains
less polar materials than shale oil, but more than Prudhoe Bay crude oil.

FTIR analysis of a thin film of material from each fraction was subsequently
carried out; the results are summarized below (shale oil = SH, synthoil = SY, and
Prudhoe Bay crude oil = PR).

Fraction 1

Fractions from all three oils contained saturated aliphatic hydrocarbons; shale oil
showed some evidence of olefins. The degree of branching of the hydrocarbon chains
is given by

CH3/CHy SH > PR > SY.
Fraction 2

Fractions from all three oils were largely saturated aliphatic hydrocarbons, with
some evidence for aromatic hydrocarbons. GC-MS analysis subsequently showed that
the aromatic compounds present were alkyl benzenes and alkyl naphthalenes in all
cases. Again shale o1l was shown to contain the most highly branched hydrocarbons,
as shown by the CH,/CHp ratio

CH3/CHp SH >> PR > SY,

Synthoil contains substantially more aromatic hydrocarbons than either shale oil or
Prudhoe Bay crude oil
Aromaticity SY >> SH = PR,

Fraction 3

Shale oil and Prudhoe Bay crude exhibited considerable saturated hydrocarbon chain,
with some aromatics. Synthoil showed evidence of large amounts of aromatic com-
pounds. Prudhoe Bay crude oil showed evidence of aldehydes or ketones, while shale
0il additionally showed small evidence of hydroxy compounds. The degree of hydro-
carbon chain branching and aromaticity are given by

CH3/CH, SH > PR >> SY
Aromaticity SY >>> PR > SH.

Fraction 3 was additionally subject to GC-MS analysis in all cases, and the distri-
bution of polynuclear aromatic hydrocarbons (PAH) in each o0il was established (see

later).
Fraction 4

All three oils showed evidence for hydroxy and carbonyl compounds, in addition to
strong indications of both aliphatic and aromatic hydrocarbons. Shale oil and
Prudhoe Bay crude both showed considerably less aromatic content than synthoil,
which in turn showed far less evidence of branched hydrocarbon chains. Shale oil
showed substantially more hydroxy and carbonyl compounds than the other oils.
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CH3/CH2
Aromaticity
OH

C=0

Fraction 5

PR > SH >> SY
SY >>> PR > SH
SH >> PR > 8Y
SH >> PR > SY

Shale 0il and Prudhoe Bay crude both contain considerable saturated aliphatic
hydrocarbons and some aromatic hydrocarbons; both contain traces of hydroxy com-

pounds and larger amounts of carbonyl compounds.

In addition to all of the fore-

going, synthoil contains considerable quantities of aromatic hydrocarbons, and

most probably amines and acid salts.
Aromatics
CH3/CHy
C=0
OH

Fraction 6

SY >>> PR > SH
SH = PR > SY

SH = PR >> SY
SY >> SH > PR.

All three oils showed evidence for saturated hydrocarbons, but only synthoil show-

ing significant aromaticity.

Phenols and carbonyl compounds were evident in each
0il but synthoil showed additional evidence for acid salts and sulfonates.

The

FTIR analysis of each fraction may be summarized as follows:

Aromaticity
CH3/CHy

OR

c=0

Fraction 7

SY >>> PR = SH
SY >> PR > SH
PR > SY > SH
SH >> PR >> §Y.

In addition to saturated aliphatic hydrocarbons in all oils, there was evidence for

phenols and carbonyl compounds in each fraction,

evidence of moderate sulfonate content,
shale oil.

CHB/CHZ
oH
C=0

Summary of FTIR Analyses

Synthoil additionally showed
while amine and amine salts were evident in

The analyses may be summarized

PR > SH > SY
SY > PR > SH
PR = SH > 8Y.

The FTIR analysis of each LC ffaction of shale oil, synthoil permits some general

observations to be made regarding these

ic side chains. Shale o0il contains the
with synthoil containing the least.

fuels,

greatest proportion of carbonyl compounds,

Each of the oils contains phenols, and to a

lesser extent amino compounds, in similar amounts to each other.

These general findings may be briefly summarized as follows:

Aromatic Content of Fraction

Fraction

[ WV VU N
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CH3/CH, Ratio by Fraction

Fraction

1 SH > PR > SY
SH >> PR > §Y
SH > PR >> SY
PR > SH >> S§Y
SH = PR > SY
SY >> PR > SY
PR > SH > SY

NV WL

OH or NH Content by Fraction
Fraction

S -— -
SH >> PR > SY
SY >> SH > PR
PR >SY > SH
SY > PR > SH

~NONV W

C=0 Content by Fraction
Fraction

SH = PR

SH >> PR > SY
SH = PR >> SY
SH >> PR >> SY
SH = PR > S§Y

~Novuv W

Polycyclic Aromatic Hydrocarbon (PAH)
Analysis by GC-MS

Fraction 3 1n all cases was shown to contain PAH compounds with molecular weight
distribution between 150 and 400. Quantitative measurements were made on a large
number of methyl isomers using the lon current integration technique , but due to
the unavaillability of sufficient standard reference materials the ionization effi-
ciencles of the methyl isomers were assumed to be equal to the parent PAH compound
in every case. Separation was achieved using a 6' 1 percent 0V-10l column, pro-
grammed from 100 to 340 C at 4~1 C min~l. Mass spectra were obtained using a
Finnigan 3200 quadrupole mass spectrometer with a chemical lonization source.

Data handling was accomplished with a Digital PDP8 mini-computer.

In absolute terms, synthoil was estimated to contain at least 10 times more PAH
than either shale oll or Prudhoe Bay crude oil, by measurement of the sgpecies
reported in Table 1.

PAH Content SY > PR = SH

The relative differences in the distribution of methyl isomers of several PAH
compounds are shown in Table 1. Shale oil exhibits a very distinctive pattern
among all of the PAH methyl isomers observed, in that the maximum abundance usually
occurs for the five or six methyl compound. Prudhoe Bay crude oil is somewhat
similar to shale oil, and generally exhibits a maximum abundance of the methyl
igomers at the four methyl compound on the average. Synthoill on the other hand
shows a much lower tendency to contain a high proportion of very highly methylated
species; the average most abundant methyl PAH in this fuel being the dimethyl
compound, or smaller. This methyl isomer distribution 1s undoubtedly useful in
fingerprinting different types of oil. However, the potential envirommental impact
of few methyl groups or many is not clear, While it 1s true that the addition of
one or two methyl groups to a PAH nucleus tends to make the resultant molecule more
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hazardous from a health standpoint, the addition of a large number of methyl groups
could potentially be desirable from the standpoint of a reduced health risk and
possibly increased biodegradability and photooxidation in the enviroment . (2)

REFERENCES

(1) '"Technical Manual for Analysis of Organic Materials in Process Streams", P. W.
Jones, A. P. Graffeo, R. Detrick, P. A. Clarke, and R. J. Jakobsen, EPA
Publication No. 600/2-76-072,

(2) Polynuclear Aromatic Hydrocarbons: Chemistry, Metabolism, and Carcinogenesis,
R. I. Freudenthal and P. W. Jones, Editors, Raven Press (New York) 1976.
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TARLE 1. RELATIVE DISTRIBUTION OF PAH METHYL ISOMERS IN SHALE OIL (SH),
SYNTHOIL (SY), AND PRUDHOE BAY CRUDE OIL (PR)
Methyl
Groups 0 1 2 3 4 5 6 7 8 9 10
< 8lsu 1.00 1.82 2.38 3.00 2.41 2.92 3.06 2.22 1.70 1.18 1.77
QO N
§ Elsy 1.00 1.11 2.21 2.04 1.71 1.04 0.56 0.29 0.13 0.04 0.02
[ e}
£ EPR  1.00 1.98 1.47 0.75 0.92 0.10 0.39 0.14 0.01 0.04 0.02
gs
)
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TABLE 1. (Continued)
Methyl
Groups 0 1 2 3 4 5 6 7 8 9 10
~
o Isu 1.00 4,60 - 6.44 6,67 6.69 -— 6.60 - 6.16 5.04
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@ +
S o[SY 1.00 2.51 3.89 3.46 2.77 1.06 0.49 - - - -
V]
S g
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FRACTIONATION OF SOLUBLE EXTRACTS OBTAINED FROM KEROGEN THERMAL
DEGRADATION WITH CO AND H20

Shuang-Ling Chong, J. J. Cummins, and W. E. Robinson

U.S. Energy Research and Development Administration
Laramie Energy Research Center, Laramie, Wyoming 82071

INTRODUCTION

Various technigques (1, 2, 3) ! have been developed for the conversion of
oil-shale kerogen to usable prthcts. Each technique of conversion produces a
different product with different characteristics. The thermal degradation of
oil-shale kerogen in the presence of carbon monoxide and water has been studied
at the Laramie Energy Research Center (4, 5). It was shown from this study
that more kerogen is converted to a benzene-methanol soluble extract at
temperatures below 500° C than is converted to oil by dry retorting. Because
this reaction appears to have some potential advantages (5) over other con-
version methods, it is desirable to investigate the soluble extracts obtained
from this reaction.

This study was conducted to determine the types of compounds present in
the soluble extracts that represent as much as 90 percent of the kerogen in
Green River oil shale. This was accomplished by separating the soluble ex-
tracts into acid, base, neutral nitrogen, n-alkane, branched plus cyclic,
aromatic, and cyclohexane-insoluble fractions by the established method. The
method was used to compare the amount of each fraction produced under various
reaction conditions where the temperature was varied from 300° to 450° C and
the time was varied from 0.25 to 6 hours at charged CO pressure of 1,000 psig.

Because most of the extracts showed very little solubility in n-pentane,
the previous separation method used for the natural bitumen in this laboratory
(6 - 8) was not applicable and another technique had to be used. The modified
method incorporated the uses of ion exchange resins first suggested by Munday
and Eaves (3) and some of the techniques developed by Jewell (10) to remove the
acid, base, and neutral nitrogen fractions. The hydrocarbon fractions were
separated into n-alkane, branched plus cyclic alkane, and aromatic fractions by
using molecular sieves as described by 0'Connor and others (ll) and silica~gel

chromatography.

The soluble extracts obtained from each of the time-temperature tests were
fractionated by the separation techniques. Because of the similarity of the
data, only a limited number of these separations will be discussed in this
report. For evaluation and comparison of the soluble extracts obtained by
thermal degradation of kerogen in the presence of CO0 and H,0 with other oil-
shale degradation products, three shale oils (1, 2, 3) obtained by different
conversion methods were fractionated by the same separation technique. The
component distribution of the soluble extracts will be discussed relative to the

shale oils.

T “Underlined numbers in parentheses refer to items in the list of references at
the end of this report




It was found that below 375° C the fraction amounts of the soluble extracts
were significantly different from those obtained from the three shale oils and
that the temperature or the time of reaction had little effect upon the amount
of each fraction. At 400° and 450° C, the fraction amounts of the soluble
extracts changed with increase in temperature and at 450° C the soluble extracts
resembled to some degree the shale oils.

EXPERIMENTAL
Materials

IRA-90h4 anion resin?, A-15 cation resin (Rohm and Haas Company) and ferric
chloride supported on clay were prepared and extracted similar to the procedures
described by Jewell (10).

Silica gel (grade 12, 28-200 mesh, Davison Chemical Co.) was activated at
200° C for 24 hours and 5A molecular sieve {(Matheson, Coleman, and Bell) was
activated at 250° C for 24 hours.

N-pentane (99 percent, Phillips Petroleum) and 1,2 dichloroethane (reagent
grade, Eastman Chemical Co.) were purified by flash distillation and by perco-
lation through activated silica gel. Benzene, chloroform, methanol (reagent
grade, J. T. Baker), and cyclohexane (99.5 percent, Phillips Petroleum) were
flash distilled. The isopropylamine (reagent grade, J. T. Baker) and acetic
acid (reagent grade, Eastman Chemical Co.) were used as received. lsooctane
(99 percent, Phillips Petroleum) was purified by percolation through an ac-
tivated 5A molecular sieve. :

Samples of Soluble Extracts

The soluble extracts were obtained from the thermal conversion of Green
River oil-shale kerogen in the presence of carbon monoxide and water as described
by Cummins, et al. (4). The oil-shale samples were heated at temperatures from
300° to 450° C for 0,25 to 6 hours at charged CO pressure of 1,000 psig. The
soluble extracts were obtained by treating the products of the CO-HZO reaction
in benzene and methanol.

Fractionation Procedure

The fractionation scheme is shown in detail in figure | and is essentially
the same as the one used by D. M. Jewell, et al. (10). Since the soluble extracts
obtained from CO0-H,0 reaction with kerogen were geﬁz}ally polar, it was necessary
to use cyclohexane“rather than n-pentane as a solvent and to use a circulating
system for all acid and base fractions to be removed from the extracts by IRA-
904 anion resin and A-15 cation resin. The solution containing the acid and
base components to be removed was circulated continuously over the resin bed
for 24 hours by a pumping system. Excellent recoveries of acid and base frac-
tions from the resins were obtained. Ferric chloride-Attapulgus clay was used
to separate the acid and base-free fraction into hydrocarbon and neutral nitrogen
fractions. The hydrocarbon fraction was then separated into n-alkane, branched

plus cyclic alkane, and aromatic fractions by using silica-gel chromatography and
molecular sieves.

Z7 Reference to specific trade names or manufacturers does not imply endorsement
by the Energy Research and Development Administration.
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All fractions obtained were freed of solvent and then dried under reduced
pressure at 60° C and weighed. By using the various fractionation techniques
the average recovery of the soluble extract amounted to more than 90 percent.
All data shown was normalized to 100 percent.

Cyclohexane-insoluble fraction

Approximately 2 g of the benzene-methanol soluble extract was heated and
stirred with 200 ml of cyclohexane at 80° C for | hour. After cooling to room
temperature, the mixture was filtered. The cyclohexane-insoluble fraction was
washed with fresh cyclohexane until the solvent became clear.

Acid fraction

The cyclohexane-soluble fraction was redissolved in cyclohexane and slowly
pumped through the anion resin for 24 hours. A ratio of 7 parts of resin to |
part of sample was used. The acid-free fraction was transferred to a flask and
the resin was washed with fresh cyclohexane.

The total acid fraction was recovered from the resin by 2 percent of
acetic acid in benzene with Soxhlet extraction for 24 hours.

Base fraction

The technique and the amount of resin used to remove the base fraction
from the acid-free fraction were the same as for the removal of the acid
fraction. The base fraction was recovered from A-15 cation resin by 8 percent

isopropylamine in benzene and methanol with Soxhlet extraction for 24 hours.

Neutral nitrogen and hydrocarbon fractions

Five parts of IRA-904 anion resin to 1 part sample were packed into a
column and 7 parts of ferric chloride-Attapulgus clay mixture to 1 part sample
were packed on the top of the resin with a glass wool plug in between the two
materials. The acid- and base-free fraction was dissolved in pentane and then
percolated slowly downward through the column. The hydrocarbon fraction was
obtained by pentane elution and the neutral nitrogen fraction was desorbed from
the column by elution with 1,2 dichlioroethane.

Alkane and aromatic fractions

Two hundred g of activated silica gel to 1 g of hydrocarbon fraction were
packed into a column and the hydrocarbon fraction dissolved in pentane was
charged to the column. The alkane fraction was obtained by elution with pentane.
Chloroform was used to deactivate the column and the aromatic fraction was
removed by elution with methanol.

Branched plus cyclic alkane and n-alkane fractions

The alkane fraction obtained from the silica-gel column was dissolved in
isooctane (100 ml for 0.2 g of sample) and 20 parts of 5A molecular sieves to 1
part sample were added to the solution. The solution was refluxed for 24 hours
then filtered. The branched plus cyclic alkane fraction was obtained by drying
the filtrate of this solution.
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The molecular sieves were extracted with benzene and methanol for 24 hours
in order to remove any traces of polar materials. The n-alkane fraction was
recovered from the molecular sieves by decomposing the sieves with HF in ben-
zene. Gas chromatograms of the n-alkane fractions of the selected samples were
obtained.

Gas Chromatography

All gas chromatographic results were obtained on a Hewlett-Packard Model
700 gas chromatograph equipped with a thermoconductivity detector using a 50 ft
SE-30 SCOT column programmed from 100° to 275° C at 5°/min with a helium flow
of § cc/min.

RESULTS AND DISCUSSION
The weight percents of kerogen converted and the elemental analyses of the
soluble extracts for | hour reaction time at various temperatures are shown in

table 1. From these data it appears that the soluble extracts prepared at

TABLE 1. - Weight percent of kerogen converted and elemental analyses
of the soluble extracts

Time, Kerogen converted, Weight-percent of total H/C
Temp., °C___hrs weight-percent C H N S 0 ratio
300 | 26.2 83.4 10.8 1.3 0.7 3.8 1.6
325 i 29.9 82.6 11.0 1.3 0.9 4.2 1.6
350 1 31.3 81.1 10.9 1.2 a.5 6.3 1.6
375 1 46.8 83.6 11.3 1.5 0.5 3.1 1.6
400 1 76.9 82.1 1.1 1.7 0.3 4.8 1.6
425 1 93.9 83.3 1.5 1.4 0.4 3.4 1.7
450 1 97.9 83.4 10.5 2.7 0.5 2.9 1.5

T 0Oxygen was determined by difference.

different temperatures do not differ significantly in elemental contents. The
weight percent of kerogen converted varied from 26.2 to 97.9 as temperatures
increased from 300° to 450° C.

Effect of temperature

Seven soluble extracts obtained at 300°, 325°, 350°, 375°, 400°, 425°, and
450° C for 1 hour reaction time were fractionated to determine the effect of
reaction temperature upon the composition of each extract. These results are
shown in figure 2. Below 375° C the compositions of each extract remain fairly
constant. Apparently the acid and the base fractions are fairly stable at this
temperature range and do not undergo drastic changes. The polar materials
which are the sum of acid, base, and neutral nitrogen fractions represent about
65 percent of the soluble extract. Above 375° C, the relative amounts of acid
fractions decrease rapidly whereas the relative amounts of base and hydrocarbon
fractions increase. This suggests that the acid fractions consist of bifunctiona
groups that presumably decarboxylate to give additional bases and hydrocarbons at
higher temperatures. The concentrations of neutral nitrogen fractions remain
about | to 2 percent and apparently are not affected by temperature.
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Figure 3 shows the distribution of the n-alkane, the branched plus cyclic
alkane, and the aromatic fractions. The increase in concentration in each frac-
tion shows that more thermal degradation of the higher-molecular-weight kerogen
to the lower-molecular-weight hydrocarbons occurs at high temperatures. The
relative distribution of the various hydrocarbon components remains fairly
constant showing that they are formed at approximately the same rate.

Effect of reaction time

The relationship of fraction amounts of the soluble extracts to reaction
time at 300° C is shown in figure 4. 1t is obvious that the component distri-
bution does not change appreciably with time of heating at 300° C and the amount
of each fraction is independent of the time of heating.

The fraction amounts of the soluble extracts prepared at 450° C shown in
figure 5 are almost time independent. This figure is broken into two sections
for clarity. There is a slight decrease of cyclohexane-insoluble fractions and
a slight increase of hydrocarbon fractions. This is probably due to the fact
that as the reaction time increases at 450° C, the cyclohexane-insoluble frac-
tions, presumably with high-molecular-weight, start to degrade to hydrocarbons.
These changes are not drastic. It can be observed that the relative amounts of
the fractions of the soluble extracts are not affected significantly by reaction
time at 450° C.

Comparison with shale oils

Because there is some indication that the C0-H,0 reaction with oil shale
may have some advantages as a process reaction over other methods of thermal
degradation, it is desirable to compare the soluble.extracts obtained by the C0-
HZO reaction with shale oils. This comparison is shown in table 2. The soluble

TABLE 2. - Comparison between the soluble extracts from CO-H,0
reaction and shale oils -

Weight-percent of total
Sample Neutral Cyclohexane-
nitrogen insoluble
Acid fractions Base fractions fractions Hydrocarbons fractions

Soluble extract

at 300° ¢! 5h. 4 12.6 1.4 18.8 12.8
Soluble extract

at 375° ¢! 50.3 12.6 1.5 17.7 17.9
Soluble extract

at 450° ¢! 24,5 23.2 1.3 38.4 . 12.6
In situ shale

0il (Rock

Springs) 16.9 4.4 0.7 58.4 . 9.6
Gas combustion

shale oil 19.9 26.3 2.1 L4y 6 7.1
150-ton retort

shale oil 13.5 20.5 -2.1 55.7 8.2

T""At 1 hr reaction time.
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extracts from the 300° to 375° C tests were very polar and contained only about
20 percent hydrocarbons. As the temperature increased above 375° C, more hydro-
carbons were produced, presumably because of more thermal cracking. At 450° C
the hydrocarbon fractions represented 38.4 percent of the total extract which
approximated the amount of hydrocarbons in the three shale oils chosen for this
comparison. In general, the three shale oils (in situ shale oil from Site 4,
Rock Springs; gas combustion shale oil, and 150-ton retort shale oil) are less
polar and contain more hydrocarbons than the soluble extracts from the 300° to
375° C, CO-H O reaction of kerogen. This suggests that the latter products
have been su%jected to less thermal cracking and less destructive degradation.
The soluble extract obtained at 450° C contains higher percentage of hydrocar-
bon fractions somewhat similar to the gas combustion shale oil and should be a
suitable feedstock for further hydrocracking techniques.

Distribution of n-alkane fractions of the extracts and natural bitumen

The carbon-number distribution of the n-alkanes is a good indicator of the
thermal history of the organic material in Green River oil shale. The natural
bitumen and low~temperature thermal degradation products show odd-even predom-
inance (0EP) (12) of the carbon numbers in the Cz to C j range. Extensive
thermal degradgg}on causes a rearrangement of caréon nu%bers with a drastic
decrease in the odd-even predominance for the n-alkanes.

Figure 6 shows the n-alkane distribution of the soluble extracts obtained
at 300°, 350°, 400°, and 450° C for 1 hour reaction time and the n-alkane
distribution of the benzene-soluble bitumen from a Mahogany zone oil-shale
sample (13). The change in distribution from 300° to 450° C indicates that
temperature has a strong effect on the carbon-number distribution of n-alkanes.
At 300° C the n-alkane distribution appears to be more like that of natural
bitumen where the OEP of the carbon number reaches four in the C to C
area. The n-alkane distribution obtained at 300° C may be partly accougled for
by the presence of the natural bitumen in the raw oil-shale samples used for
the tests. At 450° C the distribution of n-alkanes becomes more envelope
shaped which is the typical distribution for thermally degraded products. The
OEP is about one indicating that there is little or no odd-even predominance.
This shows that the soluble extracts prepared at 300° and 350° ¢ for | hour
have not been subjected to drastic thermal alteration and should be suitable
products for constitutional study. Undoubtedly they contain many of the basic
structures present in the original kerogen.

CONCLUSION

High recoveries of the various fractions show that this modified separation
method works well with the high-molecular-weight and polar extracts from the
CO0-H,0 reaction of kerogen. The n-alkane distribution of the soluble extracts
prepared below 350° C shows that the soluble extracts have not been subjected
to drastic thermal degradation and will be suitable samples for compositional
study. As temperature increases above 375° C, the relative amounts of acid
fractions decrease but the base and hydrocarbon fractions increase. This
indicates that the increases in the amounts of base and hydrocarbon fractions
result from decomposition of the acid-fraction above 375° C. The reaction time
has no effect on the relative amount of each fraction at constant temperature
from 300° to 450° ¢ for 0.25 to 6 hrs, with the exception of hydrocarbons at
the highest temperatures where a minor increase in amount is noted.
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Increase in temperature of the CO0~H,0 reaction from 300° to 450° C results
in a change of the relative amount of each fraction. As temperature of the CO-
H,0 reaction is increased to 450° C, the soluble extract obtained becomes more
17ke a shale oil and should be a suitable feedstock for further hydrocracking
techniques,
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PYROLYSIS OF UTAH TAR SANDS--PRODUCTS AND KINETICS
R. V. Barbour, S. M. Dorrence, T. L. Vollmer, and J. D. Harris

Laramie Energy Research Center
Energy Research and Development Administration
P. 0. Box 3395, University Station
Laramie, Wyo. 82070

INTRODUCTION

Bi tumen-impregnated sandstone, or tar sand, represents an enormous world
hydrocarbon source, estimated at over one trillion barrels of oil in place.
Although the vast majority of this resource is found in the deposits of western
Canada and eastern Venezuela, sizeable portions, currently estimated at 30 billion
barrels, reside in the continental U.S.; most of this is located in the state of
Utah. A small percentage of this world resource is recoverable by known or
projected surface mining methods. The bulk can be recovered only by the develop-
ment of effective and economical in situ recovery methods which allow the recovery
of oil values from in-place deposits without the need of extensive mining opera-
tions.

Many methods have been proposed for the in situ recovery of unaltered and/or
modified bitumen from tar sand deposits (1). Of these, in situ thermal methods
possess many attractive features over other proposed in situ recovery methods. In
general, thermal recovery refers to the process of in-place heating of the tar
sand, usually through combustion of a portion of the tar sand bitumen, allowing
recovery of bitumen as a now-mobile tar or as a cracked bitumen product. It is
this process of in-place thermal cracking that is of particular interest to us and
which prompted this study of the pyrolytic behavior of tar sands as a part of the
Laramie Energy Research Center's overall effort in the development of in situ tar
sand recovery technology.

Studies of the thermal cracking of petroleum materials have been extensive
(2); however, studies directed at the thermal cracking of tar sand bitumen have
been only sparsely reported (3). Most of these latter studies investigated the
cracking properties of bitumen after it had been separated from the accompanying
sand. Conclusions drawn from pyrolysis studies of separated bitumen may not be
valid when applied to pyrolysis of bitumen that remains in contact with mineral
material as in the natural state. Rather, one would expect to find differences in
the product yields and observed kinetics from pyrolysis of neat bitumen vs pyroly-
sis of bitumen-sand because of such system differences as thermal conductivity,
product escape paths, surface area to bulk volume ratios, and mineral catalysis.

This paper reports a laboratory study of the thermal cracking behavior of
four Utah tar sands and a Canadian tar sand in which no prior separation of
bitumen from the mineral material has taken place. This thermal cracking behavior
has been investigated in terms of the products formed, i.e., liquid products,
gaseous products, and char. The kinetics of the overall pyrolysis reaction has
been suggested. )

EXPERIMENTAL

Tar_Sand Samples

Representative samples of the parent tar sand material listed below were
frozen in liquid nitrogen and crushed to pass a li-mesh (U.S. series No. 16)
screen, This sized material was used in all pyrolysis experiments.
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Northwest Asphalt Ridge tar sand from a core of the 295- to 305-ft zone at
NW1/4 NE1/4 SE1/4 sec. 23, T. 4 S., R. 20 E., Uintah Co., Utah;

P.R. Spring tar sand outcrop material from NE sec. 32, T. 15-1/2 S., R. 23
E., Uintah Co., Utah;

Tar Sand Triangle tar sand from a core of the 1180- tc 1200-ft zone at SWi/4
SE1/4, sec. 22, T. 30 S., R. 16 E., Wayne Co., Utah;

Sunnyside tar sand from a core of the 421- to 458-ft zone at NE1/4 SW1/4,
sec..31, T. 13 S., R. 15 E., Carbon Co., Utah;

Athabasca tar sand from a pit-run sample supplied by the Great Canadian 0il
Sands Co., Alberta, Canada.

Pyrolysis Experiments

Product Collection Experiments. - Pyrolysis experiments were performed using
a horizontal tube furnace, equipped with an electronic temperature controller, to
heat a 250-mm section of pyrex pyrolysis tube (20-mm i.d.) containing charges of
140 to 170 g of tar sand. Heat-up rates were such that the desired temperatures
(500, 750, and 1000°F) were reached within 15 min. All experiments were conducted
under a nitrogen atmosphere flowing at 0.5 1/min (uncorr.) corresponding to a flux

rate of 230 scf/ftz/hr. The nitrogen was preheated to approximate final furnace
temperature. Major liquid products were collected in two receivers; the first was
an air condenser, the second was an ice-cooled trap. In all runs the majority of
products were collected at the air condenser; only trace amounts of very light
products were collected in the ice trap. All oil products were combined, sealed,
and stored under nitrogen at 5°F for later analysis. Gas samples were collected
in 100-ml gas sampling bottles downstream of the ‘ice trap.

Product Analysis. - 0il products were analyzed for elemental composition,
specific gravity E;OFF/60°F). and Ramsbottom carbon residue. O0il products were
analyzed for saturates, aromatics, polar aromatics, and asphalitenes (SAPA analy-
sis). This involves deasphaltening with n-pentane and chromatography of the
resulting maltenes on a water-jacketed column containing 200 g of grade 62 silica
gel (Grace) made up in n-pentane (loading ratio 100:1); successive elution with n-
pentane, benzene, anrd benzene/methanol (9:1) separated the maltenes into saturate,
aromatic, and polar aromatic fractions, respectively. Simulated distillation
analyses of the oil products were obtained by the internal standard method of
Poulson, et al. (4). Gas analyses were obtained ucing a CEC-21-620 mass spec-
trometer.

Kinetic Experiments

Kinetic data were obtained using the same tube furnace with its preheated,

inert sweep-gas arrangement (flow rate 0.2 1/min, uncorr, flux rate 92 scf/ftz/hr);
however, the pyrolysis tube was modified to allow the ready insertion and removal
of small ceramic combustion boats containing the tar sand samples. Prior to a
run, the furnace temperature was adjusted to the desired temperature, using a
thermocouple contained within a boat filled with 6.5 g of clean sand. Once
thermally established, the furnace showed a maximum drift of + 2°F over a 3-hr
period. Runs were performed by inserting into the hot zone of the pyrolysis tube
an accurately weighed sample of approximately 6.5 g of tar sand contained in a
ceramic boat. The boat was placed in the hot zone for the desired time period,
drawn to the cold end of the tube, and cooled for 2 min under a nitrogen atmos-
phere. The boat was then removed, rapidly cooled in powdered dry ice, and stored
in a dessicator. Upon returning to ambient temperature, the boat was weighed to
record the total volatile loss and placed in a glass extraction thimble containing
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a fine fritted disc overlaid with a glass-fiber pad. The thimble was weighed and
extracted exhaustively with hot benzene/ethanol, 3/1, in a modified Soxhlet
extractor (5). After extraction, the thimble and boat were dried in vacuo at
175°F and reweighed; the difference in initial and final weights was taken as the
weight of extractable bitumen remaining on the tar sand.

RESULTS AND DISCUSSION

Pyrolysis Products

Although the chemical processes occurring in tar sands bitumen at elevated
temperatures are most likely numerous and complex, the overall conversion can be
viewed simply as given in Equation 1:

kB
Bitumen -—— 0il + Gas + Coke 1)

that is, that bftumen upon heating is converted into three products; oil, gas, and
coke. To be useful, this view requires a definition of terms. Bitumen is the
total native organic portion of tar sand that is soluble in boiling benzene/ethanol;
o0il is the sum of all liquid products, condensable at 0°C, that volatilizes from
the heated tar sand material; gas is the total volatile product, not condensable

at 0°C, that is evolved from the heated. tar sand; and coke is the benzene/ethanol-
insoluble, nonvolatile carbonaceous material remaining on the sand after bitumen
decomposition. Implicit in this definition is the realization that native bi tumen
may contain material defined as oil and gas before pyrolysis.

Pyrolysis experiments were performed on the four Utah and one Canadian tar
sands at 500, 750, and 1000°F under a flowing, inert atmosphere. Analyses of
starting bitumens, oii recovery, and routine product inspections of the pyrolysis
oils are given in Table 1. Several general trends are apparent in these data.
0il recovery increased with increasing temperature, although the majority of this
increase occurred as the temperature was increased through the lower pyrolysis
temperatures, i.e., 500 to 750°F. At temperatures from 750 to 1000°F, oil reco-
veries increased only moderately with the increased temperature. O0il recoveries
represent actual oil product collected and do not account for the possible loss of
oil due to mist formation. Coke-forming character of the bitumens generally
followed their Ramsbottom carbon residue values except for the P.R. Spring sample
which showed a very low coking value. Coke values at 500°F are not reported, as
the pyrolysis was very incomplete at this temperature leaving large quantities of
extractable bitumen ard essentially no coke. Elemental analyses of the produced
oils indicated that pyrolysis caused little change in the C/H ratio while affecting
a reduction in nitrogen and sulfur content. As compared to the parent bitumen,
specific gravities of the produced oils decreased throughout the pyrolysis tempera-
ture range while Ramsbottom carbon residue values dropped on all produced oils.
Pour points of the produced oils were low for the 500°F pyrolysis and increased
for the 750 and 1000°F oils. Pour points for the Asphalt Ridge 750 and 1000°F
pyrolysis oils were unusually high, perhaps reflecting the presence of heavy
hydrocarbons in these oils as further evidenced by their waxy appearance.

The produced oils and the starting bitumens were analyzed by silica gel
chromatography to determine their major compositional fractions. They were deas-
phaltened with n-pentane and the resulting maltenes chromatographed on silica gel
to give saturates, aromatics, and polar aromatics fractions. The results of this
chromatographic analysis (SAPA) are given in Table 2. All produced oils contained
a substantially higher saturates content than the parent bitumen and essentially
no asphaltenes. As the pyrolysis temperature is increased there is a clear shift
in the SAPA fractions toward the more polar constituents. At lower temperatures,
the polar constituents, both native and cracked products, probably lack sufficient
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volatility to escape the bitumen, and remain behind to be further cracked until
they are sufficiently volatile to escape. As the pyrolysis temperature is in-
creased, these polar materials are capable of vaporizing from the bitumen in a
molecular state retaining their polar character.

Simulated distillation analysis of the tar sand bitumens and of the produced
pyrolysis oils from these bitumens is given in Table 3. The data are reported as
the weight percent of the sample distilling within 100° ranges from 300° to 1000°F.
Material distilling above 1000°F is classified as residuum. Because the sample
oils were analyzed in benzene solution, this analysis did not allow accurate
determination of materials distilling between 0° and 300°F; however, qualitative
inspection of the corresponding GC traces indicated that the quantity of material
distilling in this range is small, estimated tc be 0 to 2 wt percent.

Although minor differences may be observed among the distilling range charac-
teristics of the various produced oils reported in Table 3, more significant are
the similarities. AIll tar sands, regardless of pyrolysis temperature, produced
only small amounts, usually 10 percent or less of oil boiling under 500°F. However,
the distillation curves for all produced oils showed the same trend toward higher
proportions of the product distilling at higher temperatures as the pyrolysis
temperature increased. An important observation can be made considering the
distillation data and the oil recovery data (Table 3 and Tabie 1}). At a pyrolysis
temperature of 750°F, oil recovery is high, approaching that attainable at 1000°F,
while the distillation character of the 750°F product oil indicates this material
is considerably lighter than that produced at 1000°F. That is, a lower boiling
product oil can be generated at the lower pyrolysis temperature with a moderate
reduction in oil recovery or increase in coke formation.

Results of the analyses of the gases produced during the pyrolysis are given
in Table 4. .Although it was not possible in these experiments to obtain an accurate
material balance on the gases produced, due to misting of the oil, incomplete
bitumen conversion, ard dilution with inert gas, the reported values represent the
composition of the gas {nitrogen-free) averaged over the entire pyrolysis. The
produced gas was predominantly composed of hydrogen and methane, with CZ and Ch

hydrocarbons being next most abundant. Also produced were small quantities of
other gases such as carbon dioxide, carbon monoxide, carbonyl sulfide, and hydro-
carbons above CS. Production of hydrogen sulfide was high for Athabasca tar

sands, which contains high-sulfur bitumen, but low for Tar Sand Triangle tar
sands, which also contains high-sulfur bitumen. This difference suggests that the
sulfur in these tar sands. is incorporated into chemically different species,
thereby significantly affecting the production of hydrogen sulfide from the two
bitumens.

Pyrolysis Kinetics

The overall reaction depicted in Equation 1 defines the pyrolysis process as
one involving the conversion of bitumen (reactants) to oil, gas, and coke (products)
by the application of heat to a tar sand. Many chemical and physical processes
contribute to this conversion and to the observed loss of bitumen, each process
being governed by its own concentration and rate dependencies. The overall rate
constant, kB’ describing this process is therefore a net rate constant, being the
summation of all contributing processes. Although the pyrolysis is complex, two
basic steps encompass the. net conversion: 1) cracking of low-volatility organics
to yield products of higher volatility and coke and 2) vaporization of the native
and produced oils allowing their escape from the bitumen-sand matrix. It is not
possible from the present study to separate these steps to study their kinetics
independently thereby obtaining true rate data in the fundamental sense. Rather
our approach has been to study the rate of loss of bitumen in a process sense
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where the determined rate data reflect not only cracking and product volatilization
rates, but.also other contributing experimental variables such as bitumen film
thickness, sample porosity, inert atmosphere sweep rates, and others.

Analysis of our data to. determine reaction order indicated that the best
straight-line fit was obtained by application of a first-order treatment to the
loss of bitumen as a function of time. The first-order rate equation expressing
this relation is given in Equation 2 (6, 7):

ky = ‘? In fag/(ag-x)] 2)

where: t = reaction time
ag = initial quantity of bitumen

x = quantity of bitumen disappearing in time (t)

Figure )1 is the plot of data obtained for the pyrolysis of the Asphalt Ridge
tar sand at four temperatures plotting time (t) vs In [ao/(ao-x)]. These plots

show that temperatures of 800, 900, and 1000°F produce good straight tines after
the initial heat-up period, whereas the 700°F run resulted in a nonlinear plot
throughout the entire time span. Analysis of the data for pyrolysis of the other
tar sand samples gave plots of very similar character to Figure 1 with only minor
differences in line positjon at the specific pyrolysis temperatures.

Rate constants, kB’ for each of these pyrolyses were determined from the
slope of plots of Equation 2, using the best fitting linear regression line.
Statistical coefficients of determination for these regression lines were 0.96-
0.99 for the 800, 900, and 1000°F runs, indicating a good to excellent straight
tine fit, while that for the 700°F runs were 0.90 to 0.92, indicating nonlinearity
and/or significant curvature in the data points.

The rate constants calculated for the five tar sands are given in Table 5.
The pyrolysis rates increased by a factor of about 200 as pyrolysis temperatures

increased from 700° to 1000°F. Bitumen half-life values, t)/gs Were calculated
from the observed rate constants and are given in Table 5. These t values

ranged from 5800 to 8500 sec at 700°F to 37 tc 63 sec at 1000°F.
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An Arrhenius (6) plot (1/T vs In kB) for the P. R. Spring tar sand pyrolysis

is shown in Figure 2. Similar plots for the other four sets of rate constants
allowed the calculation of apparent Arrhenius activation energies, given in Table
5, for the pyrolysis of each tar sand. Straight line correlations were obtained
for each Arrhenius plot, with coefficients of determination of 0.94 to 0.99. The
apparent Arrhenius activation erergies for the pyrolysis of the five tar sands
were nearly equal, which suggests that the pyrolysis steps contributing to the
rate-determining process are similar in ezch case; and although the rate constants
at a given temperature vary from tar sand to tar sand, the effect of an increase
in temperature on the reaction rate is the same in each.

SUMMARY

The general pyrolytic behavior of the Utah tar sands is remarkably similar
deposit to deposit and follows the trends in pyrolysis characteristics of the
Athabasca tar sands. Common to all tar sands investigated is the production by
pyrolysis of an upgraded oil, relative to the native bitumen, in terms of elemental
composition, SAPA composition, distillate content, carbon residue, ard specific
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gravity. The rate constants for bitumen pyrolysis, measured as the rate of loss
of extractable bitumen, were found to be first order in bitumen and to range from

~4 _ - -
1 x |9 sec ! at 700°F to 200 x 10 h sec ! at 1000°F. Each tar sand pyrolysis
exhibited an apparent Arrhenius activation energy in the range of 33 to 35 kcal,
suggesting a similarity between the tar sands in their principle pyrolysis pro-
cesses.
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TABLE 2. - SAPA analysis of tar sand bitumens and pyrolysis oils

Pyrolysis Polar
temp, Saturates, Aromatics, aromatics,
°F wt, % wt. % wt. %

Bitumen 48 18 27 6
500 90 6 4 0
750 84 N 6 0

1000 77 13 9 1

Bitumen 29 25 35 ]
500 82 8 10 0
750 74 16 12 0

1000 65 18 13 1

Bitumen 42 22 10 6
500 87 10 3 0
750 91 7 2 0
1000 70 25 5 0

Bitumen 4o 15 25 0
500 83 7 10 0
750 73 16 n 0

1000 65 22 13 1

Bitumen 43 25 14 17
500 95 3 2 0
750 91 L 2 0
1000 84 10 6 0
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TABLE 4. - Gas analysis

P)t';ﬁ;yﬁs Composition, wt. %, nifrcmen-freei/ v
Tar sand . °F ’ Hz CH;, ¢, C3 Cy Ci H,S Other
Asphalt . 500 36 15 8 2 1 0 ] 28
Ridge 750 25 25 9 6 18 3 7 7
1000 30 2] 8 6 12 6 6 11
P.R. Spring 500 25 13 13 4 2 0 27 16
750 27 24 9 6 14 6 2 12
1000 28 30 8 L} [ 4 1 19
Tar Sand 500 5 38 24 7 0 0 0 26
Triangle 750 )] 23 14 10 21 10 9 2
1000 26 L7 12 3 5 1 3 3
Sunnys ide 500 30 23 21 0 0 0 0 26
750 36 25 13 6 16 t 1 2
1000 56 31 U 1 L} 1 0 3
Athabasca 500 19 8 b 1 1 o 14 43
750 10 22 12 9 i3 8 21 5
1000 19 36 11 8 7 4 12 3
al

Nitréggﬂ_avgl;aged 90 to 99% of total gas
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TABLE 5. - Rate constants and apparent Arrhenius activation energies

for tar sand pyrolysis

Pyrolysis
Apparent .
temp., - Arrhenius
Tar sand °F kB x 107, sec t1/2’ sec keal constant
Asphalt 700 0.81 8500
Ridge 800 4.5 1500
900 89 78 33 16-5
1.000 110 63
P.R. Spring 700 1.1 6300
800 6.7 1000
900 6h 10 33 16.5
1000 180 38
Tar Sand 700 1.2 5800
Triangle 800 7.2 960
900 52 130 33 16.5
1000 150 L6
Sunnyside 700 0.88 7800
800 5.1 1400
900 99 70 35 17.9
1000 160 43
Athabasca 700 1.1 6300
800 7.1 970
900 59 120 33 16.4
1000 190 37
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BY ELECTRON IMPACT AND CHEMICAL IONIZATION FROM A COMBINED GAS CHROMATOGRAPH-
MASS SPECTROMETER SYSTEM
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Tos Angeles, California 90007

J. B, Knight

Finnigan Corporation
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R, E. Poulson
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INTRODUCTION

Research on the development of in-situ o0il shale processes has recently accel-
erated into a nation-wide program, This technique of in-place underground retorting
of 011 shale deposits virtually eliminates the envirormental problems posed by the
conventional mining of o0il shale and the disposal of resulting spent materials, How-
ever, the in-situ process also presents a serious disposal problem, namely the co-
production of vast amounts of process water along with the oil shale,

The composition and properties of the retort water produced usually depends
upon the technique and operating conditions employed in the retorting process as well
as the location and nature of the o0il shale, Generally, the retort water is loaded
with considerable quantities of soluble organic and inorganic materials, The pre-
sence of carboxylic acids (from acetic to caprylic acid) has been noted earlier by
Cook (1) in TOSCO oll shale retort water; but, the presence of phenols in retort water
from the Green River 011 Shales has been doubted for several years (2), In addition
to these acidic organic compounds, substituted benzenes and nitrogen bases are present
since these too, exist abundantly in shale oils (3,4)., Untreated retort water efflu-
ents contain varying quantities of organics which could seriously impair the quality
of grourd water, This would pose a health hazard to humans due to the presernce of
certain phenolic and toxic components in the retort water,

A rumber of processes have been suggested for retort water treatment, The
objective of this work is aimed not at a discussion of the purification of organic
components present in retort water; but rather to provide an identification of the
organic compourds found in the benzene soluble fraction of retort water, including
carboxylic acids, phenols, nitrogen bases, and substituted benzenes, from gas chrom-
atography-mass spectrometry (GC-MS) data,

EXPERIMENTAL

A, Sampling and Extraction Procedures

The retort water samples formed from Green River 011 Shale of either the Utah
or ‘Colorado region were all collected from the Laramie 10~ton simulated in-situ retort-
ing process. A homogensous representative sample of retort water was obtained by
filtration through a Nalge 0,2 micron filter umit for removal ‘of oily particulate
prior to sampling, To avoid biological and physical degradative effects, all samples
vere kept under refrigeration, A 200 ml aliquot of retort water was taken and poured
into a 500 ml lyophilizing container., This was then allowed to freeze-dry at a low
temperature, The extraction method chosen was Soxhlet extraction using benzene as
the solvent over an 8-10 hour period, The extracts were then adjusted to the desired
concentration for GC-MS injection by evaporating the benzene solvent with a purified
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nitrogen stream, A portion of the extract was methylated by BF esterification in
methanol, followed by subsequent extraction of the ester by hepeane for analysis,

B, Gas Chromatograph-Mass Spectrometer Analysis

Gas chromatography is often employed in the analysis of complex mixtures of
organic compourds, Through gas chromatography, it is possible to separate an organic
mixture into its various fractions on the basis of volatility, Each fraction will be
composed of constituents having similar boiling points, with the lower boiling com-
pounds being vaporized and recorded by the detector before the higher boiling
components, The advantages of the gas chromatograph lie in its speed and convenience
of operation as well as the relatively few instruments required as basic apparatus,
its high degree of sensitivity in determining the composition of the gas effluent, ard
its capability of producing both qualitative ard quantitative data.

When a mass spectrometer is attached to a gas chromatograph, even more specific
results are obtained. The combination of a gas chromatograph with a mass spectrometer
(with the ald of a computer) allows the detection of two or more components belong-
ing to a single gas chromatograph peak, GC-MS works on the principle of either chem-
ical or electron impact ionization of organic compourds, Chemical ionization (CI)-
mass spectrometry involves a much milder ionization process than electron impact (EI)
ard thus improves the chances of detecting molecular ions for labile compounds, The
mass spectral data of an unknown compourd can be compared against reference EI or CI
spectra to aid in the identification of the unknown compourd, However, EI mass
spectrometry cannot be used alone since some molecular ions (M*) produce weak signals
and therefore go umdetected, This is especially true of some alcohols, amines, ethers,
oesters, and other labile molecules, The absence of these molecular ions makes the
interpretation of unknown mass spectra extremely difficult if not impossible,

C. Conditions
1, Columns 3% OV-17 on 80/100 mesh Gas Chrom Q, 6 ft x 2 mm ID
2, Column temp: 60-250°C programmed at 8°/min
3. Carrier Gas: Helium (methane) at a flow of 18 cc/min

4, Injection temps 250°C

5, TIon source pressure: 1.0 x 10~5 torr (1.0 torr)
6. Electron energy: 70 oV (120 eV)

7. Filament current: 500 microamps

8, Ton source temp: 180°C

9, Scan speed: 2,5 sec

10, Mass Range: %-350 (60-350)

11, GC-MS Interface temp: 260°%C

: (The CI corditions, when different from EI, are in parenthesis,)
The GC-MS interface for EI analysis was a single stage glass jet separator, For CI
analysis, the GC column was connected directly to MS ion source via an isolation valve,
The mass spectrometer used was a Finnigan Model 3300 interfaced to a Finnigan Model
9500 gas chrematograph, Data collection ard output wes done using & Finnigan Model
6000 GC-MS data system.

RESULTS AND DISCUSSION

The examination of the methylated benzene-soluble fraction shows that the normal
carboxylic gcids do exist in retort water; however, these carboxylic acids represent
only the minor portion in the methylated fraction, As shown in Figure 1, there are
two series of these acids presented, One has carbon numbers below Cll (undecannoic
acid) which could come directly from the pyrolysis of retorting, Ancther series have
carbon numbers above Cyg (palmitic acid) which has been found in the original oil
shale sediment (5), The even normal carboxylic acids are damirant in thgs series, How-
ever, the C,, to 015 acids are entirely absent, An example of the search for methyl
palmitate (& ¢) 18 8hown in Figure 2 in which a weak peak of m/e 270 in EI (electron
impsct) spectrum can be enlarged and identified certainly by the chemical ionization
(CI) mass spectrometer,




Phenols from shale oil have been identified by various investigators (3,6), but
their presence in the Green River retort water was doubtful (2), Figure 3a represents
the gas chromatographic peak of mfe 94, Tt was confirmed by the mass spectrum of the
odd-electron 66(M-C0)¥ peak accompanied by 65(M-CHO)™ to recognize the phenol funtion-
ality (7) in the retort water (Figure 3b). Additionally, cresols have a}so been found
in retort waters, The mass spectrum of the methylated fraction also indicate a trace
amount of long-chain alkanes, Thelr presence is not surprising since they exist
abundantly in shale oils,

Compounds of the CpHon-g Substituted benzene series consist of xylenes (CgHjg)
and ethyltoluene (CgHiz). The most prominent M-15 ion peak in the spectra of these
two types of compounds indicates a methyl substituent with the benzene ring, In ad-
dition to the above substituted benzene series, biphenyl (cizﬂlo) has also been iden-
tified in the benzene soluble fraction of retort water, Figlire 4 represents the
identification of the parent molecular ion peak u* 154 and the isolated GC peak of
biphenyl,

Two types of oxygen~containing nitrogenous compourds, C Hy _oNO, and Cpli2n-3N0;,
have been identified from benzene extracts of retort waters, ﬁecen‘gly, in a compre-
hensive study on polar constituents of Green River oil shale by Anders et al, (8),
CpH2n~5NO» has been 1isted among the idemtified nitrogen compounds., Figure 5 repre-
sents the mass spectrum and possible structures of this compourd (C;HgNOp), The
experimental mass of the fragment ions appearirg at nominal masses 53, 67, 81, 96, 106,
110, 111, 121, 124, and M¥ 139 all correspond closely to that reported by Anders et
al, (8) in which M-15, M~18, M-28, and M-29 fragment ions indicate a loss of CHa, H,0,
CO, and CHO from the parent structure. The mass spectrum of other oxygenated ngtrogen
compounds, C5H7NOp (n-methylsuccinimide),are shown in Figure 6, These two compounds
could be derived partly from the oxidation products after cleaving the amide C-C bord
to the C=0 group in the original kerogen matrix, and partly from the dehydration of
dicarboxylic acids with amines, The organic sulfur compound has also been searched

by the chemical ionization mass spectrometer in which the major representative falls
into a M+, mass mmber of 128, However, not enough information is available to
speculate sbout this sulfur compourd,

.\

The above preliminary report constitutes the initial investigation of the organ-
ic components in retort waters, The major results of the investigation can be
summarized as followss
1. There are two series of long—chain normal carboxylic acids existing in retort

waters which could come partly from the pyrelysis of retorting, and partly from
the original oil shale sediment,

2, Phenolic compounds have been fourd in the retort water which may be formed from
the thermal decomposition umler retorting conditions,

3. Long—chain normal alkanss and substituted benzenes were identified in retort waters,
since they exist aburdantly in shale oils,

4, Spectral analysis of nitrogen compourds showed that two types of oxygenated nitro-
gen components (maleimides and succinimide) can be identified from the benzene
extract of retort waters, Maleimides have been found in the polar fraction of .
Green River oil shale (8), The amide oxidation as well as the dehydration between di-

carboxylic acids and amides will all cause the formation of these two nitrogen
compourds,

Further experimenmts to characterize and isclate retort water into acid, base,
ard neutral fractions are in progress, The present method of the combination of elec-
tron impact and chemical ionization MS in conjunction with GC offers the inherent ad-
vantages for the analysis of the vast number of organic components in retort waters.
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